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Abstract

The cement industry is responsible for emitting over 8 % of global CO: emissions. It is
widely accepted that new binders are needed in order to supplement Portland cement
(PC) and reduce CO: emissions. Alkali-activated cements have many advantages over
PC besides providing a low-carbon alternative, including the potential to valorise a wide
range of industrial wastes and tailorable chemical/mechanical properties dependent on
the type of precursors utilised. The fundamental reaction to produce an alkali-activated
cement occurs between (calcium-)aluminosilicate precursors and an alkaline solution
(activator), commonly based on sodium/potassium hydroxide and sodium/potassium
silicates. The alkaline solution is considered the least sustainable component of the
alkali-activation process, contributing to nearly half of the net CO:2 emissions. The
function of the activator is to introduce the driving force needed for the dissolution of
the Ca, Si, and Al present within the precursors and to promote their subsequent
polycondensation through the alkaline liquid medium. The resulting products are C-A-
S-H, C-(N-)A-S-H, and N-A-S-H gels.

Alkali-activated cements can be produced from a wide range of precursors; the most
commonly used to date are ground granulated blast furnace slag (GGBES) and fly ash.
The availability of these materials is becoming more limited globally. GGBFS is already
a valuable product as a supplementary cementitious material in traditional cement,
whilst production of fly ash, a by-product from coal fired electricity generation, has been
in steady decline for several decades as the world switches to more sustainable energy
production. There is now a major drive to explore and characterise a wide range of
current industrial by-products and wastes as novel precursors or partial replacements
of conventional precursors for alkali-activated cements. The effort to utilise several
waste sources, some limited geographically, is necessary to highlight the applicability of

this technology globally as a key pathway to revolutionising the construction sector.
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In this work four types of waste materials from industrial sources: i) five calcined waste
clays from a kaolin mine (Imerys, UK); ii) basic oxygen furnace slag (BOFS) from a
steelmaking plant (ArcelorMittal, Belgium); iii) stainless steel slag from an electric arc
furnace (EAFS, Orbix, Belgium); and iv) copper slag (CS) from a refinement plant
(Aurubis Beerse, Belgium), are characterised and investigated as potential precursors to
form alkali-activated cements. Calcium aluminate cement (CAC) additions are also
explored as additives to alkali-activated cements, specifically to take advantage of the
well documented early-age properties of conventional CAC hydration. Enhancement of
early-age properties may provide a route to ultimately reduce the activator dosage
required to form satisfactory binders, further improving the sustainability of alkali-

activated cements.

The search for alternative precursors specifically from waste sources necessitates a case-
by-case approach to determine the suitability of each material for several distinct roles,
e.g. as either an active binder forming material or filler material. A sequential
methodology involving initial material characterisation, followed by binder formulation
and assessment, allows for robust analysis of wastes as potential cement precursors. The
data presented in this work provide a valuable source of information on the classification
of certain waste materials and their behaviour in blended systems. The suitability of
calcined clays from a kaolin mine side extraction process are found to be highly
dependent on the resulting particle morphologies and amorphous phase fraction. Alkali-
activation of 20 wt.% blends of the most suitable calcined clay with GGBFS shows
satisfactory compressive strength values for high strength applications. Clays with poor
mixing characteristics and low amorphous contents are deemed more suitable as filler
materials. Portlandite present in weathered BOFS specimens is shown to be utilised by
enabling replacement of costly sodium hydroxide and sodium silicate activators with
sodium carbonate. EAFS exhibits poor reactivity, unsuitable for use as a precursor
material. Heavy metal species within EAFS are found to be satisfactorily encapsulated

and chemically stable within GGBFS blends. CS is characterised as a potential direct
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replacement for GGBFS. CS is found to rapidly form a strong iron-rich gel phase when
activated, complementing conventional C-A-S5-H and N-A-5-H gel phases formed from
traditional precursors. This work demonstrates the design of novel cements based on
alkali-activation technology with tailorable properties dependent on the unique
precursors utilised, to ultimately simplify the application of alkali-activation to new

waste sources.
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Chapter 1.
Introduction

1.1 Research background

Global climate change awareness and the limitation of resources worldwide have
introduced a new primary requirement for new and current research to consider
sustainable development. Since the Paris agreement [1], the transition towards
sustainable models of technological development are a key concern, in a joint effort
to save the planet, by maintaining global warming below 1.5 °C and mitigating global

greenhouse gas emissions [2].

Cementitious materials and binders are the most widely utilised manmade materials
in human history. In recent history, cementitious materials have overtaken
traditional materials such as wood and stone in construction, and their importance
is expected to increase even more in the foreseeable future. The recent dramatic
growth in world population, which is forecast to increase, will be reflected in
growing demand for concrete production to support urbanisation and infrastructure
development, especially in developing countries [3]-[6]. Concrete demand is also
strongly connected with the development of other foundation sectors, such as energy

production, which underpins further economic growth [7].

Portland cement (PC) is the main binding material used in construction applications.
The CO: emissions related to its production are enormous, including both inherent
(due to the chemical reaction of decomposition of limestone) and process
(requirement for high temperature to generate the active calcium silicate phases)
contributions [8]. Beside carbon emissions, the construction industry is a huge
consumer of raw materials that originate from mining operations which are
inherently invasive and damaging to the local environment. An urgent revolution in
this sector is required to provide a scientific alternative to reduce our reliance on PC

and help promote a transition to a more sustainable construction sector [9], [10].

1
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Most industrial processes generate large volumes of waste and by-products, some of
which can be used as supplementary cementitious materials (SCMs), acting to reduce
the volume of PC needed [11]. These same classes of wastes can be used as raw
materials for the direct production of cementitious materials through alkali-
activation technology, eliminating much of the intrinsic carbon cost associated with

PC production.

Alkali-activated cements (AACs) are produced from the reaction of a powder
precursor with an alkaline solution. The materials obtained are hardened three-
dimensional connected networks with local structures ranging from completely
amorphous to crystalline. This wide class of binders can be dived into two main
categories: low-calcium binders, also called geopolymers, produced from
aluminosilicate sources to form N-A-S-H gels with a higher degree of cross-linking
Q* and secondary zeolites phases [12], [13], and high-calcium alkali-activated
materials, which form C-A-S-H gels and secondary hydrotalcite and AFm-like
phases similar to PC-based systems [14], [15]. The overall crosslinking is lower in
high-calcium systems, however it still exceeds that seen in conventional PC systems
[16]. Under the appropriate conditions, AACs have been shown to reach superior
performances than conventional construction materials based on PC [17]. They can
be designed to meet certain specifications for niche applications, exhibiting
outstanding technical properties such as high strength, and superior chemical [18]
and thermal resistances [19]. AACs can introduce a low-carbon pathway to
supplement the construction industry with binders, firstly by removing the intrinsic
CO:2 emissions involved during calcination, and secondly by opening up the
possibility to use industrial waste sources as bulk precursor materials. The
introduction of an alkaline solution does result in a significant carbon impact,
however life cycle analyses on AACs report an overall reduction of CO2 emission
compared to PC production ranging from 30 % up to 80 % [20]. To maximise this
environmental benefit, AACs have to be designed with geographical considerations
in mind, utilising local waste components that will vary from region to region. This

means that AAC design requires a case-by-case approach.
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The most used precursors in alkali-activation are ground granulated blast furnace
slag (GGBEFS) and fly ash, both of which are becoming less available in certain regions
and are already highly competitive resources, especially within the cement industry.
The search for different types of precursors is needed to ultimately reduce the
environmental impact of the construction industry through alkali-activated
technology. In this study, we consider four possible waste candidates: waste clays
from Imerys (UK), stainless steel slags, including basic oxygen furnace slag (BOFS)
from ArcelorMittal (Belgium), and electric arc furnace slag (EAFS) from Orbix,
(Belgium), and copper slag (CS) from Aurubis Beerse (Belgium). All four of these
waste materials have been characterised and investigated as potential precursors for

alkali-activated low-carbon binders.

1.2 Objectives

The initial objective of this work is to investigate the potential of four types of waste
materials from industrial sources: calcined clays, BOFS, EAFS, and CS, and their
detailed characterisation. This is followed by design and development of AACs, both
mortars and pastes, targeting a maximisation of binder waste content up to a 75 wt.
% replacement of conventional alkali-activated material precursor (in this case
GGBFS). The study also aims to investigate the use of calcium aluminate cement
(CACQ) in the production of hybrid binders to obtain enhanced early-age properties

and reduce the initial activator dosage required.

These new AACs are tested and validated through isothermal calorimetry to
determine reaction kinetics; setting time and workability are evaluated to study the
fresh properties of AACs; microstructural analysis is determined via X-ray
diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS),
mercury intrusion porosimetry (MIP), and solid state nuclear magnetic resonance

(NMR); leaching tests are carried on to analyse the leachability of heavy metals from
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AACs. These are compared to previously reported AACs, to assess their performance
and early-age behaviour. This methodology enables the suitability of each material
to be determined for several distinct roles, such as an active binding phase, an
additive, or filler material. The study provides valuable information on the
behaviour of waste materials in blended systems and aims to ultimately simplify the

application of alkali-activation to new waste sources.

Overall, the project work described in this thesis further elucidates the necessary
characterisation methods required to completely ascertain the suitability of new
waste classes within alkali-activation technology, whilst ultimately tackling the
overarching goal of minimising the consumption of primary resources and reducing
the overall CO:2 emissions during the production of high-performance cementitious

materials.
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2.1 Sustainable development in the construction industry

Sustainable development is defined by the United Nations as “technological
advancement which meets current demands without compromising the ability of
future generations to meet their own needs,” [21] encompassing the fair utilisation
of natural resources available to industry. Construction materials are critical
resources in the global economy, with worldwide cement production reaching 4.1
billion tonnes in 2022 [22]. This level of production equates to between 5-7 % of global
CO:2 emissions across all sectors [23], [24]. The United Nations forecasts a rise in
global population, up to 9.7 billion people by 2050 [25], driving further urbanisation
especially in developing nations. The continued need for new buildings and
infrastructure to sustain such population growth will increase demand for primary
construction materials such as concrete and cement. Concrete needs to fulfil certain
mechanical criteria, such as good strength, resilience, and durability for most
commercial applications, on top of more recent socio-economic pressures that
demand affordability and consideration towards reuse to satisfy the requirements of
the evolving world. This presents a major challenge for the construction industry,
which now has to move away from the current status quo to help support sustainable
social and economic development. The main strategies to increase the sustainability

of the construction industry [26], [27] include:

(i) Increasing the energy efficiency of cement plants, replacing fossil fuels
with alternative fuels, and implementing CO2 capture and storage (CCS)
or COzcapture utilisation and storage (CCUS).

(ii) Maximising the PC clinker replacement with low-carbon SCM in

concrete.
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(iii)  Develop alternative low-carbon binders not based on Portland clinkers,
which require new standards.
(iv)  Waste valorisation, reducing natural resource consumption and recycling

of used concrete.

The first solution regarding energy efficiency is generally applicable to all major
industries and has been implemented in some form in most industrial settings. The
other strategies are more pertinent to the construction sector, however not all these

strategies have the same impact on reducing CO: emissions.

Developments in alternative low-carbon binders and waste valorisation strategies
hold significant promise for achieving sustainable construction and may offer greater
potential for reducing the environmental impact of the construction industry. Waste
valorisation and recycling are crucial for reducing natural resource consumption and
minimising the environmental impact of construction and other industries. The
development of alternative low-carbon binders not based on Portland clinkers has
garnered significant interest in the scientific community. Moving forward, it will be
important to continue exploring and implementing these strategies to ensure that the
construction industry is able to meet the growing demand for infrastructure while

also supporting sustainable social and economic development.

2.2 History and origin of alkali-activated cements

The first patented work on alkali-activated materials dates back to 1895 when
Whiting combined blast-furnace slag with caustic soda producing a useful binding
material, reporting slaked lime additions to improve the quality of the product [28].
In 1908, Hans Kiihl [29] also patented the production of cements formed by
combining a vitreous slag with alkaline sources, such as lime, sodium carbonate, and
sulfates, mixed with water, achieving performance comparable to the best Portland
cement. In the 1940s, Purdon [30] expanded on the work by studying several

combinations of blast furnace slags and chemical activators, identifying the enhanced
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tensile and flexural strength of slag-alkali cements. As a result, these materials were
commercialised under the name “Purdocement”. In 1965, Glukhovsky [31] and his
team at the Kiev Civil Engineering Institute proved that low-calcium aluminosilicate
sources could also be used as binders in alkali-activation technology. The
investigation of various precursor materials and activators in the 1970s by the same
group, now led by Krivenko, further advanced the knowledge of alkali-activation
technology and its applications [32]. In the same decade, Davidovits [33] introduced
“geopolymers”, binders made by mixing low-calcium clays with alkaline solutions
[34]. The United States Army recognised the potential of alkali-activated materials
for military applications in a report in 1985 [35], which further spurred the
commercialisation of “Pyrament” as a repair medium with good strength and
durability properties [36]. Since the 1990s, research and development in alkali-
activation technology has expanded rapidly to become a significant field of scientific
interest. Commercialisation however, is still limited to a few companies in several
countries, including Australia [37], China, the United States, Brazil, India, Ukraine,
and Russia [38]. Standardisation and regulatory efforts are underway by RILEM
(with TC 294-MPA “Mechanical properties of alkali-activated concrete” and TC 283-
CAM “Chloride transport in alkali activated materials”) and the scientific
community [39] to create a framework for the general implementation of alkali-

activation technology.

2.3 Physical and chemical difference between Portland cement

and alkali-activated cements

PC is traditionally manufactured, as shown in Fig. 2.1, by calcining various raw
materials sourced from open-face quarries, mining, and dredging operations [40].
These raw materials, consisting mainly of limestone (CaCOs) as well as clays, shale,
and sand, acting as sources of silica and alumina, with small amounts of iron ore and

bauxite, are mixed and heated in a rotary kiln at temperatures of 1450 °C. The
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materials are initially preheated to ~ 900 °C using the kiln exhausts to decompose
limestone into quicklime (CaO), which releases CO2 gas. At 1450 °C, CaO reacts with
other materials and additives in the kiln to produce a solid clinker composed mainly
of tricalcium silicate or alite (CsS '), dicalcium silicate or belite (CzS), tricalcium
aluminate (CsA), and tetracalcium aluminoferrite (C4AF). After cooling and
stabilisation, the resulting clinker is typically ground into a fine powder with added

gypsum (CaSOs+2H:0) to improve its final wet properties.

The initial decomposition of limestone generates 0.78 tonnes of CO2 gas per tonne of
CaO produced [39], which constitutes the inherent CO: emission in PC production
that accounts for approximately 60-70 % of the total emissions [8], [41]. Combustion
of carbon-based fuels during cement production generates extrinsic emissions
estimated to be around 0.31 tonnes of CO: per tonne of cement produced [42]. The
use of low-carbon fuels and other technological improvements can help reduce these
extrinsic emissions, however, little room for further improvement exists. As long as
PC is required, the elimination of inherent emissions related to traditional CaO

production from limestone will not be possible.

Chemical reaction

_gan Fossﬂ fuel ./ o Gypsum Water o
(“':'..COSY“ 02\/ (“ coz\ Gravel \cozv
Py . - Sand il
: E h m1450° %|% %dditives %‘!
: O¥00

MINING RAW I.nnestone Portland

MATERIALS  Clays “ CALCINATION © Clinker = GRINDING ¢ " * =" = MIXING : Concrete

Fig. 2.1: Schematic representation of the production of PC: from raw materials mining, to calcination,
grinding, and final transportation

1 Cement phases are expressed in cement oxide notation as follows:
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Alternative cements, such as alkali-activated materials, have a major advantage over
PC in terms of lower CO: emissions during production. The high temperature
clinkerisation step and the inherent emissions from decarbonising limestone can be
avoided with these materials. Alkali-activated materials are reported to be
economically and technically feasible for precast ready mixes in locations where the
activator and precursor materials are readily available [37], [39]. The main challenge
for global upscaling of these materials is the availability of the activator solution.
Sodium silicate is one of the most widely used activator solutions, but its synthesis
generates considerable CO: emissions that diminish the overall environmental
benefit of alkali-activation technology. At current production levels, sodium silicate
is unable to serve as a viable source for even a mere 0.1 % replacement of PC based

materials [43].

Detailed life-cycle analyses (LCAs) comparing alkali-activated cements to PC have
been reported [44]-[47], raising serious debate on the most suitable approach to
analyse these materials. Factors such as geographical and economic considerations,
as well as the baseline PC material used for comparison, further add to the
complexity and validity of such assessments. With the wide range of mix designs,
precursor materials, and activating solutions available, there exist scenarios whereby
alkali-activated materials can have significant environmental benefits, whilst others
may result in little to no net emission reduction. The most optimistic calculations on
environmental benefits of AACs published by Duxson et al. and Weizsacker et al. [48],
[49] report a 80 % reduction in global warming impact compared to PC production,
although it was found that using metakaolin-based precursors in alkali-activated
concretes had a similar impact as PC concretes [46]. Most studies report intermediate
values of emission reduction ranging from 40-50 % [50]-[52]. Inefficient mix designs
may have a negative effect, although generally speaking the chemical synthesis of
activator solutions is considered to be the least sustainable aspect of alkali-activation
technology [45], [46]. The production process of sodium silicate is particularly
detrimental on the LCA impact [53]. Alkali-activation technology does, however,

offer a pathway to valorise not only low purity raw materials but also low purity
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activator solutions, eliminating the need for further energy intensive refinement
processes [53]. Undoubtedly, research in the field of alkali-activation technology
needs to address the challenge of designing and formulating well-behaving and
highly efficient alkali-activated concretes that reduce overall emissions to levels

below those of current PC production.

2.4 Alkali-activated cements

Alkali-activation is a term given for the reaction that occurs between powder
precursors and an alkaline source in liquid media. The function of the alkaline
activator is to introduce the chemical driving force needed for the dissolution of Ca,
Si, and Al species present within the precursor materials by increasing the pH of the
mixture. The activator promotes the subsequent polycondensation reaction between
dissolved species that involves the nucleation and growth of gel phases within the
liquid media. The primary gel phases formed are known as C-A-S-H and N-A-S-H,
both consisting of tetrahedral aluminate bound between silicate tetrahedra, and play

a fundamental role in the initial stages of gel formation [39], [48], [54].

The resulting hardened binders have a highly complex microstructure consisting of
unreacted particles, porosity, hardened gel phases, and new continuously forming
gel. The gel structure is chemically disordered, similar to calcium silicate hydrates
(C-S-H) formed as a hydration product in PC, with the main difference being the
degree of crosslinking due to tetrahedral Al replacing Si in the network. When this
occurs, a negative charge is generated on the tetrahedrally coordinated Al. To
maintain electroneutrality, cations such as Na* and K* sit within pore sites and in the

interlayer acting as stabilising agents within the gel structure.

The mix design involving the selection of precursors and activator solutions can
result in distinctive microstructural characteristics that will be discussed in-depth
further within this review. The nature of alkali-activation allows for a wide range of

precursors to be utilised; Fig. 2.2 illustrates a ternary CaO-5i0:-Al:Os diagram with
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the chemical compositions of the main groups of raw materials used in alkali-

activation.

Metakaolin

Portland
cement

Calcium aluminate

Limestone > cements

CaO AL0,

Fig. 2.2: Ternary diagram CaO-5iO2-Al20s showing precursor classes and their general compositions.
Modified after [55]

There are two primary categories of alkali-activated materials that can be classified
according to the presence of Ca in the precursors. Low-calcium alkali-activated
materials (or geopolymers), which mainly consist of N-A-S-H gels, are typically
created using common aluminosilicate precursors such as fly ash and metakaolin
[34], [56]. Conversely, C-A-S-H gels are formed in high-calcium systems and usually

originate from metallurgical slag precursors.

2.4.1 Low-calcium systems

When aluminosilicate precursors are mixed with an alkaline activator in low-calcium
systems, they generate N-A-S-H gel. The N-A-5-H gel structure is disordered and
highly cross-linked (Fig. 2.3). The gel consists of Q* polymerised silicate networks

with Al tetrahedra that share oxygen atoms with neighbouring Si tetrahedral, as Al-
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O-Al bonds between tetrahedra are forbidden according to Lowenstein’s rule. The
negative charge of Al tetrahedra within the framework is balanced by alkali cations
[57], [58]. The composition and short-range order on length scales of up to 5-8 A
resemble zeolitic systems, with crystalline nanostructures embedded amongst
amorphous binding gel. Similarities are seen between the hydrothermal synthesis of
zeolites and the polycondensation reaction during alkali-activation of low-calcium
materials [59], [60]. This allows fundamental chemical models on reaction pathways
to be applied across both systems [61], enabling the engineering of hybrid

geopolymer-zeolite composite materials for various applications [62].

Si
E tetrahedron
Al
Y tetrahedron

Q*(1AD

Fig. 2.3: Schematic of N-A-S-H structure

Alkaline hydrolysis promotes the dissolution of solid precursors, resulting in the
release of monomeric Al and Si species. Dissolved monomers rearrange to form
dimers, trimers, and so on, until the solution becomes supersaturated with respect to
aluminosilicate gel, N-A-S-H, and starts to nucleate and further grow via
polycondensation reactions. The resulting gel consists of highly cross-linked
polymeric networks and continues to react until maximum connectivity is achieved
[63], [64]. Specific to NaOH-activated systems, the gel chemistry is described to
evolve in two stages; an initial Al-rich gel (gel 1 in Fig. 2.4) forms due to higher

reactivity and therefore rapid dissolution and availability in alkaline medium of Al,
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which is subsequently replaced by Si units (forming gel 2) as Si concentration
increases. [65] The rearrangement process leads to the formation of N-A-S-H. The
interactions of dissolved Al and Si are responsible for determining the final features
and behaviour of the resulting aluminosilicate binder. For silicate-activated systems,
the activity of silicate species within the activator solution is a crucial factor in

controlling the rate of structural rearrangement and densification [66].

Zeolites are frequently formed as secondary reaction products in low-calcium alkali-
activated cements. Various zeolitic by-products have been reported in the literature
depending on reaction parameters such as curing temperature, pH, water/SiO: ratio,

Si/Al ratio, and SiO2/Na20 ratio [67].

Aluminosilicate
precursor OH-

(metakaolin or fly ash) . .
Silicate species from

Dissolution activator solution
Aluminate Silicate
monomers monomers

Polymerised silicate
Supersaturation species

Gel 1 (Al-rich)
Rearrangement H,O

Gel 2 (more Si-O)

Polycondensation
Aluminosilicate H,O Aluﬂunom.licate
nuclei
( polynrlllers ) quasi- or nano-
amorphous crystalline
Hardening
Aluminosilicate Zeolitic
N-A-S-H gel phases
(amorphous) (crystalline)

Fig. 2.4: Reaction steps of alkali-activation of a low-calcium precursor. Modified after [48], [63]
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Multiple characterisation methods are required to fully elucidate the physical and
chemical properties of these systems, that are highly dependent on compositional
and processing factors. Fresh properties and early-stage setting can be studied with
calorimetric techniques, ultrasonic pulse velocity, and rheological studies. FTIR
spectroscopy is widely utilised to investigate chemical bonding present primarily
regarding functional groups. Solid-state NMR spectroscopy is a powerful tool that
can be used to garner a more fundamental understanding of the three-dimensional
structure of alkali-activated materials by investigating both Si and Al environments,
as well as Na, H, O, and Ca in the amorphous phases. Deconvolution analysis of ?Si
NMR spectra can provide in-depth structural data of gel phases [68] that can be
linked to thermodynamic models regarding gel formation [69]. N-A-S-H gel exhibits
good mechanical properties, high thermal stability, and corrosion resistance. In
contrast with the high-calcium binders, only a small amount of residual water enters
into the gel structure. Water is predominately concentrated within macroscopic
pores that facilitates dehydration via thermal treatment without negatively

impacting the gel structure [70].
2.4.1.1 Clays

Natural clays are considered to be one of the most abundant and widely available
aluminosilicate sources on earth. Calcined clays can potentially act as suitable
precursor materials in alkali-activation technology, however, their current reported

use at large scale in construction is still limited [71].

The structure of clay materials is usually composed of alternating tetrahedral and
octahedral sheets stacked together to form distinct repeating layers. Each tetrahedral
sheet is composed of SiOs* tetrahedral units that share basal oxygens with
neighbouring tetrahedra to give a pseudo-hexagonal network. Octahedral sheets are
composed of AIP* in six-fold coordination. Al** can be substituted by other trivalent
cations such as Fe*, and rarely by Mg? and Fe?. In this case, all oxygens are shared
with neighbouring octahedra, with hydroxyl groups found in the interlayer or in the

vacancies due to the stacking of the tetrahedral and octahedral sheets. The stacking
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of the tetrahedral-octahedral (T-O) sheets will determine the classification of the clay
mineral in question, as shown in Fig. 2.5. Group 1:1 includes minerals with one
tetrahedral and one octahedral sheet stacked together to form a T-O layer. Kaolinite,
serpentine, and halloysite are the most common examples of group 1:1 minerals.
Group 2:1 is composed of minerals with one octahedral sheet stacked between two
tetrahedral sheets to give a T-O-T layer, and include: illite, smectite, vermiculite, and
micas [72]. An interlayer can exist between each stack, as in the case of chlorite,
whereby a brucite- or gibbsite-like interlayer hydroxide sheet forms a 2:1:1 structural

arrangement [73].

Clay mineral group 1:1

Tetrahedral sheet
QOctahedral sheet
A Si tetrahedron Clay mineral group 2:1
' Al octahedron Tetrahedral sheet
L Octahedral sheet
Oxygen or
hydroxyl group

. Tetrahedral sheet

Fig. 2.5: Structures of clay mineral groups 1:1 and 2:1

The use of untreated clays in cement as SCMs is reported to negatively affect
workability and not provide major benefits [74]. The stable crystalline structure of
clays does not exhibit significant pozzolanic activity, whilst the high surface area and
consequent electrostatic charge of platelet-like particle morphologies necessitates
increased water to binder ratios [75]. Calcination of clays via heat treatment promotes
structural transformations that increase the reactivity of the clay material and

increase pozzolanic activity. This occurs via the removal of structurally bonded
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water (dehydroxylation), which in the case of kaolinite is present in the form of
hydroxyl groups between T-O layers, at temperatures of 500-900 °C. When these
terminal hydroxyl groups are continuously removed, the structure initially collapses
to form a disordered metastable phase called metakaolin, with further
dehydroxylation resulting in complete amorphisation [76]. The dehydroxylation
temperature is specific for each individual clay [76], [77] and is controlled by physical
factors such as particle size and degree of crystallinity, as well as chemical factors
such as concentration of hydroxyl groups [71]. The dehydroxylation temperature
indicates the starting transformation temperature above which amorphisation
occurs, however, increasing the temperature further may initiate recrystallization
into high-temperature stable phases, such as mullite (3A120:.25i0z) or corundum
(Al205) in the case of metakaolin. The recrystallization temperature is again specific
for each clay, varying from 850 °C for illitic clays, up to 1000 °C for kaolinite [78],
[79]. Optimisation of the calcination time and temperature is important to allow for
complete dehydroxylation and resulting amorphous phase formation without any

recrystallization into high temperature structures.

Kaolin, illite, and montmorillonite (smectite group) are the three most abundant
natural clays in the earth’s crust. Out of these clays, kaolin has been demonstrated to
exhibit the best potential use as an aluminosilicate precursor due to the wide
calcination temperature range, avoidance of particle coarsening/sintering during
calcination, and high pozzolanic activity after calcination [80]-[82]. Kaolin has a large
temperature range between initial dehydroxylation and high temperature
recrystallization, underpinned by the direct exposure of surface hydroxyl groups on
the Al octahedral sheet [81]. Alkali-activation may also offer a pathway for the
valorisation of partial or non-kaolinitic clays, or clays with low purities that are

considered as waste materials.

2.4.1.2 Metakaolin

Kaolinite is currently extracted from pure kaolinite deposits, as a by-product from

mine-tailings, and from paper industry waste. Metakaolin is the calcination product
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of kaolinite, a metastable partially amorphous transition phase with high reactivity,
generated at temperatures between 550-800 °C, below the temperature of
recrystallization to mullite (Fig. 2.6). During calcination, kaolinite loses its layered
and ordered structure, the resulting structural strain of the dehydroxylated
aluminium octahedra and the high Al-O-Al bond energies increase the reactivity of
metakaolin [83], [84]. One of the main limitations to widespread utilisation of
metakaolin as a cement binder is its fine particle size and platelet-like particle
morphology [85]. The platelet-like particle morphology can cause dispersion issues
and impact workability, requiring increased water to be added to the mix. The
replacement of metakaolin calcined using rotary kilns with metakaolin synthesised
via flash calcination has been shown to improve the performance of the raw material.
The resulting spherical particles reduce water demand [86]-[88] and increase

pozzolanic activity with greater surface area [89].
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Fig. 2.6: XRD patterns of kaolinite, metakaolin, and mullite, showing the transitions due to increased
calcination temperature
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Alkali-activated concretes based on metakaolin can exhibit good performance [86],
[90], however the more beneficial way of utilising metakaolin lies in blending it with
other binding materials such as slag or fly ash [91], [92]. When blended with other
cementitious materials, metakaolin is able to react at ambient temperature with
portlandite (Ca(OH)z), formed during cement hydration, in the presence of water to

create additional C-S-H gel [92].
2.4.1.3 Copper slag (low-calcium and iron-rich metallurgical slag)

Global production of copper was reported to be around 24.8 million tonnes in 2022

[93], with 2.20 tonnes of CS produced for every tonne of copper [94], [95].

CS is a by-product generated during the matte smelting and refining of copper [96].
During the smelting process, copper ore is heated and melted to separate impurities,
such as Fe and S, present in the unrefined ore. Two distinct molten phases are
generated during this process. Silica is added to react with impurity oxides to create
strongly bonded silicates that are the main constituent of CS. In contrast, sulphides
tend to form a matte phase as they have a lower tendency to form anion complexes.
Direct addition of silica ensures complete isolation of copper from the matte, which

occurs when the concentration of SiO:z is near the saturation limit [95].

CS is primarily composed of Fe and Si, but may also contain other trace elements
depending on the composition of the ore, the type of furnace used during smelting,
and the metallurgical refinement process employed. CS is a hard, black, glassy
material with densities ranging from 2.8-3.8 g/cm?. When air-cooled, CS develops
several good mechanical properties for utilisation as an aggregate, such as
robustness, abrasion resistance, high thermal stability, and high friction due to highly
angular particle morphologies [94]. Its vitreous nature, however, can impact its
frictional properties and skid resistance [94], and thus its performance as an
aggregate particularly when used in road construction. CS has been utilised as a fine
and coarse aggregate in both conventional and alkali-activated concretes [95], [97],

[98]. The typical oxide composition varies within the range of: Fe20s (35-60 %), SiO2
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(25-40 %), CaO (1-10 %), Al20s3(3-15 %), CuO (0.3-2 %), and MgO (0.7-3.5 %) [95], [99],
[100]. The main crystalline mineral phases found in CS are fayalite and magnetite
[101]. Minor phases reported include a partially amorphous fraction formed during
the rapid cooling of the molten slag, composed of glassy Si and Fe. It is this highly
reactive glass phase that determines the pozzolanic properties of CS, which can be
exploited in alkali-activated mixes studied in this work. Whilst crystalline iron
silicate phases are very slow to dissolve in alkaline media, the amorphous phase can
completely dissolve rapidly. The amorphous phase fraction in CS represents a very
important factor in assessing their suitability for alkali-activation [102]. Formation of
iron-rich gel phases has been reported for AACs containing CS [103], however the
structure and reaction mechanism is not yet fully understood. The amorphous nature
of both the precursor and reaction products means that the efficacy of conventional
structural analysis techniques, such as X-ray diffraction, is limited. The high iron
content also restricts the use of solid-state NMR, a technique commonly employed in
cement and alkali-activation research to investigate the binding aluminosilicate
network [102]. Most reported investigations into CS systems involve more exotic
techniques such as Fe Mossbauer spectroscopy [104]-[106] or XANES [107] to
elucidate important structural information. Alkali-activation of iron-rich slags with
sodium silicate has been reported to result in the dissolution of Fe>* and Fe?* from the
slag. Dissolved Fe? ions form trioctahedral layers, whilst dissolved Fe* forms
silicate-like networks with tetrahedral coordination, whereby Na* cations act as
charge balancing species, similarly to the behaviour of Al in C-A-S-H or N-A-S-H.
There is, however, some disagreement in the literature regarding the tetrahedral
coordination of Fe* in the silicate network, with certain studies reporting Fe* to be

in 5-fold coordination [107].
2.4.2 High-calcium systems

GGBFS is by far the most investigated Ca-rich precursor in alkali-activation. The gel
products obtained from the alkali-activation of GGBEFS are termed C-A-5-H, calcium

silicate aluminate hydrates, similar to the hydration product of PC, known as C-S-H.
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The molecular structure of C-A-S-H resembles C-S-H, whereby CaO sheets are
interlayered with aluminosilicate chains, forming a tobermorite-like dreierketten

structure as highlighted in Fig. 2.7.
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Fig. 2.7: Schematic of C-S-H structure
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The 2-D structural comparison between C-A-S-H and C-S-H can be seen by
comparing Fig. 2.7 and Fig. 2.8. The atomic short-range order appears alike, however,
at increasing length scales, C-S-H exhibits nano-crystallinity, whereas C-A-S-H
shows ordering only up to 15 A giving rise to a highly disordered nano-scale
tobermorite-like structure [108]. The degree of polymerisation (or crosslinking) of C-
A-5-H is higher than C-S-H, aided by the inclusion of Al, which can replace Si in the
network, resulting in very densely packed structures. Lower Ca/Si ratios of
approximately 1 are found in C-A-S-H along with higher Al contents (with Al/Si ratio
of 0.1-0.2) than in C-S-H [109]-[112]. C-A-S-H structures have been described as
coexistence of both the 11 and 14 A tobermorite-like phases [112] and taking into
account the inherent limitation of the crosslinked and non-crosslinked structures of

the various tobermorite-like units, a structural model was developed, enabling the
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calculation of the chain length, Al/Si ratio, and degree of crosslinking for these
structures, which cannot be adequately described using traditional models for non-

crosslinked tobermorite-like C-S-H gels [16].

C-A-S-H structure varies depending on the activator used: NaOH activated slags
result in a more ordered gel structure and higher Ca/Si ratio than silicate-activated
slag [113]. Alongside the main products, intermediate gels (C,N)-A-S-H, with partial
replacements of Ca with Na, or with Na partially adsorbed on C-A-S5-H can be
formed according to the chemistry of the activator solution and precursor materials

[110], [114].

Additional reaction products seen can include layered double hydroxides (LDH)
with a hydrotalcite-like structure, and zeolites that vary in composition depending

on the precursors used.
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For alkali-activated slags, C-A-S-H is usually not the sole reaction product. Mg and

Al-rich LDH lamellar structures, of which hydrotalcite is the naturally occurring
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phase, with general structure Mgi~xAl(OH)2(COs)xnH20 are seen when the MgO
content of GGBFS is above 5% [110], [115]. AFm-like phases are formed as a
secondary product of NaOH-activated slags [110], [116]. Stratlingite, a silicate-
containing AFm-like phase, can be found when using precursors with high Al
content are activated with silicates [117], whilst zeolites such as gismondite and
garronite are seen for GGBFS with low MgO and high Al2Os contents (Fig. 2.9). The
structural water found in C-A-S-H binds to the network and acts as a strong space-

filling molecule, contributing to strength.

Dissolution of Ca, Si, Al Silicate species from
species from GGBFS activator solution

Rearrangement and
exchange among
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High Al,0O; content
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Layered double

hydroxide C-A-S-H + Crystalline zeolites

(C-N-A-S-H and N-C-A-S-H)

Fig. 2.9: Reaction steps of the alkali-activation of GGBFS (as representative of high-calcium precursors).
The reaction products and secondary products are identified. Modified after [118]

The nature of the activating solution has a significant effect on C-A-S-H composition.
For silicate-activated systems, the lower Ca/Si ratio values result in a more
disordered C-A-S5-H structure than in NaOH-activated systems. This is due to the

higher availability of Si in the pore solution provided by the activator.
2.4.2.1 GGBFS

As of 2021, global crude steel production was estimated to be around to 1.96 billion

tonnes [119]. Large scale production of iron and steel generates large quantities of
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waste materials, 90 % of which are slags [120]. This amounts to roughly 400 kg of slag
per tonne of steel generated via traditional methods including blast furnace and basic
oxygen furnace, and 200 kg of slag per tonne of steel produced via an electric arc
furnace from scrap steel [120]. The large quantity of slag produced should support
its consideration as a sustainable resource, however in some cases, utilisation of such
slags is not possible. The classification of iron and steel slag depends on the type of
furnace in which they are produced. The main factors affecting the characteristics of
slags, such as composition, mineralogy, and other properties, are the initial raw
mineral ores and the cooling process used after refinement. The steelmaking process
begins using a blast-furnace to obtain melted pig iron from iron ore. From the
separation of melted pig iron, blast-furnace slag (BFS) is obtained, which is usually

rapidly quenched, ground, and granulated to obtain GGBFS.
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Fig. 2.10: Iron and steel making processes. Modified after [121]

GGBFS has been extensively investigated as both an SCM for conventional clinker-
based cement and as an alkali-activated material. Its composition is often described

as a mixture of poorly crystalline phases based on CaO, Al=0Os, SiO2, and MgO with
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traces of other elements such as Cr, Ti, S, and Mn. GGBFS formed from quick cooling
of molten slag has a glassy and partially amorphous structure that is highly reactive.
Slow cooling of molten slag melts leads to the appearance of crystalline phases of Ca-
Al-Mg silicates, such as gehlenite C2AS and dkermanite CsMS;, resulting in poor
reactivity and cementing properties [122]. Slags with a glass-like structure consisting
of a CaO/SiO: ratio between 0.5-2.0 and an AlOs/SiO: ratio between 0.1-0.6 are

considered optimum for alkali-activation [123].

The presence of MgO in varying amounts can influence the strength of the alkali-
activated binder. High MgO content in the slag results in faster reaction rates and
consequently can increase compressive strength at early ages [124]. This is due to the
formation of hydrotalcite-group phases in addition to the C-A-S-H phase, that have
good mechanical properties. High MgO content can also increase binder resistance
to carbonation, as the formation of the hydrotalcite structure prevents the
detrimental effect of carbonation penetrating further into the bulk [125], whilst also
restricting chloride ingress. Both these factors significantly increase the durability of
the binder. As MgO content in the slag has a positive influence on the properties of
the alkali-activated material, special consideration must be given to identify the
optimal MgO content [126] needed in order to improve the general performance of

the binder [117].

2.4.2.2 Steel slags: BOFS and EAFS

Steel slags, disregarding the different production routes shown in Fig. 2.10, have
some common characteristics. Both BOFS and EAFS are generated from the addition
of lime (or dolomite) into the furnace, with their function to prevent the oxidation of

the molten metal and to aid in removing impurities.

BOFS is a by-product generated during the conversion of molten iron into crude steel
using a basic oxygen furnace. During this process, also known as the Linz-Donawitz
process, scrap and fluxing agents such as CaO and dolomitic lime are added to the

furnace, whilst high-pressure oxygen is injected through a lance, causing impurities
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to be oxidized and removed [127]. The resulting molten steel is then poured into
moulds to form various steel products, whilst the by-product BOFS is separated and
cooled. An alternative two-step process is used to produce steel from scrap metal.
The first stage generates EAFS, whilst the final refinement stage produces ladle slag.
Here an electric arc furnace is filled with limited amounts of steel scrap (termed
“cold” steel), limestone (or dolomite), and other additives. When graphite electrodes
are lowered into the steel charge, an arc is generated, which causes the melting and
purification of steel at around 1550 °C. As the metal melts, oxygen is blown into the

vessel oxidising the impurities, which combine with limestone to form EAFS [128].

The composition and characteristics of steel slags are highly variable and depend on
the starting materials, cooling conditions, and the steelmaking plant in question
[121]. Average densities for steel slag range from 2.8-3.6 g/cm3. The high Fe content
is reported to provide high abrasion and corrosion resistance as an aggregate [129].
Most steel slags consist of crystalline oxides: CaO, FeO, Fe:0s, SiOz, MgO, and Al20s,
and often also MnO and P:0s, arranged in complexes of calcium silicates,
aluminosilicates, aluminoferrites, and RO phases (solid solutions of CaO, MgO,
MnO, and SiOz) [100], [130], [131]. The CaO content varies between 40-55 %, SiO2
between 12-28 % [131], whilst the FeO content varies from sample to sample.
Generally speaking the FeO content is BOFS is higher than EAFS [127], however,

there are exceptions to this trend.

Several publications have shown that steel slags can be used as aggregates in
concretes: fine aggregates [132], [133], coarse aggregates [134], for roads and
pavements [135], [136], for infrastructure and special applications in high strength
and self-compacting concretes [137], and also as aggregates in alkali-activated
concretes [138]-[140]. In some cases, increased performance is reported when
compared to natural aggregates due to their increased hardness and abrasion
resistance [141]. LCA studies on steel slags as aggregates report an improved

environmental benefit when replacing natural aggregates [140], [142].
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The main issues in the usage of both BOFS and EAFS as aggregates are potentially
severe volumetric expansion of aggregates due to the presence of free lime and MgO
[100], and leaching of toxic heavy metal complexes, such as Cr, V, Mo, and Ba [143].
Applications of steel slags as SCMs or precursors for alkali-activation are also limited
[144] by the relatively low, if any, content of hydraulic phases such as alite, belite,
and aluminoferrites, and their limited pozzolanic activity. There exist several
treatments of steel slags to improve their properties; long weathering is usually a
requirement prior to the usage of steel slags as aggregate [100], [145]. Accelerated
environmental carbonation causes a stabilisation of expansive phases through the
formation of nano-crystalline calcite in the external layers, directly reducing the free
lime content. Potential leaching of heavy metals is also minimised by the conversion
of toxic metal complexes to more stable forms in this process, effectively
immobilising these within the aggregate [146]. The formation of stable heavy metal
phases can also be controlled through the modification of the cooling process,
tailored to form stable solid spinel phases with low solubility, in which Cr is strongly
bound [147], [148]. Silica additions to fluid slag during the deslagging period can also
result in an inert EAFS product through the formation of highly stable gehlenite

matrices [149].

Effective encapsulation/immobilisation of slag products that contain high quantities
of toxic elements and that are considered to be susceptible to leaching can be
achieved through alkali-activation [150]. Various processing pathways may be
considered to increase slag reactivity, such as re-melting and quenching of steel slags
to promote the formation of amorphous phases [151] or other chemical and
mechanical activation pathways, such as mechanical grinding of slag into fine
powder [152], thermal excitation [153], [154], and the addition of phosphoric acid to

reduce the CaO content [155].

Several studies report the inclusion of steel slags in alkali-activated materials to
improve workability due to particle fineness and low reactivity, allowing a reduction

in the water required for the mix [156], [157]. EAFS is reported in many cases to act
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as a filler material rather than an active component in the alkali-activation process
[158]-[160], whilst additional treatments such as carbonation curing have been
reported necessary to achieve satisfactory results [161]. Inclusion of BOFS as an SCM
[129], [162], [163] and as a precursor material in alkali-activation are reported to be

more successful, conditional on the use of appropriate activator solutions [164], [165].

Overall, steel slags have a high potential environmental benefit in reducing carbon
emissions and removing the need for landfill when used as a substitute for cement
and as a construction material. Steel slags may be an environmentally friendly
alternative to natural aggregates by eliminating the negative environmental impacts
associated with mining specifically for such aggregate materials. Other metallurgical
slags are currently being studied as potential raw materials in alkali-activation to
reduce the demand for blast furnace slag. They generally do not show the same
properties as steel slags, as although they exhibit pozzolanic activity, they lack

hydraulic properties due to the lack of lime [94].
2.4.3 Blended and hybrid systems

There exists great interest within the alkali-activation field in enhancing binder
performance by forming a coexistence of both N-A-S-H (low-Ca) and C-A-S-H (high-
Ca) gels and exploiting both their unique properties. C-A-S-H gels provide high
chemical binding of water and therefore a reduction in the permeability of the
system, whilst N-A-S5-H gels have elevated chemical and thermal resistance due to

free water within the structure.

The optimal conditions in which these two gel types can co-precipitate are strongly
influenced by pH and the content of dissolved Al. At high pH, reactive Ca from C-5-
H can dissolve and reprecipitate to form portlandite, whilst C-S-H obtained in
alkaline media with additions of reactive Al results in increased cross-linking of the
network and the crystallisation of stratlingite-like phases [166], [167]. Investigations
into the controlled synthesis of C-S-H gel from PC, and N-A-S-H gels, have
demonstrated that C-S-H gel forms at pH >11, whilst N-A-S-H gel is detected at pH
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>12.5 [168]. N-A-S5-H gels are modified by high Ca concentrations in high pH
solutions to form C-(N)-A-S-H gels [169], and ultimately C-A-S-H. The high
alkalinity in this case leads to ion exchange, whereby Na is replaced by Ca,
suggesting that N-A-S-H phases may suffer from some chemical instability at high
pH in the presence of reactive Ca [170]. Distinct compositional regions representing
the two gels were detected by SEM-EDS revealing that the elemental composition
within each gel phase is consistent. This indicates that, under appropriate conditions,
the two gel phases can coexist and reach a state of thermodynamic stability [170],
[171]. However, due to the influence of several factors, including the blending ratio,
raw material composition, reactivity, and the activator solution used, it remains

challenging to accurately predict the structure of resulting gel phases.

The blended binders based on calcined clays and GGBES strongly depend on the
alkalinity of the activator, on its modulus, and the degree of intermixing between
precursors [172]. For highly alkaline systems, the formation of C-S-H is inhibited or
slowed due to the quick reaction of the aluminosilicate source on the surface of
GGBFS particles, and the low solubility of Ca?* that starts to precipitate as portlandite
instead of forming C-S-H phases. In moderately-alkaline conditions, the dissolution
of Ca* from the GGBFS tends to form C-S-H phases at early ages, whilst the
aluminosilicate sources react later to form N-A-S-H gels at later ages. This gives rise

to a coexistence of the two gel phases in the initial stages of reaction [172]-[174].

A deeper understanding of the behaviour of alkali-activated blended systems can
provide a foundation for future binder design, allowing the incorporation of
materials from diverse sources, to ultimately obtain high-performance binders with

minimal environmental cost.
2.4.3.1 Hybrid binders

Hybrid binders represent one possible approach to decrease the amount of alkaline
solution needed for the activation of the raw materials in alkali-activation. This class

of binders are generated by incorporating a limited amount of traditional
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cementitious materials, up to a maximum of 30 wt. %, in the production of an alkali-
activated material [175], [176]. Hybrid binders have generated significant interest
from both industry and academia as a practical approach towards increasing the
utilisation of AACs in the market, without completely dismantling traditional
cement production [177]. The dominant chemistry in the case of hybrid binders

comes from the solid precursor, with secondary C-S-H playing a minor role.

Research on gel coexistence has highlighted mutually beneficial reaction pathways
in hybrid binders. The alkaline content and presence of soluble silica in the activator
solution are known to affect the hydration of PC, whilst precursors, such as fly ash,
show accelerated activation in the presence of PC. Heat released during hydration
favours chemical reactions that induce ash dissolution, setting, and hardening [178],

[179].

Additives like PC [179], [180], portlandite (Ca(OH):2) [181], and CaO [182] have been
successfully used in alkali-activation to enhance binder properties [183], including
compressive and flexural strength, and early age behaviour [184]. These additives
also allow for a reduction in liquid activator concentration by increasing the pH of
the system via their dissolution [179], [185]. The reduced activator demand is
considered to be highly desirable, along with the potential to valorise a variety of

industrial wastes.
2.4.3.2 Hybrid binders with calcium aluminate cements

CAG s are hydraulic materials containing high amounts of alumina, usually between
40 and 85 wt. % [186]. CACs are known for their rapid strength development (up to
90% of final strength in 24 hours), thermal resistance, and resistance to chemical
attack, making them desirable for specialist concrete applications such as refractory
materials. CAC manufacture involves fusing or sintering a measured mixture of
limestone and bauxite, and potentially accounts for lower CO: emissions with respect
to PC production, but is considerably more expensive [187]. CAC has been studied

extensively as a cement in its own right, with known hydration products that exhibit
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rapid setting times and exceptionally early strength development [188].
Monocalcium aluminate (CaO-Al20s, or CA in cement shorthand notation) is the
main phase of CAC which quickly reacts with water at ambient temperatures to form
metastable hexagonal calcium aluminate hydrates (CAHio and CA:Hs). These phases
are associated with initial strength development, but their chemical stability is
strongly dependent on temperature, time, and the water/cement ratio. The main
limitation on the use of CAC in structural construction applications is due to a
process known as conversion, whereby the metastable hexagonal aluminate hydrates
convert to stable cubic aluminate hydrate (CsAHs) accompanied by the formation of
AHs gel and the expulsion of water. This consequently increases the porosity of the

binder, resulting in volume change and a dramatic loss of strength [186], [189].

The addition of reactive silica in various forms, such as fly ash [190], [191], GGBFS
[192], micro-silica [193], and sodium silicate [194], can lead to the formation of
stratlingite (C2ASHs), reducing or inhibiting the formation of cubic aluminate
hydrate. Stratlingite is a stable crystalline compound which is recognised to give

better mechanical properties than cubic aluminate hydrate [195].

The behaviour of CAC in moderately and highly alkaline environments has been
investigated in some studies [196], [197], as has its effect on the alkali-activation of
precursors including GGBFS [198], metakaolin [199], natural pozzolans [200], [201],
red clay brick wastes [202], and fly ash [203], for the formation of hybrid binders.
Most of these studies did not observe the typical hydration products of CAC (CAHuo,
C2AHs, AHs); highly alkaline conditions and high temperatures favour instead the
formation of cubic aluminate hydrate from the outset, and if sources of silica are
present, katoite-type phases are preferentially formed over strétlingite, which is not

favoured in highly alkaline environments.
2.4.4 Alternative precursors

Besides the precursors explored previously in this review, alkali-activation

technology has the potential to exploit and valorise novel waste materials from
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diverse streams. The requirements for precursor materials are significantly different,
and can be considered less stringent than in conventional cement manufacture. Any
type of aluminosilicate can potentially be activated, allowing for the utilisation of
various unconventional waste materials. There exists a large variety of waste
materials which are either pozzolanic or have intrinsic binding properties (latent
hydraulic) which can be used to produce binders [38]. The major factors to consider
when evaluating the viability of new waste sources is the annual volume output and
long term stability of production, along with geographical considerations [204].
These factors are fundamental in allowing alkali-activated technology to become a
competitive alternative to conventional cement manufacture. Other precursors, not
currently under mainstream investigation, are other types of slags [205]-[208], such
as phosphorus slags. Elemental phosphorus can be extracted from the phosphate ore,
generating a calcium silicate-rich slag which has already been investigated for alkali-
activation [209]. Other metallurgical slags include silicate-rich slags obtained from
the pyrometallurgical industry, which extracts metals such as Ni [210], FeNi [211],
[212] Zn [213] and Pb [214], Mn (silicomanganese slag [215], [216]), and Ti
(titaniferrous slag [217]) from the respective ores. Biomass ashes obtained from rice
husk [218], palm oil fuel [219], [220], and sugar cane bagasse [221] have been
investigated as alternative precursors due to their high amorphous silica content and
similarities to fly ash. Wastes from other industrial activities, such as red mud [222]
obtained from alumina extraction in the Bayer process, construction and demolition
waste [223], ceramic waste [202], glass waste [224]-[226], and several types of mine
tailings [227] have also have been investigated. Additionally, certain classes of urban
wastes can be valorised or stabilised through alkali-activation, such as ashes from
municipal solid waste (MSW) incineration [228]-[231] and sediments from water

treatment plants [232], [233].-
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2.5 Conclusions

Alkali-activation technology offers a sustainable solution with numerous advantages
over PC, including the potential to utilise a wide range of industrial wastes as
precursors. This study explores the potential of four waste materials from industrial
sources including calcined clays, BOFS, EAFS, and CS as potential precursors to form
AACs and hybrid binders with CAC. The waste materials are characterised, and
novel binders are formulated. The suitability of each material is assessed,
demonstrating the potential for designing novel cements based on alkali-activation
technology with tailorable properties dependent on the unique precursors utilised.
The data presented in this work provide a valuable source of information on the
classification of certain waste materials and their behaviour in blended systems,
which can ultimately simplify the application of alkali-activation to new waste

sources.
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Chapter 3.
Materials and Methods

3.1 Materials

Characterisation of GGBFS and the activator solutions utilised in this study are
detailed in this chapter. Characterisation of the alternative raw materials used is
given in their relevant chapters: calcined waste clays in section 4.2.1, BOFS in section

5.1.2, EAFS in section 5.2.2, CS in section 5.3.2, and CAC in section 6.2.

3.1.1 GGBFS characterisation

GGBFS used in this study is provided by Ecocem, (Belgium). The density and particle
size of the GGBFS used in this study are shown in Table 3.1 while the oxide
composition obtained with X-ray fluorescence (XRF) is shown in Table 3.2. In each of
the following chapters, the control formulation is produced using GGBFS as a
baseline material, which is then replaced with alternative materials to assess their

impact on the final alkali-activated cements.

Table 3.1: Density and particle size analysis (d1o, dso, and d values) of GGBFS.

Sample Density Particle size analysis (um)
(g/cm?) d1o dso dso

GGBFS 2.9 3.8 12.7 31.0

Table 3.2: Oxide composition (wt. %) of GGBFS as measured with XRF. Loss of ignition (LOI) at 1000
°C

Sample CaO SiO: ALOs MgO SOs TiO: Fe20s MnO LOI
(%) (%) (%) (%) (%) (%) (%) 2(%) (%)
GGBFS 43.5 36.4 10.5 7.0 1.4 0.5 0.3 0.3 0.2
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Fig. 3.1 shows an SEM image of GGBFS particles which appear angular and irregular.

GGBFS

} g d

Fig. 3.1: SEM image of GGBFS particles

The XRD pattern of GGBFS shown in Fig. 3.2 indicates an amorphous structure with

a broad feature due to diffuse scattering centred at 30° 20, and a distinct lack of any

crystalline phases.
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Fig. 3.2: XRD pattern of GGBFS

34



Chapter 3. Materials and Methods

Fig. 3.3 displays the FTIR spectrum of GGBFS. Two main absorption bands are seen
at ~ 1000-900 cm™ and at ~ 500 cm corresponding to Si-O-T (T = tetrahedral Si, Al)
asymmetric stretching vibrations (va) and Si-O symmetric stretching vibrations (vs),
respectively [234], along with a minor resonance at ~ 700 cm™ attributed to the Si-O
out of plane bending vibration (da) . The broadness of these peaks is indicative of the
highly amorphous structure consisting predominantly of silicates. A small signal at

1500-1400 cm can be attributed to atmospheric carbonation.

v - stretching vibration (v, symmetric v, asymmetric)
g 8 - bending vibration (8, in plane 3, out of plane)
<
<
g 507
= 8, Si-O
3 702
< v,C-0
< | GGBFS

I 1 1 : L L 1

1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig. 3.3: FTIR spectrum of GGBFS

3.1.2 Activators

Sodium hydroxide (NaOH) pellets (purity > 98 %, Sigma-Aldrich) and a commercial
sodium silicate solution (PQ Corporation), with a solids content of 44.1% and a
modulus (molar ratio SiO2/Na20) of 2.07, were used to synthesis the alkaline activator

solutions. In section 5.1 Na2COsis also used (purity 99.5 %, Sigma-Aldrich).
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3.2 Testing methods

3.2.1 Isothermal calorimetry

Isothermal calorimetry provides fundamental information about the reaction
kinetics and steps of reaction of AACs. The heat generated during the reaction of
alkali-activation is associated with the dissolution, degree of reaction, and the extent

of gel formation, which are all exothermic processes.

The reaction kinetics of pastes were determined via isothermal calorimetry using a
TAM Air Conduction Calorimeter (TA Instruments, USA) at 20 °C. For the systems
described in Chapters 4 and 6, 20 g of fresh paste were transferred into a glass vial
after mechanically mixing for ~ 2 min; whilst, to prepare the mixtures discussed in
Chapter 5, 10 g of solid precursors were weighed, transferred into a glass vial, and
initially dry-mixed; the alkaline solution was added using a pipette and manually
mixed for ~ 30 s to allow a more complete recording of the initial peak. The vial was
sealed and promptly loaded into the calorimeter along with a reference vial filled
with water as described by Wadso [235]. The thermal behaviour was monitored and
recorded for ~ 200 h. The results are presented as heat release per gram of solid

binder, i.e. precursor and solid activators combined.
3.2.2  Mini-slump tests

A mini-slump test was conducted on fresh mixtures after 30 min to determine the
workability. A slump cone with a height of 57 mm, and internal top and bottom
diameters of 19 and 38 mm respectively was used. For each slump test, the slump
cone was placed on a flat sheet and gradually filled with the fresh mixture. The cone
was then lifted as slowly as possible (< 1 cm/s) [236] and the mean value of the flow
diameters measured in two perpendicular directions recorded as the spread. The
results relative to section 5.2 and 5.3 were conducted at Ghent Univerisity on alkali-

activated pastes after 5 min, 30 min and 60 min from the beginning of mixing using
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a slump cone of dimensions 40 mm in height, 38 mm top inner diameter, and 60 mm

bottom inner diameter. Before each measurement the pastes were manually remixed.
3.2.3 Setting time

The Vicat method was used to evaluate initial and final setting times of fresh alkali-
activated pastes, with experiments performed in an automatic Matest VICATRONIC
apparatus (Impact Test Equipment, UK) equipped with a 1.13 mm needle, following
as closely as possible the standard testing procedure EN 196-3 [237] considering the
nature of the materials being tested. Fresh pastes were poured into a conical frustum
mould with a height of 40 mm, top internal diameter of 60 mm, and bottom internal
diameter of 70 mm. The initial setting time was determined as the moment in which
the separation between the needle and the base plate reached 6 + 3 mm. The final
setting time was recorded once a maximum penetration depth of 0.5 mm into the

specimen was achieved.
3.2.4 Solvent exchange to stop hydration

Solvent exchange to stop the hydration was used prior XRD, FTIR, SEM, NMR, and
MIP analysis. Small fragments of samples were immersed in isopropanol [238] for at
least 36 h and then dried in an oven at 35 °C. Once dry, the samples were either
crushed and sieved (for XRD, FTIR, and NMR) or mounted in a cup for SEM sample

preparation.
3.2.5 X-ray diffraction (XRD)

XRD patterns of raw materials and hardened alkali-activated pastes were examined
to identify crystalline phase assemblage and obtain information on the amorphous
content which exhibits distinctive features for the presence of C-A-S-H gel structure.
XRD patterns were obtained using a PANalytical X'Pert® (PANalytical, USA)
diffractometer operating in Bragg-Brentano geometry with a Cu Ka radiation source

at 45 kV and 40 mA, fitted with a PIXcel-Medipix3 detector. Samples were analysed
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over the 20 range of 5 - 70 °, using a step size of 0.02 °. Phase identification was carried

out using ICDD PDF+4 (ICDD, USA) and HighScore plus (Malvern Panalytical, UK).
3.2.6 Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a PerkinElmer Frontier FTIR spectrometer
(PerkinElmer, USA) coupled with a triglycine sulfate detector. 2 mg of precursor
material were mixed and ground together with 200 mg of KBr. The mixed powder
was transferred to a 13 mm pellet die and pressed with 10 tonnes of force to form a
transparent pellet which was subsequently tested in the spectrometer. FTIR spectra
were collected between 4000 and 400 cm! with a resolution of 2 cm™. A blank sample
consisting of 200 mg of KBr is regularly measured to establish the background line.
This measurement is repeated approximately every hour or sooner if there are

changes in humidity levels.
3.2.7 Scanning electron microscopy (SEM)

SEM was conducted using Hitachi TM3030 instrument coupled with the EDS
software QUANTAX 70 (Bruker, USA). Powder specimens were prepared by placing
a small amount of powder material on a carbon dot adhered to a 12.5 mm Al SEM
pin stub. Loose powder was removed using compressed air. Hardened paste
fragments were mounted in epoxy resin, left to cure overnight, and demoulded ready
for polishing. Samples were ground using SiC sandpaper in ascending grits and
polished with 3 and 1 um diamond suspensions. Polished samples were carbon

coated prior to SEM analysis.
3.2.8 Mechanical properties

The compressive strength of alkali-activated mixtures was determined after 7 and 28
days on 50 mm cubes according to the relevant sections of ASTM C109 [239]
considering the difference in the nature of the materials. Fresh pastes were poured
into moulds and sealed. After 24 hours (or as soon as possible thereafter) the cube

specimens were demoulded, resealed, and stored in a curing chamber at 20 + 1 °C
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until testing age. The strength values for the mixtures at each testing age are reported

as the mean value of three tests.

In sections 5.2 and 5.3 the compressive and flexural strengths were determined on
mortar prisms with dimensions 40 x 40 x 160 mm, according to EN 1015-11 [240], at
1, 3, 7, and 28 days at Ghent University. Specimens were kept sealed in a curing
chamber (20 + 1 °C; 95 % relative humidity) until the day of testing. The compressive
and flexural strengths for each curing age are reported as the mean value of six

(compressive) or three (flexural) measurements performed on the mortars.
3.2.9 Solid state nuclear magnetic resonance (NMR) spectroscopy

Solid state single pulse Al and ?°Si magic angle spinning (MAS) NMR spectra were
conducted in the Department of Chemistry at the University of Sheffield and
acquired on a Bruker Avance III HD 500 spectrometer at 11.7 T (B0) using a 4.0 mm
dual resonance CP/MAS probe, yielding a Larmor frequency of 130.32 MHz for Al
and 99.35 MHz for #Si. Al MAS NMR spectra were only qualitatively interpreted
and collected using 1.7 ps nonselective (7/2) excitation pulse, a spinning speed of
12.5 kHz, 5 s relaxation delay, and a total of 512 scans. Si MAS NMR spectra were
acquired using a 5.5 us nonselective (71/2) excitation pulse, a spinning speed of 12.5
kHz, 60 s relaxation delay, on a total of 256 scans. Gaussian curves were used to
deconvolute the Si MAS NMR spectra, fitting the minimum number of peaks and
maintaining consistent the peak position and full width at half maximum (FWHM)
of each resonance. The chemical shifts are compared to an external standard of 1.0
M AI(NO:s)s for all Al spectra and to pure tetramethylsilane (TMS) for Si spectra.

All analysis was performed using Bruker Top Spin 4.0.
3.2.10 Mercury intrusion porosimetry (MIP)

The porosity of samples was analysed via MIP tests. Prior to analysis the specimens
were crushed into 10 mm pieces and immersed in isopropanol for two days in order
to stop the hydration process. Preserved specimens were then dried at 35 °C and

stored under vacuum at ambient temperatures for one week. MIP measurements
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were carried out using an AutoPore V (Micrometrics, UK) porosimeter. ~ 10 mm
pieces were selected to give a total charge of 2.2 + 0.2 g. The mercury/material contact
angle was set to 130° [241]. The analysis was conducted with a gradual reduction of
pressure (up to 50 uHg) and a surface tension of mercury of 0.485 N/m was used in

the calculations. Pore size and volume were measured at 200 MPa.
3.2.11 Leaching tests

The leaching of heavy metals for cast monoliths was studied for a period of 91 days
immersed in water following the procedure described in NEN-7345:94 [242] (tank
test). Three cylindrical monoliths were prepared for every composition, each with a
diameter of 10 mm and height of 50 mm. Samples were cured for 28 days under
sealed conditions, and then immersed into distilled water in a closed vessel with a
liquid/solid volume ratio of 5. Prior to immersion, both bases of the monoliths were
covered with epoxy resin to avoid contact with water. Extractions of leachate
occurred after 1 h, 24 h, then 3 days, 7 days, 14 days, 28 days, 56 days, and 91 days
from the beginning of the test for each sample. Each leachate was passed through 0.2
um filter paper and sent for ICP analysis to an external laboratory. After each

leachate extraction, distilled water is newly added to each sample.
The fraction of leachate (E:) is calculated as:
E; =% (1)

where Ci is the concentration of the component in fraction i, V is the volume of the
eluate, and A is the exposed surface area of the specimen, which in this case is the

lateral surface are of the cylinder monoliths only.
The cumulative leaching value is then calculated for each component as:
&n = Xit1 Ei (2)

for each of the n elements of potential concern, where N is the number of extractions

(N = 8 in this case).

40



Chapter 3. Materials and Methods

The materials are classified as a function of cumulative leaching value for each
leachate in three following categories according to the limiting concentrations Ul and

U2 as shown in Table 3.3:

Category 1 (C1): enis lower than U1 for each heavy metal present in the sample. These
materials do not present any environmental restriction in their use. Category 2 (C2):
enis between U1 and U2 for some of the heavy metals present in the sample, but not
exceeding U2 for any element. These materials do not face any environmental
restriction in their use, but after their service life it is compulsory to remove the
contaminant elements with concentrations higher than Ul. Category 3 (C3): ¢ is
higher than U2 for one or more elements. These materials have a limited utilisation.
Table 3.3 shows the values of U1 and U2 for selected relevant elements, according to

NEN-7345 [242].

Table 3.3: Heavy metal leaching limits (U1 and U2) established by NEN-7345:94 [242]

As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se V Zn

Ul (mg/m? 40 600 1 25 150 50 04 15 50 100 35 3 250 200
U2 (mg/m? 300 45000 7.5 200 950 350 3 95 350 800 25 20 1500 1500

3.2.12 X-ray fluorescence (XRF)

The XRF measurement, used to obtain the chemical composition, was conducted on
a PANalytical Zetium machine operated using PANalytical SuperQ software. The
PANalytical WROXI (wide-ranging oxides) calibration was used to determine the
oxide concentrations in weight percent. The measurements were made on 40 mm
fused beads, prepared with a Claisse LeNeo Fluxer machine. The fused beads were
prepared by mixing in a platinum crucible 10 g of lithium tetraborate (with 0.5% Lil)
flux with 1 g of powder sample. The sample in the crucible was then heated in 5 steps
before being poured into a platinum mould and cooled following a standard

procedure: 1) 4 min at 1065°C, 2) 3 min at 1065°C rocking at 10 rpm and an angle of
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15°, 3) 6 min at 1065°C rocking at 30 rpm and an angle of 40°, 4) 1 min at 1000°C, 5) 4

min at 1000°C rocking at 25 rpm and an angle of 45°.
3.2.13 Particle size analysis (PSA)

The detailed particle size distribution for each of the raw materials was measured
applying a light scattering technique using a Malvern Mastersizer 2000 particle size

analyser in isopropanol.
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Chapter 4.
Calcined Clays from Waste
Sources in Alkali-Activated

Cements

This section is based on: L. Stefanini, D. Ansari !, B. Walkley, ]J. L. Provis,

“Characterisation of calcined waste clays from kaolinite extraction in alkali-activated

GGBFS blends” — under review.

Imerys, United Kingdom

The experimental investigation, data interpretation, and writing of the original draft
of this chapter were carried out by L. Stefanini, whilst B. Walkley and J. L. Provis
supervised the work and revised the draft. D. Ansari provided the materials, and
specifically the calcination of the clays and the modified Chapelle test presented in

this chapter were performed by Imerys.

4.1 Introduction

Clay minerals are considered to be abundant, predominating in soils and
sedimentary rocks found throughout the earth’s crust. Clays are easily sourced from
various locations globally and are generally not considered to be a limited resource.
Quality and suitability of clays for use as a primary resource for given applications
is, however, highly dependent on the specific mineral composition, particle
morphology, and particle size. Careful selection and testing of clay sources is
necessary to ensure desired behaviour as a raw resource for any given process.

Calcined clays are extensively used as SCMs in concrete owing to their pozzolanic
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properties [243], and can be also used as a primary raw material in alkali-activation

[244]-[246].

Kaolinite is one of the most common aluminosilicate mineral clays. Metakaolin, the
anhydrous calcined form of kaolinite, is the most widely investigated type of calcined
clay [80], [81], due to the availability of sources with consistent elemental
compositions without significant impurities, and high pozzolanic reactivity. Alkali-
activation technology can potentially accommodate residues from the primary
extraction of kaolinite deposits, and metakaolin sources that do not satisfy purity
requirements for use as conventional SCMs, providing pathways to valorise clays

that are currently considered to be waste materials [204].

Literature on metakaolin based AACs has highlighted technical issues ranging from
poor workability [247] to high water demand [85], [248]. These problems are
attributed to the inherent platelet-like morphology of kaolinite giving rise to high
particle surface area and strong electrostatic interactions during mixing. Increasing
water content to overcome these effects can lead to substantial drying shrinkage and
cracking [75], [249]. Changes in mix design, aimed at minimising capillary porosity,
can help reducing shrinkage [250]. Blends with high-Ca precursors have also been
shown to improve resulting microstructures, with the formation of both C-A-S-H and
N-A-S-H phases [251]. Such gel coexistence carries several advantages in terms of
increased mechanical properties, improved durability, and greater achieved
densities. Only limited studies exist on the alkali-activation of non-kaolinitic clays

[252].

The utilisation of calcined waste clays, sourced from the extraction of kaolin, in
mixed blends with a well-studied Ca-rich precursor like GGBFS is investigated. The
inclusion of calcined waste clays as a possible replacement for GGBFS may provide

a pathway to achieve tailored systems with coexisting C-A-S-H and N-A-S-H phases.
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4.2 Materials

4.2.1 Calcined clays characterisation

Blends of GGBEFS and calcined waste clays were used as precursors for alkali-
activation. The GGBFS used was provided by Ecocem (Belgium) and the calcined
waste clays were sourced by Imerys (UK), as a by-product of kaolinite extraction
from a mine located in Cornwall. Clays were previously calcined in a muffle furnace
during 1 h at either 750 or 800 °C as indicated in Table 4.1. The densities of precursors,
for all precursor materials are shown in Table 4.1 and Fig. 4.1. Both C1 and C2 exhibit
multi-modal particle size distributions. C3 and C5 show similar unimodal

distributions, whilst C4 has the largest average (dso) particle size.

Table 4.1: Density and particle size analysis of calcined clays and GGBFS

T calcination Density Particle size analysis (um)

Sample
O (g/cm3) do dso dso
GGBFS - 2.95 3.75 12.7 31.0
C1 800 2.59 2.72 10.5 263
C2 750 2.60 3.62 48.4 282
C3 800 2.61 7.85 26.2 77.0
C4 750 2.69 19.8 68.1 152
C5 800 2.69 8.15 24.5 66.0
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Fig. 4.1: Particle size distributions for calcined waste clays and GGBFS

The chemical oxide compositions of the calcined waste clays obtained by XRF are
shown in Table 4.2. C1, C2, and C3 share a similar composition with a Si/Al ratio of
approximately 2.2 to 2.3, whereas C4 and C5 exhibit a higher Si/Al ratio exceeding 3.
This elevated ratio could be attributed to a greater proportion of quartz within the
samples.

Table 4.2: Oxide composition (wt. %) of calcined clays and GGBFS as measured with XRF. Loss of
ignition (LOI) at 1000 °C

Sample  SiO: ALOs  CaO MgO Na:0 K20 Cr20s Fe20;  TiO2 LOI
(%) (%) (%) (%) (%) (%) (%) (%) (%)

GGBFS 364 10.5 43.5 7.0 - - 14 0.3 0.5 0.2
Cc1 51.3 40.5 0.1 0.6 0.9 3.6 12 17 0.1 -
(@) 544 415 0.1 0.2 0.2 12 12 15 0.8 -
C3 52.5 39.6 - 0.4 0.3 3.7 12 22 0.2 -
C4 66.6 23.6 0.1 04 0.4 5.0 13 24 0.2 -
G5 56.4 314 - 0.7 0.6 6.4 12 2.9 04 -
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The XRD patterns of the raw materials are presented in Fig. 4.2. GGBFS is amorphous
with a characteristic broad peak between 25-35° 20. The main phases identified
across all calcined waste clays are muscovite (KAl2(AlSisOw)(OH)z), PDF#00-058-
2034), quartz (S5iO: PDF#01-087-2096), K-rich alkali-feldspars (K20-Al2Os3-65i0,
PDF#00-019-0932), traces of kaolinite (Al2Si20s5(OH)s, PDF#04-013-3074), and an
amorphous phase fraction distinguished by a very broad low intensity signal. C3, C4,
and C5 have similar phase fractions of muscovite, quartz, and alkali-feldspar. C2
contains large quartz particles, small muscovite particles, and traces of anatase (TiO,
PDF 01-086-1155), confirmed by the multimodal size distribution shown in Fig. 4.1
and SEM powder analysis shown in Fig. 4.3. C1 is the only sample to contain residual
traces of kaolinite. The predominant crystalline phase in C1 is muscovite combined
with its partially dehydroxylated form. Overlap between the main quartz peak (~ 27
°) and the indexed muscovite pattern makes it difficult to determine whether quartz
is in fact present in trace amounts. The main phases identified across all calcined
waste clays are muscovite (KAl2(AlSisOw)(OH)z), PDF#00-058-2034), quartz (SiO:,
PDF#01-087-2096), K-rich alkali-feldspars (K20-Al203-65i02, PDF#00-019-0932), traces
of kaolinite (Al2Si20s(OH)s, PDF#04-013-3074), and an amorphous phase fraction
distinguished by a very broad low intensity signal. C3, C4, and C5 have similar phase
fractions of muscovite, quartz, and alkali-feldspar. C2 contains large quartz particles,
small muscovite particles, and traces of anatase (TiO2, PDF 01-086-1155), confirmed
by the multimodal size distribution shown in Fig. 4.1 and SEM powder analysis
shown in Fig. 4.3. C1 is the only sample to contain residual traces of kaolinite. The
predominant crystalline phase in C1 is muscovite combined with its partially
dehydroxylated form. Overlap between the main quartz peak (~ 27 °) and the
indexed muscovite pattern makes it difficult to determine whether quartz is in fact

present in trace amounts.
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Fig. 4.2: XRD patterns of GGBFS and calcined clays C1 to C5

The differences in particle size distribution and particle morphology between the
calcined waste clay samples are highlighted in SEM images in Fig. 4.3. C1 is
composed of predominately small platelet-like particles with a minor fraction of
large particles present. C2 powder shows a similar multi-modal distribution with
distinct fine and coarse particle sizes. C3 and C5 have similar particle sizes but show
distinct differences in morphology. C5 has uniform platelet-like particles, whilst C3
consists of plate shaped grains of various dimensions. C4 has the largest particle sizes

among the calcined waste clays and exhibits regular equiaxed particle morphologies.
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Fig. 4.3: SEM images of calcined clay samples C1 to C5

Fig. 4.4 shows the XRD patterns of C4 before and after calcination. The kaolinite
content present in the uncalcined sample is dehydroxylated to form amorphous
metakaolin in the calcined sample. The crystallinity of muscovite is partially affected
by calcination at 750-800 °C, the peak intensities are reduced when compared with
the uncalcined sample. Dehydroxylation of muscovite is not well understood, albeit

full conversion to dehydroxylated muscovite is likely to be completed at higher
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temperatures > 800 °C; the conversion of muscovite into an amorphous phase is

reported to be minimal [81].
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Fig. 4.4: XRD pattern of C4 prior and after calcination

The quartz present in C4 remains unaffected post-calcination. The chemical
composition and structural parameters of the alkali-feldspar (K,Na):0-Al:O3-65i02
phase present are not known. The combination of varying concentrations of K and
Na within the structure and the newly formed phase from the dehydroxylation of
muscovite both influence the phase peak positions in the XRD data, making it
difficult to obtain structural parameters without more detailed compositional data.
It was not possible to satisfactorily determine the phase factions of the
crystalline/amorphous phases via Rietveld refinement due to the aforementioned

ambiguities in compositional and structural parameters.
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4.2.2 Pozzolanicity tests

Pozzolanic reactivity of calcined clays refers to their ability to react with portlandite
that is formed during the hydration of cementitious materials. Tests were based on a
modified Chapelle test [253], [254], measuring the amount of calcium hydroxide
(Ca(OH).) fixed by the reaction of 1 g of metakaolin and 2 g of portlandite at 90°C for
16 hours. The portlandite content free in solution at the end of the reaction was
extracted using sucrose and subjected to acid titration to determine its exact
concentration. According to this test, the pozzolanic activity of a metakaolin source
should not be less than 700 mg Ca(OH)2/g metakaolin [253]. The results for the

calcined waste clays are shown in Table 4.3.

Table 4.3: Result of the pozzolanicity test for the calcined waste clays

Sample mg Ca(OH):/g

C1 1011
C2 567
C3 967
C4 576
C5 943

Three out of five samples are within this range, whilst the others are significantly
below. Most surprising is the drop in pozzolanic reactivity seen in C4 compared to
C3 and C5, even though all three samples show similar phase assemblage (Fig. 4.2)
and particle morphologies (Fig. 4.3).

R3 tests [255] were performed to compare with pozzolanic activity data from the
modified Chapelle test. The R3 test correlates pozzolanic activity with total heat
released by the reaction of calcined waste clay, portlandite, and limestone pastes
mixed with alkali-sulfates. Samples are hydrated for 6 days at 20 °C as stated in the
original R3 development work [255]. The results for the calcined waste clays are

shown in Fig. 4.5. C1 shows the highest reactivity, whilst C2 has the lowest recorded

51


https://www.sciencedirect.com/topics/engineering/portlandite

Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

activity, in agreement with the modified Chapelle test data. The most noticeable

difference is the similar activity between C3, C4, and C5 samples.
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Fig. 4.5: Results of R3 test for calcined clays, based on the total heat released from a formulated paste
during 6 days at 20 °C [255]

The pozzolanic reactivity of calcined clays is not a direct measure of their reactivity
in alkali-activation, whereby portlandite is absent. These tests are included in this
work as potential indication of reactivity of calcined clays with the activator solution,
as there is no specific direct test for classifying their reactivity in alkali-activation.
Reactive Si and Al in calcined clays may interact with alkaline solutions similarly to
the interaction with portlandite. The following results will suggest that a potential
link between the reactivity of calcined clays in both alkali-activation and as SCM
scenarios could exist, however in alkali-activation it is crucial to consider other
factors, such as clay particle size, morphology, and mix design (including activator

type, concentration, and blends with other solid precursors).
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4.2.3 Mix design and specimen preparation

Alkali-activated pastes were initially prepared by mixing GGBFS with 30 wt. % of
each calcined waste clay to obtain five specimens with the same water/binder ratio
and activator solution. The activator used for this study was a solution of sodium
silicate with a modulus of 1.3 and 5.7 wt. % Na2O with respect to the precursors, the
amount of which was set to give a constant water/binder ratio (w/b) of 0.4 for all five
mixes, where the binder is defined as the sum of the solid precursors plus dissolved
solids in the activator. The second part of this work investigated the effect of the
activator solution, varying the modulus (molar ratio of SiO2/Na20) from 0.9 to 1.2
and the alkali-dosage (wt. % Na20 respect to the precursors) from 4.7 to 5.2 wt. %, on
blends based on 20 wt. % C4 and 80 wt. % GGBFS. The control formulation was
designed on solely GGBEFS to give the same overall Si/Al and Na/Al molar ratios as

the waste calcined clay and GGBFS blend with lower activator dosage, designated

“"_ 1

type “a”. A w/b of 0.38 was maintained constant across all three mixes. Binder

formulations are given in Table 4.4.

Table 4.4: Mix proportions of alkali-activated blends using GGBFS and calcined waste clays C1 to C5

Precursors
Activator solution
(wt.%) w/b Si/Al Na/Al
Sample ) Modulus ) (mass (molar  (molar
Calcined . Alkali-dosage . R .
GGBFS  (SiO2/Na:O ratio) ratio) ratio)
clay ) (wt. % Na20)
molar ratio)
30C1 30 (C1) 70 1.3 5.7 0.4 4.0 0.6
30C2 30 (C2) 70 1.3 5.7 0.4 4.0 0.6
30C3 30 (C3) 70 1.3 5.7 0.4 4.1 0.6
30C4 30 (C4) 70 1.3 5.7 0.4 5.9 0.9
30C5 30 (C5) 70 1.3 5.7 0.4 4.8 0.7
0C4-a - 100 0.6 4.0 0.38 5.9 0.8
20C4-b 20 (C4) 80 0.9 4.7 0.38 5.9 0.8
20C4-c 20 (C4) 80 1.2 5.2 0.38 6.1 0.9

53



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

4.3 Results and discussion

4.3.1 Alkali-activated blends of 70 wt. % GGBFS and 30 wt. % of calcined

waste clays

4.3.1.1 Isothermal calorimetry

Isothermal calorimetry experiments were carried out to determine the reaction
kinetics of blended mixes. Fig. 4.6 (a) shows the heat flow developed by the five
alkali-activated mixtures with different calcined waste clays. The general reaction
occurs in two stages, identified by the appearance of two exotherms in the
calorimetry data. The first stage (I) takes place from the onset of the reaction lasting
up to ~ 5 h. The intensity of this initial exotherm is similar across all mixes except for
30C2 and 30C5, reaching a maximum around 1 h. The initial exotherm for the 30C2
mix has a lower intensity and is slightly delayed compared to the other mixes, whilst
the initial exotherm for 30C5 appears earlier in time. This initial heat release is
associated with wetting and dissolution of precursor material and an initial

formation of reaction gel products.
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Fig. 4.6: (a) Rate of heat evolution and (b) cumulative heat of alkali-activated blends of 30 wt. % calcined
waste clays/70 wt. % GGBFS, at 20 °C
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This stage is followed by a dormant period during which the rate of heat evolution
is low. The dormant period appears brief for all mixtures except 30C2 which is noted
to have the lowest pozzolanic reactivity (Table 4.3). The second reaction stage (II) is
attributed to polycondensation, further nucleation and growth of gel reaction
products, from 5 to 60 h. Both 30C5 and 30C4 exhibit an intense exotherm at similar
reaction times, whilst the exotherm intensity is slightly reduced and delayed with
respect to time for both 30C3 and 30C1 mixes. This second exotherm is not seen in
the 30C2 mix, suggesting a clear lack of reactivity attributed to minimal gel
polycondensation. The intensity and timing of this second exotherm follows the
general trend in pozzolanic reactivity seen in the R3 test (Fig. 4.5). Except for C1, the
more reactive calcined waste clays show more intense second exotherms at shorter
reaction times. The lower than expected heat release recorded for 30C1 is attributed
to the formation of microstructural clusters that can hinder ideal reaction kinetics
and is further discussed in the following sections. After deceleration of the second
exotherm, the reaction enters into a steady state in which minimal heat is

continuously released as the reaction proceeds.

Fig. 4.6 (b) illustrates that after a reaction time of 150 h, the total heat evolved for
30C1, 30C3, 30C4, and 30CS5 is similar, whilst the total heat release by the 30C2 mix
was approximately half that of the other mixes. Over time, it becomes apparent that
the total heat evolution curve for the 30C1 mix surpasses that of the 30C4 mix as
particle agglomeration becomes less of a limitation to reaction, enabling the higher

pozzolanic reactivity of the C1 material to be fully realised.
4.3.1.2  Setting time and mini-slump tests

Table 4.5 displays the initial and final setting times for all mixtures containing 30 wt.
% of calcined waste clays and 70 wt. % of GGBFS. The range of initial and final setting
times values across all calcined waste clay mixes is quite narrow, spanning from 80

to 170 min. The 30C5 mixture exhibited the fastest initial and final setting times of 80
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min and 120 min, respectively, which is relatively short, but acceptable for most

applications [256].

Table 4.5: Initial and final setting times and mini slump test results for alkali-activated paste samples
including 30 wt. % calcined clay and 70 wt. % GGBES

Sample Setting time (min) Mini-slump diameter

Initial Final (mm)
30C1 100 140 75
30C2 110 150 105
30C3 120 160 97
30C4 120 170 132
30C5 80 120 100

Mini-slump test results indicate a range from 75 mm (30C1) to 132 mm (30C4), noting
that the original cone base diameter, i.e. the zero slump measurement, is 60 mm. The
inclusion of metakaolin in cement mixes has been reported to decrease workability
[257]. This effect may arise from the distinct morphology of metakaolin particles and
is believed to be the main factor affecting workability in the calcined waste clay mixes
reported here. In case of platelet-like particles, the high surface area to volume ratio
may increase the opportunity for inter-particulate forces, such as van der Waals
forces, to form agglomerates upon particle collisions [72]. Particles with platelet-like
morphologies may have stronger forces acting on their edges and corners that may
disrupt the uniformity of the double layer, increasing the electrostatic interactions
between particles [258]. Conversely, the large and relatively equiaxed particles of C4,
have a lower surface area to volume ratio that is beneficial for workability. The more
uniform distribution of electrostatic forces around individual particles prevents
agglomeration by increasing inter-particle repulsion, minimising electrostatic
interactions during mixing. On the other hand, the smaller particle size of C1 is

reflected in a substantial reduction in flow characteristics of the 30C1 mix.
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4.3.1.3 X-ray diffraction

Fig. 4.7 displays the XRD patterns of alkali-activated blends of GGBFS with 30 wt.%
calcined waste clays. The formation of multiple new phases during alkali-activation
is evident upon comparison with the XRD patterns of both unreacted calcined waste
clays and raw GGBFS shown in Fig. 4.2. The presence of calcite (CaCOs), which
displays a prominent peak at approximately 29 ° 20, hydrotalcite-group phases
characterised by distinct broad peaks around 11 ° 26, and C-S-H (or C-A-S-H)
identified by broad peaks at approximately 29 ° and 50 © 26, can be observed in all of

the alkali-activated blends investigated.

P M - muscovite; Q - quartz;

‘ | Q F - alkali-feldspar;

o HT - hydrotalcite; C - calcite;
' |CSH - calcium silicate hydrate
ojesw
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Fig. 4.7: XRD patterns of alkali-activated blends with 30 wt. % of calcined waste clays after 28 days.
Note that the phases marked as “CSH” will almost certainly contain alumina and thus are more
precisely described as C-A-S-H, but a more concise form of the notation is used in the graphics
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The main difference between the calcined waste clays is seen in the 30C2 pattern
which exhibits a markedly reduced intensity of the broad C-A-S-H peak. The low gel
phase fraction is expected, as evidenced by the suppression of the secondary
polycondensation exotherm in the calorimetry data shown in Fig. 4.6. Secondary
phases of muscovite, quartz, and alkali-feldspar seen in the XRD patterns are

remnant components present in the unreacted calcined waste clays.
4.3.1.4 Scanning electron microscopy

Backscattered electron (BSE) images of alkali-activated blends of 70 wt. % GGBFS
and 30 wt. % calcined waste clays after 28 days are shown in Fig. 4.8. The brightest
Z-contrast particles seen in all samples are identified as unreacted GGBFS due to the
presence of Ca, as seen in the EDS spot analysis corresponding to one such particle.
Ca is not expected to be present in significant quantities in the calcined waste clay
particles. Unreacted GGBES is surrounded by a gel matrix phase, consisting of
predominantly C-(A)-S-H gel, that also encapsulates the unreactive mineral phases

present in the calcined waste clays.

Each sample shows distinctive particles with varying Z-contrast, representative of
the differing composition of each mineral phase. Fig. 4.8 (a) shows a large
agglomerate of small clay (C1) particles within the gel matrix. The presence of high
remnant porosity in this agglomerate indicates poor particle wetting by the activator
solution, which if found throughout the specimen would result in less dissolution
and polycondensation reactivity. This lack of reactivity is observed as lower heat
evolution during the reaction, as shown in Fig. 4.6. These observations highlight the
disparity between pozzolanic reactivity (Table 4.3), determined under near ideal
conditions, and mix reaction kinetics (Fig. 4.6), which are heavily influenced by the
completeness of wetting of agglomerated particles, and thus the relative ability to
reach homogenous mixing. These porous regions are expected to be relatively
mechanically weak and vulnerable to crack formation and propagation compared to

the bulk binder. Therefore, it is crucial to take extra precautions to ensure complete
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mixing, particularly in cases where small particle sizes and high electrostatic

interactions promote cluster formation.
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Fig. 4.8: BSE images of alkali-activated blends of GGBFS and 30 wt. % calcined waste clays after 28 days
of curing. EDS values are included for particles and characteristic features and calculated as an average
of at least five points. (Error + 1%)

In the case of 30C2, a clear reduction in overall gel phase fraction is seen by the large

number of both fine and coarse unreacted GGBFS particles throughout the matrix in
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Fig. 4.8 (b). The interparticle spacing between GGBFS particles is substantially
smaller than is seen in the other samples, indicating a lack of enhanced gel formation
as observed from the complete suppression of the secondary exotherm in the 30C2
calorimetry data (Fig. 4.6). Around both agglomerate phases identified in Fig. 4.8 (a
and b), a C-(N)-A-S-H phase is slowly forming. Unreacted clay-derived mineral
particles can be distinguished in the 30C3, 30C4, and 30C5 microstructures
surrounded by a dense gel matrix (Fig. 4.8 (c, d, e)). However, sample 30C5 presents
cracking which may be due to drying during the vacuum conditions. The varying Z-
contrast of the mineral particles combined with EDS analysis allow for identification
of the unreactive mineral phases present, with the most prominent being elongated
muscovite and alkali-feldspar particles seen in Fig. 4.8 (c), and a large quartz particle

in Fig. 4.8 (d)], consistent with the XRD data discussed in section 4.3.1.3.
4.3.1.5 Compressive strength

The compressive strength results for the alkali-activated blends, as seen in Fig. 4.9,
can be categorised into two general groups: group (I) including both 30C1 and 30C2
which achieve compressive strengths of < 40 MPa after 7 days, and group (II)
including 30C3, 30C4, and 30C5 which develop similar compressive strengths of
around 60 MPa after 7 days. All samples show an increase in compressive strength
from 7 to 28 days, with 30C5 attaining a maximum compressive strength of 80 MPa.
Out of the group (II) samples, 30C4 shows the lowest compressive strength gain from
7 to 28 days. The lack of significant compressive strength development can be
ascribed to the partial filler behaviour of the C4 clay component, which allows for
initially greater dissolution of the highly reactive GGBFS. This promotes the number
of gel nucleation sites and further gel precipitation to obtain high early age strength.
The improved flow and dispersion characteristics of group (II) calcined waste clays,
as seen in the mini-slump tests (Table 4.5), contributes to the development of a dense
microstructure that underpins higher compressive strengths. The partial amorphous
content in these calcined waste clays is believed to react during alkali-activation to

provide a greater volume fraction of binder phases. In group (I), the lower

60



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

compressive strength of 30C1 in spite of the high pozzolanic reactivity of the C1 clay
is explained in terms of the poor mixing and dispersion issues highlighted by lower
workability (Table 4.5) and visible microstructural defects in Fig. 4.8 (a). The poor
pozzolanic reactivity of C2 has a detrimental effect on the achieved compressive
strength of 30C2 due to reduced gel phase formation. Clearly the dispersion and
homogenisation of precursors during mixing is a key factor in producing optimised
blends, which if overlooked, can result in the discrepancies between high initial

precursor reactivity and low compressive strengths seen here.
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Fig. 4.9: Compressive strength of alkali-activated blends of 30 wt. % clcined clays and GGBEFS after 7
days and 28 days. Error bars represent the standard deviation among three replicate specimens

61



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

4.3.2 Optimization of systems with clay C4

The current expectation from the concrete industry is that calcined clay replacement
fractions in cements do not greatly exceed 20 wt. % due to operational limitations,
excessive shrinkage and porosity, and strength reduction [259]. Thus, 20 wt. %
replacement of GGBFS with calcined waste clay C4 was selected for further
investigation of the effect of varying the modulus of sodium silicate activator
solutions compared to an unblended GGBFS-based system. The mix designs are

described in Table 4.4.
4.3.2.1 Isothermal calorimetry

The heat evolution profiles of alkali-activated pastes based on 20 wt. % C4 / 80 wt. %
GGBFS varying the modulus of the activator solution, are shown in Fig. 4.10 (a). The
large exotherm seen before 5 h in all mixes is identified as the pre-induction period
representing wetting of the solid precursors followed by initial particle dissolution
and gel formation [260]. This first stage (I) is followed by an induction or dormant
period characterised by a low but non-zero rate of heat release in which the

dissolution process continues [260].

The presence of an induction period in slag-rich AACs is characteristic of sodium
silicate activated systems rather than systems activated purely by sodium hydroxide
[261]. The 0C4-a sample has a relatively short induction period of ~ 10 h followed by
a second exotherm with a maximum rate of heat release recorded at 15 h. This second
reaction stage (II) is again (as discussed in section 4.3.1.1) associated with the
precipitation, nucleation, and growth of reaction gel products during
polycondensation [260], [262]. Sample 0C4-a shows reaction acceleration and

deceleration all within the space of 24 h.
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Fig. 4.10: (a) Rate of heat evolution and (b) cumulative heat of alkali-activated blends of 20 wt. % C4 and
80 wt. % GGBFS, reacting at 20 °C

Data obtained for the 20C4-b and 20C4-c mixes show profiles with two distinct
exotherms, similar to 0C4-a. The initial exotherms are more intense with a higher
activator modulus due to increasing the concentration of reactive Si species, and
slightly broader implying a longer dissolution period of the less reactive C4
component. The second stage exotherms of 20C4-c and 0C4-a are remarkably similar
in intensity, albeit with a broader acceleration deceleration period for 20C4-c
concluded within 48 hours, suggesting that the increase in modulus between
activators “a” and “c” may compensate for the lower reactivity of the calcined clay
than GGBFS. The 20C4-b sample exhibits a much longer induction period of ~ 16
hours before the second exotherm. The second stage is again slightly depressed in
intensity and broader, reaching a steady state after 50 h for both 0C4-a and 20C4-c,

explained by the reduced availability of initial reactive gel-forming species present

within the system when replacing GGBFS with C4.

Observations on reaction kinetics of these binders are agreement with previous
studies on sodium silicate activated slags [124], [260] and GGBEFS systems activated
by mixtures of sodium hydroxide and sodium silicate [125] that report two
exotherms separated by an induction period. The inclusion of calcined waste clay

prolongs the overall dissolution period, highlighted by a general broadening of the
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exotherms. It is interesting to notice in Fig. 4.10 (b) that after ~ 50 h of reaction the
total heat released by both 20C4-b and 20C4-c-a is in fact larger than 0C4-a.

4.3.2.2  Setting time and mini-slump tests

The blended systems 20C4-b and 20C4-c exhibit faster initial and final setting times
than 0C4-a as shown in Table 4.6. This could be simply explained on the basis of
increasing activator concentration. However, the inclusion of C4, known to contain
an amorphous metakaolin fraction, may also enable synergistic effects between its
reactive metakaolin component and the Ca-rich GGBFS to accelerate the reaction and
lower the setting time [263].

Table 4.6: Initial and final setting times and mini-slump test results for alkali-activated blends of 20 wt.
% C4 and 80 wt. % GGBFS

Sample Setting time (min) Mini-slump
Initial Final mm
0C4-a 200 280 92
20C4-b 145 265 129
20C4-c 125 180 132

Mini-slump results show an increase in workability of around 40 % with C4 inclusion
and increased activator concentration. This effect can be explained by the
morphology of the C4 particles, predominantly large and equiaxed particles (dso ~ 68
um) which are much larger than the GGBFS particles (ds ~ 12 um) and undergo
greater dispersion during mixing (Fig. 4.1). It is known that smaller particles have an
increased tendency to flocculate due to high surface area and increased weak
physical interactions; the resulting dispersion problems are usually alleviated by

either an increase in water content or the addition of a superplasticizer [264].
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4.3.2.3 X-ray diffraction

Fig. 4.11 shows the XRD patterns for the AACs based on GGBFS and calcined clay
C4.

M - muscovite; Q - quartz; F - alkali-feldspar; C -calcite;
HT - hydrotalcite; CSH - calcium silicate hydrate
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Fig. 4.11: XRD patterns of alkali-activated GGBFS (0C4-a), and blends of 20 wt. % C4 and 80 wt. %
GGBFS (20C4-b and 20C4-c). Note that the phases marked as “CSH” will contain alumina and thus are
more precisely described as C-A-S-H, but a more concise form of the notation is used in the graphics

The pattern for 0C4-a shows a distinct amorphous hump centred ~ 29 © 26 indicative
of C-A-S-H gel formation [265]. The minor crystalline phase identified is a
hydrotalcite (HT) which has been studied extensively in alkali-activated slag systems
[15], [266], [267]. The formation of hydrotalcite involves the dissolution of Mg?*

present within GGBFS, and precipitation with recrystallisation. The inclusion of
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hydrotalcite is known to impart beneficial properties on overall binder behaviour

including resistance to carbonation and chloride ingress [125], [268].

The primary crystalline phases of the precursor calcined waste clay C4 — muscovite
(M) and quartz (Q) — are present throughout the 20C4-b and 20C4-c patterns obtained
after 2, 28, and 90 days. Again, the broad response at ~ 29 ° 20 highlights the
formation of C-S-H/C-A-S-H gel after alkali-activation. The formation of hydrotalcite
in the 20C4-b mix is seen after 2 days, but hydrotalcite formation is barely detected
in the 20C4-c pattern. The higher activator modulus is expected to limit the degree of
XRD-observable hydrotalcite formation, with much smaller hydrotalcite precipitates

(nanoscale) favoured in higher modulus environments [269].
4.3.2.4 Fourier-transform infrared spectroscopy

FTIR spectra of raw GGBEFS, calcined clay C4, and the alkali-activated pastes 0C-a,
20C4-b, and 20C4-c after 2 and 28 days, are displayed in Fig. 4.12. The GGBFS
absorption spectrum shows a major absorption band with a peak at ~ 970 cm™!
relating to asymmetric silicate (Si-O-T, with T = tetrahedral Si, Al) bond stretching
vibrations, whereby the stretching of the Si tetrahedron in question results in a
simultaneous contraction of adjacently bonded tetrahedral Si or Al, i.e. opposite
atomic motion [270]. The absorption band ~ 700 cm is due to symmetric Si-O-Si bond
stretching along with the final absorption band ~ 540 cm™ indicative of Si-O-T bond
bending [271], [272]. C4 has a main band with centred around 1052 cm™ indicative of
bonding vibrations Si-O-T seen in quartz, but also in metakaolin, which is
responsible for the broadness of this band [273]. Other bands at 776 cm, attributed
to the Al-O bending of AlOs octahedral sites within metakaolin [274], 546 cm™, and

478 cm! can be attributed to crystalline quartz and muscovite [275].

Looking at the absorption spectra obtained for the alkali-activated specimens, the
first absorption band ~ 3454 cm is due to H-OH bond stretching from weakly
bonded water molecules trapped on the surface or in pores within the samples, along

with the corresponding H-OH bond bending at ~ 1655 cm [272], [276]. The bands
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between 1490-1410 cm™ are related to C-O bond stretching [277], [278]; in particular
the absorption peak ~ 1489 cm™ corresponds to aragonite or vaterite [191], [279].
These phases were not detected in the XRD data as discussed above, but which may
be present in trace amounts due to atmospheric carbonation of the samples during
preparation and/or analysis. Again, the major absorption band between 1200-900 cm
! is associated with asymmetric Si-O-T bond stretching. This particular band is the
most significant in understanding the formation of reaction products [168], [201]. It
should be noted that for all binders formed after alkali-activation, this band shifts to
lower wavenumbers and becomes narrower when compared to the unreacted
precursors GGBFS and C4. Incorporation of Al tetrahedra within the gel structure is
seen by a shift towards lower wavenumbers due the change in local environment
and bond vibrations. In the discussion that follows, the remaining symmetrical Si-O-
T bond stretching ~ 700 cm™ and Si-O-T bond bending ~ 460 cm™ vibration bands are

considered to include contributions from substituted Al.
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Fig. 4.12: FTIR spectra of precursors and alkali-activated samples based on GBBFS with and without 20
wt. % C4, after 2 days and 28 days of curing
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Increasing the curing times to 28 days resulted in narrowing of the band at ~ 950 cm-
!'and a shift to lower wavenumbers compared with the 2 day samples [280]. This is
reported in the literature to arise from increased incorporation of Al within the
silicate structure. The bands in question contain contributions from Al-O-5i linkages,
of which the Al-O bonds are less stiff than Si-O [281], that result in perturbations of
local Si-O bonding [282]. The C4 component is acting as an Al source, gradually

increasing the number of Si-O-Al bonds within the gel structure over time.
4.3.2.5 Solid state nuclear magnetic resonance spectroscopy

The #Si MAS NMR spectra of the precursors (GGBFS and calcined waste clay C4) are
shown in Fig. 4.13. The GGBEFS spectrum exhibits a single broad resonance with
maximum intensity at ~ -75 ppm (Fig. 4.13 (a)) suggesting a wide distribution of
tetrahedral Si environments Q"(mAl) and chemical shifts. The overall chemical shift
and shape indicate that low cross-linked species and/or high degrees of Al
substitution dominate the GGBFS structure. This is in agreement with the glassy,
highly-depolymerised nature of the precursor and with previous studies [125],
[283][284]-[286]. The GGBFS spectrum can be adequately simulated with a single
peak centred at -74.7 ppm as seen in Fig. 4.13 (a); it is not claimed that this is
representing a single site environment, but it is a useful description of the GGBFS

contribution to the spectra of hardened binders.

The complex spectrum for C4 in Fig. 4.13 (b) is a combination of resonances attributed
to quartz, muscovite, and K-rich feldspar. The narrow resonance at — 106.6 ppm is
attributed to quartz SiO: (Q*) whilst the broader resonance at -110 ppm can be
attributed to a partially amorphous phase obtained as a result of clay calcination at
750 °C [80]. The main resonance bands for muscovite are found at -87 ppm, -91.2
ppm, and -95.5 ppm [287] along with the resonance bands of various forms of
KAISisOs alkali-feldspar reported in the range -97 ppm to -103 ppm, assigned here as
resonances at -99 and -102.6 ppm [287]-[289]. Dehydroxylation of muscovite has been

reported to provide a shift of the muscovite resonances towards the feldspar region
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[287]. Only partial dehydroxylation of the muscovite phase may occur after
calcination at 750 °C, meaning that both muscovite and the dehydroxylated phase
will be present. [290], [291].
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Fig. 4.13: Si MAS NMR spectra of precursors: (a) GGBFS and (b) calcined C4

The deconvolution curves for the 2Si MAS NMR spectra for alkali-activated GGBFS,
0C4-a, and blended 20C4-C after 2 and 28 days can be seen in Fig. 4.14. Five main
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resonance bands are identified for all spectra, centred at -76 ppm, -78 ppm, -81.5 ppm,
-84 ppm, and -89 ppm which are assigned to Q'(I), Q'(II), Q*(1Al), Q% and Q3(1Al)
environments, respectively [284], [292], [293]. Q!(I) and Q!(II) represent two non-
equivalent Q! environments, depending on the charge balancing ions [292]. The
resonances identified are consistent with the formation of C-A-S-H gels [169]. Table
4.7 gives the deconvolution results of the Si MAS NMR spectra using Gaussian
curve fitting as reported in the literature [16], [116], [294]. It is assumed that GGBFS
undergoes congruent dissolution into the sodium silicate activator solution [16],
[295], and so its spectral contribution is described by linearly scaling the intensity of

the GGBFS spectrum without adjustment to its shape or position.
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Fig. 4.14: Si MAS NMR spectra with fit and deconvolution of: (a) 0C4-a 2 days, (b) 0C4-a 28 days, (c)
20C4-c 2 days, (d) 20C4-c 28 days. The grey band represents the contribution of the unreacted GGBFS
which is directly scaled from the raw GGBEFS spectrum under the assumption of congruent dissolution
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The deconvolutions shown in Fig. 4.14 highlight a reduction in the residual GGBFS
fraction in both 0C4-a and 20C4-C mixtures, along with greater C-A-S-H and reaction
product formation with increased curing time from 2 to 28 days [280]. The initial
degree of reaction for 0C4-a is slightly lower than that of 20C4-c at early ages, as
indicated in the calorimetry data in Fig. 4.10 (b), although 0C4-a undergoes sustained
greater reaction from 2 to 28 days as shown by the larger difference in the remnant
slag phase. This difference in reaction behaviour between GGBFS and the C4-GGBFS
blend is expected based on the known effects of C4 inclusion. The inert quartz phase
fraction acts as a filler whilst increasing the number of nucleation sites and the
available interparticle space for the polycondensation reaction to proceed. The fast
generation of binding phases results in high early strength, however the lack of
reactivity (chemical stability) of certain mineral phases limits the degree of reaction
in the following 2 to 28 day period [296].

Table 4.7: Deconvolution results for 22Si MAS NMR spectra of the alkali-activated blends. Estimated
uncertainty in absolute site percentages is + 2%

Isotropic chemical shift, diso (ppm)

Reaction products Unreacted
Sample Q QU QWD Qx1AD Q Q31ADor Q43Al GGBFS
Q44AD

-71 -76 -78 -81.5 -84 -85.5 -89 91 -74.7
0C4-a2days 1%  26% 10% 3% 21% - 4% - 36%
28days 1%  23% 14% 2% 29% 9% 4% 3% 16%
20C4-c 2 days - 8% 12% 11% 13%  11% 11% - 34%
28 days - 14% 13% 13% 15%  11% 12% - 22%

Highly cross-linked Si sites such as Q*(4Al) or Q*B8Al) could overlap with the regions
assigned to Q3(1Al) at -89 ppm [292], [297]. It is not unreasonable to assume that the
amorphous fraction identified in C4 from the comparison of its calcined and
uncalcined XRD patterns (Fig. 4.4) could react to form highly cross-linked N-A-S-H
gels, in addition to the C-A-S-H gel formed by reaction of the GGBEFS. This process is

hinted at by the increase in resonance intensity at about — 89 ppm in 20C4-c [283].

71



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

There are no significant bands corresponding to traces of the remnant clay C4 (Fig.

4.13 (b)).

Fig. 4.15 shows the Al MAS NMR spectra of the precursors GGBFS and C4. The
broad resonance with a maximum intensity at ~ 63 ppm attributed to tetrahedral Al
environments [286] is seen in the GGBEFS spectrum. The broadness of the band is

indicative of local disorder and asymmetry consistent with the amorphous nature of

GGBFS as highlighted in the XRD data (Fig. 4.2) [280], [285].

20C4-c
28 days

68
¥t 2 days

0C4-a
28 days

C4

GGBEFS

100 80 60 40 20 O

*’Al (ppm)

Fig. 4.15: 7 A1 MAS NMR spectra for precursors GGBFS and C4 and alkali-activated pastes
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Three distinct environments are identified in the Al MAS NMR spectrum of the
calcined waste clay C4. Two resonances at 72 ppm and 59 ppm within the tetrahedral
Al(IV) region are associated to well defined Al tetrahedra found in alkali feldspar
and muscovite. The resonance at ~ 6 ppm in the region below 20 ppm is associated
with Al(VI) in octahedral coordination which only present in muscovite [298]. Beside
the presence of Al in these well-defined coordination states, there is a weak broad
signal between ~ 30-40 ppm that can be attributed to distorted tetrahedral
environments of Al(V), and most likely also a broad feature underlying the sharper
peaks in the AI(IV) region. The appearance of these broad bands is consistent with

the amorphous content of C4 formed after calcination [299].

Fig. 4.15 presents the Al MAS NMR. The resonances seen at chemical shifts of 11
ppm are attributed to the formation of hydrotalcite-group compounds which contain
Al(V]) in octahedral coordination. The resonances observed in the range 80-60 ppm
are associated with the formation of C-A-S-H gels [292], [294]. The narrow resonance
band at ~ 75 ppm seen in the 0C4-a spectrum increases in intensity with longer curing
times, representing an increase short-length ordering of C-A-S-H and greater degree
of polymerization as the reaction proceeds [266]. This resonance is associated with
Al in a well-defined Al(IV) coordination and incorporated in bridging tetrahedra,
whereby Al tetrahedra are bonded to QQ?(1Al) Si sites.

Two main resonances are distinguishable in the 20C4-c spectrum at 75 ppm and 68
ppm. These bands also become more intense and slightly narrower with longer
curing, because of increased incorporation of Al and crosslinking of the network in
the form of Al(IV) bonded to Q*(1Al) sites [198], [284], [294]. This may also hint at the

partial formation of N-A-S-H, i.e., Q* sites, along with C-A-S-H, as discussed above.
4.3.2.6  Mercury intrusion porosimetry

Pore size distributions of AACs are often classified into gel pores with diameters
between 10 to 50 nm, capillary pores with diameters between 50 nm and 10 pum, and

air voids above 10 pm [300].

73



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

Fig. 4.16 displays the pore size distributions of the alkali-activated pastes based on
20 wt. % of calcined clay C4 and 80 wt. % of GGBFS after 28 days of curing.
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Fig. 4.16: Differential pore volume of alkali-activated pastes based on GGBFS and 20 wt. % calcined clay
C4, after 28 days of curing

The predominant type of porosity seen in alkali-activated pastes is within the gel
pore size range. 0C4-a has a well-defined peak in this region, whilst 20C4-b and 20C4-
c show remarkably limited porosity within the analysed range, although may contain
pores below the size range that can be accessed in these MIP experiments. No notable

capillary pores are detected in any of the pastes.

Table 4.8 shows the measured values of total porosity for all paste samples. Samples
containing C4 exhibit lower total porosity than the GGBFS sample. This suggests that
20C4-b and 20C4-c have formed dense binders due to effective particle dispersion
with enhanced flow, and due to the higher modulus of the activating solution used.

The partial formation of N-A-S-H gel coexisting with the large amounts of C-A-S-H
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formed by the GGBFS may also result in a dense binder. Literature on gel coexistence

has reported that this can lead to minimisation of porosity with improved material

performance [39], [173], [251], [301].

Table 4.8: Total porosities measured for alkali-activated pastes based on GGBFS and 20 wt. % calcined

clay C4, after 28 days of curing. Error bounds represent the standard deviation among 2 replicate
specimens

Sample Total porosity (vol. %)
0C4-a 21.07£0.75
20C4-b 8.89 +0.69
20C4-c 531+0.11

4.3.2.7 Compressive strength

The compressive strength results for alkali-activated pastes based on GGBFS and

calcined clay C4 are shown in Fig. 4.17.
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Fig. 4.17: Compressive strength of alkali-activated pastes based on GGBFS and 20 wt. % calcined clay
C4. Error bars represent the standard deviation among three replicate specimens.

75



Chapter 4. Calcined Clays from Waste Sources in Alkali-Activated Cements

Compressive strength of the 20C4-b samples showed similar values (43 MPa after 7
days and 61 MPa after 28 days) to the 0C4-a sample. The two mixes in question were
designed to reach the same Si/Al and Na/Al molar ratios by adjusting the modulus
and Na:O dosage of the activator solution, as C4 clay has a larger Al component than
GGBFS. The 20C4-c sample, with increased activator concentration with respect to
the other formulations, recorded the highest 7-day strength which exceeded 60 MPa,
although only a minor increase was obtained after 28 days (67 MPa). Increasing the
modulus of the activator solution from 0.9 to 1.3 makes a larger concentration of
soluble silica in the liquid media available for the polymerisation of both Al and Si
species. This results in the formation of an enhanced gel structure, reflected in the

mechanical properties especially at early ages [251].

4.4 Conclusions

Calcined clays from waste sources, with low metakaolin content and low purity,
were blended with GGBFS and alkali-activated with sodium silicate, and their

properties investigated.

Careful investigation of physical properties including particle size, morphology, and
phase assemblage is necessary to validate pozzolanic reactivity. In this study the R3
test was more reflective of the behaviour of the clay in an alkali-activated system than
the modified Chapelle test. It was shown that calcined clays have a strong effect on
the fresh properties, especially on the workability of blended pastes. The
morphology of clay is a key factor in the mix design, and it is fundamental to

understand how this can affect blended systems.

Good workability can translate in a well-behaving binder with a dense
microstructure, low porosity, and high strength. A 20 wt. % calcined waste clay
replacement level maintained similar compressive strength whilst achieving a denser

binder. The quartz, muscovite, and alkali-feldspar contained in the calcined clays
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appear to remain stable throughout alkali-activation, whilst the reaction of the
amorphous phase fraction (the calcination product of the kaolinite that is present)

resulted in the formation of a cross-linked binder gel.

This work has highlighted a complete methodology of characterising the behaviour
of waste clay sources in alkali-activation and provides a basis for design optimisation

to accommodate clay inclusions in novel binder systems.
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Chapter 5.
Non-Blast Furnace Slags in
Alkali-Activated Cements

5.1 Basic oxygen furnace slag (BOFS) additions in alkali-
activated cements with sodium silicate and sodium

carbonate

This section is based on: L. Stefanini, B. Walkley, J. L. Provis, “Basic oxygen furnace

(BOF) slag as an additive in sodium carbonate-activated slag cements” - under

review.

The experimental investigation, data interpretation, and writing of the original draft
of this chapter were carried out by L. Stefanini, whilst B. Walkley and J. L. Provis

supervised the work and revised the draft.

5.1.1 Introduction

The iron and steel making industries are at the core of many developed and
developing economies worldwide. As both industries have seen continuous growth,
this has been inextricably linked with continued CO: emissions, consumption of
primary raw materials, and large-scale generation of solid wastes [302]. Crude steel
is produced either from pig iron through the basic oxygen furnace process (primary
route) or starting from scrap and directly reduced iron through the electric arc
furnace process. In 2018 global steel production reached 1,800 million tonnes,
resulting in over 300 million tonnes of steel slags. Globally about 70 % of steel is

produced through the basic oxygen furnace route which generates BOFS as a by-
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product [303]. The construction industry has a great positive impact on economic
growth, however contributes significantly to global COzemissions and raw resource
consumption [24], [304], [305], and there exists a strong drive to improve the
sustainable development of both steelmaking and construction sectors [42]. Alkali-
activation technology may provide a solution for both sectors [118], enabling the
large-scale valorisation of steelmaking wastes [306] through their use in the
production of high performance low-carbon binders [17] further contributing to the

circular economy [307].

The main oxides within BOFS are CaO, SiO2, Fe:Os, Al20s, and MgO, present as
mineral phases including calcium silicates, aluminosilicates, aluminoferrites, and the
“RO” phase, which is a solid solution of CaO, FeO, MgO, and MnO commonly found
in steel slags [164], [308], [309]. BOFS can vary substantially in mineral composition
between sources, and generally exhibits poor hydraulic properties [121], [308]. The
high content of free lime (up to 40 %) is the main limitation on the use of BOF in
construction applications, as free lime is known to cause volumetric expansion of
concretes upon its hydration into portlandite, which can potentially initiate
structural failure [310]. BOFS has been used in asphalt [311], [312] and road
pavements [313], as well as an aggregate for traditional concrete [132] and alkali-
activated metakaolin [139] with minimal treatment. It also has use as a liming
material in agriculture to improve the quality of soil [314]. Despite these various uses,
most BOFS is discarded as landfill [302]. The reported utilisation of BOFS as a SCM,
a mineral admixture, or as a precursor in alkali-activation technology is relatively
limited. An investigation into the hydration properties of BOFS by Wang et al. [130]
reported very slow reaction kinetics, that could be accelerated by increasing the
fineness of BOFS particles, increasing the curing temperature, and utilising an
alkaline solution. Fine BOFS has been successfully blended as an SCM in PC based
materials without a significant reduction in performance [315]. Kourounis et al. [144]
found BOFS inclusion in conventional cement systems to improve workability, while

generally lowering final compressive strength. Work on using BOFS in AACs,
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blended with GGBFS and fly ash, has been reported by only a few authors using

strong activator solutions of NaOH [164] and high curing temperatures [316].

The performance and final application of alkali-activated materials is strongly
influenced by characteristics of the solid precursors, including morphology, particle
size, mineral composition, and amorphous fraction. The other main factor is the type
and concentration of the activator solution [87], [124], [317], [318]. The activator type
has a strong influence on the environmental impact of the resulting binder.
Commonly wused activators such as sodium/potassium silicates and
sodium/potassium hydroxides have been reported to contribute a large fraction of
the total CO2 emitted from the alkali-activation process. [45]. Sodium carbonate may
represent a more readily available, sustainable, and cheaper solution with respect to
sodium silicate, reaching about a third of the cost and total CO: emitted. However,
sodium carbonate activated slag cements tend to suffer from delayed hardening,
requiring up to 5 days, and low early strength [319], [320]. The delay in hardening
and strength development is strictly related to the lower alkalinity of the system,
which is required for the complete dissolution of slag particles. For systems with pH
<12, only the dissolution of Ca from GGBFS is favoured, which is consumed by COs*
to form carbonate salts such as calcite and gaylussite. The pH slowly increases when
the COs* concentration is reduced, and after this happens, the reaction proceeds
analogous to that in NaOH-activated slag, forming primarily a C-A-S-H gel [321].
Additives such as MgO [322], CaO [323], and calcined LDH phases [324] can be
utilised to enhance early age properties, or the sodium carbonate can be blended with

sodium silicates to improve early strength development [260].

In this study, seven binders were produced using 20 wt. % and 30 wt. % of BOFS as
a replacement for GGBFS and activated with either sodium silicate or sodium
carbonate solutions. The reaction kinetics during formation of these binders are
analysed via isothermal calorimetry, and the setting time and workability assessed.
The resulting phase assemblages in the hardened binders are determined via XRD

and FTIR, and the compressive strength evaluated, benchmarked against
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conventional systems. An optimisation of this system using a controlled fine BOFS
fraction is also proposed to increase the strength of sodium carbonate-BOFS/GGBFS

cements.

5.1.2 Materials and methods

Two types of precursor materials were used: GGBFS supplied by Ecocem (Belgium)
and weathered BOFS supplied by ArcelorMittal (Belgium). The BOFS was used as
received, with particle sizes ranging up to 500 pm, and a fine faction (BOF63)
obtained crushing using a ball mill and sieving to achieve a similar particle size
distribution to GGBEFS. Particle size and density values are presented in Table 5.1,

and the particle size analysis illustrated in Fig. 5.1.

Table 5.1: Density and particle size analysis of GGBFS, BOFS, and BOFS63

Sample Density Particle size analysis (jum)

(g/cm?) d1o dso dso
GGBFS 2.9 3.8 12.7 31.0
BOFS 2.7 22.5 88.9 258
BOF63 2.6 2.9 11.8 36.5
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Fig. 5.1: Particle size distribution of precursors GGBFS, BOFS, and BOF63
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The oxide composition is shown in Table 5.2. The loss of ignition (LOI) value of 8.1
wt. % for BOFSis relatively high due to the conditions of weathering and carbonation
to which the sample was exposed.

Table 5.2: Oxide composition (wt. %) of GGBFS and BOFS as measured with XRF. Loss of ignition (LOI)
at 1000 °C

Sample CaO SiO: ALOs MgO SOs TiO: Fe20Os MnO P05 V205 LOI
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

GGBFS 435 36.4 10.5 7.0 1.4 05 0.3 0.3 - - 0.2
BOFS 43.4 9.7 1.9 3.6 03 07 27.5 25 1.6 0.8 8.1

SEM images representing the precursor particles are shown in Fig. 5.2. The GGBFS
precursor consists of small (mostly < 20 um) angular particles, while the BOFS
precursor consists of much larger heterogeneous aggregated particles (many of

which are > 100 um) composed of smaller sub-units of differing morphologies.

Fig. 5.2: BSE images of the raw precursors: (a) GGBFS, and (b) BOFS

The XRD patterns of the GGBFS, BOFS, and BOFS63 are presented in Fig. 5.3. The
major crystalline phases identified in the XRD pattern of BOF slag include
portlandite (P, Ca(OH)., PDF# 00-044-1481) and calcite (C, CaCOs, PDF# 00-005-0586),
along with the minor phases srebrodolskite (S, Ca:Fe20s, PDF#00-047-1744), wiistite
(W, FeO PDF#00-006-0615), hydrous calcium-iron carboaluminates that evidently
result from weathering of the slag (Fc, CsAFcHzs, PDF#00-045-0572) and a solid
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solution of CaO, FeO, MgO, and MnO (known as RO phase PDF#00-053-0926)
commonly found in steel slags [164], [308], [309]. The major crystalline phases of the
fine fraction of BOFS (BOF63) comprise portlandite and calcite, however with
differing phase fractions. The intensities of the major portlandite peaks are greater
than those of calcite, with all other minor crystalline phases suppressed; this may
indicate that several crystalline constituents of the BOFS were largely contained in
coarser particles which were removed by the crushing and sieving process applied

here.

The XRD pattern of GGBFS indicates an amorphous structure with a broad feature

due to diffuse scattering centred at 30 ° 20, and a distinct lack of any crystalline

phases.
C - calcite CaCOy; P - portlandite Ca(OH),
S - srebrodolskite Ca,Fe,O5; W - wiistite FeO;
P Fc -Calcium-iron carboaluminates CgAFcH,5;
RO phase - solid solution of CaO, MgO, FeO, and MnO
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Fig. 5.3: XRD patterns of GGBFS, BOFS, and BOF63

Alkali-activated pastes were prepared by mixing GGBFS with 0 wt. %, 20 wt. %, and
30 wt. % of BOFS. Two types of activator solution were prepared. Type “a” was made
by initially mixing NaOH pellets with water and adding sodium silicate solution on

cooling of the solution, to obtain a modulus (molar ratio SiO2/Na20) of 0.56, then
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combined with the precursors to form a paste with an alkali-dosage of 4 g Na20O per
100 g solid precursor and a water/binder mass ratio (w/b) of 0.38, where the binder
is defined as the sum of the solid precursors plus dissolved solids in the activator.
Type “b” was prepared by dissolving sodium carbonate in water, then mixed with
the precursors at a dose of 8 g Na2COs per 100 g solid precursor and with w/b of 0.38.
Each combination of precursors was activated with both activator types “a” and “b”.
An optimised formulation was prepared with 20 wt. % of BOF63, activated with
sodium carbonate, type b, and recorded as 20BOFb*. The details of all the

formulations are shown in Table 5.3.

Table 5.3: Mix proportions of the pastes based on BOFS and GGBFS

Precursors (wt. %) Activator solution
w/b

Modulus
Alkali-dosage Na:COs  (mass
Sample GGBFS BOFS BOF63  (SiO2/Na:0 molar

(wt. % Na20) a ratio)
ratio)
0BOFa 100 - - 0.56 4.0 - 0.38
20BOFa 80 20 - 0.56 4.0 - 0.38
30BOFa 70 30 - 0.56 4.0 - 0.38
0BOFb 100 - - - 5.0 8.00 0.38
20BOFb 80 20 - - 5.0 8.00 0.38
30BOFb 70 30 - - 5.0 8.00 0.38
20BOFb* 80 - 20 - 5.0 8.00 0.38

arepresented as g Na2COs/100 g precursor

The precursors were dry blended for 60 s prior to addition of the alkaline activator
solution. Pastes were mixed for 4 min at low speed (140 + 5 rpm), then for 4 min at
high speed (285 + 5 rpm). The pastes were poured into 50 mm cubic moulds and
sealed for at least 24 hours, then cured until reaching the specific testing age under

laboratory conditions of 20 + 1 °C.
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5.1.3 Results and discussion
5.1.3.1 Isothermal calorimetry

Fig. 5.4 (a) and (c) show the heat evolution rates of BOFS-GGBEFS blends activated
with sodium silicate (modulus 0.56) and with sodium carbonate, respectively. Five
stages can be identified in the heat evolution profile of AACs: pre-induction,
induction, acceleration, deceleration, and diffusion period. The pre-induction period
during the initial hour of reaction is associated with the dissolution and wetting of
particles. This pre-induction signal is not clearly distinguishable within the data in
Fig. 5.4(a) due to its rapid early onset and the delay in recording the early data points
using isothermal calorimetry with external mixing. The induction period follows,
characterised by very low heat release, in which dissolution of the precursors
proceeds and the initial formation reaction products through precipitation-
polycondensation occurs. The induction period terminates after a considerable
amount of heat is released, signalling the initial acceleration stage. The 0BOFa sample
exhibits an acceleration period after ~ 17 h. This behaviour is consistent with previous
studies of similar systems [260]. Inclusion of BOFS resulted in a progressive
shortening of the induction stage, which became ~ 12.5 h for 20BOFa, and ~ 8 h for
30BOFa. The acceleration peak in these two systems is also reduced in intensity
compared to the pure GGBFS mixture. The acceleration-deceleration process is
complete within 48 hours for all three samples. Fig. 5.4 (c) illustrates the heat
evolution for the mixtures activated with sodium carbonate. 0BOFb shows an initial
pre-induction peak during the first hour, followed by a second signal centred around
3 h which can be associated with initial formation of carbonate species [322]. This is
followed by a long induction period, interrupted at ~ 35 h by the appearance of low
intensity convoluted signals associated with the conversion of formed carbonates,
e.g. gaylussite, to stable calcite [260]. The acceleration period occurs around ~ 80 h,
forming a wide peak between 80-125 h corresponding to the delayed condensation
and precipitation of C-A-S-H gels. Extended induction periods in sodium carbonate

activated slag binders have been observed in several previous studies [319], [320],
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[325]. The profiles of 20BOFb and 30BOFb in Fig. 5.4 (b) similarly include minor
peaks after 2-3 h, associated with initial carbonate formation. The subsequent
induction period is reduced in duration, ~ 12 h for 20BOFb and ~ 5 h for 30BOFb,
compared to 0BOFb. The high intensity and convoluted shape of the initial peak in
the 20BOFb* profile differs from that seen in 20BOFb due to the higher reactivity of

the smaller particles within the fine BOF63 precursor.
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Fig. 5.4: Heat evolution rate of BOFS-GGBFS mixtures activated with (a) sodium silicate and (c) sodium
carbonate; total heat cumulative of BOFS-GGBFS mixtures activated with (b) sodium silicate and (d)
sodium carbonate, measured at 20 °C

The cumulative heat is shown in Fig. 5.4 (b) for all mixtures activated by activator

“_r

type “a” based on sodium silicates, and Fig. 5.4 (d) for those with sodium carbonate.
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The 0BOFa mixture exhibits the greatest overall heat release after 250 h, with
increasing additions of BOF reducing the total heat evolution by 10 % and 15 % for
20BOFa and 30BOFa respectively. Interestingly, the converse trend is seen using
sodium carbonate as the activator. 20BOFa and 20BOFb show similar profiles after
an initial 100 h, and release similar amounts of heat (188.8 J/g and 188.9 J/g after 250
h). The combination of highly reactive GGBFS and the limited reactivity of
portlandite in the high alkalinity systems, compared with the complete reaction of
portlandite and reduced reactivity of GGBFS in the sodium carbonate environment,
result in a similar cumulative contribution to the reaction kinetics and evolved heat.
The cumulative heat of 20BOFb* reaches ~ 211 J/g, very close to the 217 J/g of 0BOFa,
however the slope of the curve appears reduced at this point. After 250 h, 30BOFb
has released more heat than 30BOFa, which may mean that the reactivity of

portlandite gives a greater contribution to the exothermic profile.

5.1.3.2 Mini-slump and setting times

Table 5.4 shows the mini-slump results of the fresh mixtures. Inclusions of BOFS are
seen to increase the workability of the systems activated by sodium silicate via the
inclusion of larger particles and a consequent reduction in surface area. The lower
reactivity of BOFS, with respect to GGBFS, and the limited solubility of portlandite
in high alkalinity systems may also act to increase workability. The same trend is
seen in mixtures activated with sodium carbonate, where the lower flow diameter of
these samples than the silicate-activated mixes is consistent with the added silicates

having a plasticising effect by dispersing the precursor particles [326].

Inclusion of BOFS results in an increasing trend in both initial and final setting times
(Table 5.4) for systems activated with sodium silicate, underpinned by the lower

reactivity of BOFS compared to GGBFS. Mix 0BOFb has a setting time of over 3 days,
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as indicated in the heat evolution profile (Fig. 5.4 (b)), corroborating that the strength
bearing phases do not form during the initial days of reaction [325], [327]. The
presence of BOFS is thus noted to be responsible for achieving setting times within a
reasonable timeframe. Increasing the BOFS content from 20 wt. % to 30 wt. % results
in a slight increase in setting time, suggesting that in a sodium carbonate activated
system containing some BOFS, the formation of hydration products of GGBFS is not
inhibited by the formation of carbonate salts. The reduction of particle size of BOFS
(as in 20BOFb*) results in shortened setting times, meaning that the portlandite

contained in BOFS is reacting more promptly from finer BOFS particles.

Table 5.4: Mini-slump test and setting times results for pastes based on BOFS and GGBFS

Sample Mini-slump Setting time (min)

(mm) Initial Final

0BOFa 92 200 280
20BOFa 99 265 345
30BOFa 116 270 320

0BOFb 79 ~3days ~4days
20BOFb 88 280 355
30BOFb 91 310 415
20BOFb* 90 260 305

5.1.3.3 X-ray diffraction

"

Fig. 5.5 illustrates the XRD patterns of samples activated with type “a” activator
(sodium silicate at MR 0.56) and type “b” activator (sodium carbonate) after 2 and 28
days of curing. In the 2-day 0BOFa pattern seen in Fig. 5.5 (a), the crystalline phases
identified are calcium silicate hydrates (C-A-S-H), calcite (C, CaCOs PDF #01-086-
0174) due to atmospheric carbonation [285], and a hydrotalcite-group phase (HT,
Mg:Al(COs3)(OH)12:3H20 PDF #01-089-0460) partially carbonated for activator “b”.
These reaction products have all previously been identified in alkali-activated
GGBFS [15], [113], [328]. The 28-day 0BOFa pattern shows an increase in C-A-S-H

peak intensity and a reduction in the full width at half maximum (FWHM),
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indicating increased short-range ordering and a higher degree of polymerisation, as
expected with increasing curing time. C-A-S-H, calcite, and the hydrotalcite-group
(hydroxilated) phase are identified in the 2-day patterns of 20BOFa and 30BOFa,
along with AFm-like phases including calcium hemicarboaluminate (Hc, CsAcosHiz,
PDF #00-041-0221) and monocarboaluminate (Mc, CsAcH11 PDF#00-041-0219). These
phases can be formed in conditions of low MgO content and/or surplus Al. The
presence of carbonates helps the stabilisation of these AFm-like phases; the formation
of Hc and Mc phases is promoted by available COs? present in the BOFS as calcite,
and may also be influenced by the presence of an analogous AFm-like phase, Fc, in
the weathered BOFS (Fig. 5.3). Remnant precursor peaks identified as portlandite (P,
Ca(OH): PDF#00-044-1481) show that there is incomplete reaction of the BOFS in
high alkalinity environments, with potentially lower reaction kinetics due to its

coarse particle size.

C - calcite; P - portlandite; HT - hydrotalcite; 2 days - calcite; P - portlandite; HT - hydrotalcite; | | 28 days
() | HoMe- hemi-, monocarboaluminate; (b)) Hd/Mc - hemi-, monocarboaluminate; ic
C-S-IT - calcium silicate hydrates : P C-5-T1 - calcium silicate hydrates P
) ‘ C-S-IF: | T csH
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Fig. 5.5: XRD patterns of BOFS and GGBFS activated with sodium silicateafter (a) 2 days, and (c) 28 days
of curing, and activated with sodium carbonate after (b) 2 days, and (d) 28 days. Note that the phases
marked as “CSH” will almost certainly contain alumina and thus are more precisely described as C-A-
S-H, but a more concise form of the notation is used in the graphics
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In contrast, the two main crystalline phases identified in the 2-day 0BOFb pattern
shown in Fig. 5.5 (b) are gaylussite (Ga, Na2Ca(COs)25H20, PDF #00-021-0343) and
calcite, which are reported in sodium carbonate activated systems [260], [321], [322].
There is minimal formation of C-A-S5-H gel and hydrotalcite-group phase present
after 2 days (carbonated). These phases do appear after curing for 28 days, with
minor Hc/Mc phases accompanied by a reduction in gaylussite phase fraction. This
follows the mechanism proposed by Bernal et al. [321], whereby (i) COs* released by
the activator reacts with the Ca % from the dissolution of GGBFS to initially form
gaylussite and calcite; (ii) as the reaction proceeds, gaylussite releases Na* and
converts to calcite; (iii) the reduction of COs? concentration promotes precipitation
of C-S-H instead of CaCOs whilst increasing OH- concentration gives a highly
alkaline pore solution, (iv) the reaction proceeds similarly to that of NaOH activated
slag after 4 days. Identification of secondary carbonate phases in the 2-day 0BOFb
XRD pattern supports the interpretation of the 0BOFb calorimetric peaks seen in Fig.
5.4 (a) at 3h and 35 h as the formation of these carbonate phases, with the subsequent
peak after ~ 4 days due to the polycondensation and precipitation of C-A-S-H and
hydrotalcite-group phases [260], [321].

The 2-day 20BOFb, 30BOFb, and 20BOFb* XRD patterns in Fig. 5.5 (b) shows the
appearance of several reaction products, identified as C-A-S-H, hydrotalcite, Hc, Mc,
calcite, and minor traces of gaylussite. The portlandite phase fraction is diminished
compared to that seen in Fig. 5.5 (a) and (c), confirming the favoured reactivity of
portlandite in systems of lower alkalinity. Portlandite provides an increase in pH via
the release of OH, which then promotes the dissolution of GGBFS and formation of
C-A-S-H gel from dissolved Si and Al species. The formation of AFm-like phases, Mc
and Hc, is beneficial in promoting gaylussite dissolution by acting as a carbonate
sink, also resulting in precipitation of both amorphous and crystalline CaCOs
polymorphs [323], [324]. The phase evolution from 2 to 28-day in XRD patterns of
20BOFb, 20BOFb*, and 30BOFb seen from Fig. 5.5 (b) to (d) shows minimal change,
especially no change in the peak intensity of the portlandite phase suggesting a

cessation of further reaction.
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5.1.3.4 Fourier-transform infrared spectroscopy

FTIR spectra of samples activated with sodium silicate and with sodium carbonate
are shown in Fig. 5.6 (a) and (b) respectively. Similar bands are found for all samples,
indicating that reaction products with comparable nature have formed. The H-OH
bending band is seen at 1660 cm™, associated with partially bonded water after
hydration [329]. Bands located in the range 1489-1419 cm™ and at ~ 870 cm™ indicate
the presence of carbonates, specifically the C-O asymmetrical stretching and
asymmetrical bending vibrations. The existence of these bands is consistent with the
present of partially crystalline calcium carbonate in different polymorphs, and
gaylussite, with specific peaks located at 1450 cm -, 874 cm !, 855 cm !, 713 cm 7, and
668 cm - [330]-[332] [325]. AFm-like phases such as hydrotalcite, Mc, and Hc may
also contribute to these bands. [332]. The band shift observed for OBOFb at 1489-1419
cm™ in Fig. 5.6 (b) with increasing curing time supports the mechanism by which a
high initial concentration of gaylussite is formed, which over time is converted to
calcite and other polymorphs of CaCOs [324]. A reduction of the intensity of the

carbonate bands with curing time is seen in all samples.
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Fig. 5.6: FTIR spectra of BOFS and GGBFS activated with (a) sodium silicate after 2 days and 28 days,
and (b) activated with sodium carbonate after 2 days and 28 days of curing
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The band associated with formation of silicate binding phases appears at 970-950 cm-
1, assigned to the asymmetric stretching vibration mode of the Si-O-T (T = tetrahedral
Si, Al) bonds. This band location is in agreement with the C—A-S-H structure formed
by the activation of slag in alkaline media [168], [333], appearing narrower and
sharpened for all samples with increasing curing time as a result of increased
structural order of the gel phase as the reaction evolves [280]. The 2-day cured 0BOFb
has a broad and rounded peak, due to the delay in C-A-S5-H gel formation which was
identified in the XRD analysis (Fig. 5.5) above. A shift of this band towards lower
wavenumbers is also recorded in all samples as the crosslinking and the degree of
polymerisation of the structure increase due to the incorporation of Al, from 2 to 28
days [171], [325]. At ~ 700 cm™ and between 500-400 cm are the regions associated
with symmetric stretching vibration of Si-O bands, and deformation of SiOs
tetrahedra, respectively. These last bands also become narrower as the reaction

proceeds.
5.1.3.5 Compressive strength

The compressive strength results for blended GGBFS-BOFS systems are shown in
Fig. 5.7. 0BOFa reaches 44 MPa and 56 MPa after 7 and 28 days respectively. After 7
days OBOFb exhibits a compressive strength of 33 MPa, whereby the strength bearing

phases (C-A-S-H gels) have formed after the initial 4 days of reaction.

All other mixtures have strength values between 20-35 MPa after 7 days. The
respective compressive strength gains for mixtures including BOF between 7 and 28
days are greater than for 0BOFa. 20BOFa and 20BOFb obtain similar strength values,
between 25-32 MPa after 7 days and 39-44 MPa after 28 days. The strength values of
20BOFb* are comparable to 0BOFb (45 and 46 MPa after 28 days, respectively).
Further replacement of GGBFS by BOFS (30 wt. %) results in a slightly inferior
compressive strength (up to 30-35 MPa). All the studied alkali-activated cements
made with BOFS inclusions could potentially qualify for structural applications in

normal concretes. Itis demonstrated that the use of waste BOFS in GGBFS blends can
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achieve desirable fresh and mechanical properties when utilising sodium carbonate

as a low-cost activator.
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Fig. 5.7: Compressive strength of specimens based on BOFS and GGBFS and activated with sodium
silicate and sodium carbonate, after 7 days and 28 days of curing. Error bars represent the standard
deviation among three replicate specimens

5.1.4 Conclusions

This work has investigated the use of weathered BOFS as a partial replacement for
GGBFS in alkali-activated cements produced using two different activator solutions:

sodium silicate with modulus of 0.56, and sodium carbonate.

The reaction kinetics governing the formation of C-A-S-H are accelerated with
weathered BOFS inclusion, by exploiting the fast reactivity of portlandite. Sodium
carbonate activated-GGBFS has a 4-day induction period, reduced to ~ 10 h with 20
wt. % BOFS. The two-component system including 20 wt. % BOFS with GGBFS, and

different activator solutions, resulted in comparable heat evolution.
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Workability is affected by the activator type and by BOFS inclusion: The presence of
sodium silicate results in higher workability due to a plasticising effect, and BOFS
inclusions also increase workability due to the coarser particles and lower reactivity
with respect to GGBEFS. Setting times also increase with BOFS inclusion when using
silicate activators, but BOFS addition accelerates the setting of sodium carbonate

activated GGBFS which otherwise does not set until 3 days.

XRD analysis showed that in sodium silicate-activated systems, which have higher
relative alkalinity, not all of the portlandite from the weathered BOFS reacted,
whereas in sodium carbonate-activated systems the reaction of portlandite is nearly
complete, providing an immediate increase in the pH and allowing GGBEFS to react
and form C-A-S-H gels in the initial stages of reaction. The typical delay observed in
the sodium carbonate-activated slag system, via formation of carbonate salts, is
therefore avoided. This is also confirmed also through the analysis of FTIR data,
which showed that the only sodium carbonate-based system where C-A-S-H did not
form appreciably at early age was that containing only GGBEFS activated with sodium

carbonate.

Specimens made with 20 wt. % BOFS inclusion obtain compressive strength values
of up to 39-45 MPa after 28 days. These values are only slightly lower when
compared to specimens made with solely GGBFS and are more than acceptable for
several structural applications. Weathered BOFS can be used, without any treatment,
as a valuable additive in the acceleration of the reaction of GGBFS. Reducing particle
size can further increase the reaction of BOFS, and ultimately increase the strength of
a sodium carbonate-activated BOFS-containing cement to be comparable with a
GGBFS-sodium silicate cement. Additions of BOFS offer a new avenue for reduction
of the activator dose in these cements, and the usage of sodium carbonate as an
activator for GGBFS, providing a useful valorisation pathway for materials with

otherwise very restricted potential applications.
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5.2 Electric arc furnace slag (EAFS) in alkali-activated cements

This section is based on: S. Ghorbani, L. Stefanini, Y. Sun, B. Walkley, ]J. L. Provis, G.

De Schutter, and S. Matthys, “Characterisation of alkali-activated stainless steel slag
and blast-furnace slag cements,” Cement and Concrete Composites, vol. 143, no. 105230,

2023, doi: https://doi.org/10.1016/j.cemconcomp.2023.105230.

The experimental investigation, data interpretation, and writing of the original draft
of this chapter were carried out by L. Stefanini in collaboration with S. Ghorbani,
whilst B. Walkley, J. L. Provis G. De Schutter, and S. Matthys provided supervision
and revised the draft. Specific tests, such as mini-slump tests, MIP analysis, and
compressive and flexural strength testing were conducted at Ghent University by S.

Ghorbani.

5.2.1 Introduction

The increasing demand for GGBFS as a SCM in blends with PC has provided further
impetus to explore other waste products, specifically from the steelmaking industry,
as potential AACs [334]. However, the inconsistency in waste compositions [335],
[336] and the presence of heavy metals are major limitations to the valorisation of
steel slags; the leaching of toxic chromium compounds contained in stainless steel
slags has been noted as being of particular concern [337], [338]. Global stainless steel
slag production is reported to have been around 52 million tonnes in 2019, with EAFS
being a substantial fraction of this output [335]. EAFS has been successfully used as
an aggregate in cement-based materials [160], [339], for road pavements [340], and as
a non-conventional SCM or filler material for PC [156], [341]. EAFS, when used as an
SCM, has been reported to modify fresh properties such as paste rheology and setting
time [156], [157], [342], albeit with reduced mechanical properties arising from the
low reactivity of the EAFS [343].
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This study aims to investigate the use of EAFS as a potential precursor replacement
for AACs, or as a filler material, to reduce the amount of GGBFS required by these
mixtures. The fresh, microstructural, and mechanical properties are characterised,

along with leachability tests to check the stability of heavy metals in the AAC.

5.2.2 Materials and methods

In this study, the precursors GGBEFS, provided by Ecocem (Belgium), with density o
=2.89 g/cm?, and EAFS type Fillinox 3000 provided by Orbix (Belgium) with o =3.25
g/cm®, were used to produce AACs. The XRF results identifying the chemical
compositions of the solid precursors are given in Table 5.5. Apart from the presence
of Cr20s in EAFS, the main distinction between the two precursors is the disparity in

concentrations of Al20s, MgQO, and SO:s.

Table 5.5: Oxide composition (wt. %) of GGBFS and EAFS as measured with XRF

Si0: CaO AlOs Fe:0s MgO SOs MnO Cr203

Sample Others
(%) (%) (%) (%) %) (%) (%) (%)
GGBFS 364 4350 105 0.3 7.0 1.4 0.3 - 0.6
EAFS 280 442 6.3 2.0 4.4 0.5 2.7 9.9 2.0

The particle size distributions of the precursor materials are shown in Fig. 5.8.
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Fig. 5.8: Particle size distributions of GGBFS and EAFS used in this study
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The GGBFS has dio, dso, and dsovalues of 2.9 um, 12.7 um, and 31.0 um, respectively,
compared to 0.8 um, 3.0 um, and 15.6 pm respectively for EAFS. The obtained
particle size distributions for GGBFS show a singular distribution, whereas the
distribution for EAFS is multi-modal. SEM images of GGBFS particles show a range
of particle sizes < 100 um with angular morphologies, whilst EAFS consists of a

combination of large particulates ~ 100 pum and fine grains <1 um (Fig. 5.9).

Fig. 5.9: SEM images showing the morphology and particle size distribution of GGBFS and EAFS

The XRD patterns of the solid precursors are displayed in Fig. 5.10.
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Cr - Cr-rich spinel (Fe, Al, Mg)Cr,O,;
W - wollastonite CaSiO5;

M C - calcite CaCO5; L - lime CaO

=1
=
B Cr
'E AL .CrC A M
=]
]
=]
—_
EAFS
GGBFS
L i 1 1 i 1
10 20 30 40 50 60

26 (°)

Fig. 5.10: XRD patterns of GGBFS and EAFS
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The GGBFS pattern does not show any crystalline phase. A broad amorphous hump
between 25 and 35 ° 26 is recognizable. Phase identification of the crystalline phases
in the EAFS XRD pattern indicate the presence of melilite (specifically, akermanite
with a partial Al substitution, CazMgo9Alo2Si1907, PDF# 04-014-4688), and merwinite
(CasMg(5iOs)2, PDF# 01-086-6219) as the main mineral phases. Less intense peaks
corresponding to a mixed spinel phase (Fe, Mg, Al)Cr20s (PDF# 04-016-2691), calcite
(CaCOs, PDF# 01-086-4272), a minor amount of wollastonite (CaSiOs, PDF# 00-027-
0088), and traces of free lime (CaO, PDF# 00-037-1497), were identified.

FTIR spectra of the raw materials are presented in Fig. 5.11. The GGBFS spectrum
shows two main broad absorption bands with centre at 970 cm? and at 507 cm!
corresponding to Si-O-T (T = tetrahedral Si, Al) asymmetric stretching vibrations and
Si-O symmetric stretching vibrations, respectively [234]. A minor band found at ~ 700
cmis attributed to Si-O bending vibrations. The broadness of the bands is correlated

with the amorphous structure of GGBEFS.
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Fig. 5.11: FTIR spectra of precursors GGBFS and EAFS
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The EAFS spectrum similarly exhibits these two main bands, at ~ 1000-900 cm™ and
at ~ 500 cm!, corroborating that silicates (calcium silicates with Mg and Al) are the
most abundant phases, as seen in the XRD in Fig. 5.10. Besides these bands, several
well defined and sharp peaks are detected for the crystalline phases present. Peaks
at 1425 cm?, 875 cm?, 713 cm? are attributed to calcite, specifically the C-O
asymmetric stretching vibration and C-O out-of-plane and in-plane bending [344].
The bands at 638 cm and the shoulder at 500 cm™ are due to the Cr(III)-O vibration
characteristic of the spinel phase (Fe, Mg, Al)Cr204[345]. The remnant peaks at 1018
cm™, 973 cm, 938 cm!, 855 cm and 587 cm™ are associated with the presence of

crystalline akermanite, merwinite, and wollastonite [346].

A BSE image of a large EAFS particle with distinct greyscale contrast is shown in Fig.
5.12.

Sp el phases
(Mg,Al Fe)Cr204

Fig. 5.12: BSE image of a EAFS particle with EDS analysis (from top left: Mg, Al, Si, Ca, Cr, and Fe)

From the EDS elemental map, distinct regions of Cr are observable, which overlap
with Mg, Al, and Fe. No Si and Ca are detected within these Cr-rich regions. Primary
crystalline phases identified via XRD, dkermanite, and merwinite, have element

compositions that include Ca, Si, Mg, and Al, as seen in the bulk of the particle. The
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calcium silicates akermanite, merwinite, and wollastonite are known to have low
reactivity in alkaline media [347]. Cr containing spinel phases have also been
reported in literature, with the Cr occupying the B-site in the spinel AB20s with an
oxidation state of +3. Strong octahedral Cr-O bonding present in the spinel structure
is very resistant towards oxidation to the toxic hexavalent state (Cr(VI)) and resistant
to dissolution [337]. The leaching of chromium sometimes poses a serious problem

for the utilization of EAFS in binding materials.

Solid precursors (GGBFS and EAFS) were initially dry mixed in a 21 capacity Hobart
mixer for 60 s to achieve a uniform distribution. Standard CEN sand according to EN
196-1 [348] was also added and pre-blended prior to the alkali-activation of mortars.
Both precursors and alkaline solution were mixed for 60 s at low speed (140 rpm),
then subsequently for 90 s at high speed (285 rpm) to achieve a homogeneous
mixture. Alkali-activated mixtures were designed with a constant water/binder (w/b)
mass ratio of 0.32, where the binder is defined as the sum of the solid precursors plus
dissolved solids in the activator. The alkali solution was prepared 24 h in advance,
by mixing sodium hydroxide, sodium silicate, and water to give a modulus (molar
ratio of SiO2/Na20) of 1.6 and an alkali-dosage (wt.% of Na:O with respect to solid
precursors) of 5.3 wt. %. The same procedure was used to prepare pastes, except for
the sand addition. Five slag-based AACs with varying EAFS replacement levels (0
wt. %, 25 wt. %, 50 wt. %, 75 wt. %, and 100 wt. %) were produced and shown in

Table 5.6.

Table 5.6: Mix proportions of the alkali-activated mortars based on GGBFS and EAFS

Precursors (wt. %) Activator solution

Sand in
Sample whb rt
GGBFS  EAFS Modulus Alkali-dosage (mass ratio) mortars
(Si02/Na20 molar ratio) (wt. % Na20) (wt. %)
100G 100 0 1.6 5.3 0.32 275
25E 75 25 1.6 5.3 0.32 275
50E 50 50 1.6 5.3 0.32 275
75E 25 75 1.6 5.3 0.32 275
100E 0 100 1.6 5.3 0.32 275
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5.2.3 Results and discussion
5.2.3.1 Isothermal calorimetry

The heat evolution and cumulative heat profiles of the alkali-activation reaction of
blended GGBFS and EAFS systems are displayed shown in Fig. 5.13 (a) and (b),

respectively.
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Fig. 5.13: Isothermal calorimetry data for samples 100G, 25E, 50E, 75E, and 100E, measured at 20 °C
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One possible classification for the heat evolution of AACs is in five stages described
as: pre-induction or dissolution, induction or dormant, acceleration, deceleration,
and the steady stage [349] similarly to traditional cement systems, which is usually
acceptable for AACs activated with sodium silicates. According to this classification
we see a first exothermic peak between 0 to 3 h, identified as a pre-induction peak
and representing the contact wetting of the solid precursors with the alkaline
activator and initial particle dissolution. The formation of primary C-A-S5-H and C-
(N)-A-S-H gels begins with the deceleration of the first peak [261], [274], [350]. The
intensity of this peak is highest for 100G, decreasing progressively with the addition
of EAFS. For the 100E sample, the pre-induction peak is barely detectable due to the
lack of reactivity of EAFS in this system. The main contribution to the pre-induction
peak comes from the ready dissolution of GGBFS particles. The initial stage of
wetting/dissolution of the solid precursors is followed by an induction or dormant
period, characterised by a very low, but non-zero rate of heat release in which the
dissolution process continues. A second exothermic peak follows the induction
period; this is related to the precipitation, nucleation, and growth of reaction
products during polycondensation. Within this period a large volume of binding
phase, primarily C-A-S-H and C-(N)-A-S5-H gels, is formed. 100G has an induction
period of about 9 h followed by the second exothermic peak, with a maximum at 12
h. Overall, the 100G sample shows an acceleration in heat release and subsequent
deceleration within the space of 30 h. By increasing the replacement level of EAFS,
the induction period becomes longer and there is a reduction in the maximum
intensity of the second exothermic peak. This extent of reduction follows a linear
relationship (with R?= 0.994) with the GGBFS replacement level: reductions of 28.3
%, 54.8 %, and 83 % were observed for 25 wt. %, 50 wt. %, and 75 wt.% replacements,
respectively. This indicates that the reaction of the EAFS during the acceleration-
deceleration period is minimal, and with limited influence from any form of filler

effect. 100E mixture has negligible exothermic activity overall.

The cumulative heat is shown in Fig. 5.13 (b). Evaluating the total heat released after

100 h of reaction there is a non-linear trend of heat reduction with the GGBFS
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replacement (12.7 %, 24.3 %, and 48 % reduction for 25 wt. %, 50 wt. %, and 75 wt.%
EAFS, respectively), which indicates that the EAFS is influencing the reaction in these
blends to some extent after the initial 20-hour period of the main exothermic peaks.
However, 100E has a minimal cumulative exothermic activity of 8 J/g after 100 h,
which is attributed to the very limited dissolution of particles. These results suggest
the low reactivity of EAFS when included in a blended alkali-activated binder,
verifying the potential of EAFS to be used as a filler material. The cumulative heat
release of the blended AACs from 20 to 100 h may be enhanced by the filler effect of
EAFS which allows a higher space for hydration products and extent of reaction of

the remaining GGBFS in these binders.
5.2.3.2 Mini-slump test and setting times

The mini-slump test and setting time results exploring the workability and setting

time properties of the tested AACs are shown in Fig. 5.14.
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Fig. 5.14: Fresh properties of the AACs based on GGBFS and EAFS: (a) flow diameter over time of the
GGBFS-EAFS mixtures; (b) initial and final setting time increasing the replacement level of GGBFS

As can be seen in Fig. 5.14 (a), the initial sSlump diameter values of the paste mixtures
with EAFS vary within the range of 162 - 212 mm (from an initial cone base diameter
of 60 mm), while for the 100G mixture a lower slump diameter value of 149 mm is

obtained. Using EAFS replacement increases the initial slump values of fresh
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mixtures (9 %, 17 %, 36 % and 43 % increase for 25 wt. %, 50 %, 75 % and 100 % EAFS,
respectively), despite the higher fineness of the EAFS. This observation may be
attributed to the less reactive nature of EAFS, consisting of stable mineral phases
which do not show pronounced early reactivity [351]. Similar observations have been
reported [342], [343] where the fresh properties of AACs improved with different
steel slag additions [343], [351], [352] due to their limited participation in early
hydration reactions. Considering that a constant liquid to solid ratio (by mass) was
used to produce the paste mixture, using EAFS with a higher density than GGBFS
yields a larger liquid to solid volume ratio of the fresh mixture, and consequently
higher slump values [342]. As demonstrated in Fig. 5.14 (a), the 100G and 25E paste
mixtures showed a drastic loss in the slump values after 30 min, approaching a zero-
slump condition (diameter equal to the cone base diameter of 60 mm) at this time
due to the intensive early-stage reactions occurring, as illustrated in previous
sections. Using higher contents of EAFS reduces the slope of the slump loss curves,
highlighting the retardation of early-stage activation reactions of AAC with

increasing EAFS replacement, in line with isothermal calorimetry.

The setting time measurements are shown in Fig. 5.14 (b). 100G has the shortest initial
setting time of 60 min, with final setting measured after 70 min, which is to be
expected with the type and dosage of activator used here [325]. Increasing the
replacement of GGBFS with EAFS shows an increase in the initial setting time, by as
much as 200 % at 75 wt. % EAFS content. A setting time of over 2000 min is observed

for 100E.

5.2.3.3 X-ray diffraction

The XRD patterns of the hardened pastes at 2 and 28 days of curing are shown in Fig.
5.15. 100G after 2 days (Fig. 5.15) shows only one crystalline feature which is
attributed to calcite (CaCOs) at ~ 29 ° 20, a product of atmospheric carbonation.
Several distinct diffuse humps are detected, at ~ 29 °, 33 °, and 50 ° 26 which are
related to the formation of C-A-S-H gel phases. Only at later ages in Fig. 5.15 (b), two

minor humps at ~ 12 ° and 56 ° 20 are attributed to hydrotalcite-group minerals
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(approximately MgiAl2(COs)(OH)12:3H20 PDF #01-089-0460 with variation in Mg/Al

ratio and COs/OH ratio), resulting from the reaction of the Mg? present in GGBFS

[295]. The broadness and low intensity of these peaks suggests the slow formation of

nanoscale hydrotalcite-group crystallites.
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Fig. 5.15: XRD patterns of AACs based on GGBFS and EAFS at 2 days and 28 days of curing. Note that
the phases marked as “CSH” will contain alumina and thus are more precisely described as C-A-S-H,
but a more concise form of the notation is used in the graphics
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When 25 wt.% EAFS is included into the mixture, the crystalline phases dkermanite
(A), merwinite (M), and a spinel phase similar to chromite (Cr) are detected,
attributed to unreacted EAFS grains. The formation of C-A-S-H gel phases, calcite,
and after 28 days, hydrotalcite-group structures, is noted, similar to the case of 100G.
A further increase of EAFS content in 50E and 75E causes an increase in intensity of
the unreacted crystalline phases, and notably less C-A-S-H gel formation. Calcite
formation is detected, whereas hydrotalcite does not appear to be formed from
binder blends with 50 % or more EAFS. When increasing the curing time from 2 to
28 days, an increase in the C-A-S-H phase fraction is seen, along with narrowing of
the C-A-S-H humps at ~ 29 ° 26 and ~ 50 ° 26, suggesting an increased short-term
ordering of the gel [280]. The XRD pattern of 100E is similar to that of the EAFS
precursor. C-A-S-H gel phases do not appear to form, underlining the stability of the

crystalline phases present in EAFS in alkaline conditions.
5.2.3.4 Fourier-transform infrared spectroscopy

Infrared spectra of the AACs cured for 2 and 28 days are represented in Fig. 5.16.
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Fig. 5.16: FTIR spectra of AACs based on GGBFS and EAFS at 2 days and 28 days of curing
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All AACs studied exhibit absorbance bands at ~ 3445 cm?, and 1660 cm™?, which are
generally assigned to stretching/bending vibrations of O-H groups. These specific
bands are typical of weakly bonded water within the structure, which can occur
during the formation of hydration products such as C-A-S-H gels. The bands at 1489-
1418 cm™ are due to C-O stretching vibrations and can be attributed to atmospheric
carbonation products, such as the calcite identified in some samples by XRD (Fig.
5.15), and also amorphous calcium carbonates [344]. Calcite is also present in the
EAFS prior to activation (Fig. 5.10), with corresponding absorbance bands at 875-713

cm™ detectable in samples with high contents of EAFS, such as 100E and 75E.

The main band at 1200-800 cm™! is attributed to asymmetric stretching vibrations of
Si-O-T bonds (T = tetrahedral Si, Al) [353]. Analysis of this broad band is used to
interpret the chain structure of amorphous gel-type phases present, with a distinct
narrowing with increased curing time indicating a shift in structural ordering of the
gel phase as the polycondensation reaction progresses [280], [301]. This reaction also
results in a shift of the band towards lower wavenumbers due to increasing
incorporation of tetrahedral Al into the silica network [168]. Both of these behaviours
are seen to a varying degree in all samples, with slight peak shifts and narrowing of
the Si-O-T band with increasing curing time from 2 to 28 days in all samples. It is
interesting to note that the 100E sample, which from phase identification of XRD data
is believed to be largely unreactive, shows a slight band shift as evidence of partial
gel formation, consistent with the low but non-zero calorimetric response of this
sample also. This is supported by a relative increase in O-H band intensity from the
emergence of hydration products between 2 and 28 days. Sharp peaks at around
1080-940 cm™, assigned to akermanite and merwinite, are more diffuse in character
after 28 days, suggesting possible dissolution of calcium magnesium silicate phases
and resulting in a weak amorphous gel. Conversely, the bands for the spinel phase

(chromite) at 637 cm™! and 500 cm remain sharp at all curing times.
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5.2.3.5 Scanning electron microscopy

BSE images were collected for 2 and 28-day cured 100G, 50E, and 100E samples.
Comparison of Fig. 5.17 (a) and (b) shows a clear evolution of the 100G binding phase
between 2 and 28 days of curing. There is an increase in binding phase present, but
also a homogenous distribution of angular GGBFS particles still visible within the
matrix after 28 days. Sample porosity is also seen to be reduced with increasing

curing time.

In the 50E samples, Fig. 5.17 (c) and (d), the EAFS particles can be identified, as well
as GGBFS embedded within the binding phase. Some large EAFS particles show
internal Z-contrast contrast, indicating compositional inhomogeneity. The
composition of various EAFS particles from point EDS analysis (2-5) are shown in
Table 5.7. The GGBFS particles show a reaction rim as they dissolve to form the
binding phase, as seen in the 28-day specimen in Fig. 5.17 (d). The composition of the
reaction rim is noted to be different than that of the bulk gel phase, and is consistent
with previous observations of hydrotalcite-group phases becoming formed
specifically in this area of the microstructure of alkali-activated BFS-based binders
[354]. No reaction rim is seen around EAFS particles, most likely due to their slower

dissolution rate compared to GGBEFS.

The 100E sample after 2 days curing in Fig. 5.17 forms a highly porous matrix with a
weak particle assemblage. Curing for 28 days results in an increased binding phase
fraction and reduction in matrix porosity, in agreement with the FTIR data (Fig. 5.16).
This confirms that EAFS in alkali-activation can partially form a binding phase from
the dissolution of either of the constituent merwinite and dkermanite phases.
Engstrom et al. [347] have previously reported the favourable dissolution of
merwinite under alkali-activation conditions, and the results presented here are

consistent with those findings.
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Fig. 5.17: BSE images of alkali-activated pastes based on GGBFS and EAFS after 2 days and 28 days of
curing. Compositions of particles numbered 1 to 5 are given in Table 5.7.

Energy dispersive spectroscopy (EDS) was used to identify several types of particles
(labelled in Fig. 5.17) and to determine their composition, as summarised in Table
5.7. Particle type 1 is associated with GGBFS, while various EAFS particles are
distinguished: type 2) the spinel (MgFe Al)Cr20s+ embedded in a melilite solid
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solution phase; type 3) calcium silicate particles with low Mg content, possibly
wollastonite or bredigite (CazMg(SiOa)4); type 4) merwinite particles; and type 5) iron
silicate particles, potentially glassy in nature.

Table 5.7: Compositional EDS analysis of particles of GGBFS and EAFS labelled 1 to 5 in Fig. 5.17, where

1 a and b are GGBFS particles; 2 4, b, ¢, and d are spinel phases embedded in the melilite solid solution;
3 a, b, and ¢ calcium silicates; 4 a and b are merwinite particles; and particle 5 is an iron silicate

GGBEFS particles EAFS particles
Type 1 Type 2 Type 3 Type 4 Type 5

(wt. %) a b a b Cc d a b c a b -
o 45.5 46.1 | 457 448 477 450 | 440 434 449|450 425 | 383
Ca 27.3 246 | 213 280 23.0 260|360 328 326|270 341 4.1
Si 17.3 168 | 119 138 140 124|150 153 138|113 141 | 151
Al 5.0 4.9 29 14 28 51 |10 26 07 | 08 05 2.1
Mg 3.5 4.3 36 43 23 38 | 17 25 50 |141 638 0.8
Na 1.2 2.7 13 11 56 07 |18 19 19| 11 19 49
Fe 0.1 0.3 1.3 04 04 02 0 0.1 0 05 0.1 34.4
Cr 0 0.1 117 58 46 69 | 04 13 09 | 02 0 0.2

5.2.3.6  Mercury intrusion porosimetry

The pore size distributions of 100G and 50E pastes at curing ages of 2 and 28 days, as
determined by mercury intrusion porosimetry, are presented in Fig. 5.18. As reported
in the literature [300], [355] the pore structure of the AAC matrix can be categorised
into three regions: (1) air voids (> 10 um), (2) capillary pores (50 nm - 10 pm) and (3)
gel pores (10 - 50 nm). As shown in Fig. 5.18 (b), the differential pore volume curves
are flattened across the capillary pore region and begin to rise within the gel pore
region, indicating that the gel pores are the dominant pores within the paste
specimen structure. The shapes of the distributions in Fig. 5.18 (b) show only the 50E
mixture having a distinct pore size distribution within the explored range of the MIP
test, with the 100G sample possibly containing additional pores < 6.5 nm that are not

probed by this technique. The total porosities of the alkali-activated pastes in the
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range of 6.5 nm to 10 um calculated from the total cumulative pore volumes are given

in Table 5.8.
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Fig. 5.18: Pore structure of the alkali-activated pastes after 2 days and 28 days: (a) cumulative pore
volume and (b) differential pore volume

From the data in in Fig. 5.18 and Table 5.8, blending EAFS with the GGBEFS used to
produce AACs significantly increases the cumulative pore volume of the paste
matrix at both ages tested here, yielding a larger total porosity in the range of 6.5 nm

to 10 pum.

Table 5.8: Total porosity of the pastes based on GGBFS and EAFS after 2 days and 28 days of curing

Total porosity (%)
Mixture 2 days 28 days
100G 2.55 1.75
50E 8.95 5.35

The porous structure of EAFS pastes arises from the presence of stable crystalline
phases that do not participate in the formation of pore-filling gel phases [342], [343],
[356]. The exact nature of the gel formed in the matrix is also a factor affecting the
pore structure of AACs [171], as each individual type of binding gel promotes a

unique pore structure [357].
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As seen in Fig. 5.18, with continued curing, the total cumulative pore volume of the
paste specimens decreases, reflecting the formation of new gel phases filling remnant
pores. This is in agreement with studies reporting increasing density with curing age

[270], [342], [356], [358].
5.2.3.7 Strength properties

The compressive and flexural strengths of the alkali-activated mortars after curing
for1, 3,7, and 28 days are presented in Fig. 5.19. Increasing EAFS replacement results
in a reduction in the strength properties of AACs, consistent with the differences in
microstructural evolution and binder densification observed in the preceding

sections.
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Fig. 5.19: Strength development of alkali-activated mortars based on GGBFS and EAFS: (left)
compressive strength and (right) flexural strength. Error bars represent the standard deviation among
six replicate specimens (left) and three replicate specimens (right)

This observation also supports the slower structural development seen in the
isothermal calorimetry data (Fig. 5.13) for EAFS-containing mixtures. The strength
properties of mixtures with up to 50 wt.% EAFS replacements are satisfactory for
practical applications. The mixtures with 25 wt.% and 50 wt.% EAFS showed

compressive and flexural strengths that were no worse than 30 % below that of 100G.
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Therefore, incorporation of up to 50 wt. % EAFS can be achieved without major losses

in mechanical properties.
5.2.3.8 Leaching tests

Table 5.9 presents the results obtained by ICP analysis of the leachates collected from
monolith immersion tests of 100G and 50E. The results are calculated according to
NEN-7345:94 [242] and enables the materials to be classified in categories: C1 when
the leaching of potentially hazardous elements is less than the limits specified as U1
for each element respectively, C2 when the leaching is between the levels specified
as Ul and U2, and C3 when leaching of one or more elements is greater than U2.

Table 5.9: Results obtained from ICP and calculated following NEN-7345:94 test for samples 100G and
50E, and compared with limit Ul

As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se v Zn

100G

<0.5 3.3 <0.1 0.2 <0.2 <0.2 <0.3 <0.2 2.3 <0.5 <0.8 <1.2 0.2 1.1
(mg/m?)
50E

<0.5 2.1 <0.1 <0.1 <0.2 <0.2 <0.3 13.6 3.3 <0.5 <0.8 <1.2 4.0 14
(mg/m?)
U1l

40 600 1 25 150 50 0.4 15 50 100 35 3 250 200
(mg/m?)

All of the values obtained during the leaching tests were below the U1 classification
limits for all elements examined, meaning there is no environmental restriction in the
usage of these binders according to NEN-7345. Leaching of chromium, which is
present in significant quantities in the EAFS, is not detected from the 50E specimen.
This confirms the hypothesis that the chromium present in EAFS is stable in the solid
spinel phase and satisfactorily immobilised within the alkali-activated binder. The
presence of a reducing environment within the binders, due to the presence of sulfide
from the GGBES, is also likely to be beneficial in reducing the leaching of redox-
sensitive transition metals [359]. The most problematic heavy metal resulting from
the test present in EAFS is molybdenum. The level of 13.6 mg/m? is below Ul in the
case of 50E, however, it is possible that this element may prove to be a limiting factor

on the use of binders with higher EAFS replacement levels if the U1 value is exceeded

113



Chapter 5. Non-Blast Furnace Slags in Alkali-Activated Cements

and a C2 classification becomes necessary. However, those samples were not able to

be tested for leaching within the scope of the current study.

5.2.4 Conclusions

The use of EAFS in blends with GGBFS for producing alkali-activated slag-based

materials has been evaluated via the characterisation of early hydration and fresh,

microstructural, and mechanical properties. Based on this analysis the following

main conclusions are made:

1-

Replacing GGBFS with EAFS significantly affects the reaction kinetics,
resulting in a significant retarding effect. The dormant period of the heat
evolution curve becomes prolonged with higher EAFS replacements, with a
suppression in the secondary exothermic peak after dissolution.

The structural formation of the AACs is retarded with increasing EAFS
replacements.

EAFSimproved the workability and setting time of AACs amongst other due
to its lower reactivity compared to GGBFS.

The XRD data indicate that most phases of the EAFS are stable (acting more
inert) in alkaline systems, however a small fraction of the EAFS can react to
form a weak binding phase as was observed through FTIR and SEM.

EAFS blending is found to increase the cumulative pore volume of AACs
within the range of 6.5 nm to 10 um, resulting in a more porous structure
with coarser pore sizes.

EAFS replacement gives a general reduction in strength properties, although
mortars with up to 50 wt. % EAFS exhibit a satisfactory compressive strength
after 28 days of 85 MPa, and corresponding flexural strength of 9.5 MPa.
Leaching tests highlight this GGBFS/EAFS binder system to be suitable for
the immobilisation of heavy metals present within the precursors. All heavy
metals detected are well below the U1 limit, meaning that the usage of these
binders do not present any environmental restriction (classified as C1). No

chromium was detected in the leachates.
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5.3 Copper slag (CS) and ternary blends in alkali-activated

cements

This section is based on: L. Stefanini, S. Ghorbani, G. De Schutter, S. Matthys, B.

Walkley, and ]. L. Provis, “Evaluation of copper slag and stainless steel slag as
replacements for blast furnace slag in binary and ternary alkali-activated cements,”
Journal —of Material Science, vol. 58, mno. 31, pp. 12537-12558, 2023,
https://d0i:10.1007/s10853-023-08815-7.

The experimental investigation, data interpretation, and writing of the original draft
of this chapter were carried out by L. Stefanini in collaboration with S. Ghorbani,
whilst B. Walkley, J. L. Provis G. De Schutter, and S. Matthys provided supervision
and revised the draft. Specific tests, such as mini-slump tests, MIP analysis, and
compressive and flexural strength testing were conducted at Ghent University by S.

Ghorbani.

5.3.1 Introduction

Commonly used alkali-activation precursors such as blast furnace slag and fly ash
will soon become less available due to resource competition and may cease to be
produced in certain regions. This limitation in future supply is a main driving force
for the investigation of alternative precursor sources, such as non-blast furnace slags

and non-ferrous slags, to produce alkali-activated binders.

The global production of CS, a smelting by-product from Cu production, is reported
to be 46.2 million tonnes in 2018, with 2.20 tonnes of CS produced for every tonne of
Cu [94], [103], [360]. Steel slags are also generated in considerable volumes, up to
about 300-400 kg of slags for each tonne of stainless steel produced [361], with EAFS
being a considerable fraction of this production [362]. EAFS has applications as a

road base material [363], [364], as an aggregate in traditional concrete [160], and as a
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SCM or filler material for PC blends [365]. EAFS is reported to have a low reactivity
and mainly affects workability and setting times, when used in AACs [156], [157],
[342]. The use of CS as a SCM and an aggregate for PC has been reported in literature
[95], [97], [366], however there is less published work on its use in the production of
AACs [104], [360], [367] [368]. Nazer et al [368] reported similar compressive
strength values to conventional PC mixtures for a hybrid system including 25 wt. %
CS as an SCW, after 91 days. Use of sodium silicate as an activator for CS has been
reported to be more effective in terms of strength development compared to sodium
hydroxide [360]. Curing CS-based AACs at higher temperatures is also noted to
improve the reaction rate of the mixtures [369], [370]. Non-ferrous slags often have
high Fe (>40 wt. %) and Si contents, while inclusion of Ca and Al is generally limited
[371]. The amorphous fraction of these non-ferrous slags can be high, depending on
cooling conditions after smelting [99], with Fe present in both amorphous and
crystalline phases. Crystalline phases containing Fe are usually stable in alkaline
media and do not participate in the formation of binding phases [372], whereas
amorphous Fe-rich phases may dissolve and have a pronounced effect on the
polycondensation reaction [105], [373], [374]. Other vitreous Fe-rich precursors have
proven to be suitable for alkali-activation including iron silicate glasses from
municipal solid wastes [375], low calcium copper-nickel slags [376], and ferro-nickel

slags from electric arc furnaces [211].

The current section investigates the incorporation of CS and EAFS as partial and total
replacements for GGBFS in producing AACs. Five binary alkali-activated mixtures
with different replacement levels of GGBFS with CS, and three ternary mixtures with
both CS and EAFS are activated by a sodium silicate solution. Isothermal calorimetry,
setting time, and mini-slump tests are conducted to better understand the fresh-state
and early hydration properties. The microstructural development of the resulting
alkali-activated binders is characterised using XRD, FTIR, SEM, and MIP techniques.
The leaching of heavy metals is also assessed. A hypothesis on the CS inclusions
enabling the formation of ‘Fe-rich’ binding phases together with well-known C-A-S-

H gels is proposed.
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5.3.2 Materials and methods

Three types of solid precursors were used: GGBFS supplied by Ecocem (Belgium),
CS type Koranel 419 supplied by Aurubis Beerse (Belgium), and EAFS type Fillinox
3000 supplied by Orbix (Belgium) to produce AACs. Table 5.10 shows the chemical
compositions of the solid precursors identified using XRF. The EAFS used here also
contains a high concentration of chromium, well above that which is expected in
conventional stainless steel slags [377]. The CS composition is characterised by low

CaO content and high Fe:0s content compared to GGBFS.

Table 5.10: Oxide composition (wt. %) of GGBFS, CS, and EAFS as measured with XRF

Si02 CaO ALOs Fe:0s MgO SOs K:O0 MnO Cr:0s Na:O ZnO Others
Sample

(%) (%) (%) (%) (%) %) (%) (%) (%) (%) (%) (%)

GGBFS 364 435 10.7 0.3 7.0 1.4 - 0.3 - - - 0.6
CS 29.5 2.6 9.9 45.4 1.0 0.9 0.2 0.7 1.4 3.4 3.3 1.7

EAFS 28.0 442 6.3 2.0 4.4 0.5 0.1 2.7 9.9 - - 1.9

The particle size distributions of the precursor materials are shown in Fig. 5.20.
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Fig. 5.20: Particle size distributions of GGBFS, CS, and EAFS
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The di, dso and dowo values of the solid precursors derived from the particle size
distribution curves are given in Table 5.11, along with their measured densities. Both
GGBEFS and CS materials have similar size distributions with centre at ~ 10-11 pum,
whilst EAFS has a multi-modal distribution, centred at ~ 1 pm and ~ 10 pm.
Inspection of CS and EAFS particles via SEM (Fig. 5.21) shows more regular
morphologies compared to the angular-shaped of GGBEFS particles.

Table 5.11: Physical properties of solid precursors GGBFS, CS, and EAFS

Solid precursor Particle size distribution Specific density
dio (um)  dso(um)  dso (pum) g/cm?
GGBFS 1.4 8.0 23.5 2.89
CS 3.2 9.9 22.8 3.45
EAFS 0.8 3.0 15.6 3.25

Fig. 5.21: Morphology of solid precursors GGBFS, EAFS, and CS as observed by SEM
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Fig. 5.22 shows the XRD patterns of the raw materials. GGBFS and CS are

predominantly amorphous, exhibiting a distinctive hump at ~ 30 ° 26.

A - Al-dkermanite Ca,Mg 4 Al,Si; 0O, M - merwinite Ca;Mg(SiO,),; L - lime CaO

Cr - chromite spinel (Fe,Al,Mg)Cr,0,; W - wollastonite CaSiO;; C - calcite CaCOy;

F and F*- fayalite orthorhombic and cubic* Fe,SiO,; H - hematite Fe,O,; An - ankerite
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Fig. 5.22: XRD patterns of GGBFS, CS, and EAFS

This hump for CS is broader and is slightly shifted to higher 20. Minor crystalline
phases are also present, identified as cubic fayalite (Fe2SiOs, PDF #04-017-9804) and
orthorhombic fayalite (PDF #00-034-0178), hematite (Fe2Os, PDF #00-056-1302), and
ankerite (Ca(Fe,Mg,Mn)(COs)., PDF #00-033-0282). The mineral composition defined
here is in agreement with several previous studies [101], [103], [360], [378]. The major
crystalline phases of EAFS are from the melilite group, mainly &kermanite
(CazMgSi2O7)  with a  partial Al replacement (akermanite aluminian,
Ca:MgooAlo2SiiOz, PDF# 04-014-4688), and merwinite (CasMg(SiOs)2, PDF# 01-086-
6219). Minor phases are identified as a mixed spinel phase (Fe,Mg, Al)Cr20s (PDF#
04-016-2691), calcite (CaCOs, PDF# 01-086-4272), wollastonite (CaSiOs, PDF# 00-027-
0088), and traces of free lime (CaO, PDF# 00-037-1497). This EAFS phase assemblage
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is consistent with previous studies, albeit highly dependent on the cooling

conditions, initial composition, and type of initial scrap used in the EAF, which

necessitates a case-by-case study of slag precursors from differing sources. When

compared with values presented in literature, the EAFS used in this study has a

particularly high chromium content and low Fe content [103], [377], [379].

Fig. 5.23 displays the FTIR spectra of the precursor materials. The GGBFS spectrum

shows two major absorption bands between 1000-900 cm? and at ~ 500 cm'

corresponding to Si-O-T (T = tetrahedral Si, Al) asymmetric stretching vibrations (va)

and Si-O symmetric stretching vibrations (vs), respectively.
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Fig. 5.23: FTIR spectra of the precursors GGBES, CS, and EAFS

Similar absorption bands at 970-920 cm™! and at ~ 500 cm™! are identified in the CS
spectrum, in this case the asymmetric stretching vibrations Si-O-T could involve T =

Si, Al, and/or Fe* [380]. The broadness and smoothness of these peaks indicate a
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highly amorphous structure consisting predominantly of silicates [381]. The sharper
peaks in the CS spectrum at ~ 947 cm™! correspond to the vibrational modes of
crystalline fayalite [382]. The GGBFS spectrum shows an additional signal at ~ 700
cm, related to symmetric Si-O-Si bond stretching, that is not clearly identified in the
CS spectrum. The maximum of the Si-O-T band is located at 970 cm™ for GGBFS and
at 947 cm? for CS. This shift toward lower wavenumbers is indicative of an
amorphous network with more highly substituted Si tetrahedra (due to the high Fe*

content) [383].

The EAFS spectrum similarly exhibits these two main bands, between 1000-900 cm
Tand at ~ 500 cm™!, corroborating that silicates (calcium silicates with Mg and Al) are
the most abundant phases as seen in the XRD in Fig. 5.22. Besides these bands, several
well defined and sharp peaks are detected for the crystalline phases present. Peaks
at 1425 cm, 875 cm”, 713 cm? are attributed to calcite, specifically the C-O
asymmetric stretching vibration and C-O out-of-plane and in-plane bending [344].
The bands at 638 cm and the shoulder at 500 cm™ are due to the Cr(III)-O vibration
characteristic of the spinel phase (Fe, Mg, Al)Cr204[345]. The remaining peaks at 1018
cm?, 973 ecm, 938 cm, 855 cm™ and 587 cm™ are associated with the presence of

crystalline dkermanite, merwinite, and wollastonite [346].

The solid precursors (GGBFS, CS, and EAFS) were initially dry mixed for 60 s in a
Hobart mixer to homogenise, then sand was added and blended for 60 s into the pre-
mixed powders to prepare mortars. The alkali solution was prepared 24 h prior
mixing, made of sodium hydroxide, sodium silicate, and water to give a modulus
(molar ratio of SiO2/Na20 of 1.6, an alkali-dosage (Na2O wt. %, defined as total mass
of Naz2O per 100 g of precursors) of 5.3, and a water binder mass ratio (w/b) = 0.32,
where the binder is defined as the sum of the solid precursors plus dissolved solids
in the activator. The activator solution was kept constant for all AACs. The
precursors and alkaline solution were mixed for 60 s at low speed (140 rpm), then for
90 s at high speed (285 rpm) to achieve a homogeneous mixture. The preparation of

pastes followed the same procedure, except for the sand addition. A total of eight
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AACs with different replacement levels of GGBFS were produced: five binary
mixtures with CS replacement levels of 0 wt.%, 25 wt.%, 50 wt.%, 75 wt.%, 100 wt.%,
and three ternary mixtures with 50 wt.% CS, and EAFS inclusions at 15 wt.%, 25
wt.%, and 35 wt.%. The mix proportions of all mixtures, each of which was prepared

as paste and mortar specimens, are shown in Table 5.12.

Table 5.12: Mix proportions of the alkali-activated mortars based on GGBFS, CS, and EAFS

Precursors (wt. %) Activator solution
Sand in

Sample Modulus Alkali-dosage w/b ) mortars
GGBFS CS EAFS  (SiO2/Na:O (wt.% Na:0) ~ (massratio) o
molar ratio)

100G 100 0 0 1.6 53 0.32 275
25C 75 25 0 1.6 53 0.32 275
50C 50 50 0 1.6 53 0.32 275
75C 25 75 0 1.6 53 0.32 275
50C/15E 35 50 15 1.6 53 0.32 275
50C/25E 25 50 25 1.6 53 0.32 275
50C/35E 15 50 35 1.6 53 0.32 275
100C 0 100 0 1.6 53 0.32 275

5.3.3 Results and discussion

5.3.3.1 Isothermal calorimetry

The isothermal calorimetry results for the alkali-activated pastes are shown in Fig.
5.24 (I). The first exothermic peak present for all samples except 100C occurs within
the first 3 h of reaction. This initial stage is associated with the wetting and
dissolution of solid precursor particles and formation of primary C-A-S-H gels [260],
[261]. The 100G sample exhibits the highest intensity for this peak. Specimens with
CS inclusion show a decreasing trend in dissolution peak intensity and increasing
time delay to its onset. Samples 75C and 50C/25E have similar dissolution peak
intensities, however the ternary sample has a delay in the appearance of the

dissolution peak, and a convoluted peak shape composed of an initial shoulder peak
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merging into a dissolution peak, with a maximum after 1.5 h. Similar behaviour is
seen for 50C/35E, which suggests that the origin of the convoluted dissolution peak
is due to the differing dissolution rates of GGBFS and EAFS particles in alkaline
media, with both of these types of slag showing a notable contribution to the reaction

process at early age.
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Fig. 5.24: Heat evolution of alkali-activated pastes based on GGBFS, CS, and EAFS at 20 °C

The dissolution peak is followed by a dormant period during which heat release is
reduced to a steady state with continuing dissolution [124], [261]. The dormant
period is followed by a second exothermic peak Fig. 5.24 (II) which can be
fundamentally divided into two segments: acceleration and deceleration. The heat
flow signals in both of these segments can also be convoluted in blended binders,
resulting in significant peak broadening due to overlapping contributions from
individual precursors and their reaction products. The acceleration period is
associated with the primary C-A-S-H undergoing precipitation and polymerisation
to form a gel structure, while the deceleration period is linked with further gel
densification and hardening, and continues until reaching the steady state. This
second peak is the most intense in the 100G sample. By comparison, 25C exhibited a
delay of 1.3 h, and a 25.7 % reduction in maximum heat flow. Larger GGBFS

replacements show a similar reduction in maximum intensity accompanied by peak
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broadening. Sample 100C is the exception, exhibiting a delay in dissolution, with no
evidence of exothermic activity during the first 3 h. After 3-4 h there is a steep
acceleration in the heat release profile of 100C, forming a broad singular peak with a
maximum after 4.8 h, and a subsequent deceleration period concluding between 20-
30 h. The relatively large peak intensity and delayed onset time in CS-blended
binders suggests a distinctly different exothermic behaviour due to the dissolution
and reaction of Fe species. Samples with both GGBFS and CS would be expected to
have combined calorimetry profiles that consist of both the dissolution and reaction
of GGBFS and CS, and any interaction effects between the two materials. This is
highlighted in the 50CS mixtures, showing two delayed secondary signals with lower
intensity than the 75C mixture, which does not follow the trend based on the higher
GGBFS content mixture. The reaction peak in the 75C mixture occurs after a shorter
period of time, indicating that CS now dominates the exothermic behaviour, acting
to increase the reaction rate. Both 50C and 50C/15E have convoluted signals in which
two peaks are distinguishable, indicating that more than one type of exothermic
process is taking place. This may be either a delayed dissolution of CS followed by a
more conventional polycondensation reaction, or the formation of two distinct gel
structures throughout the bulk arising from different gel-forming species, i.e. Ca, Si,
Al from GGBEFS and Fe, Si, Al from CS. The second peak intensity increases, narrows,
and appears earlier in time with further additions of EAFS. This behaviour is unusual
for low-reactivity precursor materials and may be explained by the high amount of
activator available for the reaction of CS due to the limited content of GGBEFS in the
systems, rapidly forming gel phases. The subsequent deceleration period is clearly

reduced, resulting in quick reaction propagation and hardening of the mixtures.

Fig. 5.25 shows the total cumulative heat profiles of all samples. Two distinct effects
can be seen comparing the data of the single precursor mixtures (100G and 100C).
The 100C mixture evolves the greatest amount of heat within the first 20 h of reaction
followed by a complete cessation of activity thereafter. The 100G mixture shows
lower heat evolution after 20 hours, however continues to react up to 150 h, resulting

in a greater overall magnitude of heat evolution than the 100C system. Unexpectedly,
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the addition of a small amount of GGBFS to a predominately CS system (75C) results
in the suppression of early age heat evolution, with continued reactivity seen at later
ages, similar to 100G. This could be explained by the GGBFS providing the necessary
Ca source for the protracted creation and improvement of the binding phase present
in iron silicate systems [105]. Further additions of Ca-rich material decrease the
cumulative rate of heat released after 150 hours, suggesting the existence of an
optimum in the elemental ratios of the precursors. The inclusion of EAFS into the

mixtures manifests mainly as a filler-type effect.

300

250+

[
[=]
[=]

/‘*_’4

-0~ 100G
-0O—25C
- 50C
=7~ 75C
-{~100C
50C/15E
~(-50C/25E
’ ~$£-50C/35E
0 50 100 150

Total heat (J/g)

—
(=3
(=]

50

Time (h)

Fig. 5.25: Cumulative heat released by alkali-activated pastes based on GGBEFS, CS, and EAFS at 20 °C

5.3.3.2 Mini-slump test and setting times

Fig. 5.26 illustrates the mini-slump test values obtained up to 1 h after mixing, and
Vicat initial and final setting time results, for all the alkali-activated pastes
investigated. As seen in Fig. 5.26 (a), the solely GGBFS-based mixture has the lowest
initial slump flow diameter of 149 mm. All mixtures with CS or EAFS replacements
achieve a slump diameter between 153 mm to 185 mm. Additions of both CS and
EAFS into GGBFS-based binders have been reported in previous studies to increase

the mixture slump [342], [343] despite their small particle sizes (Fig. 5.20).
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Fig. 5.26: (a) Mini-slump test and (b) setting times results for all alkali-activated pastes based on GGBFS,
CS, and EAFS

The general trend in slump values shows an increase with CS inclusion, and when
CS is replaced with EAFS, as seen for 50C25E. This is a result of the slow dissolution
of CS and low early stage reactivity, as corroborated by the isothermal calorimetry
data in Fig. 5.24 where the first exothermic peak occurs after ~ 4 h. Early reactivity of
EAFS is even lower due to the large fraction of unreactive minerals present, as shown
in Fig. 5.22. Lower angularity of CS and EAFS particles and higher specific density
may also increase the slump diameter, considering the higher apparent liquid to solid

volume ratio.

After 30 min, the slump values for 100G and 25C mixtures are reduced to a near zero-
slump condition, maintaining the cone shape once the mould is removed, suggesting
a high early reactivity. For replacement levels of 50 wt.%, and 65 wt.%, (50C and
50C15E) the slump loss is less rapid, but these mixes also reach a zero-slump state at
60 min. For further replacement (75C, 50C25E, and 50C35E) the slump diameter
values remain nearly constant during the initial 30 min and decrease only slightly
after 1 h. The slump diameter of 100C does not appear to decrease during the first

hour of reaction indicating very low early reactivity.
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Setting times are reported in Fig. 5.26 (b). Sample 100G begins to set after 60 min, and
the completely sets after 70 min, which is considered quick setting. This can be
attributed to the high modulus and dosage of the activator solution used in this work.
Previous studies have demonstrated that the type and the molar ratio of the activator
solution are the main factors that affect the setting time of an AAC [325]. All initial
setting times for binary and ternary mixtures vary between 70 min to 200 min, and
final setting times between 85 min and 310 min. The progressive inclusion of CS and
EAFS results in an increase in the setting time, however sample 75C has a similar
initial setting time but a longer setting period than 50C/25E. A divergence in setting
period is also seen for 50C/35E. The 100C mixture is the exception, with the setting
process starting after 340 min (5.7 h) with a relatively short setting period of 35 min.
Overall the setting periods of the binders here are relatively short, indicating the
possibility for rapid development of hardened material properties once the point of

initial setting has been reached; this is considered a desirable attribute.

A comparison between setting times and heat evolution calorimetric profiles for

100G and 100C mixtures is shown in Fig. 5.27.
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Fig. 5.27: Comparison of setting times and heat evolution profiles for samples 100G and 100C
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It can be seen that the setting process starts shortly after the beginning of the
deceleration stage of the dissolution peak for 100G. Similarly, for alkali-activated CS
the setting process can be seen to coincide with the single peak in the calorimetric
profile. The acceleration period may be associated with the delayed dissolution of CS
particles. The setting process starts 1 h after the beginning of the deceleration stage,
indicating that dissolution, setting, and gel formation and propagation take place

sequentially.
5.3.3.3 X-ray diffraction

Fig. 5.28 shows the XRD patterns for 100G, 50C, 50G/15E, and 100C mixtures

obtained after 2 days, 28 days, and 91 days of curing.

Ak - &kermanite; M - merwinite; Cr - chromite spinel; An - ankerite;
F and F*- fayalite orthorhombic and cubic*; H - hematite;
C-S-H - calcium silicate hydrate; HT - hydrotalcite; C - calcite
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Fig. 5.28: XRD patterns of alkali-activated pastes based on GGBFS, CS, and EAFS after 2 days, 28 days,
and 91 days. Note that the phases marked as “CSH” will contain alumina and thus are more precisely
described as C-A-S-H, but a more concise form of the notation is used in the graphics
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The pattern for alkali-activated GGBFS (100G) shows distinct diffuse peaks (also
called “amorphous humps”), between 25-35 © 26 and at ~ 50 ° 26, indicative of C-A-
S-H gel formation [15]. The only crystalline feature seen above the first diffuse peak
at ~ 29 © 20 is identified as calcite, which is a common surface carbonation product.
The main time-dependent phase evolution concerns the degree of C-A-S-H
formation, with a narrowing of the diffuse peak indicating increased short range
ordering, reflecting a higher degree of polymerisation of the gel phase [280]. The
presence of hydrotalcite-group phases (HT, approximately Mgs+Al2(COs)(OH)12-3H20
resembling the mineral quintinite, PDF#01-089-0460), which are expected to form
from the dissolution of the large Mg component of GGBFS [285], [328], are not
detected in the XRD patterns for specimens cured for less than 28 days. The
appearance of a hump at ~ 12 © 20 in the 100G specimen demonstrates low levels of
hydrotalcite formation that can be detected only after 28 days. The broad peak
suggests only very small (nanoscale) ordered crystallites of hydrotalcite phases are
present [328], [384]. Such slow growth of ordered hydrotalcite structures are
attributed to the use of high molar ratio activators (high Si content) which readily
form concentrated regions of C-A-S5-H gels hindering any further mobility of readily
dissolved species, in this case Al, necessary for hydrotalcite formation. This
behaviour is also confirmed by the 90-day pattern which shows an identifiable
hydrotalcite peak. XRD patterns for 50C show similar trends of calcite and C-A-S-H
gel formation, but the further development of these phases is limited after 2 days,
and significant hydrotalcite is present only after curing for 91 days. Identification of
the narrow intense peaks, originating from the inclusion of CS, found satisfactory
agreement with references for the minerals fayalite, ankerite, and hematite. It is
believed that these crystalline phases remain stable and do not contribute to the
formation of binding phases [385], [386]. The ternary binder 50C/15E, as well as
containing the main minerals of CS, also includes the crystalline phases present in
EAFS: akermanite, merwinite and chromite spinel as discussed above, whereas
hydrotalcite is not identified due to the limited content of GGBFS in the mixture.
EAFS phases also have very low reactivity in alkaline media, as discussed in section

5.2 [342]. Further increasing CS addition results in a suppression in the intensity of
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the C-A-S-H hump, indicating a pronounced effect on the overall quantity of C-A-S-
H gel formation. This decrease in C-A-S-H gel formation can be attributed to the

decrease in readily available Ca within the system, as is noted in the 100C mixture.
5.3.3.4 Fourier-transform infrared spectroscopy

The FTIR spectra were recorded after 2 days and 28 days, as presented in Fig. 5.29.
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Fig. 5.29: FTIR spectra of AACs based on GGBFS, CS, and EAFS after 2 days and 28 days

The main bands exhibited after alkali-activation are at 1640 cm, attributed to O-H
bending vibrations. This band is characteristic of weakly adsorbed water molecules

captured in remnant bulk porosity or on the surface of the alkali-activated samples,
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and can be associated with the presence of products of hydration, i.e. C-A-S-H gels
[333], [381]. The peaks at 1489 cm™ and 1418 cm correspond to the stretching
vibration of O=C=O bonds of the carbonate group (COs%*) for poorly crystalline
vaterite, aragonite, and/or calcite [330], [331]; calcite was initially present only in
EAFS (Fig. 5.22). The appearance of these bands for partially ordered carbonates is
due to the reaction between atmospheric carbon dioxide and the surface of the
binders. The contribution of carbonation is larger at early ages (2 days of curing),
with decreasing band intensity after 28 days. The suppression of these bands in the
100C sample can be explained by the very low Ca content present, allowing for only
limited carbonation to occur. The main band located at 1200-800 cm™ (asymmetric
stretching vibrations of Si-O-(5i,Al) bonds) is associated with the degree of
polycondensation and resulting formation of silicate gels [67], [387], [388]. This band
for the 100G mixture shows a shift to lower wavenumbers with respect to the solid
precursors, from 970 cm™ to 966 cm™ after 2 days, and to 955 cm™ after 28 days. This
trend is reported in literature to arise from the increased incorporation of Al species,
and consequently an increased contribution from Al-O-Si linkages [280]. This peak
becomes distinctively narrower and sharper with increasing the curing time, which
indicates an increasing degree of polycondensation [280]. Conversely, all other
mixtures show a shift towards higher wavenumbers with respect to both the
precursors, in accordance with previous literature on CS behaviour [104]-[106], [382].
This is due to the combined effect of increasing silicate content in the gel, and may
also related to the oxidation of Fe present in the CS from Fe? to Fe* [106], [373].For
increasing CS replacement, the curing time decreases the magnitude of the band
shift; between 2 days and 28 days the gap is reduced from 983 cm™ to 969 cm™ for
25C, from 985 cm™ to 975 cm™ for 50C, and from 998 cm to 991 cm! for 75C as the
incorporation of Al** or Fe* into the gel proceeds. This shift is accompanied by a
narrowing/sharpening of the band for 25C mixture, suggesting a higher degree of
polymerisation in the gel, whilst a less marked impact can be observed for 50C and
75C mixtures. For the 50C15E specimen, the Si-O stretching vibration also moves
toward lower wavenumbers (996 cm to 989 cm), similarly to 75C, whereas the

stretching band for the 100C mixture has already reached its final wavenumber after

131



Chapter 5. Non-Blast Furnace Slags in Alkali-Activated Cements

2 days of curing with no apparent shift seen between 2 days and 28 days. This
suggests a very low rate of ongoing reaction in 100C, with the broad Si-O stretching
band centred around 1002 cm?, in agreement with the calorimetric data (section
5.3.3.1) highlighting activity before 48 h reaching a steady state, with no subsequent
strength development noted after the one-day test. The Si-O bending band, at 500-
512 cm, shifts toward lower wavenumbers with respect to the precursors (Fig. 5.23)
after the alkali-activation for all samples, further indicating the network developing

through Al and Fe incorporation [389].
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5.3.3.5 Scanning electron microscopy

BSE images of AACs at 2 days and 28 days of curing are displayed in Fig. 5.30.
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Fig. 5.30: BSE images of samples 100G, 50C, 50C/15E, and 100C after 2 days and 28 days of curing
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Several distinctive microstructural features are seen in the 100G 2-day sample (Fig.
5.30 (a)), including large unreacted and/or partially reacted GGBFS particles (light
grey) surrounded by a heterogeneous matrix of smaller dissolving GGBFS particles,
an initial binder phase (grey), and darker regions identified as porosity. The 100G 28-
day specimen (Fig. 5.30 (b)) consists of a highly homogenous dense matrix resulting
from the further dissolution of small GGBEFS particles and a consequently increased
fraction of binding phase present. Large unreacted GGBFS particles persist

throughout the matrix.

In the 50C 2-day sample (Fig. 5.30 (c)), we can identify large GGBEFS particles and CS
particles (white) surrounded by a heterogeneous matrix. There is a clear difference
in particle size distribution between the residual GGBFS and CS, linked in part to the
high reactivity of small GGBFS particles in forming the initial matrix phase. The
contribution of the CS seems to be limited, by comparison of the 2-day and 28-day
microstructures. The 50C 28-day microstructure (Fig. 5.30 (d)) shows progressive
densification, generating a more compact and homogenous binder with remnant
unreacted GGBFS and CS particles. 50C/15E, in addition to the GGBFS and CS

particles, also contains large residual particles of EAFS.

The structural evolution and the increase of matrix gel fraction are also considerable
when comparing 50C/15E at 2 days and 28 days in Fig. 5.30 (e) and (f), however, some
newly formed macropores are noted after 28 days. Even though the porosity is on a
much larger length scale, beyond the scope of MIP analysis (see section 5.3.3.6), the
effect can be attributed to the high content of stable minerals. The differences
between 2-day and 28-day 100C microstructures (Fig. 5.30 (e) and (f)) appears to be
minimal. There exists a binding phase, albeit much lower in extent than the
specimens with GGBEFS, surrounded by unreacted CS particles. The lack of
microstructural evolution regarding the dissolution of CS particles between 2 days

and 28 days agrees with all data presented.

Evolutions in the chemical composition of alkali-activated specimens 100G, 50C, and

100C with increasing curing time from 2 days to 28 days as analysed by SEM-EDS
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are reported in Fig. 5.31, along with the elemental composition of precursors
materials, GGBFS and CS. For each sample, ten EDS point scans are taken in

homogeneous regions of the bulk to be representative of the gel.
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Fig. 5.31: Plot of (Al+Fe)/Si vs Ca/Si mass ratios obtained from EDS analysis of distinctive matrix regions
for samples 100G, 50C, and 100C after 2 days and 28 days, along with precursors, GGBFS and CS

The Ca/Si versus (Al+Fe)/Si atomic ratio is identified for each point. 100G after 2 days
has Ca/Si ratio in the same range as the raw GGBFS whilst the Al/Si ratio (Fe ~ 0 in
this sample) is slightly inferior as should be expected with the initial inclusion of Si
from the activator. With increased curing time, the Ca/Si ratio shifts towards lower
values, caused by the slower dissolution of Si and delayed incorporation of Si in C-
A-S-H gels. For both curing times the EDS points are quite clustered together,

meaning high consistency in the binder phase.

EDS points describing 50C have a wider spread in their distribution, due to the
higher complexity of the system. An increase in both Ca/Si and (Al+Fe)/Si ratios

could be possibly identified. This could be due to a delayed incorporation of Fe which

135



Chapter 5. Non-Blast Furnace Slags in Alkali-Activated Cements

is slowly released by CS. 100C shows minimal change in elemental composition with
increase curing time. A minor shift could be identified from raw CS towards lower
values of (Al+Fe)/Si ratio, as the Si from the activator becomes included in the gel,
followed by a small growth after 28 days, which might be due to subsequent

incorporation of Al and Fe.

5.3.3.6  Mercury intrusion porosimetry

Fig. 5.32 illustrates the pore size distributions of the mixtures after 2 days and 28 days
of curing. The pore sizes of AACs can be classified as follows: gel pores in the range
of 10 to 50 nm, capillary pores between 50 nm to 10 pm, and air voids (which were
the pores visible by SEM in section 5.3.3.5) over 10 pm [300]. The dominant type of
porosity appears to be in the gel pore range for all AACs. No capillary pores are
detected except for sample 50C/35E after 28 days, which exhibits a limited amount of

pores ~ 300 nm in size, and 100C with pore sizes around 1 pum.
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Fig. 5.32: Differential porosity of alkali-activated pastes based on GGBFS, CS, and EAFS after 2 days and
28 days of curing
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The total porosities of the AACs calculated from MIP data are given in Table 5.13.
For all paste specimens, the total porosity decreases as the curing age continues. This
is indicative of densification of the specimens through a gradual reduction of gel

pores as new gel phases form [270], [342], [356], [358].

The inclusion of CS results in an initial increase in total porosity after 2 days, as seen
for 50C when compared to 100G. After 28 days the total porosity of 50C is reduced
by more than 50 %. The inclusion of EAFS appears to be initially beneficial in
reducing initial porosity, most likely due to improved particle packing from the
differences in precursor particle size distributions [390]. After 28 days the reduction
in total porosity of 50C15E is minimal, this is because despite the reduction in gel
porosity, a new type of pores has formed in the macro-pore region, as can be seen in
Fig. 5.32, denoting a lower degree of structural evolution. This is also associated with
the increased content of stable mineral phases in the EAFS that do not take part in
any pore-filling reaction [157], [342], [356]. Mix 100C has the highest total porosity,
and very little reduction (~ 2 %) is obtained with increasing curing times.

Table 5.13: Total porosity of alkali-activated pastes based on GGBFS, CS, and EAFS, measured by MIP
after 2 and 28 days of curing

Total porosity (vol. %)

Mixture 2 days 28 days
100G 2.55 1.75
50C 5.95 2.80
50C/15E  4.95 4.00
100C 10.90 9.00

The increase in porosity when replacing GGBFS by other less-reactive slags may also
depend on the nature of the gel type [171]. Each individual type of binding gel
promotes a distinctive pore structure [357], specifically the main reaction product of
GGBFS is C-A-S5-H gel, whereas alkali-activated CS forms a low-Ca, Fe-rich
aluminosilicate gel [104] which may not be as dense as conventional C-A-S-H gels

[391].
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5.3.3.7 Strength properties

Fig. 5.33 shows the compressive and flexural strength developed by alkali-activated
mortars after 1 days, 3 days, 7 days, and 28 days. Replacing GGBFS with CS and
EAFS resulted in an overall reduction of compressive and flexural strength,
depending on the degree of replacement. This apparent strength loss is more
noticeable when comparing the 1-day specimens, with the difference between 100G
and 50C being a reduction by approximately 50 %. This effect has been generally
explained in the previous sections by the limited structural evolution and slower
kinetics/reactivity of CS and EAFS, compared to GGBFS, during alkali-activation.
From the calorimetry data discussed previously (Fig. 5.24), the greater release of heat
for the 100G mixture at early ages compared to CS mixtures suggests a more rapid
degree of polycondensation and formation of strength-giving phases, hence the large
difference in strength properties. The difference in mechanical properties between
specimens 100G and 50C becomes minor at later ages, with only a 9 % strength loss
in compression and 14 % loss in flexural strength after 28 days of curing even at the
high degree of GGBFS replacement used in 50C, suggesting that binders of
comparable quality can be produced with 50 % (or maybe further) replacement of

GGBEFS by alternative slags.
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Fig. 5.33: Strength development of alkali-activated mortars based on GGBFS, CS, and EAFS: (left)
compressive strength and (right) flexural strength. Error bars represent the standard deviation among
six replicate specimens (left) and three replicate specimens (right)
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It is interesting to note that between the ternary samples, 50C/35E has the highest 1-
day strength, but it reaches the lowest 28-day strength. This can be the result of the
high amount of available activator for GGBFS to promptly and fully react during the
early stages, followed by a deceleration of the reaction, leading to a lower eventual
strength development. This is in agreement with the calorimetry data, and the
behaviour is typically seen for filler materials of small particle size as EAFS which
allow high availability of activator in the system and additional surface area for the
nucleation of hydration products at early ages [296]. Although reaching the lowest
strength values among the blended binders after 28 days, 50C/35E still passes 50 MPa
in compression and 5 MPa in bending, meaning that it has more than sufficient

strength for a wide range of potential practical applications.

The 100C sample shows a remarkable early-age compressive strength of over 20 MPa
after 1 day, arising from the formation of strength phases during the first 24 h. This
result agrees with the exothermic peak developed within 24 h of reaction seen in the
calorimetry data (Fig. 5.24), that is believed to be due to both dissolution of the
precursors in an activator-rich environment, and the generation of a binding phase
composed primarily of CaO-FeO-AlL:Os-SiO: derived from the elements present in
the CS. In contrast to GGBFS-based mixtures, the increase in strength after 1 day is
near-negligible. This is likely due to the low continuing availability of Ca, resulting
in limited C-A-S-H gel formation [392]. Similar findings were reported by Siakati et
al. [392], where mixtures at low CaO/FeO molar ratios exhibited a larger extent of
reactivity at early age, followed by minimal improvements of mechanical strength
over time. Increasing the CaO/FeO ratio was found to inhibit reactivity at early ages,
while further improving late age properties through the incorporation of Ca into an

iron-phyllosilicate type structure.
5.3.3.8 Leaching tests

Leaching of heavy metals from monolithic specimens was evaluated through ICP
analysis of leachates, and the results for samples 100G, 50C, 50C/15E are presented

in Table 5.14. The leaching values for each element are calculated following NEN-
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7345:94 and each element is categorised as follows: class C1 if the leaching potential
of all hazardous elements is below the threshold value specified as U1; class C2 if the
leaching value of one or more hazardous elements falls between the threshold values
specified as U1 and U2; class C3 when the leaching of any element is above the limit
U2.

Table 5.14: Results obtained from ICP and calculated following NEN-7345:94 test [242] for samples 100G

and 50C, and 50C/50E, and comparison with limits U1 and U2. Values above these limits are underlined
in the table

Sample As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se \% Zn
(mg/m?)

100G <0.5 3.3 <01 02 <02 < <0.3 <0.2 23 <05 <08 <12 0.2 1.1

0
50C <0.5 0.8 <01 13 07 57 <0.3 1206 27 <05 <08 <12 0.4 109.4

50C/15E  <0.5 0.3 <01 14 07 622 <03 1311 42 <05 <08 <12 1.5 89.3

U1 40 600 1 25 150 50 0.4 15 50 100 3.5 3 250 200

U2 300 45000 75 200 950 350 3 95 350 800 25 20 1500 1500

Sample 100G can be classified as C1 as all of the leaching values obtained are below
the U1 limits, meaning that there are no environmental restrictions in the usage of
this mixture according to NEN-7345. However, both samples 50C and 50C/15E,
containing 50 wt.% CS, have two problematic elements: Cu which in both cases falls
into class C2, and Mo which is above the U2 limit and thus places the material into
C3, meaning that these binders can have only limited utilisation as construction
materials. From the previous section 5.2 we can deduce that both Cu and Mo are
leaching from CS only, as blends containing EAFS did not show any issue.
Comparing the two binders it can be observed that a higher amount of hazardous
elements is immobilised for higher contents of GGBFS, e.g. sample 50G over 50G/15E.
It is possible to assume that a modest reduction of CS content in a mixture, in favour
of GGBFS, would generate a binder which complies with the standard values by
falling within classes C1 or C2. This is also due to the highly reducing environment
provided by the sulfide content in GGBFS, known to be beneficial in the reduction of

leaching of redox-sensitive transition metals [359]. The test has been performed on
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pastes, and it is also possible that a different outcome might be obtained from studies

at a concrete level due to the dilution effect of the aggregates.

5.3.4 Conclusions

In this study, the properties of alkali-activated pastes based on CS and EAFSS as

partial and total replacements for GGBFS have been investigated.

The findings show that alkali activation of solely CS-based and GGBFS-based mixes
result in contrasting calorimetry profiles. Alkali-activated CS exhibits a broad intense
heat release peak followed by negligible heat evolution increase, whilst GGBFS-based
samples exhibit dissolution and reaction peaks. CS addition result in increased
dormant periods and reduced peak intensities. EAFSS acts as a filler, enhancing
activator availability per unit mass and reducing dormant periods of ternary
mixtures. Both workability and setting times increase with replacement of GGBFS
due to the better retention of workability properties promoted by the low early
reactivity and dissolution of CS particles, and the stability of mineral phases of
EAFSS. XRD analysis reveals that alkali activation of GGBFS generates C-A-S-H gel,
disordered hydrotalcite, and calcite, whilst increasing CS replacements their
formation is reduced and not detectable for 100 wt. % CS paste in which the calcium
content is too low. The crystalline phases of CS and EAFSS remain stable throughout
alkali-activation. FTIR spectra of CS-based samples indicates shifts that may be
related to the oxidation of Fe?* to Fe*. All samples show increased incorporation of
Al or Fe* over time, except 100% CS which shows minimal change between 2- and
28-day spectra. SEM analysis reveals matrix densification over time, except for alkali-
activated 100 wt. % CS. Total porosity initially increases with 50 wt. % CS addition, but
after 28 days, the difference from 100 wt. % GGBFS-AAM is minimal. Ternary blends
with CS and EAFSS have lower initial porosity than binary blends due to improved
particle packing, but develop macroporosity after 28 days due to coarse crystalline
phases. Mechanical properties decrease when replacing GGBFS with CS, but the
difference diminishes with time. After 28 days, compressive and flexural strength

values reach 53 MPa and 5.1 MPa for a sample based on only 15 wt. % GGBFS in a
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ternary blend, and 38 MPa and 4.10 MPa for 100 wt. % CS, suggesting that CS is a
potential alternative precursor to GGBFS. Leaching tests identify Cu and Mo as

problematic elements associated with CS use, potentially limiting GGBFS replacement

levels by CS.

Overall, CS can be a suitable precursor in alkali-activation and replacement for
GGBFS, whereas EAFSS has proven to be an adequate filler material. The proven
reactivity of CS in alkali-activation, as seen in this work and other reported studies
on CS, provide a foundation for CS to be utilised as a more sustainable alternative to
traditional binders. This study considered the fresh, microstructural and strength
properties of CS and ternary binders. Further work is required to characterise other
important properties such as durability and late age performance, along with
additional investigation on the effects of leaching in mortars and concretes
containing CS. This is necessary to ascertain a maximum CS inclusion level that
avoids significant leaching of Mo and Cu that would limit the application of CS. The

outcomes of this research may further guide sustainable construction practices.
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Chapter 6.
Hybrid Binders with Calcium
Aluminate Cements (CAC)

This section is based on: L. Stefanini, B. Walkley, and J. L. Provis, “Investigating the

retarding effect of CAC in alkali-activated cements,” Frontiers in Materials, vol. 10.

2023, doi: https://doi.org/10.3389/fmats.2023.1212177.

The experimental investigation, data interpretation, and writing of the original draft
of this chapter were carried out by L. Stefanini, whilst B. Walkley and J. L. Provis

supervised the work and revised the draft.

6.1 Introduction

The Al contained in C-A-S-H and N-A-S5-H gels plays a fundamental role in the initial
stages of gel formation by increasing the crosslinking of the binding phase [292],
[393]. The presence of reactive Al in precursor materials is a requirement to obtain a
well-behaving and water-insoluble AAC, driving further investigation into a wide
range of reactive Al sources [292], [393]. The need for certain proportions of reactive
silica and alumina, essential in designing binders with optimised properties [394],
[395], is why CAC appears to offer potential as a reactive Al-rich component for

improving alkali-activated formulations by enhancing the reactivity of the mixtures.

Besides the potential as source of reactive alumina, hybrid cements have been shown
to enhance binding systems [183], especially providing improved early age
properties [184]. PC [180], portlandite (Ca(OH)z), and CaO can be successfully used
as additives in alkali-activation to improve binder properties, including compressive

and flexural strength and early age behaviour, whilst allowing a reduction of the
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liquid activator concentration as their dissolution increases the pH of the system
[179], [185]. As discussed in section 2.4.3.2, there exists several studies on the use of

CAC to produce hybrid binders, however the research is not fully exhaustive.

For all these reasons, the focus of the present work is on the development of hybrid
systems based on GGBFS and CAC, using sodium silicate activating solutions with
varying SiO2/Na20 molar ratio, and NaOH as activating solutions. The mechanical
properties of the binders are tested with respect to criteria including setting time,
workability, and compressive strength, along with microstructural analysis carried
out using XRD, FTIR, and SEM-EDS. The results are used to formulate a hypothesis
on the underlying reaction mechanisms occurring during the alkali-activation of
these blended systems and to evaluate the contribution of CAC as source of

additional reactive Al during alkali-activation.

6.2 Materials and methods

A commercial CAC, Secar 51 (containing 51 wt. % alumina) from Imerys (France) and
GGBFS from Ecocem (Belgium) were utilised in this section. The physical properties
such as densities and dio, dso and doo values for the precursor materials are shown in
Table 6.1, whilst the particle distribution curves are illustrated in Fig. 6.1. The

chemical compositions of both CAC and GGBFS, are presented in Table 6.2.
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Fig. 6.1: Particle size distribution of GGBFS and CAC

Table 6.1: Density and particle size analysis of GGBFS and CAC

Sample Density Particle size analysis (um)

(g/cm?) d1o dso doo
GGBFS 29 3.8 12.7 31.0
CAC 3.0 4.6 18.7 44.8

Table 6.2: Oxide composition (wt. %) of GGBFS and CAC as measured with XRF

Sample CaO SiO2 ALOs MgO SOs TiO: Fe:0s MnO K:0 Na:O  Other
(%) (%) (%) (%) (%) (%) (%) 2(%) (%) (%) (%)

GGBFS 43.5 36.4 10.5 7.0 1.4 0.5 0.3 0.3 - - 0.2
CAC 38.4 4.8 50.8 - - 2.0 1.8 - 0.3 0.2 1.7

Fig. 6.2 presents the XRD patterns of precursors. GGBFS pattern is determined to be
predominantly amorphous, exhibiting a very broad peak centred at ~ 29 ° 20. The
crystalline phases identified in CAC are monocalcium aluminate (CaO-Al20s or CA,
PDF#04-013-0779), gehlenite (2Ca0O-Al205-5i02 or C2AS, PDF#01-073-2041), and
monocalcium dialuminate (CaO-2Al20s or CA2, PDF#00-007-0082) ().
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Fig. 6.2: XRD patterns of precursor materials GGBFS and CAC

Mix proportions used for the formulation of hybrid binders of this section are shown

in Table 6.3.
Table 6.3: Mix proportions of hybrid pastes with GGBFS and CAC
Precursors (wt. %) Activator solution

w/b

Modulus Alkali-dosage

Mixture GGBFS CAC NaOH (mass ratio)

(Si02/Naz20 molar ratio) (Na20 wt. %)
0C-a 100 0 0.56 4.0 39g¢g 0.38
10C-a 90 10 0.56 4.0 39¢g 0.38
10C-b 90 10 0.91 4.7 44¢g 0.38
0C-c 100 0 0 54 1M 0.38
10C-c 90 10 0 54 1M 0.38

Alkali-activated pastes were prepared by mixing GGBFS with 10 wt. % additions of
CAC. The activator solution was prepared by mixing NaOH pellets with water, and

subsequently adding sodium silicate solution on cooling of the aqueous NaOH
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solution. Two activator concentrations were formulated by varying the modulus
(molar ratio of S5iO2/Na20) from 0.56 to 0.91 and the alkali-dosage from 4 to 4.7
(expressed as Na:O wt. % relative to the precursors, GGBFS and CAC) for activator
“a” and activator “b”, respectively. Solutions of NaOH were also prepared with a

oy
C

target concentration of 4 M (activator “c”). The water binder mass ratio (w/b) was
kept constant to 0.38, where the binder is defined as the sum of the solid precursors
plus dissolved solids in the activator. Table 6.3 shows the mix proportions and the

respective sample nomenclature used henceforth. The water to binder ratio of 0.38

was maintained the same for all mixes.

6.3 Results and discussion

6.3.1 Isothermal calorimetry

The heat flow profiles of the alkali-activated and hybrid samples are shown in Fig.
6.3 (a). An initial exothermic peak, designated as the pre-induction peak, appears
immediately for all samples representing the wetting and dissolution of precursor
materials. When GGBES is activated with a sodium silicate solution of modulus of
0.56 (0C-a) the dissolution peak is followed by a dormant period which ends after ~
8 h with the beginning of the acceleration period. In contrast, GGBFS activated with
4M NaOH (0C-c) exhibits a very short dormant period with a subsequent
acceleration period commencing after 1.5 h. The dormant period dependence on the
activator solution is consistent with previous studies [124], [261]. The large second
exothermic peak is centred at ~ 15 h and ~ 7 h for 0C-a and 0C-c, respectively, with
the acceleration/deceleration stages concluded within the initial 24 h for both
mixtures. This exotherm is associated with the precipitation, nucleation, and growth

of reaction products, such as C-A-5-H gels during polycondensation [396].
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Fig. 6.3: (a) Heat evolution and (b) cumulative heat of alkali-activated and hybrid samples at 20 °C

Hybrid samples activated with sodium silicate and sodium hydroxide, 10C-a and
10C-b, exhibit a markedly different response. Regardless of the activator dosage, the
dormant period is prolonged up to ~ 40 h. The 10C-a sample shows several
overlapping heat evolution peaks between 35-50 h, resolving into a small narrow
peak at ~ 55 h. The appearance of these secondary exothermic peaks may indicate
initial gel formation, i.e. progression of the polycondensation reaction. The
subsequent induction-like period spans from 55 h to 70 h, after which a visibly
suppressed second exothermic peak is apparent with a maximum at ~85 h. The
induction period in the 10C-b sample also exceeds 35 h, followed by two more
distinct exothermic peaks: a sharp narrow peak at ~ 50 h and a broader peak at ~ 80
h. As seen in the case of 10C-a, the slope of the last peak diminishes after 150 h. The
exact designation of individual heat evolution peaks to describe the progress of
several concurrent and competing reactions sequences in this multi-component
system is difficult, however, it is clear from the data that both the 10C-a and 10C-b
systems with the addition of CAC experience a serious retarding effect on the
formation kinetics associated with polycondensation, similarly to the delay observed

for alkali-activated 100 wt. % CAC [197].
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The 10C-c system also exhibits a prolonged dormant period compared with 0C-c.
Only after ~ 17 h does the acceleration stage begin and reaction products such as
primary C-A-S-H gels form. The acceleration/deceleration period is seen to conclude

within 50 h.
6.3.2 Mini-slump test and setting times

Table 6.4 presents mini-slump and setting time test results for all samples. The
water/binder mass ratio used in the formulation of the binders was kept constant in
order to compare the effects of individual binder components on workability. The
addition of CAC results in a decrease in slump flow even though the CAC used in
this work has a slightly larger particle size than the GGBFS (see Table 6.1), and
literature on the effect of CAC additions on paste flow reports CAC particles having
a low tendency to form agglomerates, and thus high mobility in aqueous solutions
[201]. The reason behind the reduction in slump flow is due to the high early
reactivity of CAC and the prompt formation of aluminate hydrates from the onset of
reaction in the alkaline environment. Workability is found to be dependent on the
nature of the activator solution, as clearly seen from the comparison between NaOH-
activated and sodium silicate-activated pastes [397]. The activator type is a
significant factor affecting workability; in particular, the presence of dissolved
silicates results in a direct increase in flow by acting as a plasticiser for alkali-
activated mixtures [398]. The activator modulus and alkali content can be seen to
reduce fresh-state flow, when comparing 10C-a and 10C-b.

Table 6.4: Mini-slump tests and initial and final setting time results for hybrid mixtures based on GGBFS
and CAC

Sample Mini-slump (mm) Setting time (h)

10 min 30min Initial Final

0C-a 105 92 3.33 4.67
10C-a 94 85 > 40
10C-b 98 82 > 40

0C-c 96 88 3.83 5.83
10C-c 92 84 8.00 12.17
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Sample 0C-a starts to set after 3.33 h and reaches final setting after 4.67 h. These
results show that the common issue of quick setting of AAC has been avoided, if
compared to previous results obtained in sections 5.2 and 5.3, giving setting times
similar to those of traditional PC binders, confirming the suitability of the activator
selected for the control mix 0C-a [399], [400]. The second control formulation, 0C-c,
prepared with 4M NaOH has a slightly longer setting time, albeit still less than 6 h

to final setting.

Addition of CAC results in a delay in setting times in all cases. Setting times over 40
h were recorded for solutions (a) and (b), made with sodium silicate solutions with
different modulus, used in conjunction with CAC. When 4M NaOH is used as
activator, type (c), the setting times are still prolonged compared to 0C-c, however
set within a reasonable timeframe (< 13 h). These results are consistent with kinetics
curves seen in Fig. 6.3. The amount of aluminate hydrate CsAHs formation, which
causes a reduction in flow, is not significant enough to trigger the setting process.
This may be due to the low mass fraction of CAC in the mixes, which limits the extent

of early hydrate formation.
6.3.3 X-ray diffraction

Fig. 6.4 (a) shows the XRD diffraction patterns for control specimens 0C-a after 1 day,
2 days, 7 days, and 28 days. The pattern shows distinct broad humps at ~ 7 °,~ 29 °,
and ~ 35 ° 20 indicative of amorphous C-A-S-H gel formation [265]. Minor peaks are
due to the formation of a hydrotalcite-group phase (approximately
Mg:Al(COs3)(OH)12 3H20, PDF#01-089-0460) which is has been observed extensively
in alkali-activated slag systems [15], [266], [267]. The formation of crystalline
hydrotalcite involves the dissolution of the Mg? component present within the
GGBFS, and can result in enhanced properties of the binder, such as resistance to
carbonation and chloride ingress [125], [268]. Calcite (CaCOs, PDF# 01-086-0174) is
formed as the main carbonation product, appearing as a sharp peak overlaid on the

broad hump at ~ 29 © 26.
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The phase evolution between 1 day and 28 days is minimal. The humps attributed
to C-A-S-H are noted to become narrower over time as a result of increased short-
range order and improved gel development. The XRD patterns of 10C-a are
presented in Fig. 6.4 (b). After 1 day, the peaks at ~ 30 °® and ~ 32 © 26 are identified as
unreacted CAC phases: calcium monoaluminate (CA), as well as gehlenite (G) which
is generally characterised by low reactivity and expected to be stable within the
system at ambient temperature during the first stages of reaction [401]. Both CA and
G are the major constituents of CAC [186]. Further peaks are referenced to calcium
monocarboaluminate (Mc, CsACHn PDF#00-041-0219), an AFm-like phase likely to
be formed from the carbonation of CA hydration products, and aluminate hydrates
(CsAHs PDF# 00-024-0217). Meta-stable hexagonal aluminate hydrates (CAHio and
C2AHs), compounds that conventionally form in the early hydration of CAC, are not
observed, suggesting either that in alkaline environments the formation of cubic
aluminate hydrate is favoured from the onset of reaction, or that the conversion of
the metastable aluminates to cubic aluminate hydrates has very fast kinetics [196],
[197], [201], [202]. The formation of AHsalong with cubic aluminate hydrates is not
excluded as a possibility, however this phase is not easily detected in its disordered
forms. Both Mc and CsAHs are attributed to the reaction of CA only, whilst the main
reaction products of GGBFS alkali-activation (C-A-S-H and hydrotalcite) are not yet
observed. This indicates that CAC promptly dissolves and reacts, whilst the
dissolution of GGBEFS is inhibited. The quick precipitation of reaction products
(including CsAHs) on the surface of GGBFS grains might be the barrier that affects
the dissolution and diffusion of the ions into solution for polycondensation reaction
[402] causing a delay in C-A-S-H formation, extended duration of the dormant period
in the calorimetry data (Fig. 6.3 (a)) and retarded setting times (Table 6.4). Calcite is
formed as carbonation product after 2 days, whilst the intensity of CsAHs is
progressively reduced during the following days of curing until it becomes
undetectable after 7 days. Early C-A-S-H formation is slow to occur due to the
inhibited dissolution of GGBFS. Increased C-A-S-H formation after 7 days is
accompanied by the appearance of stratlingite (C2ASHs, PDF# 01-085-8414).

Strétlingite crystals are hexagonal AFm-like structured plates incorporating Si, and
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therefore can form at relatively early ages if there exists a sufficient source of soluble
silica promoted by sodium salts in a moderately alkaline environment [193].
Stratlingite formation is also reported to be favoured with higher Al contents [117],
[403], and it is possible that the Al provided by the redissolution of the CsAHs is
contributing to this process. The stability and coexistence of stratlingite with C-A-S-
H can be confirmed after 28 days [404], [405]. The XRD patterns of 10C-b in Fig. 6.4
(c) include the formation of vaterite (CaCOs PDF# 01-072-0506) along with CsAHs,
while Mc formation is not clearly defined until 28 days (Fig. 6.4 (c)). CsAHsis present
in the XRD data until 7 days as C-A-S-H forms slowly, similar to the 10C-a sample,
and no peaks referenced to stratlingite are present. The lack of stritlingite is
explained by its unfavourable formation at very high pH, in agreement with previous
studies [196] whereby strétlingite did not form from CAC in highly alkaline
environments. It is hypothesised that as stratlingite requires a readily available
source of soluble silica to form, there is insufficient dissolution of silica in the 10C-a
sample after 2 days to allow for significant formation of this phase to be detected. All
three samples containing CAC show a defined C-A-S-H peak at ~ 29 ° 20 that narrows
over time, indicating an increase in short range ordering due to a higher degree of

polymerisation of the gel phase [406].

The XRD pattern of 0C-cin Fig. 6.4 (d) contains peaks indexed to hydrotalcite, calcite,
C-A-S-H, and also tetracalcium aluminate hydrate (C+4AHis) as a secondary AFm-like
phase with major peaks overlapping hydrotalcite peaks. The formation of AFm-like
secondary products alongside hydrotalcite has been identified in NaOH-activated
GGBES [113], [122], [407], [408]. The evolution of phases with time is very limited,
similar to the 0C-a control sample, meaning that the primary phase assemblage and

structures formed since the initial stages of reaction remain stable.
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Fig. 6.4: XRD patterns of alkali-activated and hybrid samples from 1 day to 28 days of curing: (a) 0C-a,
(b) 10C-a, (c) 10C-b, (d) 0C-c, and (e) 10C-c. Note that the phases marked as “CSH” will contain alumina
and thus are more precisely described as C-A-S-H, but a more concise form of the notation is used in
the graphics

Fig. 6.4 (e) shows the XRD patterns for 10C-c. Similar to the 0C-c samples, formation
of hydrotalcite, calcite, C-A-S-H, and a secondary AFm-like phase is noted.
Unreacted CA inclusions are observed from a secondary peak at ~ 30 ° 26 (which

disappears after 1 day) and unreacted gehlenite which remains stable throughout
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alkali-activation. The identified aragonite peak (CaCOs, PDF# 00-041-1475) at ~ 28 °©
represents a secondary carbonation product along with calcite. CsAHsis formed from
the onset of reaction, as seen for 10C-a and 10C-b, however remains stable even after
28 days. It is noted that C-A-S-H forms initially, unlike for samples activated with
sodium silicate, consistent with the calorimetry data as discussed above which show
much less severe inhibition of the dissolution of GGBFS by CAC addition in systems
activated by NaOH.

6.3.4 Fourier-transform infrared spectroscopy

Fig. 6.5 shows the FTIR results obtained for alkali-activated and hybrid samples after
2 days and 28 days. The band at 1650 cmis due to H-OH bond bending, indicative
of weakly bonded water molecules trapped on the surface or in pores within the
samples [272], [276]. The bands at ~ 1490-1410 cm! are related to C-O bond stretching
and corresponding asymmetric bending at ~ 900-820 cm [277]-[279], [409]. All
samples show modes relating to carbonation products. The major absorption band
between 1200-900 cm™! is associated with asymmetric Si-O-T (T = tetrahedral Si, Al)
bond stretching and is significant in understanding the formation of reaction
products [168], [201]. It is noted for all binders that after alkali-activation, the Si-O-T
band shifts to lower wavenumbers and sharpens. The band is the combination of Si-
O-Si asymmetric stretching vibrations with varying Al substitution, resulting in a
change in bond stretching contributions. The remaining symmetric Si-O-T bond
stretching ~ 700 cm? and Si-O-T bond bending ~ 520-420 cm® bands are also
considered to include contributions from substituted Al. In general, the major
absorption band ~ 950 cm™! in alkali-activated specimens becomes more narrow and
tends to shift to lower wavenumbers after 28 days compared with 2 days [280]. This
is reported in the literature to be due to increased incorporation of Al, and the
subsequent contribution from AI-O-Si linkages, within which the Al-O bonds are
weaker than Si-O [281]. The integrated intensity of the band is also noted to shift to
lower wavenumbers due to Al perturbations in local Si-O bonding [282]. This is

reflected in both 10C-a and 10C-b samples, where the major bands shift from 976 and
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984 cm (respectively) to 954 cm! and 957 cm! after 28 days, and the shape of the
band markedly changes from broad to sharp. The contribution of Si-O symmetric
stretching vibrations appears to be larger for samples 0C-c and 10C-c activated with
NaOH. Due to the contributions of LDH phases these samples show three distinct
bands in the range ~ 510-420 cm™, which are attributed to the Al-O bonds of
hydrotalcite, C-A-S-H, and C+AHi3[408], [410]. The bands at ~ 896 cm™ and ~ 590 cm-
! for samples with CAC addition can be attributed to CsAHs. [410].
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Fig. 6.5: FTIR spectra of alkali-activated and hybrid samples after 2 days and 28 days
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6.3.5 Solid-state nuclear magnetic resonance spectroscopy

251 MAS NMR spectra, deconvolutions, and simulated spectra for the 2-day and 28-
day cured samples activated with sodium silicate and NaOH are shown in Fig. 6.7
and Fig. 6.8, respectively. The raw GGBEFS spectrum is simulated with one peak
centred at isotropic chemical shift, diso, = -75 ppm (Fig. 6.6 (a)) and is linearly scaled
and included in the simulation of the data for all alkali-activated samples to account
for remnant unreacted GGBFS, with the assumption that this lineshape does not
change throughout the reaction. The simulated spectrum for GGBEFS in this work is
consistent with previous studies [411]. Any Si content within CAC is related to the

presence of gehlenite, as seen in the XRD data of the precursors (Fig. 6.2).

CAC
Fit
Fit . . .
——————————— - Deconvolution
r T T T T T T T T T 1 r T T T T T T T T 1
-40 -50 -60 -70 -80 -90 <100 <110 -40 -50 -60 -70 -80 -90 <100 -110
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Fig. 6.6: 2Si MAS NMR spectra of precursors (a) GGBFS and (b) CAC

The deconvoluted spectrum in Fig. 6.6 (b) shows Q%and Q! sites (diso = -68 ppm, -71
ppm, -74 ppm, and -78 ppm) as the main Si environments[412], [413]. Table 6.5 gives
the deconvolution data for all Si MAS NMR spectra and quantification of Q»

environments identified in all samples after 2 days and 28 days of curing.

Resonances at diso = -68 ppm and -71 ppm are attributed to Q° and Q! units of
unreacted GGBFS and CAC (Fig. 6.6). Both precursors have terminal and isolated Si
groups present [414]. Signals at diso= -74 ppm and -78 ppm are attributed to the
presence of two different types of Q! sites in C-S-H or C-A-S5-H gels, which are the

main reaction products in all the investigated systems. The assignment of Q! sites in
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C-A-S-H gel is challenging as each individual unit may be bonded to Si or Al and
have Ca?*, Na*, or H*as balancing cations in various ratios that when combined cause
variation in Si chemical shifts. Q'is simulated with two peaks in the region between
-70 ppm and -80 ppm which are named Q!(I) and Q!(II) without assigning a specific
chemical environment to each one, as a consequence of the complexity of such
interactions [285]. Network modifying cations can also affect the chemical
environment of Q*(mAl) species, increasing the chemical shift, especially for strongly
polarising cations such as Ca [415], resulting in additional overlap of the individual
Qr(mAl) environments. The presence of distorted Al tetrahedra, Al(V), and Al(VI)
species in octahedral configurations further complicates peak assignment in the *Si
MAS NMR spectra.

Table 6.5: Quantification of Q" environments identified in 2Si MAS NMR spectra of alkali-activated and

hybrid samples based on GGBFS and CAC after 2 days and 28 days. Estimated uncertainty in site
percentages is 1%

Isotropic chemical shift, diso (ppm)

Sample Q QuD QW) Q1AD Q Q3(1Al) Q%3Al | GGBFS
71 74 -78 -81.5 -84 -855 -89 91 -74.7
0Ca2days 1% 26%  10% 3% 21% - 4% - 36%
28days 1% 23% 14% 2% 29% 9% 4% 3% 16%
10Ca2days 1% - 9% 8% 20% - - - 61%
28 days - 7%  10% 12%  32% - - - 39%
10Cb 2days 5% 12% 8% 9% 14% 5% - 4% 43%
28days 9% 9% 17% 21% 9%  35% 1% 1% 30%
0Cc2days 2% 8% 11% 13%  11% 10% - - 44%
28days 3% 5%  18% 2%  12% 1% - - 29%
10Cc2 days 4% 4% 18% 7% 17% 9% - - 41%
28days 5% 9% 20% 23% 27% - - - 17%

Resonances at diso=-81.5 ppm, -84 ppm, and -85.5 ppm are attributed to Q*(1Al) and
(®? units indicating the formation of an C-A-S-H gel with a tobermorite-type
structure. The signals at diso= -89 ppm and -93 ppm are attributed to highly cross-
linked Q%(1Al) and Q*@3Al) environments which overlap within the spectra [16].
These are found in the control sample 0C-a activated with sodium silicate (Fig. 6.7

(b)), whilst not detected in the 0C-c sample activated using NaOH (Fig. 6.8 (b)). This
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formation of greater cross-linked C-A-5-H gels when using sodium silicate has been

observed in previous studies [112].
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Fig. 6.7: Si MAS NMR spectra with fit and deconvolution, of: (a) 0C-a 2 days, (b) 0C-a 28 days, (c) 10C-
a 2 days, (d) 10C-a 28 days (e) 10C-b 2 days, and (f) 10C-b 28 days. The grey band represents the
contribution of the unreacted GGBFS which is directly scaled from the raw GGBFS spectrum under the
assumption of congruent dissolution
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Fig. 6.8: 2251 MAS NMR spectra with fit and deconvolution of samples activated with 4M NaOH: (a) 0C-
¢ 2 days, (b) 0C-c 28 days, (c) 10C-c 2 days, and (d) 10C-c 28 days. The grey band represents the
contribution of the unreacted GGBFS which is directly scaled from the raw GGBEFS spectrum under the
assumption of congruent dissolution

The Al MAS NMR spectra for both precursors and pastes are shown in Fig. 6.9. The
GGBFS spectrum exhibits one broad resonance spanning between dobs= 80 ppm and
40 ppm, centred at dos = ~ 63 ppm, and which is assigned to a distribution of
tetrahedral Al environments. There is not a single well-defined Al environment
distinguishable within the spectrum due to the amorphous structure of the GGBFS
precursor [280], [285] (Fig. 6.9 (a)). The main characteristic of the CAC spectrum is an
intense broad signal with centre at d.s = 81 ppm, attributed to the presence of
tetrahedral Al [415]-[417]. The asymmetry of this peak is due to the convolution of

signals assigned to two different CaAl2Os components [415], [416]. A minor signal
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between dobs= 10 ppm and 13 ppm is associated with the presence of octahedral Al in

CAHouo, that may appear as a consequence of material weathering [198].

100 I 80 I 60 ' 40 I 20 I 0
Al (ppm)
Fig. 6.9: Al MAS NMR spectra for (a) alkali-activated and hybrid specimens activated with activator

mixtures a and b after 2 days and 28 days, (b) alkali-activated and hybrid specimens activated with 4M
NaOH after 2 days and 28 days, and (c) precursor materials GGBFS and CAC

The Al NMR spectra for 2-day samples in Fig. 6.9 (b) show a similar broad signal
spanning from Oos = 80 ppm to 50 ppm assigned to Al in a slightly distorted
tetrahedral environment. The sharp peak that appears at dobs= ~ 75 ppm in the 0C-a
2-day spectrum is not present in either the 10C-a or 10C-b 2-day spectra. This peak is
attributed to Al in a well-defined tetrahedral coordination and incorporated in
bridging sites, bonded to Q?(1Al) sites (also defined as q?(2Si)) [116], [418]. This
resonance becomes more intense and narrower for all samples with increasing curing
time, particularly in the 10C-b 28-day spectrum, typical of a well-structured C-A-S-

H gel. The resonance at dobs= 64 ppm in the 10C-a 28-day spectrum is attributed to
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stratlingite formation which is identified from the XRD data (Fig. 6.4 (b)). The narrow
resonance at dobs= ~ 11 ppm present in all sample spectra is assigned to octahedral
Al, found in AFm-like phases. The intensity of this band for the 10C-a 28-day sample
is greater than the other samples due to the convolution of responses from both
phases and stratlingite [404], [419]. This resonance is also attributed to CsAHs, which
is initially present in both 10C-a and 10C-b samples. The shoulder band at dobs= ~ 7
ppm in the 0Ca 28-day spectrum may indicate the presence of hydrotalcite-like phase
as identified in the XRD data in Fig. 6.4 (a) [407], [420].

The Al NMR spectra for the mixtures activated with NaOH solution, 0C-c and 10C-
¢, (Fig. 6.9 (c)) exhibit two signals related to tetrahedral and octahedral Al
environments, respectively. For both samples, intense peaks are found at dobs= 11
ppm and 12 ppm. Hydrotalcite, AFm-like phases, and aluminate hydrates as CsAHs
(for 10C-c) are associated with this peak, identified from XRD data in Fig. 6.4 (d) and
(e). The signal associated with tetrahedral Al environments in 0C-c spectrum evolves
with increasing curing time, becoming sharper and narrower, with the main
resonance found at dobs= ~ 75 ppm attributed to q*(2Si) environment. The shoulder
identified in the 10C-c spectrum at ~ 63 ppm can be attributed to q*(3Si) due to
additional Al incorporation into the gel [198], [284], [294]. This may be attributed to
formation of strétlingite as seen for 10C-a 28-day, however straitlingite is not

identified from the XRD data of these samples.
6.3.6 Scanning electron microscopy

Fig. 6.10 shows BSE images of all samples after 2 days and 28 days. The initial
formation of C-A-S-H gel (grey region) in the 0C-a 2-day sample is seen surrounding
partially unreacted GGBFS particles (brighter particles), with apparent porosity
identified by the darker regions. Comparison with the sample after 28 days reveals
that the 0C-a specimen progressively densifies, generating a more compact binder
that appears homogenous, albeit with the persistent inclusion of remnant unreacted

GGBFS particles.
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Fig. 6.10: BSE images of alkali-activated and hybrid samples after 2 days and 28 days of curing

The 10C-a and 10C-b 2-day image (Fig. 6.10 (b) and (c)) shows limited matrix gel
formation; numerous unreacted small and large GGBFS particles are present with
reduced interparticle spacing, resulting in a highly porous binder. Large CAC
particles are also present, for which two distinctive areas of different greyscale levels
are identified as CA and gehlenite (Fig. 6.11). The change in microstructure of both

samples after 28 days (Fig. 6.10 (e) and (f)) is similar to the 0C-a sample with
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increased densification and gel phase formation. Most of the small GGBFS particles

are dissolved.
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Fig. 6.11: CAC particle (left) and EDS points (a) and (b) identified as gehlenite and CA (right)

Samples 0C-c and 10COc after 2 days (Fig. 6.10 (g) and (h)) also show prominent
unreacted GGBEFS particles and are highly heterogeneous composed by distinctive
regions with a jagged appearance. The progression of C-A-S-H gel formation is
visibly improved after 28 days. The result is similar to the gel formed in sample 0C-
a, however the gel formed in 0C-c appears more porous with respect to 10C-c.
Changes in the Ca/Si atomic ratios of the binders cured for 2 days and 28 days were
determined by SEM-EDS point analysis and are shown in Fig. 6.12. The initial
inclusion of CAC results in higher Ca/Si ratios as seen for samples 10C-a and 10C-b,
however after 28 days 0C-a, 10C-a, and 10C-b show a reduction of Ca/Si ratio
resulting ~ 1.2 as expected in systems activated with sodium silicate. This is due to
the further incorporation of Si in C-A-S-H gels as the polycondensation reaction
proceeds. The initial dissolution rate of Si with respect to Ca from the precursor
materials, in particular GGBFS, is slower than the rapid dissolution of Ca in CAC

[266]. For samples activated with NaOH the resulting Ca/Si ratio increases with
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increase curing time and is overall higher due to absence of Si in the activator

solution.
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Fig. 6.12: Bulk atomic ratio Ca/Si (as determined by SEM-EDS analysis) for alkali-activated and hybrid
samples after 2 days and 28 days of curing

6.3.7 Compressive strength

The 7-day and 28-day compressive strength results for alkali-activated and hybrid
samples are displayed in Fig. 6.13. The 10C-a and 10C-b specimens after 7 days
exhibit a slightly inferior strength (~ 35 MPa) with respect to the control specimen
0C-a (~ 44 MPa). As seen in the previous sections [reaction kinetics (Fig. 6.3), FTIR
(Fig. 6.5), XRD data (Fig. 6.4), and SEM (Fig. 6.10 (b) and (c))], the gel formation
reaction during the first few days of curing is partially inhibited by the competitive
and concurrent formation of other phases, such as aluminate hydrates CsAHs, AFm-
like phases, and stratlingite. These compounds when formed at later stages do not
result in diminished mechanical integrity, however their initial formation may
prevent the complete dissolution and subsequent reorganisation of slag particles

during polycondensation. The increase in compressive strength seen after 28 days,
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from 35 MPa to 61 MPa for 10C-a and from 37 MPa to 60 MPa for 10C-b, is
considerable. This suggests that whilst formation of additional gel is gradual due to
the initially retarded dissolution of Al and Ca sources, it is accompanied by
significant AFm-like phases and strétlingite phase formation, which are known to
promote the densification of the matrix [192], [195], [401], [421], resulting in a more
compact gel structure [198], [199], [201]. Both formulations surpass the 28-day
strength developed by the control formulation 0C-a, which is 58 MPa.
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Fig. 6.13: Compressive strength of alkali-activated and hybrid samples after 7 days and 28 days. Error
bars represent the standard deviation among three replicate specimens

When using NaOH as an activator the compressive strength developed by the control
formulation 0C-c is inferior to that of 0C-a, reaching 22 MPa and 33 MPa after 7 days
and 28 days, respectively; these values are consistent with those found in the
literature [408], [422]-[424]. In this case the addition of CAC is beneficial as the
increase of strength is substantial, surpassing 42 MPa and 52 MPa after 7 days and

28 days. This provides evidence of good incorporation of Al into the binding phases.
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6.4 Conclusions

Hybrid systems based on GGBFS with CAC additions, activated with sodium silicate
or sodium hydroxide, have been characterised and analysed. The addition of CAC to
alkali-activated systems does not result in the formation of the conventional CAC

hydration products, such as CAH1o, C2AHs, and AHs, reported in literature [186].

The conversion issue related to the use of CAC in traditional concreate mixes is
avoided, as a direct consequence of alkali-activation resulting in differing reaction
sequences. The addition of 10 wt. % of CAC to alkali-activated binders has a strong
impact, especially in the early stages of reaction; it retards the dissolution of GGBFS
and consequently the polycondensation reaction of the main strength contributing

phase, C-A-S-H gel.

Reaction kinetics and setting time show a delay of up to 50 h when 10% CAC is
included in mixtures activated with sodium silicate. NaOH activated binders with
CAC additions show a minimal delay. The workability is reduced with CAC

addition.

Phase evolution studied by XRD revealed that when CAC is included in the mixture,
aluminate hydrate CsAHs is formed along with carboaluminate hydrate phases from
the onset of reaction, and the formation of C-A-S-H gel is delayed. CsAHs is reduced
over time and stratlingite is formed depending on activator dosage and pH. When
NaOH is used as an activator the formation of AFm-like phases along with
hydrotalcite-group phase is recorded. C-A-S-H gel forms from an early age (1 day)
along with CsAHs, which in this case remains stable over time, and stratlingite does
not form. FTIR data confirm the retardation in C-A-S-H gel formation when sodium

silicate is used as an activator for GGBFS with CAC additions.

From the comparison of sodium silicate activated CAC/GGBFS blends, the highest
activator modulus results in larger, even if still limited, amounts of GGBFS reacting
at early age as revealed by ¥Si MAS NMR analysis. After 28 days, the C-A-S-H gel

formed with CAC additions has higher Al incorporation. BSE images taken at 2 days
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and 28 days exhibit the clear evolution of gel phases obtained for control samples
and hybrid samples activated with NaOH, whilst the 2-day images of 10C-a and 10C-
b show an unformed binding phase. The final gel obtained after 28 days has a similar

composition for all samples.

Compressive strength of hybrid samples is slightly lower than those solely based on
GGBFS at early ages, but surpasses it after 28 days, reaching 60 MPa. NaOH-
activated GGBEFS has inferior strength development compared to when using sodium
silicate, but in this case the addition of CAC is beneficial, as the strength increases by

almost 50 %.

The addition of CAC in alkali-activated GGBFS-based binders seems promising
when NaOH is used as an activator, whilst, for silicate-activated systems, the
prolonged setting time poses practical challenges despite the high final strength
achieved by these materials. The overall efficacy of adding CAC to alkali-activated
GGBFS-based binders may depend on the specific application and the type of

activator used.
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Chapter 7

Conclusions and Suggestions for
Further Work

The design of AACs with maximised recycled content can bring significant
environmental benefits. This study focuses on the replacement of GGBFS with four
classes of unconventional precursors, specifically five calcined waste clays sourced
from a kaolin mine, Imerys (UK), non-blast furnace slags, such as BOFS,
ArcelorMittal (Belgium), EAFS, Orbix (Belgium), and CS from Aurubis Beerse
(Belgium). The results of this study indicates that alkali-activation allows a larger
utilisation and valorisation of wastes if compared with traditional PC-based

materials. Specific findings of this study are illustrated below.

Particle morphology and amorphous phase fraction are deemed the major criteria for
selecting the most suitable calcined waste clay, collected from the side extraction of
a kaolin mine in Cornwall, UK, in blends with GGBFS. The five calcined clay samples
exhibit distinct platelet-like morphologies characteristic of common clays. A
replacement level of 30 wt. % of GGBES is found to be the upper usage limit of
calcined clays in these types of alkali-activated blends with GGBFS. The amorphous
phase fraction is known to underpin the reactivity of the calcined clay during alkali-
activation, whilst most mineral phases are found to remain chemically stable
throughout. Calcined clays with minimal amorphous phase fractions have poor
reactivity and are adjudged unsuitable as a direct precursor replacement, being more
suited as a filler material. The best calcined clay blend consisting of 20 wt. % calcined
clay achieves a reduction in porosity compared to solely GGBFS-based alkali-

activated cement, and an increased final compressive strength value of 70 MPa (using
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an activator with molar ratio SiO2/Na2O = 1.2 and % Na:O = 5.2) after 28 days,

qualifying it for use in high strength applications.

BOFS samples from the ArcelorMittal steelmaking plant in Zelzate (Belgium), are
found to contain a significant phase fraction of portlandite (Ca(OH)2), due to
weathering by storage outside, from XRD analysis. All free lime (f-CaO), commonly
present in conventional BOFS sources and limiting its application in construction due
to detrimental expansion during hydration, appears to be converted to portlandite.
The high content of portlandite in this material is exploited as a potential reaction
accelerator in GGBFS blends. GGBFS and BOFS blends activated with sodium silicate
show improved reaction kinetics with increasing BOFS content up to 30 wt.%. The
relatively highly alkaline medium (molar ratio SiO2/Na20 = 0.56 and % Na2O = 4) is
noted not to favour the complete reaction of all portlandite present. Using sodium
carbonate as an activator with reduced alkalinity (pH < 12) maintains favourable
reaction kinetics, setting and hardening after just 1 day whilst consuming most of
portlandite contained in the BOFS precursor since the initial stage of reaction. The
beneficial fresh properties achieved highlight the viability of sodium carbonate as a

sustainable low-cost activator for BOFS and GGBFS blends.

EAFS in blended GGBFS cement results in a retardation of reaction kinetics with
increasing replacements. EAFS consists of predominantly crystalline phases that
show good chemical stability and the inclusion of harmful metal species (especially
high chromium content) that are subject to strict leaching controls. Only a weak
binding phase is identified from FTIR and SEM analysis for 100 wt. % EAFS. The
predominant crystalline phase, merwinite (CasMg(S5iOs)s), is believed to slowly
dissolve in the alkaline media to form a minimal amount of C-A-S-H gel phase. The
lack of contribution from EAFS in acting as a source for gel formation, requiring the
usage of high activator dosages, is seen by a general decrease in overall compressive
strength. On using a higher activator modulus and dosage (molar ratio SiO2/Na:O =
1.6 and % Na2O = 5.3), up to 50 wt. % EAFS blended with GGBFS exhibits a

compressive strength value of 85 MPa and corresponding flexural strength of 9.5
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MPa after 28 days. Leaching tests carried out on EAFS blends show heavy metal
values well below the environmental limit, with no chromium detected in any

leachates.

CS is found to have good reactivity in alkaline media due to the large amorphous
iron-silicates phase fraction and can be classified as a direct precursor material. The
investigation of CS and GGBFS blended systems shows a delay in reaction kinetics,
with an improvement in fresh properties, better retention of workability, and longer
setting times. The paste with 100 wt. % CS exhibits a delay in dissolution up to 3.5 h,
with an intense convoluted dissolution-polycondensation peak apparent in the heat
evolution profile. XRD data indicate that the major crystalline phases present in CS
are chemically stable, however the significant amorphous fraction is believed to be
activated to give an Fe-rich binding phase. The inclusion of 50 wt. % CS results in
only a minor reduction in compressive and flexural strengths compared to 100 wt. %
GGBFS cement, surpassing 100 MPa and 9 MPa respectively (using an activator with
molar ratio 5i02/Na20 = 1.6 and % Na20O = 5.3) after 28 days. 100 wt. % CS develops
a remarkable 1-day compressive strength of 23 MPa, with a minor increase,
thereafter, reaching 38 MPa after 28 days. This lack of substantial strength
improvement at later ages is elucidated from both FTIR and SEM analysis,
highlighting only minor changes in gel development after 2 days. It is believed that
the lack of further development is related to the low availability of Ca in the
precursor material and could be alleviated by blending with Ca-rich additives. CS
can be classified as a useful precursor for replacing GGBFS in the production of

alkali-activated cements.

The expectation of producing high early strength from the addition of CAC, as seen
in conventional CAC hydration behaviour, was originally postulated as a way to
reduce initial activator doses for alkali-activated cements. Unexpectedly, the results
obtained by blending GGBFS with CAC additions exhibit the converse trend: a delay
of up to 3-4 days in reaction kinetics is seen in 10 wt. % CAC blends. This retarding

effect is more pronounced in systems with higher alkalinity, by increasing the
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molarity of the sodium hydroxide activator solution and with the inclusion of
sodium silicates. It is believed that the dissolution of CAC occurs rapidly before the
GGBFS component, forming cubic aluminate hydrates (CsAHs) from the onset of
reaction which inhibit the further dissolution of GGBFS. Further work is required to

elucidate the dominant reaction mechanism.

Identifying suitable waste materials may require case-by-case analysis, and a systematic
methodology that includes materials characterisation, experimental formulation, binder
characterisation, and final evaluation is now needed. This can lead, however, to a future
simplified process of designing novel binders with tailored properties while increasing

the fundamental understanding of AACs.

Several aspects should also be considered to advance the understanding of alkali-
activation technology. Firstly, it would be essential to explore the specific surface area of
precursors and their Blaine fineness to gain additional insights into reactivity. This
investigation will shed light on how finer particles can enhance the efficiency of the
reaction with alkaline solutions, resulting in faster setting times, increased strength and
packing, and potential improved durability of alkali-activated materials. Additionally,
studies focusing on alkali-activation of calcined clays as sole systems, rather than
blended systems, are needed to better understand their unique properties and potential
advantages. Exploring alternative methods for waste clay activation beyond calcination,
such as mechanochemical activation, should be considered, especially given the

substantial muscovite content.

Further research should focus on characterising other fundamental properties of all the
considered AACs, such as long-term durability and late-age performance, across all
systems. Comparisons with upscaling formulations will provide valuable information
on the scalability and practicality of these systems in real-world applications.
Additionally, investigating the effects of leaching in mortars and concretes containing
CS will contribute to a comprehensive understanding of their behaviour in various

conditions. By addressing these aspects, future research can pave the way for more
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sustainable and effective alkali-activated materials and alternative precursors in the

construction industry.

In conclusion, the use of waste materials as alternative precursors for AACs is a
promising strategy for achieving sustainable construction practices, and the
incorporation of waste-derived precursors in the production of AACs not only reduces
the demand for virgin materials but also reduces the environmental impact of the
construction industry by diverting waste from landfills and reducing CO: emissions.
Furthermore, the use of waste materials in the production of alkali-activated cements
can potentially create a market for waste materials, thereby incentivising their proper

disposal and management.
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