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Abstract 

This study explores the use of the less commonly used low-carbon activators, sodium carbonate 

and sulphate, for the activation of blast furnace slag with the aim of furthering the use of alkali-

activated binders as a sustainable alternative to Portland cement. It was found that there is delay 

in the onset of the main reaction by >48 hours for the sodium carbonate-activated slag binder 

due to an initial preferential reaction occurring in the first 2 hours after mixing, as observed in 

situ, preventing the calcium availability and alkalinity evolution of the system. However, once 

the main reaction does take place, a C-(N)-A-S-H structure forms as well as small amounts of 

N-A-S-H, not too dissimilar to a sodium silicate-activated binder. The inclusion of CaO in 1 

and 3 wt.% replacements of slag in the system improved the initial rate of reaction, however, 

the specific mechanism is unchanged. Conversely, the sulphate-activated slag had a >100 hour 

delay in the onset of reaction, which itself saw limited development of key binding phases, due 

to the near-neutral nature of the activator. Overall, this study determined that the performance 

of an alkali-activate slag binder is a direct outcome of reaction pathway, controlled by activator 

chemistry. 
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Thesis Overview 

In response to the significant CO2 emissions from the manufacture of Portland cement, it is 

vital that environmentally friendly strategies are implemented to mitigate the effect that the 

construction sector, specifically the cement industry, has on climate change. Alkali-activated 

slag binders have been proposed as a sustainable alternative to traditional Portland cement, as 

they often utilise industrial waste and by-products, as well as naturally occurring minerals, for 

their production, which in turn, maintains a low embodied carbon. These binders are formed 

from a reaction between an aluminosilicate precursor and an alkaline solution (often referred 

to as an activator), whose purpose is to induce dissolution of ions from the precursor and 

promote the subsequent precipitation of reaction products, including the key binding phases, 

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

Despite their potential for reduced cement-associated CO2 emissions, it has been noted that the 

alkaline solution is the least sustainable component of these AACs in terms of carbon footprint. 

More so, the less commonly used alkali carbonates and sulphates can contribute a significantly 

reduced carbon footprint than the typical chemicals used for alkali activation ï hydroxides and 

silicates. The use of the low-carbon activators, however, has seen delayed reaction and poor 

early strength development in the resultant binders, limiting their use. 

Optimisation of the formulation of alkali-activated binders to maximise performance while 

minimising environmental impact is imperative for the adoption of such materials in industry 

and tackle cement-associated carbon emissions. As such, the aim of this study is to understand 

how the fundamental chemistry of slag binders activated by the low-carbon sodium carbonate 

and sodium sulphate influences their reaction, phase evolution, and physical properties, 

through the use of in-situ characterisation immediately after mixing, solid-state analysis at 
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various curing ages, fresh-state testing for workability, and mechanical testing measurements. 

The inclusion CaO and MgO, in small quantity replacements of slag in the sodium carbonate- 

and sulphate-activated binders was investigated, as was the blending of the low-carbon 

activators with more commonly used sodium silicate, all with the aim of improving the binder 

performance. The enhancement of early-age properties of the slag binders utilising low-carbon 

activators is paramount to forming effective binders while improving the sustainability of 

alkali-activated cements. 

Determined using novel lab-scale in-situ IR and XRD techniques, an initial reaction was 

observed when sodium carbonate was utilised for activation of slag, where calcium ions from 

the precursor preferentially reacted with carbonates from the activator to form calcium 

carbonate polymorphs, which hindered the increase in alkalinity for the subsequent formation 

of C-A-S-H. The inclusion of CaO in small quantities greatly improved the reaction kinetics 

via the simultaneous formation of calcium carbonates and C-A-S-H at early age, however, this 

improved reaction came at the cost of the physical property performance ï both compressive 

strength and workability reduced. Moreover, for the slag binder system activated with sodium 

sulphate, the time for the onset of reaction was significantly high, and when the reaction did 

eventually proceed, its extent is limited and thus is the physical property development. The 

incorporation of both CaO and MgO improved the rate of reaction; however, the reaction 

mechanism and phase evolution remain unchanged, thus hindering the performance of sodium 

sulphate-activated binders. Additionally, the use of sodium silicate blended with either of the 

low-carbon activators greatly improved their performance, with a clear tendency towards the 

nature of sodium silicate-activated binders. 

Overall, the findings from this study will allow formulation optimisation of alkali-activated 

binders for tailored properties and improved sustainability, with the overarching aim of driving 
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implementation of such materials in industry and reducing cement-associated carbon 

emissions. Additionally, a lab-scale methodology for the in-situ investigation of cement 

reaction kinetics and mechanisms via IR and XRD measurements has been developed, which 

can be applied to other cement systems as well. 
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Chapter 1: Introduction 

1.1 Research Background 

With global climate change highlighting the limitations of many resources and industries 

around the world, the need for sustainability is at the forefront of current and future research. 

Concrete and cementitious materials are quite literally the foundation of the urban world, with 

concrete production estimated at ~30 billion tonnes annually making it one of the most used 

materials globally, second only to water [1]. Cement is the óglueô within concrete, where 

Portland cement is traditionally utilised as the binder, due to its extensive study proving its 

versatile nature: it is strong, durable, can be cast into many shapes, and is resistant to various 

physical and chemical stresses [2], [3]. Due to the vast quantities of concrete used, significant 

volumes of cement are also produced, however, the CO2 emissions from its production are 

colossal, with an estimated 8 % of global man-made emissions attributed to it [4]ï[6]. 

As the global population is forecast to increase by more than 20 % by 2050, the demand for 

construction, and thus cement production, is expected to mirror this growth to support rapid 

urbanisation and infrastructure development [7], [8]. This will result in an estimated increase 

in cement-associated carbon emissions from 8 to 24 % [9]. Therefore, it is vital that sustainable 

alternatives to Portland cement are implemented to mitigate the environmental effects of the 

built environment and construction sector. 

Various industrial processes, including iron and steel production and coal combustion, produce 

large amounts of waste and by-products, some of which ï blast furnace slags, fly ash, etc. ï 

can be used as supplementary cementitious materials, through partial replacement of Portland 

cement-based clinkers, or as raw materials for the production of alternative cementitious 

materials through alkali activation, eradicating significant quantities of embodied carbon 
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associated with traditional cement production. Alkali-activated cements have gained interest as 

a sustainable alternative to traditional Portland cement and are produced from a reaction 

between an aluminosilicate powder, referred to as the óprecursorô, and an alkaline solution ï 

the óactivatorô. Life cycle assessments of alkali-activated cements have reported reductions of 

CO2 emissions compared to PC production of up to ~80 % [10]ï[14], however, in order to 

maximise their carbon savings, AACs must be designed on a case-by-case basis, using 

components that are readily available, which will vary depending on region.  

The most common precursors for alkali activation are ground granulated blast furnace slag 

(GGBFS/BFS) and fly ash. Where these high-calcium precursors are used, the resultant alkali-

activated binder systems form an aluminium-substituted calcium silicate hydrate (C-A-S-H) as 

their primary binding phase, which is not too dissimilar to the key reaction product of Portland 

cement ï C-S-H ï but with increased crosslinking, suggesting a potential to reach superior 

performances than PC-based systems under certain conditions [15]. Secondary reaction 

products include hydrotalcite and AFm-type phases, similar to PC systems [2], [16]. 

Early studies into alkali-activated cements have focused predominantly on precursors, and 

where activation was investigated, alkali silicates and hydroxides were settled on. However, 

less commonly used activators, such as alkali carbonates and sulphates have the potential to 

further reduce the carbon footprint of AACs due to their availability and production, be it their 

natural occurrence or production via industrial chemical manufacture. They are also less 

alkaline in nature and thus pose less harm when handling compared to their common 

counterparts, silicates and hydroxides. The dismissal and limited use of carbonates and 

sulphates for alkali activation of aluminosilicate precursors is credited to their slow reaction 

and setting, and subsequent poor early strength development, which is ascribed to their near-

neutral pH. 
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In this study, the use of the low-carbon activators ï alkali carbonates and sulphates ï will be 

investigated with the overarching aim of understanding the fundamental chemistry that governs 

the reaction kinetics and mechanisms, phase assemblage, and physical properties of these 

alkali-activated binder systems. This knowledge will enable optimisation of formulations for 

enhanced performance and sustainability, and thus, drive rapid industrial implementation of 

AACs. 

1.2 Overall Aims 

The aim of this study is to evaluate the effectiveness of the near-neutral salts, sodium carbonate 

and sodium sulphate, for use in the alkali activation of blast furnace slag, in order to mitigate 

cement-associated CO2 emissions. As such, a literature review is undertaken to understand the 

gravity of the environmental effects associated with the construction industry, and more 

specifically, Portland cement, as well as possible strategies for reducing its carbon footprint. 

Moreover, the alternative cementitious binder type, alkali-activated cements, is explored with 

particular focus on activators, both the common and the less-used low-carbon alkali salts. 

Current understanding of how the activator influences the reaction mechanisms and kinetics is 

discussed, and the subsequent phase evolution and physical properties are explored. 

This is followed by the design and development of AACs for testing and validation. With the 

aim of the study being to assess the use of more sustainable activators for use in alkali-activated 

slag cements, an alkali activator known to be feasible for use in AACs must be tested and 

understood ï in this case, sodium silicate is used. Keeping all but the activator anion constant, 

alkali-activated slags utilising sodium carbonate and sodium sulphate for activation will be 

tested and validated against sodium silicate-activated slag. Where necessary, combinations of 

activators or replacement of precursor with CaO and MgO will also be investigated with the 

aim of improving performance. These AAC formulations are investigated to better understand 
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how the formulation chemistry impacts the early reaction, and their resulting phase assemblage 

and mechanical properties. Reaction mechanisms and kinetics are explored in situ via 

isothermal calorimetry, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), 

and X-ray diffraction (XRD) measurements. Microstructure is characterised using solid state 

analysis techniques: Fourier transform infrared (FTIR) spectroscopy, thermogravimetric 

analysis (TGA), XRD, scanning electron microscopy (SEM) coupled with energy-dispersive 

X-ray (EDX) spectroscopy, and 27Al and 29Si magic angle spinning nuclear magnetic resonance 

(MAS NMR) spectroscopy. Furthermore, setting time, mini slump testing, and viscometry are 

evaluated to study the fresh properties of AACs, while compressive strength testing is utilised 

to assess the mechanical performance. Formulations are compared to previously reported 

AACs in this study as well as those in literature to assess their performance and feasibility. The 

experimental methodology used in this study is illustrated in Figure 1-1. 

 

Figure 1-1 Visualisation of the experimental methodology for the four performance criteria measured in this study. 

 

Overall, the work described here facilitates the understanding of binder chemistry to determine 

the suitability of the low-carbon alkali carbonates and sulphates, for use in the alkali activation 

of blast furnace slag. This insight will allow for the optimisation of alkali-activated binder 

formulations for performance and sustainability, aiding in their industrial implementation and 
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confronting the overarching goal of minimising the carbon footprint associated with the cement 

sector. 

1.3 Thesis Synopsis 

Chapter 2 reviews the existing literature in the field, outlining the shortcomings of the 

construction industry with regards to sustainability and how the sector is approaching reducing 

the CO2 emissions of concrete. This narrows into alternative cementitious binders with 

particular focus on alkali-activated slags and how the use of less commonly used activating 

solutions could have the potential to reduce the carbon footprint. 

Chapter 3 details the materials used herein to produce alkali-activated slag samples, their 

corresponding formulations, and the analytical techniques utilised to characterise said samples, 

including a novel lab-scale in-situ methodology for establishing reaction kinetics and 

mechanisms immediately after mixing. Each technique is described in terms of the information 

obtained, how this is applied to cementitious materials, and the specific parameters used for 

characterisation of binders in this study. 

Chapter 4 assesses a sodium silicate-activated slag binder to use as a control sample for the 

following samples to be compared to. This includes revealing the reaction kinetics and 

mechanisms during the initial days after mixing, the changes in phases and microstructure at 

different curing ages between 3 and 90 days, and physical properties ï in the fresh-state 

immediately after mixing to assess workability and compressive strength measurements at 7 

and 28 days for physical development. This chapter reveals the efficacy of sodium silicate as 

an activator for slag binders, having reacted within a day and to a sufficient degree, with C-A-

S-H forming at an early age and continuing to polymerise over time, which in turn facilitates 

excellent compressive strength. 
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Chapter 5 explores the use of sodium carbonate as an activator for slag binders alongside a 

50:50 wt.% blend of sodium carbonate and silicate, compared to the established sodium 

silicate-activated binder. Time-resolved data from calorimetry, DRIFTS and XRD reveal early-

age reaction kinetics and mechanisms, specifically a preferential reaction occurring for the 

carbonate-activated slag that is delaying the onset of the main reaction. Subsequent phase 

evolution analysis shows stunted C-A-S-H development and limited strength and workability 

measurements compared to the control. The blend with sodium silicate greatly improves the 

performance of sodium carbonate-activated slag, comparable to that of the control. 

Chapter 6 investigates the inclusion of additives calcium and magnesium oxide in small 

quantity replacements of slag within the sodium carbonate-activated system with the aim of 

improving the performance of said binders. The incorporation of CaO improved the rate of 

reaction of the cement system, but the mechanism generally remains the same, while MgO had 

little effect on the reaction or subsequent phase development. Both additive inclusions reduced 

the compressive strength measurements, and while CaO inclusion reduced the workability, 

MgO incorporation improved it. 

Chapter 7 looks into the use of sodium sulphate for the activation of slag as well as a 

combination of both sodium sulphate and sodium silicate for the same use, all compared to the 

silicate-activated control sample. Analysis of the early reaction data for the sulphate-activated 

slag reveal an extreme delay in the onset of the main reaction, and there is limited development 

in the phase evolution, supporting the limited use of such materials. The blending with sodium 

silicate greatly improved the reaction rate and structural evolution. 

Chapter 8 explores adding small amounts of CaO and MgO to the sulphate-activated slag 

systems to try to improve their limited performance. Both additives showed improvement in 
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the reaction kinetics of the binder, however, the mechanism did not change, and the extent of 

reaction and formation of products is still significantly limited. 

Chapter 9 compares all the binder systems designed and produced herein and how their 

performance is inherently impacted by the activating solution. This includes a direct 

comparison of key reaction data measurements, the formation and polymerisation of the main 

binding phase, C-A-S-H, and the physical property development, where appropriate. 

Additionally, a preliminary assessment of carbon footprint of each mix design is assessed to 

determine indicative trends. Finally, key conclusions of the study are outlined as well as 

recommendations for future work. 
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Chapter 2: Literature Review 

2.1 Construction Industry 

2.1.1 Built Environment 

It is estimated that globally the equivalent of a city the size of Paris is built every single week 

and will continue this way for the next 30 years [17]. Currently, the built environment and 

construction sector account for nearly 40 % of global energy- and process-related carbon 

emissions [18], with building-related CO2 emissions rising by ~1 % per year since 2010 [17].  

Concrete is the second most consumed material worldwide behind only water [19], [20], with 

an estimated 30 billion tonnes used annually, which is 3 times as much per capita as 40 years 

ago [1]. Its traditional binder, Portland cement, is a well-understood, long-established material 

that is structurally complex, designed to provide strength and durability over many years while 

being subjected to thermal, mechanical, and chemical stresses [2], [3]. However, the 

significantly high cement production volume required to match the immense quantities of 

concrete used results in undesirable environmental issues; Portland cement production is 

responsible for more than 8 % of global anthropogenic carbon emissions [4]ï[6]. 

With the global population expected to grow by more than 20 % to 9.8 billion by 2050 [7], so 

too will the demand for materials and construction as it is estimated that 60 % of the 

infrastructure needed for such growth does not yet exist [8]. As such, there is a lot of focus on 

ways to decarbonise the construction industry, so we can build without destroying the planet in 

the process. 
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2.1.2 Sustainable Development in Construction 

In 1987, the UN defined sustainability as ñmeeting the needs of the present without 

compromising the ability of future generations to meet their own needsò [21], highlighting the 

fair utilisation of resources available to industries. Concrete must fit mechanical specifications 

ï good strength, durability, and resistance to stresses ï but must also align with socio-economic 

factors, like affordability and environmental sustainability to satisfy requirements of the 

modern world. This poses the challenge for the construction industry to transition to a 

sustainable environmental, social, and economic approach while maintaining its efficacy. 

Faced with this need to reduce industrial CO2 emissions without reducing its capacity, the 

concrete industry has several key strategies targeted at cement-based emissions [22], [23], that 

include: 

1. Using alternative fuels and/or raw materials to reduce the CO2 output during the 

manufacture of Portland-based cements. 

2. Implementing carbon capture and storage (CCS) and/or carbon capture utilisation and 

storage (CCUS). 

3. Maximising Portland cement clinker replacement with low-carbon supplementary 

cementitious materials (SCMs) in concrete. 

4. Developing low-carbon alternative binders, not based on Portland cement clinkers. 

The first two proposed solutions encapsulate energy efficiency, which is applicable to all major 

industries and these strategies are typically being explored and implemented in most industry 

sectors. The latter two strategies, however, focus more on circular economy and waste 

valorisation, and are more specific to the built environment and construction industry. 
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Reducing the amount of clinker within concrete can be done via substitution with the likes of 

industrial by-products ï fly ash from coal combustion and ground granulated blast furnace slag 

from iron and steel production ï or recycled powders from materials including glass, brick, and 

concrete itself. However, the amount of clinker replacement is often limited by standards 

around the world, but some promising technologies are known to have a higher replacement, 

like limestone calcined clay cement (LC3) where half of the clinker is substituted with a clay 

and some limestone and gypsum [22]ï[24]. 

The development of environmentally friendly alternative binders that are not based on PC 

clinkers may offer the greatest potential for reduction of CO2 emissions of the construction 

industry. Eradicating the need for traditional Portland cement manufacture, many alternatives 

utilise industrial waste or by-products and/or naturally occurring minerals and thus lower the 

carbon footprint associated with the cement industry, however, the local availability of such 

materials of an adequate quality can be a limiting factor. Alternative cements, that are not 

Portland-cement based, include sulphoaluminate cements, magnesium-based cements, alkali-

activated materials, and bio-based cements [19], [22], [24], [25]. 

2.2 Portland Cement 

2.2.1 Overview 

Portland cement (PC) is the most commonly used cement type in general use globally as the 

fundamental binding element of mortar and concrete. The term ñPortland cementò was first 

penned in 1824 in Joseph Aspdinôs patent of the material, where it was named for its association 

with the quality and prestige of Portland stone for which cement stuccos were designed to 

emulate [26]. Despite maintaining the name penned by Aspdin two centuries ago, the material 

has undergone various evolutions of its production process to become the material so widely 

used today. Modern Portland cement is a manufactured material with a basis of calcium oxide, 
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typically containing 62-68 % CaO by weight [27]. It is also a hydraulic binder, meaning the 

anhydrous cement chemically reacts with just water to set and harden [28], adding to its 

widespread availability and use.  

Despite its versatility and wide-spread use, its production currently accounts for significant 

amounts of CO2 emissions, which are predicted to continue rising over time with increasing 

population and urbanisation. The significant carbon footprint is primarily the result of the 

thermal decomposition of limestone to form the reactive calcium silicate and aluminate phases 

during pyro-processing in the kiln [2], where approximately 0.7 to 0.9 tonnes of carbon dioxide 

are produced per tonne of clinker formed [29], [30]. 

2.2.2 Manufacture 

The raw materials needed for cement production are limestone, clay, and shale, amongst other 

minor ingredients. These materials are extracted or quarried, before being prepared for 

pyroprocessing through crushing, grinding and blending into a fine homogeneous mixture. 

From here, the manufacture of Portland cement can be defined by four main stages: preheater, 

rotary kiln, cooler, and finish grinding [27]. 

The ground dry blend of raw materials is fed into a suspension preheater and then an inclined 

rotary kiln, in order to minimise free lime and maximise mineral phase composition. During 

this process, the materials are heated to temperatures of 1350-1450 ÁC to facilitate calcination 

ï the decomposition of calcium carbonate (limestone) to calcium oxide (lime) and carbon 

dioxide [27] ï as well as the following reactions detailed in Table 2-1 [31]. The pyroprocessing 

stage is responsible for around 0.7 to 0.9 tonnes of carbon dioxide per tonne of clinker [27], 

[29], [30] accounting for the majority of carbon emissions in the production of cement. 
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Table 2-1 Principle chemical reactions in the kiln and their temperature ranges [31].  

Chemical Reaction Temperature Range (°C) 

CaCO3 Ÿ CaO + CO2 ~ 800-900 

2CaO + SiO2 Ÿ 2CaO.SiO2 800-900 

3CaO + Al2O3 Ÿ 3CaO.SiO2 900-1300 

4CaO + Al2O3 + Fe2O3 Ÿ 4CaO.Al2O3.Fe2O3 900-1300 

CaO + 2CaO.SiO2 Ÿ 3CaO.Al2O3 >1300 

 

The kiln product, called clinker, consists mostly of four mineral solids: two calcium silicates, 

alite and belite, along with tricalcium aluminate and ferrite, which are detailed in Table 2-2 

with their cement chemistry notation. There are also small amounts of free lime present in the 

clinker, as well as much smaller amounts of impurities from the fuel used in heating the kiln 

and some sulphates (calcium, sodium, and potassium). 

Table 2-2 Phases and composition of typical Portland cement clinker with their cement chemist notation, where C is CaO, S 

is SiO2, F is Fe2O3, and A is Al2O3 [27], [32]. 

Chemical 

Description 

Phase 

Name 

Chemical 

Composition 

Oxide 

Composition 

Cement 

Notation 

Typical Content 

in PC (%) 

Tricalcium silicate Alite Ca3SiO5 3CaO.SiO2 C3S 50-65 

Dicalcium silicate Belite Ca2SiO4 2CaO.SiO2 C2S 15-25 

Tricalcium aluminate Aluminate Ca3Al 2O6 3CaO.Al2O3 C3A 5-15 

Tetracalcium 

aluminoferrite 
Ferrite 2(Ca2AlFeO5) 4CaO.Al2O3.Fe2O3 C4AF 5-15 

 

Beyond the kiln, the clinker is cooled before fine grinding with a small amount of calcium 

sulphate (gypsum), to activate the cement clinker and give the desired setting characteristics 

and minimise shrinkage. The resulting product has a typical surface area between 2000 and 

5000 cm2/g and is marketed as Portland cement [27]. The industrial manufacturing process of 

Portland cement is energy-intensive, particularly in the high-temperature stages of pyro 
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processing, as well as in the cooler. The primary fuel for cement production is coal, but as with 

the current trend to replace fossil fuels, combustible wastes are gaining traction [3], [27]. 

2.2.3 Hydration Reaction 

As previously mentioned, Portland cement is a hydraulic binder, meaning that it gains its 

structural properties from its interaction with water. Hydration refers to the reaction of an 

anhydrous cement powder with water, which facilitates both chemical and physicomechanical 

changes in the system, leading to setting and hardening of the cement binder [33]. Due to the 

clinker solids being highly unstable in the presence of water, they react rapidly displaying much 

heat evolution [27], as can be seen in Figure 2-1. The hydration reaction can be described in 

four distinct stages: the initial/pre-induction period, the dormant/induction period, the 

acceleration period, and the deceleration period. 

 

Figure 2-1 Heat evolution of the hydration of Portland cement, displaying the mechanistic periods of the reaction: (A) 

initial/pre-induction period, (B) dormant/induction period, (C) acceleration period, and (D) deceleration period. Taken from 

[34]. 

 

The pre-induction period begins at the introduction of water to the cement and is exothermic 

in nature. This heat release is attributed to the surface wetting and initial dissolution of soluble 

components ï primarily calcium liberated from the clinker products, gypsum and other clinker 

sulphates ï which creates a highly alkaline aqueous solution [27], [35], [36]. An aluminate-rich 
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gel is also formed from the mixing of the anhydrous cement with water facilitating a reaction 

of the aluminate phase [35].  

This initial period is then followed by an induction or ñdormantò period, which often lasts for 

several hours, in which the heat evolution is slow. The cement mix at this stage remains fluid 

and so can be moulded and pressed into shape [27], [33]. During this period, the aluminate-

rich gel reacts with the sulphates in the solution to form early ettringite crystals [33], [35]. Once 

this dormant period has ceased, the cement paste will be too stiff to be worked or cast [33]. 

The acceleration period ensues, where a large heat release occurs, indicative of the nucleation, 

growth, and precipitation of the reaction phases. This period is particularly notable for the 

reactions involving the silica-containing clinker phases, alite and belite, which lead to the 

formation of calcium silicate hydrate (C-S-H) and calcium hydroxide (Portlandite), the primary 

binding phases of PC, as detailed in the following equations: 

3CaO.SiO2 + (3 + m ï n)H2O Ą nCaO.SiO2.mH2O + (3 ï n)Ca(OH)2 

2CaO.SiO2 + (2 + m ï n)H2O Ą nCaO.SiO2.mH2O + (2 ï n)Ca(OH)2 

Additionally, during this period, the ettringite crystals transform into a more stable 

monosulphate phase when the sulphates in the solution deplete. This phase then undergoes a 

hydration reaction and forms AFm phases, containing less calcium sulphate [33], [35]. As 

hydration continues, the reacting particles diminish in size and the solid hydrate products 

accumulate to fill spaces between particles, which ultimately leads to the physical setting of 

the material, and marks the deceleration period. From this point, the strength of the cement 

continues to develop, with PC typically reaching 70-80 % hydration at around 28 days [27]. 
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2.2.4 Structure 

2.2.4.1 Calcium Silicate Hydrate 

The main hydration product and strength-giving phase in Portland cement is calcium silicate 

hydrate (C-S-H), which has a highly disordered, partially crystalline structure [37]. It makes 

up more than 60 % by volume of the final hydration assemblage of the material [38], [39]. The 

content of calcium, silicon, and water in the phase is responsible for its final structure. With 

the content of calcium, silicon, and water in cement pastes being highly variable in nature, 

coupled with the disordered, poorly crystalline nature of the phase, the structure of C-S-H is 

difficult to pinpoint [38], [40], [41].  

 

Figure 2-2 Schematic of C-S-H, where the blue triangles represent tetrahedral Si sites. 

 

C-S-H is often described as having a structure similar to the crystalline minerals tobermorite 

and jennite, based on the calcium content of the phase. In PC systems with high calcium content 

and thus where Ca/Si ratios are greater than 1.5, the structure of C-S-H resembles a disordered 

jennite-like phase. Whereas, low calcium systems, including those blended with SCMs 
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(supplementary cementitious materials), C-S-H with a structure similar to tobermorite is 

believed to be formed [37], [38], [40], [41].  

This phase is typically described as having a central calcium oxide sheet joined by disordered 

layers of silicate tetrahedra chains. The silicate tetrahedra form chains of a repeating kinked 

pattern, where each third connected tetrahedron sits so that it is not in contact with the calcium 

oxide layer, instead inhabiting the interlayer space. This forms the characteristic dreierketten 

unit associate with the phase. The first two silicate tetrahedra are referred to as paired sites, 

while the kinked tetrahedra are termed bridging sites [37], [41]. 

The length of the silicate chains dictating the C-S-H structure is dependent on the Ca/Si ratio, 

where higher calcium contents result in shorter mean chain lengths. This is due to the bridging 

sites being either vacant or containing charge-balancing interlayer cations, rather than  

consisting of silicate tetrahedra [37], [41]. The space between the layers of silicate chains 

allows for the infiltration of pore water, facilitating ion exchange with the pore solution for 

charge balancing by alkali cations [42]. 

2.2.4.2 Portlandite 

Portlandite is a crystalline calcium hydroxide (Ca(OH)2) with a layered lattice structure, where 

calcium layers are bonded to hydroxide layers with a hexagonal unit cell [37]. This phase 

composes of approximately 20 to 30 % of the total mass of hydration products in Portland 

cement [43]. The formation of Portlandite occurs through the hydration of the alite and belite 

phases in the clinker, and it is relatively highly soluble in nature compared to other cement 

hydration products. This high solubility makes this phase the key buffer for the high pH of pore 

water in Portland cement, which is typically around pH 12.5 [37], and in doing so, aids in 

protecting embedded reinforcing steel from corrosion as a result of carbonation [44], [45]. 
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2.2.4.3 Calcium Aluminates (AFt and AFm Phases) 

In cement science, calcium aluminates can be split into groups of minerals designated AFm 

and AFt, whose crystal structures allow for singular (mono-) or tri-substitution of anions, 

respectively. The use of these terms ï AFt (Aluminate Ferrite tri (-sulphate, -hydroxide, etc.) 

hydrate) and AFm (Aluminate Ferrite mono (-sulphate, -hydroxide, etc.) hydrate) ï allows the 

differentiation of phases dependent on their anion content [37]. 

Ettringite is the most common type of the AFt phases and initially forms during the hydration 

of the tricalcium aluminate in the presence of gypsum, which provides a sulphate-rich 

environment. Ettringite forms as rod-like hexagonal, prismatic crystals, which expand to 

occupy a large proportion of space within the hydrate assemblage [46], [47]. 

As the concentration of sulphate depletes, the ettringite phases begin to break down and 

transform into the more stable AFm type phases, including monosulphates. The conversion of 

ettringite into monosulphate is dependent on the SO3 and CO2 content of the cement paste [37], 

[47]. 

Minerals of AFm are structurally similar to hydrocalumite, which in turn is structurally similar 

to the layered lattice of Portlandite. The main difference in the structure of AFm is that every 

third divalent calcium atom is instead a trivalent cation, which is often aluminium but can 

sometimes be iron. This introduction of an extra positive charge causes a charge imbalance in 

the layer, which is rectified by the introduction of anions (typically sulphate, carbonate, and 

hydroxide) into the interlayer [37]. 
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2.3 Alkali-Activated Cements 

2.3.1 Overview 

With the increasing concern of climate change, it is paramount that sustainable alternatives to 

PC are researched and developed to mitigate the negative environmental effect of the 

construction industry. A particularly promising replacement of PC is through the use of alkali-

activated cements (AACs), which have a similar structure and also performance properties as 

their traditional counterpart [13], with the added bonus of the potential to reduce CO2 emissions 

associated with cementitious materials by up to 80 % due to their utilisation of industrial waste 

and by-products as well as natural minerals [11]. The classification of these cements in 

comparison to traditional PC and other cementitious materials is demonstrated in Figure 2-3. 

 

Figure 2-3 Classifications of cements, including AAMs and Portland cement, taken from [48]. 

 

AACs are materials with good binding properties formed from a reaction between an 

aluminosilicate precursor and an alkali solution. Their production makes use of industry waste 

and/or by-products as well as naturally occurring minerals, attributing to their superior 

sustainability over Portland cement [2], [49]. The specific chemistry of these cement binders 
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is still subject to much discussion within scientific literature but is known to be dependent on 

the nature of both the solid precursor and the alkali activator used [50]. 

2.3.2 Carbon Footprint of AACs 

A life cycle assessment (LCA) [11] has revealed advantageous predictions of reducing CO2 

emissions associated with concrete production in line with the factor of four reduction 

objectives of the Intergovernmental Panel on Climate Change (IPCC) when utilising AAC over 

PC, and thus mitigating the global warming potential related to the construction industry. 

Habert and Oullet-Plamondon [11] found that a one-part geopolymer cement contributes less 

than 5 % of the global warming potential (GWP) of a binder of 100 % ordinary Portland 

cement, as can be seen in Table 2-3. The specific value varies depending on the cement mix 

used, i.e., the precursors and activators employed, and the materialôs component ratio. 

Table 2-3 The GWP of an example one-part geopolymer and its cement equivalent, taken from [11] 

 

 

A study by Pacheco-Torgal et al. [12] discusses the wide disparities in the values of carbon 

dioxide emissions of alkali-activated cement binders reported; depending on the study, AAC is 

estimated to reduce the cement carbon footprint by more than 80 %.  

In 1990, Davidovits et al. [14] reported that per tonne of alkali-activated binder produced, only 

0.184 tonnes of CO2 were produced. Duxson et al. [15] calculated that for geopolymer binders 
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taken from literature, there are potential CO2 reductions of more than 50 % when metakaolin 

is used and more than 80 % when fly ash is used compared to PC. Additionally, a commercial 

LCA discussed by Duxson and Van Deventer [10] reports an 80 % reduction of CO2 emissions 

for a binder-to-binder comparison between Zeobondôs E-Crete geopolymer and a standard OPC 

blend available in Australia, and a 60 % carbon emissions saving on the basis of a concrete-to-

concrete comparison. 

Overall, there are a wide range of values associated with the CO2 emissions and sustainability 

reported for these alternative cementitious binders, and that these vary based on differences in 

raw materials, and their resulting properties. It is evident that there is need for a comprehensive 

LCA to be conducted around alkali-activated cements to properly consider all contributing 

factors, however, that is beyond the scope of this research study. Instead, this snapshot of the 

literature surrounding the carbon footprint of AACs serves as an indicator that regardless of 

mix design and the resulting performance, these binders inherently have lower carbon 

footprints than PC and therefore have the potential to reduce concrete-associated CO2 

emissions. That being said, it is reiterated that alkali-activated binders, nor any alternative 

binders for that matter, will serve as a single substitution for PC, and that specific applications 

must be identified as to where each alternative binder can replace PC-based systems in industry 

based on their performance . 

2.3.3 Aluminosilicate Precursors 

Aluminosilicate precursors fall into three main raw material classes: metallurgical slags, 

calcined clays (e.g. metakaolin), and coal fly ashes [51]. There are additional types of 

precursors including the likes of rice husks and municipal solid waste incineration ash, 

however, the aforementioned three categories are the most commonly used precursors presently 

[44]. The use of fly ashes is becoming increasingly scarce, particularly in Europe and Western 
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states, with the phasing out of coal-fired power stations. Figure 2-4 illustrates the key chemical 

compositions of the key groups of raw materials used as precursors within alkali-activated 

cements in comparison with PC.  

 

Figure 2-4 CaO-SiO2-Al2O3 ternary diagram showing precursor classes and their general compositions, in comparison to 

Portland Cement. Taken from [52]. 

  

Based on their precursor and subsequent main hydration product, alkali-activated binders are 

categorised into two main types. Low calcium systems form the N-A-S-(H) phase and high 

calcium systems form the C-(A)-S-H phase as their main hydration product [53]. 

2.3.3.1 Low Calcium Content AACs 

According to Provis and Van Deventer [48], low calcium systems are classified as 

geopolymers, a subset of AACs, with their binding phase being the sodium aluminium silicate 

hydrate (N-A-S-H) phase, which is a ñhighly disordered, highly cross-linked aluminosilicate 

gelò characterised by its amorphous or nanocrystalline nature [48] [54]. The N-A-S-(H) phase 

consists of ñaluminium and silicon tetrahedra linked via oxygen bridgesò, with its chemical 

composition being dependent on the Si/Al ratio of the precursor material [55]. 
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The reacting components typically have a low calcium content, and comprise of mostly 

aluminium and silicon, enabling the formation of a pseudo-zeolitic network. Typical precursors 

for low calcium content AAC includes metakaolin and other calcined clays, feldspars, natural 

zeolites, and low calcium fly ash and metallurgical slags [48]. 

For low calcium systems, the most prominent precursors are metakaolin and fly ash, which 

both have similar chemical properties to each other. Metakaolin is the product of heating 

calcinated kaolinite clays to a temperature between 500 and 800 ÁC [44], meaning it is one of 

the few precursors in alkali-activated binders that is not an industrial by-product and, as such, 

has greater embodied carbon than other precursors. On the other hand, fly ash is an artificial 

pozzolan and an otherwise-waste product of the coal combustion industry, consisting primarily 

of SiO2 and Al2O3, although its specific composition is dependent on the coal used. 

2.3.3.2 High Calcium Content AACs 

High calcium cement systems are those produced when calcium- and silicon-rich materials are 

reacted in alkaline conditions. When discussing AAC, a high calcium system is defined as one 

having a Ca/(Si + Al) ratio of approximately 1. These binder systems produce the C-(A)-S-H 

phase as their main hydration product, which is similar to that produced in a hydrated Portland 

cement system (C-S-H). However, the C-A-S-H phase has a lower Ca/Si ratio than the C-S-H 

phase in a hydrated PC system; these ratios are 0.8-1.2 and 1.5-2.0, respectively [48], [56].  

In these calcium-rich cement systems, secondary hydration phases include hydrotalcite, 

strªtlingite, gismondine, and garronite. The formation and distribution of these secondary 

phases relates to composition of both the precursor used and the activating component used 

[48]. Precursors for high-calcium cement binders include metallurgical slags, bottom ash, and 
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municipal solid waste incineration ash, with blast furnace slag (BFS) being the most 

prominently used. 

BFS is a calcium-silicate-based waste product of the steel industry, formed during the iron 

extraction from ore [57]. Slag mostly consists of CaO, SiO2, MgO, and Al2O3, with 

approximately 90-95 % of its structure being a depolymerised calcium silicate. It is the most 

readily used precursor due to its availability and composition [56]. 

Slag is required to be of a certain specification for use in alkali-activated binders. It must 

display structural disorder, as a lower degree of polymerisation results in higher hydraulic 

activity. The BFS must also have a CaO + MgO/SiO2 ratio greater than 1, making it pH-basic, 

as the lime content of the slag controls the activation reaction, and it should be ground to 400-

600 m2/kg, as specific surface is imperative to the intensity and rate of activation [54], [56]. 

Due to the similarity in chemical composition between PC and BFS, as well as the extensive 

research into slag-based AACs, the decision was made to use BFS as the precursor for this 

study. Additionally, it is emphasised that this studyôs main focus is on the mechanisms of 

reaction, and subsequent microstructure and physical properties, as determined by the alkaline 

solution used as an óactivatorô and therefore the selection of precursor is less pertinent. 

Therefore, the precursor used herein is kept constant as BFS, and further discussion of 

specifically alkali-activated slag binders is detailed in the literature review. 

2.3.4 Alkali Activators 

One of the main distinctions between traditional Portland cement and alkali-activated 

cementitious binders is that where Portland cement requires only water to induce a reaction, 

alkali-activated materials require an alkaline solution to instigate the reaction. These solutions 

are often referred to as ñactivatorsò for their role of ñactivatingò the material via inducing a 
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reaction. The primary role of the alkaline activators is to form a high-pH environment that 

initiates the dissolution of the anhydrous precursor as well as the consequent condensation and 

precipitation of reaction products [58]. Activating solutions with a pH value lower than 9.5 are 

said to not facilitate the sufficient dissolution and subsequent reaction of the slag precursor 

[59].  

Alkali activators are aqueous solutions that, when added to an aluminosilicate precursor, form 

a material similar to Portland cement paste. Typically, these solutions comprise alkali 

hydroxides or alkali metal silicates, but some applications make use of the less used alkali 

metal carbonates and sulphates [2].  

With the aim of alkali-activated materials to replace Portland cement being to reduce the carbon 

footprint of the cement and concrete industry, it is necessary to look at viable routes to further 

reduce their impact associated with carbon emissions. As such, it may be advantageous to 

explore the use of the less commonly used low-carbon alkali activators to reduce the 

environmental impact via CO2 associated with AAC. 

2.3.4.1 Commonly Used Activators 

Sodium silicate and sodium hydroxide are some of the most widely used alkaline solutions in 

the production of alkali-activated slag cements [60]. Alkali metal hydroxides are produced via 

electrolysis of chloride salts. These activators are most commonly sodium- or potassium-based, 

with the limited large-scale use of lithium, rubidium, and caesium hydroxides due to their 

scarcity, cost, and lower solubility in water compared to the aforementioned [48]. 

Alkali silicates are typically produced by melting carbonate salts with silica to form glass or 

via dissolution of silicon dioxide in alkali salts [44]. Similar to hydroxides, sodium and 

potassium silicates are those most applicable to industrial alkali activation. The high cost and 
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limited production of rubidium and caesium silicates, and the insufficient solubility of lithium 

silicate, restricts their use at a large scale [48]. 

Most silicate activating solutions are buffered at approximately pH 11-13.5 by the silicate 

deprotonation equilibria due to the distribution of species and their respective pKa values. As 

such, silicates typically provide a much higher level of óavailable alkalinityô when compared to 

hydroxide solutions at the same pH due to the buffering effect providing a ready source of basic 

species [2], [48]. 

As previously stated, the effect of pH on the activation of BFS has great importance, primarily 

due to the fact that the solubility of calcium decreases with increasing pH. Hardened binders 

activated with an alkali hydroxide (pH >14) typically display a lower overall extent of reaction 

and lower mechanical strength than silicate-activated binder systems, where the initial activator 

pH is approximately 11-13.5 [2], [61]. This phenomenon is due to the reaction between the 

silicate species from the activator with the calcium and aluminium from the dissolving BFS 

forming binder products, and the gel nucleation process removes calcium from the solution 

phase, inducing the dissolution of precursor and thus, enhancing the extent of reaction [2]. 

Despite their common use due to quicker setting and hardening times, and good strength 

development, alkali metal hydroxides and silicates are identified as the primary contributor to 

the carbon footprint, as well as the production costs, of alkali-activated binders [62]. The 

production of sodium hydroxide and sodium silicate releases approximately 1.1 and 1.64 

tonnes of CO2 per tonne of activator, respectively [63], [64].  

2.3.4.2 Low-carbon Activators 

Alkali carbonates and sulphates are less commonly used in alkali-activated binders compared 

to the likes of silicates and hydroxides, be it due to properties, availability, or simply lack of 
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study. Carbonates are produced via the Solvay process, can be mined from carbonate salt 

deposits, which are plentiful worldwide, or can be produced from CO2 sequestration processes, 

which shows obvious environmental benefits. On the other hand, alkali sulphates are either 

obtained from mining or as a by-product from the manufacture of many industrial chemicals, 

including ascorbic acid. Despite their availability, these activators possess lower alkalinity 

compared to hydroxides and silicates, which is thought to be responsible for their lengthy initial 

hardening time and poor early strength development [48], and thus their limited use. 

However, due to the natural existence of alkali carbonates and sulphates, they can be directly 

mined from the environment, meaning their extraction is less energy intensive and emits less 

carbon dioxide than that required for hydroxides and silicates [65]. Further to this, there is 

growing interest in the use of carbonates and sulphates for lower carbon binders due to their 

lower monetary and environmental cost compared to silicates and hydroxides [66], [67]. 

2.3.4.2.1 Alkali Carbonates 

As previously mentioned, alkali carbonates are naturally occurring, chemically processed or 

can even be produced via carbon sequestration processes, and thus have potential greenhouse 

gas emission savings as high as 97 % when used in AAC in comparison to Portland cement 

[68]ï[70].  Moreover, these activators have a lower pH than the widely used hydroxides and 

silicates, giving potential benefits with regards to occupational health and safety [48], [71]. But 

this lower pH is thought to be responsible for the delayed hardening and strength development 

associated with carbonate-activated cement binders, leading to their early dismissal and limited 

use [72]ï[74]. 

In recent years, the search for more cost-effective, and environmentally- and user-friendly 

alternatives to silicates and hydroxides has led back to sodium carbonate activation of blast 
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furnace slag garnering attention from academia and industry [69], [71]. The worldwide reserves 

of natural sodium carbonate are more than 25 billion tonnes, and this material is estimated to 

be ~2-3 times cheaper than sodium hydroxide or sodium silicate [75].   

Sodium carbonate-activated slag cements require a much longer time to set - up to 5 days in 

some cases - compared to those activated with either sodium hydroxide or silicate [76]ï[78]. 

This slow setting and hardening is due to the slow development in alkalinity, which is needed 

to initiate the dissolution of slag particles, with the initial pH of sodium carbonate being less 

than 12. A good consensus suggests that during the activation process, Ca2+ from the dissolved 

slag must react with the CO3
2- from the activator to form carbonate salts (calcite and gaylussite) 

in order to increase the pH via the release of hydroxide ions [71], [77], [79]. With an excess of 

CO3
2- ions in the system, the pH of the solution phase is slow to increase, but once these 

carbonate ions have been consumed, the later reaction stages are comparable to that of sodium 

hydroxide-activated slag binders [62], [71]. To overcome the challenges associated with 

hardening processes and the slow strength development of carbonate-activated slags, high-

temperature curing has been proposed, but this would in turn limit the use of such materials 

commercially. 

There have been mixed observations of the strength development of carbonate-activated 

binders. Provis et al. suggested that, despite the longer setting times and strength development, 

the mechanical strength in aged slag cements is higher when activated with carbonates over 

hydroxides [72], whereas, on the contrary, a study by Perumal et al. [80] observed that sodium 

carbonate-activated tailings showed excellent early-age strength development, but did not 

display improvement over time. Overall, an overarching observation is that the use of alkali 

carbonates in alkali-activated binders based on high-calcium precursor, early strength 

development is very poor and a highly porous material is produced, but at advanced times of 
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curing, the combination of the formation of a highly crosslinked C-A-S-H type phase, the 

densification of the material, and a decrease in porosity provides sufficient strength [81]ï[85]. 

Overall, there appears to be a lack of comprehensive study into the use of metal carbonates for 

use in alkali-activated materials, in particular slag binders. Where research has been conducted 

into their use, some results and observations are contradictory meaning a sound conclusion as 

to the effectiveness of these activators is difficult to draw. 

2.3.4.2.2 Alkali Sulphates 

Similarly to alkali carbonates, alkali activation of aluminosilicate materials with alkali 

sulphates offers significant potential greenhouse savings as the salt is obtained either directly 

from mining ï of which, there are estimated to be over 3.3 billion tonnes worldwide [86] ï or 

a by-product of various industrial products, like viscose rayon, hydrochloric acid, and silica 

pigments. The availability of these salts, coupled with their reduced pH meaning less 

challenges with handling compared to the highly alkaline silicates and hydroxides, presents a 

viable option for a more environmentally friendly cementitious binder in the form of alkali 

sulphates in the production of AACs [48], [81], [87]. 

However, compared to various alkali activators, there are very limited studies investigating the 

activation of aluminosilicate precursors with sulphates, which may be due to its near-neutral 

pH causing a slow reaction, and thus longer setting times and lower early strength 

measurements [67], [88], [89] compared to hydroxide or silicate activators. Beyond this, alkali 

sulphate-activated slag has been proposed as a potential encapsulant for nuclear wastes 

containing reactive metals due to its reduced pH, reduced heat output during reaction, and less 

free water due to ettringite formation [90], [91]. 
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Altogether, at face value, alkali sulphates offer an environmentally friendly, cost-effective, and 

safe-to-handle solution for use in alkali-activated binders, however, their limited study suggests 

hindered performance. As such, clear understanding of the underlying chemistry that governs 

the reaction and subsequent physical properties must be understood to assess their feasibility 

for use in these cementitious binders. 

2.4 Alkali-Activated Slag Binders 

2.4.1 Overview 

Alkali-activated slag (AAS) cements are the product of mixing granulated blast furnace slag 

with highly alkaline solutions. Research into these materials has gained prominence in recent 

years due to their energy and environmental benefits over traditional Portland cement. With 

regards to mechanical properties, AAS binders are very comparable to PC, especially when 

activated with sodium silicate [61], [92]. Additionally, these materials exhibit greater durability 

than PC systems when exposed to acid, sulphates, and seawater [93], [94], but are thought to 

carbonate more readily [95]. 

2.4.2 Structure 

2.4.2.1 C-A-S-H 

The properties of slag binders are dependent on the nature and structure of their main reaction 

product, the C-A-S-H phase. As mentioned in the previous section, this phase is very similar 

in nature to the main hydration phase in Portland cement, C-S-H, however, C-A-S-H typically 

has a lower Ca/Si ratio than C-S-H, at 0.8-1.2 compared to 1.5-2.0, respectively [48], [56]. It 

comprises chains of tetrahedral silicates with a dreierketten structure, as can be seen in Figure 

2-5. The chain length of the C-A-S-H phase in these slag cement systems is longer than that of 

the C-S-H phase in PC, with up to 13 tetrahedra compared to three to five tetrahedra, 

respectively. One of the primary differences between the two phases is that C-A-S-H contains 
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aluminium in its structure, replacing the silicon in bridging positions. A charge imbalance is 

caused by this substitution of Al3+ for Si4+, which is remedied by the uptake of Na+ ions in the 

phase [2], [83], [96], [97]. 

 

Figure 2-5 Schematic of the generalised structure of C-A-S-H type phase, where the blue and purple triangles represent 

tetrahedral Si and Al sites, respectively. 

 

2.4.2.2 Secondary Hydration Phases 

Secondary hydration phases present in alkali-activated slag binders include a Mg-Al rich 

crystalline phase of hydrotalcite (Mg6Al2CO3(OH)16.4H2O) in systems with a high MgO 

content, as well as an AFm-type structure (tetracalcium aluminate hydrate, (C,M)4AH13) [16], 

[98]. The formation of a Mg-Al layered double hydroxide (LDH), also known as hydrotalcite, 

is via the precipitation of magnesium in the slag. This phase exhibits a layered crystal structure, 

where positively charged hydroxide layers are interlaced with layers comprising carbonate 

anions and water molecules [3], [99]. In systems with high aluminium but low magnesium 

content, zeolites (such as gismondine and garronite) also form as secondary hydrates [13], [98]. 
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2.4.3 Alkali Activation Reaction 

2.4.3.1 Overview 

Studies have shown that the reaction mechanism for alkali-activation of blast furnace slag can 

often be described in the same four distinct stages as the hydration of Portland cement: the 

initial or pre-induction period, the induction period, the acceleration period, and the 

deceleration period. The initial, pre-induction period corresponds to the dissolution of solid 

aluminosilicate precursor, i.e. the dissolution of the slag particles, followed by the dormant, 

induction period, where there is rearrangement and exchange amongst dissolved species. The 

acceleration period is where there is typically a large release of heat, due to the gel nucleation 

and precipitation of reaction products. This stage is followed by a deceleration period, where 

the material begins to solidify, harden, and develop its strength [2], [62], [100], [101]. 

It has been found that in the first 24 to 48 hours of the reaction process, the reaction kinetics of 

BFS activated with alkali silicate, carbonate or hydroxide produce a heat flow curve generally 

similar to that expected for PC. However, the intensity and length of reaction periods of alkali-

activated BFS binders during this time depends on the activator type [48]. Typically, BFS 

activated with NaOH or Na2CO3 produces a lower total heat release in the first 24 hours of 

reaction than that of silicate-activated binders, consistent with a slower reaction process [102]. 

Consequently, the reaction products, and thus the performance, of alkali-activated slag binders 

are heavily dependent on the nature of the alkali activator used [58], [103]ï[105]. 
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Figure 2-6 Reaction process and products of alkali-activated slag binders. Adapted from Provis and Bernal [2]. 

 

Blast furnace slag predominantly consists of the following oxides: CaO, SiO2, MgO, and Al2O3 

[100] and the variation in content of these aforementioned oxides is known to affect the reaction 

mechanisms and kinetics of alkali activation. An increase in MgO content results in a slower 

rate of reaction for silicate-activated slags, as observed by Bernal et al. [106], due to the 

formation of hydrotalcite as well as C-A-S-H. Whilst, another study observed that an increase 

in MgO content results in a higher degree of reaction at an early age in silicate-activated binders 

[107]. Furthermore, when the MgO content of slag was constant, an increase in Al2O3 saw a 

reduction in the rate of reaction for both hydroxide- and silicate-activated slag binders in the 

initial few days of curing [108]. 
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During the first few hours of reaction, the dissolution of slag under high concentrations of OH- 

facilitates the breaking of Ca-O, Mg-O, and T-O-T bonds (where T = Si or Al) within the slag 

particles. Due to the weaker bonding of Ca-O and Mg-O compares to T-O-T, greater amount 

of Ca and Mg dissolves in the water than Al and Si, and as such, a Si/Al-enriched layer forms 

rapidly on the slag surface. This altered phase structure of slag provides gaps for hydroxide 

ions to enter the bulk system and facilitate the primary reaction. Then, depending on activating 

solution chemistry, hydration products form in the space between particles previously occupied 

by OH- ions [48], [104], [109]ï[111]. 

2.4.3.2 Activation with Sodium Carbonate 

As previously mentioned, sodium carbonate can be utilised in slag binders as a lower cost and 

more environmentally friendly alternative to hydroxide and silicate activators. The use of 

carbonates as activators promotes the development of a lower pH compare to other alkali-

activated cement systems, which is cause for the materialôs slow setting times and early strength 

development, but is potentially beneficial with regards to occupational health and safety 

considerations [48], [77]. The understanding of the structural development of carbonate-

activated slag binders is limited as these materials have garnered less interest from both 

academia and industry because of this delayed setting and strength development in comparison 

with BFS activated with sodium silicate or hydroxide [77]. 

During the early stages of BFS activation with sodium carbonate, it is believed that calcium 

carbonates and mixed sodium/calcium carbonate double salts form as a result of the Ca2+ ions 

from the slag preferentially reacting with the CO3
2- ions of the carbonate activator, whilst the 

aluminosilicate component of the slag likely reacts with the sodium from the activator to form 

either a sodium aluminosilicate phase [58] or a crystalline zeolite, e.g. zeolite NaA [71]. These 

phases do not provide the high degree of cohesion required for high early strength development, 
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and the carbonate phases formed, in addition to the slow dissolution of slag under moderate pH 

from the Na2CO3 activator, retard the reaction, causing a longer induction period. However, 

once the CO3
2- is exhausted, the activating reaction continues similarly to an NaOH-activated 

slag binder, forming the typical calcium aluminium silicate hydrate (C-A-S-H) and hydrotalcite 

phases [69], [71]. 

Furthermore, it has been suggested that the long-term activation reaction of slag binders with 

sodium carbonate occurs through a cyclic hydration process, where the Na2CO3 supplies a 

buffered alkaline environment, with the level of available CO3
2- in the system maintained by 

the gradual dissolution of CaCO3 within the pore solution releasing Ca
2+ to react with the 

dissolved silicate from the BFS to form C-S-H-type products. However, there lacks detailed 

evidence as to how this mechanism might be established and then proceeds over the initial 

months of reaction [71], [82]. 

2.4.3.3 Activation with Sodium Sulphate 

There is also interest in sodium sulphate for the alkali activation of aluminosilicate slag 

precursors, due to their availability and near-neutral pH making them more cost-effective, safer 

to handle, and lower in carbon intensity compared to their more commonly used counterparts, 

alkali silicates and hydroxides [48], [81], [87]. However, the aforementioned moderate pH 

lowers the amount of soluble silica released from the slag, and thus hinders the rate of reaction, 

the setting time, and early strength development of alkali-activated slags utilising sodium 

sulphate [67], [88], [89], [112], [113]. 

Alkali activation of slags with sodium sulphate typically leads to the formation of a C-A-S-H-

type structure with a low Ca/Si ratio as the main reaction product and key binding structure 

[81], [114]. Depending on the chemistry of the slag, the main secondary reaction product for 
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sodium sulphate-activated slags is ettringite when the MgO content is low (<5 wt.%) and Al2O3 

content is high, or sulphate-bearing layer double hydroxides (LDHs) when there is a higher 

MgO content [87], [88], [115]. Mobasher et al. [67] found that a greater quantity of C-A-S-H 

phase formed when the activator dosage increased due to a higher extent of reaction, while 

other studies revealed that slag fineness and curing temperature can greatly influence the 

reaction kinetics of sodium sulphate-activated slag binders [89], [114]. Although there is 

increasing interest in utilising sodium sulphate for alkali activation of slags, there is still limited 

knowledge of how the formulation chemistry affects the reaction-structure-property 

relationships. 

2.4.4 Inclusion of Additives  

It has been found that, although limited in overall research, early studies of the use of both 

sodium carbonate or sodium sulphate in the alkali activation of slags have generally conceded 

that the rate of reaction, setting time, and early strength development are less than desirable for 

cementitious binders applied in industry. As such, it is worth exploring avenues by which the 

performance of such slag binders can be improved without compromising on the lower carbon 

footprint and ease of handling that using these near-neutral salts afford. 

Quite often where the desired performance of cementitious binders is not achieved, additional 

(mineral or chemical) components are incorporated into the mix design beyond the binder 

components ï the aluminosilicate precursor and alkaline activator ï with the aim of improving 

one or more properties [48]. For example, superplasticisers are possibly the most common 

admixture in alkali-activated materials used to improve the rheology and workability [116]ï

[118]. 
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2.4.4.1 Inclusion of CaO and MgO for Improved Performance of AACs 

With the knowledge that alkali hydroxides and silicates result in desirable properties for alkali-

activated slag systems, the combination of these activators with the low-carbon activators has 

been explored as a happy medium between performance and environmental sustainability [69], 

[79], [119], [120].  

Similarly, it is quite well known that slag composition can significantly affect reaction kinetics, 

phase assemblage, and mechanical properties of alkali-activated slag cements [106]ï[108], 

[110], [121], [122], particularly the CaO, MgO, and Al2O3 content. As such, studies have 

incorporated calcium oxide and magnesium oxide to replace some quantities of slag within 

alkali-activated slag systems in order to improve properties; improved reaction kinetics, drying 

shrinkage, and strength has been noted for the inclusion of either MgO and CaO in alkali-

activated slag binders [123]ï[125], including those activated with sodium carbonate [125]ï

[127] or sodium sulphate [125]. 

MgO is typically used for the improvement of mechanical properties but has been ovserved to 

increase early reaction kinetics. According to Abdel-Gawwad [123], the replacement of slag 

with 5 wt.% of reactive MgO reduced the drying shrinkage, accelerated the hydration, and 

increased early compressive strength of slag binders activated with a sodium silicate and 

hydroxide blend. Moreover, He et al. [125] found that the inclusions of reactive MgO in 

quantities 4-6 wt.% greatly accelerates the hydration of Na2CO3- and Na2SO4-activated slag 

due to an increase in pH of the systems leading to an increased heat evolution rate and 

cumulative heat of reaction of AAS. This incorporation also saw the promotion of more 

reaction products and the densification of the matrix, which subsequently improves the 

mechanical properties. These findings are corroborated by Feng et al. [124]. 
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Similarly, the addition of calcium oxide in alkali-activated slag systems has also seen mostly 

positive results in terms of reaction kinetics and setting time, however, reduced workability and 

limited changes in strength measurements [122]. The increase in reaction kinetics is due to the 

formation of Ca(OH)2 facilitating the reaction between Ca
2+ and [SiO4]

4- [128]. Reduced 

workability and setting time has been noted as being a result of the higher dissolution of 

aluminosilicate causing a shortage of water in the alkaline pore solution [122]. Furthermore, 

Wang et al. suggested that the inclusion of 2.5 wt.% of CaO with a 5 % dosage of Na2CO3 

significantly increased the quantities of hydration products, resulting in a denser microstructure 

and a higher compressive strength. This was attributed to the generation of sodium hydrate and 

low crystalline calcium carbonate phases by the initial reaction of CaO and Na2CO3 facilitating 

the formation of calcium silicate hydrate and hydrotalcite-like phases [126]. 

Overall, though limited in study, it has been found that small inclusions of CaO and MgO in 

alkali-activated slag binders can alter the performance of such cements, be it their initial 

reaction kinetics, setting time, workability or compressive strength, however, the exact effects 

appear to depend on the mix chemistry. 

2.5 Key Research Gaps and Aims of Study 

It is evident that various approaches must be explored to lower the carbon footprint of the 

concrete industry, and one of those approaches is the use of alternative binders to reduce the 

reliance on PC. It is reasonable to suggest that there is no singular binder that will replace the 

role of PC, and so a variety of cementitious materials must be explored for the combined 

replacement of at least some proportion of PC in order to oppose the significant greenhouse 

effect of the concrete industry.  
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One of the most promising alternatives proposed is the use of alkali-activated slag binders, due 

to their key binding phase being analogous to that of PC, however despite this similarity, their 

structure-property relationships differ significantly. Where these materials have been studied 

and then used in practice, alkali silicates and hydroxides have been used, which have been 

noted for contributing the most to the materialôs carbon footprint. On the other hand, less 

commonly used activators, like alkali carbonates and sulphates, would contribute a lower 

carbon footprint but have been less studied.  

This forms the basis of the research study herein, and the specific research gaps identified from 

the literature review are summarised below, alongside how these will be investigated in this 

study. 

¶ Studies of low-carbon activators ï alkali carbonates and sulphates ï identify that the 

reaction is slow and resulting structure and properties are undesirable. However, there 

is clear lack of fundamental mechanistic knowledge as to how the activator results in 

such structure and properties. As such, a key focus of this study is to understand the 

fundamental chemistry governing the reaction kinetics and mechanisms, and 

subsequent phase evolution and physical properties. This understanding should in turn 

facilitate further study into optimisation of mix design to enhance performance and 

reduce the carbon footprint  

¶  Some studies have proposed a probable theory as to the delay in main reaction of 

carbonate-activated slag binders ï a preferential reaction occurring in the initial hours 

after mixing, whereby calcium ions from the slag are reacting with carbonate ions in 

the activator to form calcium carbonate polymorphs, which in turn prevents the increase 

in alkalinity required to induce the formation of key binding phases. Although a sound 

theory, there lacks clear evidence to verify this preferential reaction, and so there is 
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need for an in-situ investigation to validate the specific reaction mechanism. This 

verification is necessary in order to explore avenues for improving the rate of reaction 

associated with the limited use of such low-carbon activators. 

¶ Along the lines of improving reaction kinetics and property development, approaches 

have been proposed where activating solutions are combined or even additional 

minerals are added to the system to improve performance. This study will therefore 

explore how low-carbon activators ï sodium carbonate and sulphate ï combined with 

sodium silicate affects the reaction and subsequent microstructure and property 

development, as a compromise between performance and carbon footprint. 

Additionally, minerals additives CaO and MgO ï key compositional components of 

slags and other binders ï will be incorporated into the system with the primary aim of 

improving the reaction kinetics of the low-carbon activator-based binders. As the 

primary overarching aim of this study is to assess viability of alternative activators 

while reducing the carbon footprint of AACs, only small amounts of these minerals will 

be used as replacements of the slag precursor, due to their own undesirable carbon 

footprint. 

These gaps will be addressed in comparison to a sodium silicate-activated slag binder, which 

will act as a control formulation due to its known sufficient performance and use in the concrete 

industry in some applications around the world [92], [129]ï[131].  
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Chapter 3: Materials and Experimental Methods 

3.1 Materials 

In this study, the choice was made to use cement paste rather than concrete in order to eradicate 

any effects of sand and aggregate, thus simplifying the analysis, and allowing the focus of the 

study to be on the cement itself. As such, samples were made using a blast furnace slag and 

alkaline solutions. 

3.1.1 BFS 

Samples were made using blast furnace slag supplied by Ecocem (Dunkirk, France). The oxide 

composition, which was determined by X-ray fluorescence (XRF), is detailed in Table 3-1. 

The particle size distribution (PSD) was determined using a Malvern Mastersizer 3000. A plot 

of the distribution is shown in Figure 3-1 and the corresponding values detailed in Table 3-2.  

Table 3-1 Chemical composition of BFS determined by XRF, where LOI is the loss on ignition.  

Component CaO SiO2 Al2O3 MgO TiO 2 Fe2O3 K 2O Na2O 
Minor 

Comp. 
LOI  

Mass 

Composition 

(%)  

42.7 37.2 10.2 6.6 0.5 0.4 0.4 0.3 0.3 1.2 

 

The same batch of BFS is used throughout this study, however, it should be noted that chemical 

composition of BFS varies batch-to-batch and therefore performance and properties of the 

resulting alkali-activated slag binders vary based on the initial precursor composition and PSD. 

The chemical composition of the BFS used herein is within 5 % of that for BFS in studies 

exploring alkali-activated slag binders, where the PSD is also in a similar range [69], [85], 

[119], [132] . 
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Figure 3-1 Particle size distribution (PSD) of the blast furnace slag used.  

Table 3-2 Particle size analysis of BFS.  

Sample 
Particle size analysis (µm) 

d10 d50 d90 

BFS 2.14 10.0 22.6 

 

The XRD pattern of BFS shown in Figure 3-2 indicates a mostly amorphous structure with a 

broad feature due to diffuse scattering centred at ~30Á 2ẽ. There are small amounts of 

crystalline structures present, namely calcium carbonate polymorphs (aragonite and calcite), 

likely due to some carbonation during material storage. 

 

Figure 3-2 XRD pattern of BFS with phases identified: A ï Aragonite (PDF 04-008-5421) and C ï Calcite (PDF 00-066-

0867). 
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Figure 3-3 displays the FTIR spectrum of the BFS. A broad band can be seen between ~800 

and 1000 cm-1, which appears to be two overlapping peaks, centred at ~920 and ~855 cm-1, 

corresponding to asymmetric stretching vibrations (ɜa) of Si-O-T (where T = tetrahedral Si or 

Al) [133], [134] and asymmetric bending (ŭa) of C-O [135], [136], respectively. The latter can 

be attributed to atmospheric carbonation, consistent with the previous XRD pattern. 

Additionally, there is a minor resonance centred at ~690 cm-1 attributed to the Si-O out of plane 

bending (ŭa) [137]. The broadness of these peaks is indicative of the highly amorphous 

structure, predominantly consisting of silicates. 

 

Figure 3-3 FTIR spectrum of BFS.  

 

3.1.2 Activating Solutions 

Five different alkaline solutions were used throughout the project using three reagents ï sodium 

silicate, sodium carbonate, and sodium sulphate ï either as the sole activator or in combination 

with each other. The pH of each solution was determined using a Mettler Toledo SevenCompact 

S220 pH meter, and these values are reported in Table 3-3. 
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Table 3-3 pH values for activating solutions of 8 wt.% Na2O of activator, taken in triplicate and averaged.  

Solution pH 

Na2SiO3 13.09 

Na2SiO3 + Na2CO3 13.08 

Na2CO3 11.74 

Na2SiO3 + Na2SO4 12.96 

Na2SO4 8.25 

 

A commercial sodium silicate solution was used (PQ Silicas, Grade D), where the modulus, 

SiO2/Na2O, is equal to 2.0, and has the following mass composition: 55.9 wt.% H2O, 14.7 wt.% 

Na2O, and 29.4 wt.% SiO2. Deionised water was added to the solution to achieve the desired 

water-to-solids ratio, and sodium hydroxide pellets were added to the solution to produce a 

modulus of 1.0. The solution was left to mix on a magnetic stirrer plate until the hydroxide 

pellets had completely dissolved and the solution cooled to the laboratory temperature (20 ÁC). 

For the sodium carbonate activating solutions, reagent grade anhydrous sodium carbonate 

(Fischer Scientific, Ó99 % Na2CO3) was dissolved in deionised water at laboratory 

temperature.  

In contrast, for sulphate solutions, reagent grade anhydrous sodium sulphate (Fischer 

Scientific, Ó99 % Na2SO4) was dissolved in deionised water whilst heated to ~50 ÁC on a 

magnetic stirrer hot plate. This solution was then allowed to cool to laboratory temperature 

(20 ÁC) before use. The temperature of 50 ÁC was selected based on the solubility 

characteristics of sodium sulphate as a function of temperature. At temperatures up to 32.4 ÁC, 

sodium sulphate decahydrate (Na2SO4.10H2O, also known as mirabilite or Glauberôs salt) has 

a higher solubility than the anhydrous form due to its stability. A eutectic point is reached at 
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32.4 ÁC, where the solubilities are equal for both sodium sulphate decahydrate and anhydrous 

sodium sulphate. Beyond this point, the anhydrous sodium sulphate is more soluble than the 

decahydrate form, and therefore, at a temperature of 50 ÁC, the complete dissolution of 

anhydrous sodium sulphate, and any sodium sulphate decahydrate potentially formed, is 

ensured [138]. 

For solutions with a combination of reagents, the solid reagent (sodium carbonate or sodium 

sulphate) was dissolved in deionised water before adding the sodium metasilicate solution 

(sodium hydroxide dissolved in sodium silicate solution) and allowing to cool to room 

temperature before experimental use.  

Figure 3-4 shows the FTIR spectra for each of the five alkaline solutions used for making the 

alkali-activating slag samples in this project. All spectra contain a peak centring at ~1640 cm-

1 corresponding to the bending vibration of the H-O-H bond of water [139]. Aptly, each sample 

containing: sodium silicate has a peak in its spectrum at ~985 cm-1 associated with Si-O 

stretching vibrations [53], [140]; sodium carbonate has a peak at ~1375 cm-1 in its spectrum 

assigned to the asymmetric stretching of C-O bonds of the carbonate ions [141], [142]; and 

sodium sulphate has a peak in its spectrum at ~1085 cm-1 aligning with the asymmetric 

stretching of the S-O bond within sulphate ions [143], [144]. 
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Figure 3-4 FTIR spectra of alkaline solutions. 

 

3.1.3 Additives 

Various chemicals and materials can be added to a cement mix to improve the performance of 

the overall material. The function of such additives includes reducing porosity, accelerating or 

reducing setting time, improving fluidity, and inhibiting corrosion. In this investigation, 

additives were incorporated in order to increase the rate of reaction of carbonate- and sulphate-

activated slag cements so that their performance is more comparable to cementitious materials 

in practice. 

Calcium oxide (CaO) and magnesium oxide (MgO) were chosen as appropriate additives for 

this experiment as they have previously been used in alkali-activated systems to improve the 

hydration and mechanical properties. These additives were used in small quantities (1 and 

3 wt.%), where they replaced the BFS in the system. 

3.1.4 Sample Preparation 

Initial formulations (1-3) were designed to be comparable with previous investigations of 

microstructure and nanostructure of AACs produced using carbonate-based activators [58], 

[69], [71], where sodium silicate was used as a control sample. Further formulations were 
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designed with the same water-to-solids ratio and activator dosage to allow a comparable 

analysis. For all samples, water-to-solids (w/s) ratio is 0.4, and dosage, defined as the mass of 

Na2O of the activator relative to the mass of anhydrous slag, is 8 wt.%. All formulations are 

detailed in Table 3-4. 

Samples were mixed with an overhead high-shear mixer (Heidolph RZR2020) at 1200 rpm for 

10 minutes until a homogeneous paste formed. Pastes were then transferred to 50 ml centrifuge 

tubes and cured at 20 ÁC for set times until solid-state characterisation. For fresh-state 

characterisation, sample pastes were transferred to the analytical apparatus in a promptly 

manner to acquire early reaction data. 

Table 3-4 Summary of sample formulations used in this study. 

No. Formulation Activator  BFS 

(g) 

Activator 

Na2O (g) 

Additive Additive 

mass (g) 

1 BFS_8%_SiO3 Na2SiO3 100 8 -- -- 

2 BFS_8%_CO3 Na2CO3 100 8 -- -- 

3 BFS_8%_SiO3_CO3 

Na2SiO3 + 

Na2CO3 

(50:50 

wt.%) 

100 8 -- -- 

4 BFS_8%_SO4 Na2SO4 100 8 -- -- 

5 BFS_8%_SiO3_SO4 

Na2SiO3 + 

Na2SO4 

(50:50 

wt.%) 

100 8 -- -- 

6 BFS_8%_CO3_1%_CaO Na2CO3 99 8 CaO 1 

7 BFS_8%_CO3_3%_CaO Na2CO3 97 8 CaO 3 

8 BFS_8%_CO3_1%_MgO Na2CO3 99 8 MgO 1 

9 BFS_8%_CO3_3%_MgO Na2CO3 97 8 MgO 3 

10 BFS_8%_SO4_1%_CaO Na2SO4 99 8 CaO 1 

11 BFS_8%_SO4_3%_CaO Na2SO4 97 8 CaO 3 

12 BFS_8%_SO4_1%_MgO Na2SO4 99 8 MgO 1 
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13 BFS_8%_SO4_3%_MgO Na2SO4 97 8 MgO 3 

 

3.2 Testing Methods 

3.2.1 Hardened State Chemical Analysis Methods 

3.2.1.1 Hydration Stoppage via Solvent Exchange 

Prior to analysis, the reaction of cementitious samples must be halted and the free water in the 

pore solution must be removed. The aim of reaction stoppage is to remove existing water within 

the pores without removing the water present in any hydration products, thus preserving the 

microstructure of the material. The hydration halting of samples is a desirable step before 

characterisation methods, where experimental runs are not performed immediately at a set time, 

and it is also utilised before epoxy saturation of samples for analysis with SEM [34], [145], 

[146]. 

Solvent exchange was used to stop the hydration prior to any solid-state analysis ï FTIR, XRD, 

NMR, TGA, and SEM-EDX. Samples were fragmented at set time points and immersed in 

isopropanol for at least 48 hours and then dried ready for preparation for the aforementioned 

analysis methods. Once dry, samples were either crushed, ground and sieved to ~63 Õm (for 

FTIR, XRD, NMR, and TGA) or mounted in epoxy resin for use in SEM-EDX. 

Although solvent exchange for hydration stoppage is a well-established technique, it is noted 

that solvent exchange has its limitations, in particular the altering of metastable phases can 

occur and therefore, the acknowledgement that some redistribution or loss of species is 

possible, particularly for early-age samples [34], [146]. However, this is mitigated by using the 

same established method outlined in the previous paragraph and kept consistent for all samples. 

Furthermore, there have been various discussions of the limitations of using solvent exchange 
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when it comes to TGA, in particular the layer of inorganic carbon as a result of the solvent can 

lead to a greater amount of carbonation in the data [147]ï[149]. That being said, within this 

study, TGA is utilised for indicative trends between mix designs and less for absolute values, 

and as previously mentioned, because the same method of solvent exchange was performed 

across all samples, any possible discrepancy can be resolved to systematic error. 

3.2.1.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a method by which the mass of a sample is observed 

either as a function of increasing temperature or isothermally as a function of time. It is used 

for the characterisation of materials, by identifying phase changes as a result of undergone 

decomposition, oxidation, or dehydration. 

TGA is used in the cement industry to understand the materialôs performance by identifying 

and quantifying mineralogical phases of the hydrated binder. Specifically, in this research 

study, TGA can be utilised to quantify hydration reactions as different cement hydrates will 

decompose in different temperature ranges during heating with TG. It can also be used to assess 

the degree of carbonation within a cementitious system, through decomposition at 

characteristic temperatures [150]. 

TGA data were acquired using a Perkin Elmer TGA 4000. Approximately 40 mg of powder 

sample in an alumina crucible was top loaded into the machine and heated from 30 to 900 ÁC 

at a rate of 10 ÁC per minute under a nitrogen flow of 40 ml per minute at 1 bar. An isothermal 

hold was applied at the start and end temperatures for 5 minutes. All data were normalised by 

the mass of the sample. 
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3.2.1.3 Fourier Transform Infrared (FTIR) spectroscopy  

Fourier transform infrared spectroscopy is an analytical technique used for material 

identification and constituent quantification. It operates by passing infrared radiation (between 

4000 and 500 cm-1) through a sample, where some of the radiation is absorbed and the 

remainder passes through and is transmitted to a detector. This detected signal is processed via 

a Fourier transform (hence the name), and the absorbed wavelengths are extracted to produce 

a spectrum, of either transmittance or absorbance (%) as a function of wavenumber (cm-1). 

Within the material, covalent bonds absorb the infrared beam, causing them to vibrate, which 

in turn facilitates the stretching and bending of different bonds. These vibrations occur at 

characteristic wavenumbers, and therefore, reveal the nature of the bond environment and the 

consequent molecular structure of the sample [151]. 

An infrared beam is generated and passed through a splitter in order to create two perpendicular 

beams. The incident beam is reflected off a moving mirror creating many different wavelengths 

within the beam, while the deflected beam is reflected off a fixed mirror. These two beams then 

converge at the beam splitter creating a single beam (the interferogram), containing both 

constructive and destructive interferences. The interferogram then passes through the sample, 

where wavelengths are absorbed at characteristic frequencies of the sample, and the remaining 

beam continues to the detector. This signal is then processed using a Fourier transform, creating 

an FTIR spectrum that can be analysed in conjunction with signals found in literature. Figure 

3-5 aids in illustrating the how FTIR spectroscopy works. 
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Figure 3-5 Illustration of how FTIR spectroscopy works. 

 

Due to cement binders having an amorphous and highly cross-linked structure with structural 

disorder, the likes of XRD and other techniques for identification of crystalline phases, provide 

little insight into the nature of the materialôs structural network. On the other hand, FTIR 

spectroscopy does not require long range order within a sample, and is thus an ideal method 

for characterising individual bond environments in amorphous materials, like cementitious 

materials [151]. 

The Thermo ScientificÊ NicoletÊ iSÊ 5 FTIR Spectrometer was used to identify the bond 

environments present in the cured, ground samples at specific curing times over a range of 

2000 to 500 cm-1 at a resolution of 16 cm-1 and 64 co-added scans to achieve an acceptable 

balance of signal-to-noise. 
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3.2.1.4 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive analysis technique, which provides detailed 

information on the crystallographic structure, and the chemical composition of the crystalline 

phases of materials. It works on the principle of constructive interference of monochromatic 

X-rays and a crystalline sample. A sample material is irradiated with incident X-rays and the 

scattering angles and intensities of the X-rays leaving the material are measured, revealing the 

crystalline structure of the sample. 

More specifically, a monochromatic X-ray beam with a single wavelength, which is similar to 

the characteristic distance of the atomic spacings of the sample material, is directed towards 

said  sample. When the incident X-ray beam encounters the crystal lattice of a sample, they are 

diffracted  by atoms present in the lattice planes that are spaced at a given distance. In 

accordance with Braggôs Law, the diffracted waves undergo constructive interference, and a 

characteristic diffraction intensity is produced as a function of the scattering angle: 

ὲ‗ ςὨȢÓÉÎ— 

where n is a positive integer corresponding to the order of the diffraction peak, ɚ is the angle 

of the incident X-rays, d is the lattice spacing, and ẽ is the angle between the incident X-ray 

beam and the crystal lattice planes [152]. An illustration of Braggôs Law is shown in Figure 

3-6. 

The resulting diffraction pattern can be used for the identification of crystalline phases, 

typically analysed with reference to databases containing known patterns for specific phases 

[34]. 
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Figure 3-6 Demonstration of Bragg's Law. 

 

Typically, quantitative XRD analysis is used to determine the phase composition of clinker and 

cement for quality control purposes. It is an advantageous tool that can be utilised to study 

phase changes during reaction and setting of binders in comparison to raw materials [34], [153], 

[154]. For AACs, XRD analysis is often used to identify the poorly crystalline C-A-S-H phase, 

secondary hydration phases in the form of gaylussite and zeolites, and calcium carbonates due 

to sample carbonation [69], [71], [155]. Diffractograms for alkali-activated binders have a 

distinctive diffuse scattering between 20 and 40Á 2ẽ, more specifically centred at ~29Á 2ẽ for 

high-calcium binder systems, indicative of the main binding phase within the material 

structural network [156], [157]. However, due to the primarily amorphous nature of alkali-

activated binders, it is often used in conjunction with other analytical techniques, including 

FTIR and TGA, to verify findings. 

XRD patterns of ground samples cured to specific time points were obtained use a PANalytical 

XôPert3 diffractometer operating in Bragg-Brentano geometry using a CuKŬ radiation source 

generated at 45 kV and 40 mA, which has been shown in the literature to be appropriate 

parameters when examining cementitious materials [154]. A scan from 5 to 70Á 2ẽ was used, 

with increments of 0.02Á 2ẽ and 2.2 s per step. Phase identification was carried out using 

DIFFRAC-EVA software and the ICDD PDF+4 database. For the sake of analysis, all 

diffractograms were normalised between 0 and 1. 
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3.2.1.5 Nuclear Magnetic Resonance (NMR) spectroscopy  

NMR analysis involves detecting interactions between nuclei with intrinsic magnetic moments 

(i.e. non-zero spin) and applied magnetic fields. During an NMR experiment, a sample is held 

in a magnetic field (B0), and pulses of radiofrequency radiation are applied to induce nuclear 

spin, where the electromagnetic response produced as the nuclei relax back to their equilibrium 

states is measured. This electromagnetic response is recorded as a free induction decay, which 

is converted to an NMR spectrum by the application of a Fourier transform. A spectrum 

contains characteristic resonances of near-neighbour atomic environments, as nuclei ca 

experience slightly different magnetic fields due to shielding from surrounding electrons. These 

resonance frequencies are denoted as a chemical shift (ŭ) relative to the known chemical shift 

on an external standard [42], [158]. 

For solids, NMR spectra are broadened due to the likes of dipolar interactions, anisotropy of 

the chemical shielding and quadrupolar interactions. As such, sample spinning methods must 

be applied to reduce broadening. The key method for this is magic angle spinning (MAS), by 

which a sample is spun at an angle of 54.74Á relative to B0, so that the dipolar interactions are 

suppressed and both chemical shielding anisotropy and first-order quadrupolar interactions are 

removed [42], [158], [159]. 

NMR allows the identification of local chemical environments of nuclei, irrespective of the 

crystallographic order of the material, which is ideal for the study of cementitious materials. In 

the application of cementitious materials, NMR is instrumental in determining reaction 

mechanisms and kinetics, and structural evolution to assess properties and performance of 

cements. And so, nuclei of interest included in alkali-activated slag binders are typically 1H, 

27Al, and 29Si [160]. 
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Solid-state single pulse 27Al and 29Si magic angle spinning (MAS) NMR was conducted using 

a Bruker Avance III HD 500 spectrometer at 11.7 T with a 4.0 mm dual resonance cross-

polarisation (CP) MAS probe producing a Larmor frequency of 130.32 MHz for 27Al and 99.35 

MHz for 29Si. 27Al MAS NMR spectra were acquired using a 1.7 Õs nonselective (/́2) 

excitation pulse, a measured 5 s relaxation delay, a total of 512 scans, and at a spinning speed 

of 12.5 kHz. 29Si MAS NMR spectra were collected using a 5.5 Õs nonselective (/́2) excitation 

pulse, a spinning speed of 12.5 kHz, 60 s relaxation delay, and a total of 256 scans. The 

chemical shifts were compared to an external standard of 1.0 M Al(NO3)3 for all 
27Al spectra 

and pure tetramethylsilane (TMS) for all 29Si spectra.  

Gaussian peak profiles were used to deconvolute the 29Si MAS NMR spectra. The minimum 

number of peaks possible were fitted, and the chemical shift and peak full width at half 

maximum (FWHM) of each resonance were required to be consistent across spectral 

deconvolutions for all samples. Peak intensities were required to be consistent with the 

structural constraints described by the ñcross-linked substituted tobermorite modelò (CSTM) 

for C-(N)-A-S-H phase products [161], so as to fit the following constraints: 

ὗ ρὃὰ ςὗ ρὃὰ 

ὗ ὗ ρὃὰ ςὗ ςὗ ρὃὰ 

Six resonances were resolved and fitted using Gaussian peak profiles and the aforementioned 

constraints for tetrahedral Si sites within the C-A-S-H phase products, plus an additional 

resonance to account for the Si sites in remnant unreacted slag. 
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Using the CSTM in conjunction with 29Si MAS NMR spectral deconvolutions, values for the 

mean chain length (MCL) and AlIV/Si ratio of cross-linked C-(N)-A-S-H can be calculated 

using the following equations: 

ὓὅὒ  
τὗ ὗ ὗ ρὃὰ ὗ ςὗ ρὃὰ

ὗ
 

ὃὰ
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3.2.1.6 Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-

EDX) 

SEM-EDX is a non-destructive analytical technique for chemical characterisation of a material 

at the micro scale via elemental identification and quantitative compositional data. SEM utilises 

a focused beam of electrons to produce high-resolution, magnified images of a samples surface 

topography, while EDX analysis is used to acquire the composition of a sample. 

A stream of electrons is generated via an óelectron gunô and is then accelerated and focussed 

using a serious of electromagnetic lenses. This focused electron beam is then directed onto the 

surface of the sample, where several interactions can occur and a signal is generated based on 

the type of interaction undergone. When electrons undergo inelastic scattering, a resulting 

emission occurs of secondary electrons, backscattered electrons (BSE), and characteristic 

energy dispersive X-rays (EDX). In this study, the examination of BSE and characteristic X-

rays are used for characterisation. 

BSEs are the result of elastic collisions, where the electrons have been scattered back from 

within the sample. Their signals can distinguish materials by atomic number, and they are used 

to generate images with compositional contrast; brightness in BSE images corresponds to the 
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intensity of electrons, which is proportional to atomic number and material density. 

Additionally, an X-ray detector can be used to collect characteristic X-rays emitted from the 

specimen due to electron excitation and the corresponding EDX energies can provide semi-

quantitative analysis on the elemental composition of the specimen. This can be displayed as 

elemental maps, line scans, or point analysis data. 

In terms of cement chemistry, SEM-EDX provides vital information for quality control, 

including the degree of cement hydration by determining the formation and distribution of 

hydration products, homogeneity of the phase structure, and homogeneity of the cement. 

Additionally, this technique can be used to assess structural evolution of cementitious 

materials, including information on mineral phases in paste, pores, and cracks, morphology of 

phases, phase assemblage, and chemical composition of mineral phases [162]ï[164]. 

BSE-SEM was conducted using a low vacuum benchtop Hitachi TM3030 coupled with an 

integrated Bruker Quantax 70 EDX detector, at an accelerating voltage of 15 kV and working 

distance of 8.5 to 9 mm. Sample preparation involved mounting hardened cement paste samples 

in epoxy resin, followed by grinding and polishing to a 0.25 Õm finish using a diamond 

suspension. The polished surface was carbon coated prior to analysis. 

Visual observation of the EDX spectra for each sampling point showed that for all spectra, the 

signal-to-noise ratio was sufficiently high that the noise could be considered negligible relative 

to the signal. EDX data were post-processed using the Quantax 70 software, where an evenly 

distributed selection of EDX data points across an 8 x 6 grid (48 points) were acquired for all 

samples. The EDX data points were normalised so that the sum of all elements observed at a 

single point equalled 100 mol%. 
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3.2.1.7 Compressive Strength Measurements 

Compressive strength of selected alkali-activated cement pastes was determined after 7 and 28 

days curing, according to amended ASTM C109 [165]. Slight deviation from this standard was 

followed, as cement paste samples were used rather than mortars, i.e. no sand was added to the 

mixture. 

Cement pastes were mixed using a planetary mixer for 10 minutes before being transferred to 

50 mm cube moulds, sealed, and placed in a curing chamber at 20 ÁC. Once hardened, usually 

after 24 hours, specimens were demoulded, resealed, and stored in the curing chamber until 

testing age.  

A Controls Automax  5.0 uniaxial frame was used with a loading rate of 1250 N per second. 

Cubes were placed between the parallel plates with the ñtrowelledò or top-cast surface facing 

to the side of the instrument, to ensure the same orientation and for an even side-cast surface 

to meet the parallel plate. Strength values at each curing age were taken in triplicate and a mean 

value reported with a calculated standard deviation. 

3.2.2 Fresh State Characterisation Methods 

3.2.2.1 Isothermal Conduction Calorimetry (ICC) 

Isothermal conduction calorimetry (ICC) is a test method designed to measure the heat 

production rate during reaction processes, including dissolution, hydration, and phase changes. 

The heat generated during the chemical reactions flows rapidly through a thermal conductor to 

a heat sink, which is maintained at a constant temperature, is recorded and then compared to 

an analogous reference sample running in parallel [166], [167]. 

ICC is a sensitive and versatile tool used to study the hydration process of cement, due to these 

reactions being highly exothermic in nature. The instrument allows the continuous monitoring 
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of heat generation, showing the reaction mechanisms, as well as reaction rates in the different 

phases, of the cement hydration process. By monitoring the heat evolution of cement during its 

formation, this method can be used, for example, to determine reaction kinetics, investigate the 

effect of contaminants and/or admixtures, explore temperature dependencies, and for quality 

control. 

In this study, the TAM Air Isothermal Calorimeter was used, maintained at a constant 

temperature of 20 ÁC, to follow the heat output of the cement pastes for up to 150 hours. The 

cement paste was prepared following the above mixing procedure, before 20 g of sample was 

transferred to a glass ampoule and into the calorimeter. A reference of deionised water was used 

in a quantity equivalent to the mass of water in the cement paste sample. All values of heat 

flow are normalised by the mass of cement paste. 

3.2.2.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

Time-resolved data provide continuous information on a reacting system with no sample 

preparation (solvent exchange, drying, grinding, etc.) beyond initial mixing. The likes of 

isothermal calorimetry takes continuous measurements, allowing an overall insight into 

reaction kinetics, however, it is difficult to discern specific mechanisms ï dissolution and 

precipitation ï that can occur simultaneously during reaction. As such, using a technique like 

FTIR on a time-resolved basis will allow the study of reaction mechanisms in situ, through the 

tracking of changes in bond environments within consumed raw materials and precipitated 

reaction products over time. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a type of FTIR 

spectroscopy, relying on scattering of infrared light within the sample. Within the spectrometer, 

an infrared beam strikes the sample, where three things happen: some of the beam is reflected, 
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some of the beam is absorbed in the sample and lost, and the remainder of the beam is 

transmitted into the sample. During the latter, the beam that scatters within the sample, then 

returns to the surface, and the light energy is diffusely reflected. This scattered light is then 

directed to an infrared detector, and the resulting data is processed into a spectrum. DRIFTS is 

typically used for analysis of powder samples or samples that are not easily analysed using 

traditional transmission methods, including those with rough surfaces and the likes of fibres 

[168]. 

Despite its typical uses, DRIFTS was used in this study as an in-situ technique to study the 

initial reactions of alkali-activated cement pastes by following the changes in bond 

environments with time. The Thermo ScientificÊ NicoletÊ iSÊ 5 FTIR Spectrometer was 

used with a PIKE EasyDiff attachment to measure IR spectra across a range of 2000 to 500 cm-

1 at a resolution of 16 cm-1 and 64 co-added scans to achieve an acceptable balance of signal-

to-noise. Samples were mixed and promptly loaded into a sample crucible and onto the 

spectrometer, and spectral scans were measured every 2 minutes for the first 2 hours after 

mixing.  

Early-age changes in bond environments are essential for identifying the specific initial 

reaction mechanisms for sodium carbonate-activated slag binders, which has been proposed as 

a preferential reaction inducing the characteristic long induction period of the binder in 

previous studies [69], [71]. The intervals for DRIFTS spectra measurements were chosen to 

align with the initial heat release identified in calorimetry data for sodium carbonate-activated 

slag binders in this study, where the initial reaction peaks at ~2 hours. 
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3.2.2.3 XRD in situ 

As previously mentioned, X-ray diffraction is a useful tool that can evaluate phase composition 

of cement samples, aiding in the identification of reaction products and structures over different 

curing ages. Also previously mentioned, time-resolved measurements from various analytical 

techniques can aid in the understanding of reaction mechanisms of cement hydration. 

Typically, XRD is conducted on solid-state samples, and the parameters used for such powder 

samples in this project, mean a total scan time of ~2 hours per sample. However, to study 

reaction mechanisms in situ, a shorter total scan length is required, as reaction kinetics of 

cement suggest dissolution and precipitation of reaction products occur simultaneously at very 

early age, i.e. in the first few hours. As such, synchrotron XRD has been used successfully in 

recent years for the in-situ analysis of cement reactions [169]ï[171], however, the limited 

existence of synchrotron facilities worldwide means high expenses and thus, limited access. 

Consequently, lab-scale diffractometers are more affordable and readily available and can also 

provide in-situ measurements. 

The range of 2ẽ was shortened and time per step size decreased to reduce overall scan time in 

order to effectively follow the reaction mechanism in situ while maintaining a suitable noise 

level to determine key phases. A range of 11 to 35Á 2ẽ was identified as of interest for key 

reaction products, including some calcium and sodium-calcium carbonates as well as the broad 

amorphous feature attributed to C-A-S-H, and time per step size was reduced to 1.0 s, meaning 

a total scan time of 15 min. To ensure a balance between scan time and noise was achieved as 

well as a suitable 2ẽ range selected, a previously XRD-characterised powder sample was 

measured using these new scan parameters, which is shown in Figure 3-7. 
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Figure 3-7 Comparison of methods for XRD data acquisition, where óMethod 1ô is the typical scan parameters used for powder 

analysis (0-70Á 2М and 2 hours), and óMethod 2ô is the shortened scan for in-situ measurements (11-35Á 2М and 15 mins). N.B. 

the same sample was used for this test, however, when testing for óMethod 2ô, the sample age meant that carbonation had 

occurred during storage, hence the more crystalline feature at ~29Á 2М. 

 

Alkali-activated cement pastes were mixed following the previously mentioned mixing 

procedure and transferred to a sample holder promptly. The paste was contained between 2 

pieces of Kapton polyimide film to prevent any interference from the sample holder or the air. 

The use of this film results in a broad amorphous hump centred around ~20Á 2ẽ, however, 

crystalline structures around this 2ẽ value are still identifiable. 

3.2.2.4 Mini Slump Tests 

A mini slump test is a fast, simple, and widely used method for assessing the workability of 

cementitious pastes in the fresh state. Typically for a slump test, a conical mould is filled with 

the testing material (cement), and then the mould is lifted to assess how the material flows. 

Neglecting inertial effects, the cement will flow once the mould is lifted and will stop flowing 

when the shear stress due to flow under gravity decreases to the value of the yield stress of the 

material [172], [173]. 
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A mini slump test was conducted on fresh alkali-activated cement pastes immediately after 

mixing to determine the workability. A downscaled Abrams cone with a height of 57 mm, and 

internal top and bottom diameters of 19 and 38 mm, respectively, was used during the mini 

slump test. The slump cone was placed on a flat sheet and filled with fresh cement mixture, 

before the cone was then lifted as slowly as possible (< 1 cm/s). Flow diameter was measured 

using vernier callipers in two perpendicular directions, and tests were performed in triplicate, 

with a mean value of diameter and standard deviation calculated for each sample studied. 

3.2.2.5 Rheology Measurements 

With regards to cementitious systems, rheology is a measure of the yield stress and flow 

characteristics of the material, which can also be referred to as the workability of the paste. A 

rheometer can be used to measure how a viscous fluid responds to applied forces, thus 

providing an insight into stress-strain relationships to understand the flow and deformation 

properties of the material. Workability is an important characteristic relating to the fresh-state 

utilisation of cement pastes, including for the transportation, pouring, pumping, and shaping of 

the binder, and as such, rheology can be used to understand structural properties and 

performance of the material. 

In this project, the acquisition of a shear rate vs shear stress curve allows one to see whether a 

paste undergoes Newtonian or non-Newtonian behaviour, as well as its yield stress [174]. 

Additionally, cement pastes have also been shown to display shear thinning or thickening 

behaviour [117], [175]. These behaviours are demonstrated in Figure 3-8. 
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Figure 3-8 Standard shear stress vs shear strain curves showing ideal pastes and fluid behaviours, taken from [176].  

 

Rheological behaviour of each sample was assessed using a six-blade vane coupled to a Thermo 

Scientific HAAKE Viscotester 550 to undertake plastic viscosity analysis, starting immediately 

after mixing had ceased. Data for processing was collected from the decreasing oscillating 

frequency curve, from 100 s-1 over a 60 s period. Working on the decreasing shear rate of flow 

curve allows for the minimisation of errors. If working with an increasing frequency from a 

stationary elastic fluid, then as the strain is applied, the inertia is high, and therefore, 

measurements would also include force required to overcome this inertia. Additionally, the 

Herschel-Bulkley model ï a generalisation of the Bingham and power law models ï was 

applied to the descending shear rate curve, and this is presented as an overlay to the measured 

data. The Herschel-Bulkley model is described via the following equation: 

 

† † Ὧ‎  
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Where Ű is shear stress, Ű0 is the yield stress, k is the consistency, ‎ is the shear rate, and n is 

the flow index. When n is equal to 1, the material follows Bingham plastic behaviour, and when 

greater than or less than 1, the material follows shear thickening or shear thinning behaviour, 

respectively. 

3.2.2.6 Setting Time Measurements 

Vicat apparatus is used to measure consistency and thus setting times of concrete, mortar, and 

cement paste, in accordance with BS EN 196-3 [177]. The setting time is indicative of the final 

phase of the cement hydration reaction, as well as the materialôs workability [178]. 

The Vicat method was used to acquire values for initial and final setting times of fresh alkali-

activated cement pastes during this project, using a Matest VICATRONIC apparatus equipped 

with a 1.13 mm-diameter needle. Fresh pastes were transferred immediately after mixing into 

a conical frustum mould of height 40 mm, and top and bottom internal diameters of 60 and 

70 mm, respectively. 

The initial setting time was determined as the point when the distance from the base plate and 

the needle is 6 Ñ 3 mm. This point is noted as being when  the cement paste starts to lose its 

plasticity and begins to stiffen; the paste is no longer workable and difficult to re-mix. The final 

setting time was recorded when the sample cannot be penetrated by more than 0.5 mm. This 

time is when the cement has completely lost its plasticity and has gained sufficient stiffness; 

the cement paste has fully transitioned from a fluid to solid state and can now resist external 

pressure. 
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Chapter 4: Sodium Silicate-activated Slag Binders ï 

Control Sample 

4.1 Introduction 

Alkali silicates are one of the most commonly used agents for the alkali activation of slag and 

other aluminosilicates (fly ash and metakaolin), due to their high pH resulting in the quick 

onset of reaction after mixing, the subsequent sufficient hardening and setting, and a resulting 

structure similar to that of Portland cement with comparable strength values. Such alkali-

activated slag cements have been used in China, Eastern Europe, Scandinavia, and the former 

USSR [92], [129]ï[131]. 

Problems have been noted with the use of sodium silicate for use in AACs, with very short 

setting times and subsequent shrinkage observed [92], [179]. Additionally, the strong alkalinity 

in combination with their viscous nature means these activators are often difficult to handle 

safely beyond a laboratory setting [92], [129]. Furthermore, these alkali salts possess a higher-

than-desired carbon footprint due to the energy consumption and CO2 output during their 

production; they are produced from carbonate salts and silica via calcination, followed by 

dissolution in water [44], [56]. However, due to the relatively low content (by mass) of 

activators in the majority of AAC systems, the rate of carbon emissions induced by calcination 

during the production of silicates is much lower per tonne of binder than that of Portland cement 

production [180], [181]. 

The aim of this chapter is to assess the performance of a sodium silicate-activated slag binder 

and understand how the formulation chemistry has influenced the reaction kinetics and 

mechanisms, microstructure, and fresh-state and physical properties. This formulation will act 
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as a control sample by which further formulations are compared to due to its known 

functionality. 

4.2 Methodology 

Blast furnace slag was reacted with sodium silicate solution (SiO2/Na2O = 1.0) to form cement 

samples for either immediate fresh-state testing or cured for solid-state characterisation at 

various time points. The sample formulation has been defined in Chapter 3 and is detailed in 

Table 4-1.  

Table 4-1 Sample formulation used herein this chapter, acting as a control for further samples to be compared to.  

No. Sample Name Activator  BFS 

(g) 

Activator 

Na2O (g) 

Additive Additive 

mass (g) 

1 BFS_8%_SiO3 Na2SiO3 100 8 -- -- 

 

The reaction rate and mechanisms were determined using time-resolved data from isothermal 

calorimetry, and DRIFTS and XRD measurements taken in situ immediately after mixing. 

Additional fresh-state characterisation was performed ï mini slump testing and viscometry ï 

to understand the workability of the paste, while further physical properties, setting time and 

7- and 28-day compressive strength, were also determined. Furthermore, the phase assemblage 

and structural evolution were determined via FTIR spectroscopy, TGA, XRD, 27Al and 29Si 

MAS NMR spectroscopy, and SEM-EDX analysis. 

4.3 Results and Discussion 

4.3.1 Reaction Mechanisms and Kinetics 

As indicated in Figure 4-1, the heat evolution of the silicate-activated slag binder follows four 

distinct stages of reaction, similar to that observed in the hydration reaction of PC. The pre-

induction period is observed as an initial high heat in the first few hours of reaction, which 
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corresponds to the surface wetting and initial dissolution of slag particles. In this study, these 

data are not a true representation of the heat evolution during the first 10 minutes of reaction, 

due to the mixing of the samples outside of the calorimeter. Instead, there is a large heat of 

reaction at the offset, representing this initial dissolution period. The pre-induction period is 

then followed by a dormant stage, where there is a very low rate of heat release, which is 

associated with the progressive dissolution of slag particles as well as some initial condensation 

and precipitation of reaction products. Following this, a second, more significant stage of heat 

release ensues, consistent with the acceleration period of cementitious binders, indicative of 

the nucleation, growth, and precipitation of a great amount of reaction products. Finally, a 

deceleration period occurs, where the reaction rate gradually slows after setting [62], [100]. 

As is expected, the silicate-activated slag reacts quickly, with a very short dormant period 

observed after dissolution and the main reaction occurring within 20 hours in Figure 4-1. 

Additionally, the significant degree of cumulative heat output demonstrates the likely great 

extent of the reaction ï high amounts of structurally ordered reaction products. This aligns with 

the known advantageous quick reaction and setting of binders activated with alkali silicates. 
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Figure 4-1 Heat release rate and heat of reaction of sodium silicate-activated BFS. 

 

During the initial dissolution of slag particles, the sodium silicate solution dissociates into its 

ions, and further (with the reaction of water) into silicate species and hydroxide ions, which 

disperse in the bulk structure between slag grains. As there is little dormancy observed in the 

calorimetry data, it is expected that the nucleation and precipitation of reaction products occurs 

quite rapidly following dissolution. Sodium silicate typically favours the rapid formation of an 

aluminium-rich calcium (sodium) aluminosilicate hydrate, with hydrotalcite forming as a 

secondary product [58], [83], [182]. 

DRIFTS spectral measurements were collected in situ in 2-minute intervals during the initial 2 

hours of reaction after mixing to aid in the understanding of the reaction mechanisms and 

kinetics of the sodium silicate-activated slag binder. Similarly to ICC data, the very early 

dissolution reaction occurring in the first 10 minutes during mixing cannot be observed as this 

was performed outside of the DRIFTS setup. 
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Figure 4-2 DRIFTS spectra of sodium silicate-activated BFS over the first 2 hours of reaction.  

 

Figure 4-2 shows an initial low-intensity peak at ~980 cm-1, attributed to asymmetric stretching 

of Si-O-T bonds (where T represents tetrahedral Si or Al). Quite rapidly over time, this peak 

shifts to a higher wavenumber and increases in intensity, centring at ~1000 cm-1, maintaining 

in the attributed range of Si-O-T bonding. The initial lower wavenumber aligns with Si-O-Al, 

likely from the precursor slag particles, and the upwardly shifted wavenumber equates to a 

stronger bond interaction within Si-O-Si within the C-A-S-H structure [53], [133]. Due to the 

slightly broader nature of this peak, its span across a range of wavenumbers encompassing the 

asymmetric stretching of T-O-T bonds, and the varying intensity (increase then decrease), it is 

likely that this is likened to an isosbestic point, i.e. the breaking of T-O-T bonds during the 

dissolution of slag particles is occurring simultaneously with the formation of different T-O-T 

bonds within aluminosilicate reaction products. 

Furthermore, a shoulder to the T-O-T peak, centring at ~865 cm-1, can be seen developing over 

time at a similar rate to the main peak, which is attributed to the asymmetric bending of C-O 
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within calcium carbonate [135], [136], [183]. The existence of this peak is likely due to 

atmospheric carbonation ï CO2 in the air infiltrating the pore matrix of the bulk and reacting 

with calcium ions from the slag ï as the sample surface is exposed to the atmosphere in the 

DRIFTS setup, and no carbonate ions are supplied in the formulation chemistry of the sample.  

XRD patterns were collected every 15 minutes for the first couple of hours of reaction post-

mixing to further probe the mechanisms of reaction for silicate-activated BFS binders (Figure 

4-3).  

 

Figure 4-3 XRD pattern of silicate-activated BFS over the first 2 hours of reaction, with identified phases labelled: H ï 

Hydrotalcite (PDF 01-088-9171), and T ï Tobermorite (PDF 04-014-8455). 

 

Generally, the sample presents as predominantly amorphous in structure, with few to no 

crystalline phases present. The broad hump observed due to diffuse scattering centred at 

~20Á 2ẽ is attributed to the polyimide ï an amorphous polymer ï film encompassing the paste 

sample within the diffractometer, to eliminate interactions with the air. Besides this, a second 

broad hump is observed, centred at ~30Á 2ẽ, indicative of an alumina/silica phase, more 
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specifically a tobermorite-like structure (C-A-S-H). Additionally, small increases in intensity 

can be seen at points corresponding to the existence of hydrotalcite from an early age. 

4.3.1.1 Summary 

The time-resolved data obtained from ICC, DRIFTS, and XRD neatly describe the reaction 

kinetics and mechanisms of the sodium silicate-activated during early age curing. It is observed 

that the formation of key hydration phases, C-A-S-H and hydrotalcite, is occurring rapidly and 

almost simultaneously with the dissolution of the slag particles, during the initial few hours of 

reaction. The main reaction is reaching its peak at ~10 hours and decelerating over the 

following 10 hours into a period of continuous reduced reaction over its lifetime. The formation 

of somewhat structurally ordered C-A-S-H ï the main binding and strength-giving phase within 

AACs ï at such an early age in theses silicate-activated slag cements suggests the efficacy of 

such materials as a replacement to traditional Portland cement. 

4.3.2 Structural Evolution 

4.3.2.1 ATR-FTIR 

ATR-FTIR spectra were measured for silicate-activated slag samples at different curing ages 

to identify bond environments and explore phase evolution during curing. In Figure 4-4, it is 

noted that the spectra show minimal changes, agreeing with, not only the fast rate of reaction, 

but also the great extent of reaction from an early age occurring in silicate-activated slag 

systems.  
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Figure 4-4 FTIR spectra of sodium silicate-activated BFS at various time points.  

 

A shallow, but notable, band is observed at ~1590 cm-1, a characteristic vibration for C-O in 

the calcium carbonate polymorph, vaterite [184]. Additionally, the shoulder peak at ~900 cm-1 

is associated with the out-of-plane bending of C-O in calcite, another calcium carbonate 

polymorph [135], [136], [185]. This shoulder becomes more prominent over time, owing to an 

increased level of carbonation proportional with curing age. The existence of these calcium 

carbonates in the sample set is associated with atmospheric carbonation ï carbon dioxide from 

the atmosphere infiltrating the sample and reacting with calcium hydroxide in the sample ï 

during preparation and curing.  

The most prominent peak observed in all spectra at ~950 cm-1 and the smaller peak at ~815 cm-

1 are attributed to the asymmetric stretching of Si-O-T bonds, specifically Q2 and Q1 sites, 

respectively, indicative of the presence of a C-A-S-H structure [53], [133], [134]. An increased 

wavenumber represents increased polymerisation and crosslinking within the phase, and 

typically a sharp peak indicates that a greater structural ordering of C-(A)-S-H evolves as the 

reaction proceeds [53], [183]. It is noted that the presence of both of these peaks is observed at 
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the earliest curing age (3 days), with no notable change over time; the peak at ~950 cm-1 

maintains its sharpness and the band at 815 cm-1 holds its low intensity over time, indicating 

the existence of the C-A-S-H phase from an early age, further supporting the high rate of and 

extent of reaction associated with silicate-activated BFS. 

4.3.2.2 TGA 

Thermogravimetric analysis (TGA) was undertaken with the aim of quantifying the extent of 

reaction by identifying and quantifying reaction products present in the sodium silicate-

activated slag binder at different curing ages. Generally, increasing overall mass losses were 

observed at longer curing ages (26.6, 25.9, 25.3, 27.5, and 30.8 wt.% at 3, 7, 14, 28, and 90 

days, respectively) in Figure 4-5, indicative of an increasing extent of reaction, i.e. more 

reaction products are forming. 

 

Figure 4-5 TG/dTG trends of sodium silicate-activated BFS, cured for various lengths of time, as labelled.  

 

The first observation from the TGA curves is that there is a mass loss of up to 20 wt.% between 

60 and 200 ÁC for all curing times, generally increasing with age. This is in agreement with 
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associated mass losses from loss of free or slightly bound water from the calcium 

aluminosilicate hydrate (C-A-S-H) [186], [187]. A shoulder to the aforementioned mass loss 

peak is observed for the 28- and 90-day old samples at ~170 ÁC, which is attributed to the first 

stage of thermal dehydration of hydrotalcite [188], [189]. Additionally, the mass loss between 

300 and 500 ÁC, observed for each curing age, is attributed to the loss of chemically bound 

water in and dehydroxylation of hydrotalcite-type phases [186], [188], [190]. The increased 

total mass loss, as well as the observation of multiple mass losses, during this temperature 

profile for the 90-day sample is likely due to the existence of more strongly bound reaction 

products, consistent with the increased extent of reaction. Furthermore, a notable mass loss is 

visible in the region 250-350 ÁC, associated with the presence of katoite (a calcium aluminium 

garnet) and/or other hydrous calcium aluminate phases [188], [191]. In the region of 500-

700 ÁC, there is a progressive but notable mass loss, attributed to the continuing dehydration 

of the C-S-H type phase and dehydroxylation of the hydrotalcite phases [186], [188]. A final 

progressive but minor mass loss can be observed between 700 and 900 ÁC, which is likely due 

to the decomposition of calcium hydrates [186], as well as being associated with the 

decarbonation of some calcium carbonates ï calcite, vaterite, and aragonite ï which are likely 

present due to atmospheric carbonation of the sample [188], [192], [193]. 

4.3.2.3 XRD 

Similarly to the ATR-FTIR spectra, there is little to no change in structure over time in the 

XRD patterns for the silicate-activated slag binder (Figure 4-6), indicative of stable, 

structurally ordered phase development at an early age. There is a broad hump observed, 

centred at ~30Á 2ẽ, indicative of an alumina/silica phase, more specifically a tobermorite-like 

structure (C-A-S-H), as well as few sharp, crystalline phases, demonstrating the primarily 

amorphous structure of AACs utilising silicates as an alkali activator. The diffractograms also 

reveal additional tobermorite peaks, as well as some amounts of hydrotalcite, with small 
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amounts of calcite appearing over time. The presence of tobermorite-like C-A-S-H and 

hydrotalcite from the earliest curing age (3 days) with little change over time further suggests 

that the bulk of the main reaction has occurred by this time point and that these reaction 

products have strongly formed. The occurrence of the calcium carbonate polymorph, calcite, 

and its slight increase in intensity over time, again indicates that atmospheric carbonation has 

ensued during sample preparation and curing, where CO2 in the atmosphere has penetrated the 

sample and reacted with Ca(OH)2 in the bulk to form calcium carbonate. 

 

Figure 4-6 XRD patterns of silicate-activated BFS, at various curing times, as labelled. Phases identified have been labelled: 

C ï Calcite (PDF 00-066-0867), H ï Hydrotalcite (PDF 01-088-9171), and T ï Tobermorite (PDF 04-014-8455). 

 

4.3.2.4 NMR 

Solid-state 27Al and 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) 

spectroscopy are used to reveal how the nanostructure, cross-linking, and local hydration of C-

(A)-S-H in silicate-activated slag cements evolves over time.  
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4.3.2.4.1 27Al MAS NMR Spectroscopy 

The 27Al MAS NMR spectra in Figure 4-7 displays a broad tetrahedral Al resonance spanning 

from 80 to 60 ppm, containing contributions from multiple Al sites, for all curing ages for the 

silicate-activated slag binder sample, indicative of the formation of C-A-S-H phases. Here, a 

narrower resonance represents a greater degree of polymerisation as the reaction proceeds with 

time. Signals at ŭobs
 = 74 and 68.4 ppm represent Al in well-defined AlIV coordination and 

incorporated in bridging tetrahedra, q2(I) and q2(II), respectively, whereby Al tetrahedra are 

bonded to Q2(1Al) Si sites [58]. 

 

Figure 4-7 27Al MAS NMR spectra of BFS and sodium silicate-activated BFS at various curing times, as marked. 

 

Additionally, a broad octahedral Al resonance spanning from 20 to 0 ppm is observed, also 

containing contributions from multiple Al sites. The signal at ŭobs = 11 ppm corresponds to two 

AlIV environments in octahedral formation within hydrotalcite group compounds [194], [195], 

evidencing the formation of such products, consistent with the TGA and XRD data. 

Furthermore, a signal at ŭobs = 5 ppm is observed as growing at longer curing ages. This signal 
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is typically attributed to a ñthird aluminate hydrateò (TAH), an amorphous nanoscale aluminate 

hydrate phase precipitated at the surface of C-(N)-A-S-H in calcium-rich binders, including 

alkali-activated slag binders [16], [188], [194], [196], however, recent studies utilising one- 

and two-dimensional dynamic nuclear polarisation-enhanced MAS NMR experiments 

accredited this resonance to silicate-bridging [AlO2(OH)4]
5- sites in C-A-S-H and suggested 

that TAH does not exist [197]. This latter attribution is based on atomistic simulations, and so, 

this resonance may still resemble an amorphous aluminate phase on the C-A-S-H surface, 

interacting with nearby Q1 silicate sites.  

Moreover, a slight broad resonance spanning 40 to 30 ppm is observed, consistent with a 

pentahedral Al, tentatively assigned to a charge-balancing species within C-(N)-A-S-H 

interlayers [194]. The existence of this AlV within the C-A-S-H interlayer has been 

hypothesised in the literature [196], [198], [199], however, the current structural model of C-

A-S-H does not include this species [161]. The observation of a new 27Al MAS NMR resonance 

associated with an AlV environment whose intensity cannot solely be attributed to remnant 

anhydrous slag particles is possible here, as this signal is observed only at longer curing ages, 

i.e. typically there are fewer remnant slag particles as reaction time increases. The intensity of 

AlV increasing as a function of curing time in this study is consistent with experimental 27Al 

MAS NMR spectra of AAS cements [194], [200], [201], lab-synthesised C-(N)-A-S-H gels 

[198], [199], and hydrated PC-based materials [196], [202], [203]. 

The existence of this AlV environment has also been observed by 27Al multiple quantum MAS 

NMR analysis of synthesised C-(N)-A-S-H gels, where the relative amount of this AlV 

environment within the C-(N)-A-S-H was noted to increase with increasing Al content. They 

hypothesised that the structural limitations on the amount of aluminium substitution into 
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tetrahedral sites within aluminosilicate chains of the C-(N)-A-S-H means an excess aluminium 

content results in increased charge-balancing AlV species in the interlayer [204].  

In this study, it is possible that there is an increased substitution of Si for Al in the 

aluminosilicate chains in C-(N)-A-S-H over time due to the high activator SiO3
2- content and 

an increase in excess Al species means availability for charge-balancing. Spectral 

deconvolutions of 27Al MAS NMR spectra and 27Al MQ_MAS NMR data would aid in this 

confirmation. 

4.3.2.4.2 29Si MAS NMR Spectroscopy 

On the other hand, 29Si MAS NMR spectra in Figure 4-8 reveals a broad hump centred at 

~73 ppm due to unreacted anhydrous slag (more specifically ŭobs = -71 and -74 ppm attributed 

to Q0 and Q1 sites in slag, respectively) is present at all curing ages and generally lessens over 

time, indicating extent of reaction increasing with increasing curing time, as expected. There 

are three main resonances between -75 and -85 ppm that are all present at each time point 

however in different coordination. These resonances, ŭiso = -78.6, -81.4, and -84.4 ppm, are 

attributed to Q1(I), Q2(1Al), and Q2 units, respectively, indicating the formation of a C-A-S-H 

phase with a tobermorite-like structure, more specifically a sodium and aluminium substituted 

calcium silicate hydrate (C-(N)-A-S-H) phase [58], [161], [205], consistent with previous 

observation for sodium silicate-activated slag cements [188]. A general increase in Q2 sites 

relative to Q1 sites over time is observed, indicative of an increased degree of polymerisation 

within the C-A-S-H. Additionally, a signal at ŭobs = -87 ppm is visible at older curing ages, 

which is attributed to Q3(1Al), demonstrating the significant extent of cross-linking in the C-

(N)-A-S-H structure for sodium silicate-activated slag binders, as observed in previous studies 

[96].  
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Figure 4-8 29Si MAS NMR spectra of BFS and sodium silicate-activated BFS at various curing times, as marked.  

 

The three main resonances identified above in the region of ŭobs = -75 and -85 ppm are further 

highlighted in the deconvolution of 29Si MAS NMR spectra (Figure 4-9), as well as the 

presence of five additional Si environments in each sample, resonating at ŭiso = -76.0, -87.0, 

and -92.0 ppm. These resonances at ŭiso = -76.0, -87.0, and -92.0 are attributed to Q1(I), Q3(1Al) 

or Q4(4Al), and Q3 or Q4(3Al), respectively, within the C-(N)-A-S-H. Additionally, no Q0 Si 

sites were identified in the spectral deconvolutions, however, the broad Gaussian peak 

representing remnant anhydrous slag particles centres at ŭiso = -75.0 ppm and likely 

encompasses at least some of the Q0 and Q1 environments at ŭiso = -72.0 and -76.0 ppm, 

respectively. 

The identification of two distinct Q1 sites, denoted as Q1(I) and Q1(II), corresponds to 

differences in shielding experienced by Q1 species charge-balanced by Ca2+, Na+, or H+, as 

calculated in molecular dynamics studies [206], and observed in 29Si MAS NMR spectra for 

previous studies of silicate-activated slag binders [58], [194]. Based on electronegativity, H+ 
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and Na+ will shield the Si nuclei to a greater extent than Ca2+ will, and therefore Q1(I) and 

Q1(II) sites are attributed to Q1 species charge-balanced by Na+ or H+ and Ca2+, respectively. 
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Figure 4-9 Deconvolutions of 29Si MAS NMR spectra for silicate-activated slag. In each case, the data are shown in black, the 

fit (shown in red) is the sum of the deconvoluted peaks, and the difference between the data and the fit is shown in green. Peaks 

attributed to Si sites in C-(N)-A-S-H are shaded in blue, while those attributed to sites within remnant anhydrous slag are 

shaded in grey.  
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A notable resonance intensity at approximately ŭiso = -92 ppm is observed, particularly at a later 

curing age, whose chemical shift can be assigned to Q3 and/or Q4(3Al) environments [160], 

[207]. To satisfy the structural constraints for a mixed cross-linked/non-cross-linked C-(N)-A-

S-H phase described by the CSTM, the peak at -92 ppm is assigned to Q4(3Al) in a polymerised 

Al-rich N-A-S-H, rather than to Q3 in C-(N)-A-S-H. In this system, due to the presence of high 

Al and Na content, a N-A-S-H phase, comprising of Q4(4Al) and Q4(3Al) sites, has formed in 

addition to C-(N)-A-S-H, in line with other studies on silicate-activated slags [58], [194]. 

Moreover, the resonance at -87 ppm, which generally increases in intensity with curing time, 

is typically attributed to cross-linked Q3(1Al) Si sites in C-(N)-A-S-H but also contains 

contributions from overlapping resonances of Q4(4Al) environments within this additionally 

formed N-A-S-H, again consistent with the structural model proposed by Myers et al. [161] 

and studies on silicate- and carbonate-activated slags [58], [83], [92], [188], [194], [208]. It is 

necessary here to attribute part of this resonance to Q4(4Al) due to the assignment of Q4(3Al) 

sites in the spectral deconvolutions needing the presence of additional Q4-type units, as no 

aluminosilicate phase can consist of solely Q4(3Al) sites [209]. Previous studies have shown 

that Al-rich geopolymers contain almost exclusively Q4(3Al) and Q4(4Al) environments, 

supporting the existence of these units in the spectral deconvolutions here, indicating that 

alkali-activated slag cements may include disordered, zeolite-type products similar to N-A-S-

H  typically formed where low-calcium aluminosilicate precursors are used [55], [209], [210]. 

Quantification of Si sites, determined through deconvolution of the 29Si MAS NMR spectra as 

a function of curing age is reported in Table 4-2. ~57 % of the slag is seen to have reacted 

within the first day of curing, and ~84 % after 90 days, showing a steady consumption of 

anhydrous slag particles with time, indicative of the continual dissolution of slag and uptake of 

silica supplied by the activator into the solid binder. 
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Table 4-2 NMR parameters for silicate-activated slag samples, extracted from the deconvoluted 29Si MAS NMR spectra.  

Sample 

Parameter 

Assignment 

Unreacted 

slag 
Q0 Q1(I)  Q1(II)  Q2 Q2(1Al) 

Q3
 or 

Q4(3Al) 
Q3(1Al) Q4(4Al) 

ŭiso (ppm) -75 -72 -76 -78.6 -84.4 -81.4 -92 -87 -87 

FWHM (ppm) 13 5 6 3 3.8 3 8 9 9 

SiO3_1D 

Relative 

integral area 

(%) 

42.7 0.0 5.4 15.2 14.2 15.4 2.4 3.9 0.7 

SiO3_3D 

Relative 

integral area 

(%) 

31.8 0.0 7.6 16.0 17.0 16.7 2.8 7.0 1.2 

SiO3_7D 

Relative 

integral area 

(%) 

33.1 0.0 7.1 17.2 16.3 17.9 2.0 5.2 1.2 

SiO3_28D 

Relative 

integral area 

(%) 

29.2 0.0 6.7 15.1 17.8 18.0 2.7 7.6 2.9 

SiO3_90D 

Relative 

integral area 

(%) 

15.9 0.0 9.2 14.9 22.6 21.1 4.7 8.5 3.2 

 

There are notable amounts of Q2(1Al) sites present, indicating high levels of Al substitution in 

the C-(N)-A-S-H, and the steady existence of Q3(1Al) units suggest that the C-(N)-A-S-H is 

significantly cross-linked. Increased quantities of Q4(4Al) and Q4(3Al) environments from 28 

days of curing onwards suggest the precipitation of N-A-S-H at later curing ages.  

 

Figure 4-10 AlIV/Si ratio and MCL of crosslinked C-(N)-A-S-H in silicate-activated BFS over time, calculated using the CSTM 

and 29Si MAS NMR spectral deconvolutions. 
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Additionally, the relative amount of Q1(II) sites remains relatively constant from 1 to 90 days 

of curing, while that of Q1(I) increases with increasing curing time. The increasing prevalence 

of Q1(I) sites as well as an increase in Q2(1Al) and Q3(1Al) sites over time correlates with the 

increasing mean chain length (MCL) of C-(N)-A-S-H, in Figure 4-10, as time of curing 

increases. Moreover, the increasing trend in relative percentage of Q3(1Al) sites is consistent 

with increasing concentration of Q2(1Al) sites, as well as apparent increase in AlIV sites in 

Figure 4-7, supporting the slight increase in AlIV/Si as curing time increases (Figure 4-10), 

thus indicating that the degree of cross-linking of C-(N)-A-S-H increases over time. 

Typically, the formation of the additional disordered Q4-containing product (N-A-S-H) at 

extended curing ages would result in a reduction in cross-linking of the C-(N)-A-S-H, which 

in turn would cause a similar decreasing trend in MCL and Al/Si ratio. This is not the case in 

this study.  

It is hypothesised that the increase in AlIV/Si ratio, MCL, and cross-linking as curing time 

increases, coupled with the apparent growth of AlV
 sites (Figure 4-7), means that either 

maximum crosslinking potential is satisfied or the binding potential of Al in C-(N)-A-S-H is 

attained, as crosslinked C-(N)-A-S-H have much lower Al-binding capacities than their non-

crosslinked counterparts [194], and thus, there is no more uptake of Al in C-(N)-A-S-H. 

Consequently, the Al-rich secondary reaction product, N-(A)-S-H is forming, but in small 

amounts, as well as AlV sites forming as free tetrahedra for charge-balancing in the interlayer, 

altogether creating a more stabilised structural network. 

 

4.3.2.5 SEM-EDX 

Scanning electron microscopy is useful for examining the general surface structure of 

cementitious materials and coupled with energy dispersive X-ray (EDX) analysis, the 
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elemental compositional changes over time can also be studied. SEM images for alkali-

activated slag cements, as demonstrated in Figure 4-11, show unreacted slag particles as light 

grey shapes amongst a dark grey bulk structure, representing hydrate phases, including the 

main binding phase, C-A-S-H, as well as the secondary structures, hydrotalcite and calcium 

carbonates. Additional features include cracks and striations, possibly as a result of fracturing 

the cement paste samples rather than cutting in this study. Furthermore, no pores are visible at 

this magnification, which does not mean that none exist for this material, but rather it likely 

has low porosity and/or any pores are on the nanoscale. 

 

Figure 4-11 SEM images for silicate-activated BFS, at 1000x magnification, for various curing times, as labelled. 

 

The SEM images for the silicate-activated slag binder (Figure 4-11) show little difference in 

structure over time. All samples contain some unreacted slag particles amongst a generally 

cohesive surrounding hydrate structure, further showcasing the great extent of reaction 
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achieved from early curing ages. A general reduction in slag particles and increase in cohesion 

of the phase bulk structure are observed over time, particularly at 90 days curing, as is expected 

as the reaction proceeds steadily beyond initial activation. 

 

Figure 4-12 Elemental mapping for silicate-activated BFS, cured at 7 and 90 days, as labelled.  

 

Elemental mapping for the silicate-activated BFS sample (Figure 4-12) at 7 days curing, 

indicates a clear difference in elemental concentration for slag particles and the hydrate phases; 

the unreacted slag particles are rich in silicon, aluminium and calcium, while the surrounding 

hydrate structure predominantly consists of sodium, magnesium and oxygen, with some 

amounts of calcium and silicon in the hydrate phases. However, for the same sample cured for 

90 days, there appears to be a more even distribution of all elements across the bulk structure, 

with some concentrations of silicon, aluminium, and calcium maintained in the areas of 

remnant anhydrous slag particles. The difference in elemental composition over curing time is 
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indicative of the greater extent of reaction achieved at later ages ï the increased bulk elemental 

composition suggests a greater amount of hydrate phases forming as the reaction continually 

proceeds with time. 

 

Figure 4-13 Ternary systems of silicate-activated slag cured for 7, 14, 28, and 90 days, as determined by SEM-EDX analysis. 

(L) Ternary CaO ï Al2O3 ï SiO2 system (neglecting Na2O content), and (R) Ternary Na2O ï Al2O3 ï SiO2 system (neglecting 

CaO) content, showing elemental composition. 

 

Using elemental compositional data from EDX, ternary systems for samples were developed 

to further illustrate the phase evolution over time. The ternary CaO-Al2O3-SiO2 system in 

Figure 4-13 remains generally consistent as curing age increases, with the bulk structure 

corresponding to previous studies of alkali-activated slag [53], [211], [212] as well as that of 

synthetic C-(A)-S-H and N-A-S-H gels formed by a sol-gel method [213]. The chemistry of 

the sample at all curing ages lies within the region associated with the C-(N)-A-S-H [53], [161], 

[214], with the Al/Si ratio maintaining relatively constant over time. A slight increase in 

calcium over time may be observed, indicating that over time, an increased amount of calcium 

from the slag precursor is integrating into, and thus widening, the interlayer space of the C-

(N)-A-S-H. This aligns with the increased crosslinking at higher curing ages determined from 

NMR spectroscopy. 
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For the ternary Na2O-Al2O3-SiO2 system in Figure 4-13, a general decrease in Na2O over time, 

which is unexpected as typically there would be an increase in sodium ions in the interlayer 

space, like with calcium, as curing progresses. Additionally, a slight increase in Al/Si over time 

is noted, which aligns with findings from NMR spectroscopy, where both AlIV and AlV was 

observed to increase over time. This increase in aluminium content with time may be indicative 

of the greater formation of Al-rich secondary reaction product, N-(A)-S-H, as the reaction 

progresses. 

4.3.3 Physical Properties 

Physicomechanical properties of cementitious systems are determined to understand their 

behaviour and determine potential applications; they are often influenced by the chemical 

structure, which in turn is determined by the initial sample formulation. This section explores 

how the physical properties relate to the chemistry and bulk phase composition of the silicate-

activated slag binder. 

Table 4-3 Physical properties of silicate-activated slag. 

Physical Property Determined value 

Mini slump diameter 115.87 ± 0.69 mm 

Initial Set 1 h 25 m 

Final Set 2 h 25 m 

 

Sodium silicate typically acts as a dispersant in particulate suspensions, meaning a low yield 

stress of silicate-activated cement pastes [215], resulting in a greater spread in a mini-slump 

test [172]. Tan et al. [172] found that for a very similarly composed slag as in this project 

activated with sodium silicate at a water-to-binder ratio of 0.4, slump diameters of 72.5, 105.0 

and 120.9 mm were measured for 4, 8, and 12 wt.% activator doses, respectively, using the 
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same mini slump setup. This increase appears to be non-linear, possibly exponential, suggesting 

that increasing the activator dosage further would have reduced improvements on the slump 

diameter. The measured value of 115.87 mm (Table 4-3) in this study is comparable to that 

found in the previous study, corresponding to the dispersive nature of sodium metasilicate. 

Additionally, the initial and final setting times were determined with a simple automatic Vicat 

apparatus setup. As is known for silicate-activated slags, the values for setting times is 

relatively low, reaching initial set at 1 hour 25 min and final set at 2 hour 25 min, aligning with 

quick setting times previously measured on such materials [182], [215]ï[218]. This quick 

setting time is often linked to its fast rate of reaction, where the dissolves Ca2+ and aluminate 

species of the slag interact with Na+ and silicate ions from the activator solution, leading to 

large formations of reaction products [216], [218]. However, this main reaction, where the bulk 

of products are formed, was found to occur between 6 and 12 hours for the silicate-activated 

sample in this study (Figure 4-1), while the heat release due to slag dissolution aligns more 

with the setting time, occurring within the first ~2 hours. The dissolution of species in the bulk 

fresh cement, as well as some precipitation of reaction products, filling spaces between slag 

particles likely causes the hardening of the material. 
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Figure 4-14 Rheology of silicate-activated BFS. 

 

Rheological properties and behaviour were determined for the silicate-activated slag cement 

sample via a shear stress vs shear rate curve (Figure 4-14), and a Herschel-Bulkley model fitted 

to the data. Figure 4-14 in conjunction with the model parameters for the fit detailed in Table 

4-4 reveal that the sodium silicate-activated slag cement displays Bingham-type behaviour, 

having a flow index (n) of ~1, with a very low yield stress of ~1.7 Pa, meaning that the paste 

behaves as a rigid body at very low stresses but once a stress of 1.7 Pa is exceeded, it flows as 

a viscous fluid. Bingham-type behaviour has been observed in previous studies for AACs [117], 

[215], [216], as have the particularly low yield stresses for silicate-activated slag cements 

[172], [217], [219]. 

 

 
Table 4-4 Herschel-Bulkley model parameters for silicate-activated BFS, fitted to the curve in Figure 4-14.  

Sample Ű0 k n 

8%_Na2SiO3 1.69 2.11 1.06 
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Figure 4-15 Compressive strength values of silicate-activated BFS at 7 and 28 days.  

 

The compressive strength for the silicate-activated slag binder at 7 and 28 days of curing is 

comparable to that found in the literature for sodium silicate-activated materials [69], [92], 

[132], [220], however, it is noted that here, cement pastes were used rather than the mortar  

specified by ASTM C109 [165]. Despite this amendment, the values measured here are within 

~5 % of the values determined by Bernal et al. [69] for mortars including similar binder 

formulation at the same curing ages.  

Compressive strength values at 28 days of curing are generally used as the design value of the 

material, and it is noted that the value at this time-point is expected to be ~99 % of the materialôs 

potential compressive strength, while the value at 7 days should be at least roughly 65 % of the 

materialôs ultimate 28-day compressive strength [221]. Here, the value at 7 days is closer to 

~80 % of the 28-day value for compressive strength, indicating that there is rapid early strength 

development, akin to the fast rate and degree of reaction.  



112 

 

Typically, specifications require concrete to have a compressive strength value at 28 days of: 

~17 to 28 MPa for general use in foundations, slabs and footings; ~34.5 MPa for high-strength 

concrete uses for the likes of beams and girders; and at least ~52 MPa for high-load-bearing 

structures, including high-rise columns, according to ACI standards [221]. Considering the 

knowledge that concrete is stronger than cement due to the inclusion of sand and aggregates in 

addition to cement, the values measured here for sodium silicate-activated slag cement suggest 

that the use of this binder within concrete would result in a high-strength concrete material, 

comparable to those utilising Portland cement. Furthermore, the likely highly crosslinked 

nature of main binding phase C-(N)-A-S-H determined at later curing ages (28 and 90 days) 

from NMR spectroscopy means the cement structure becomes more interconnected, which is 

generally found to correspond to a reduced porosity and better load transfer, which in turn 

results in high compressive strength values [61], [222], [223], as determined here for the 

silicate-activated slag binder, however, it is noted that porosity measurements would aid in this 

understanding. 

4.4 Conclusions 

The use of sodium silicate for the alkali activation of blast furnace slag has been evaluated via 

the characterisation of early reaction, structural evolution, and fresh-state and mechanical 

properties, to be used in this project as the control sample by which further samples will be 

compared to, due to its validity and functionality for use in industry.  

It was found that the sodium silicate-activated slag binder reacts very quickly due to the high 

alkalinity provided by the activating solution, with the main reaction occurring and reaching 

completion within ~18 hours, with very little dormancy in the heat release. Further to this, a C-

N-A-S-H structure forms quickly and continues to polymerise over time to create a cohesive 

and strong material, with some amounts of secondary products forming over time, including 
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N-A-S-H, hydrotalcite and calcium carbonate polymorphs from atmospheric carbonation. 

Moreover, the use of sodium silicate leads to sufficient workability due to its dispersive nature, 

as well as influencing the rheological behaviour of the binder, forming a Bingham-like fluid 

with a low yield stress. The sufficient workability and viscosity means that the material flows 

well and can be shaped effectively in practice before it sets. Furthermore, compressive strength 

testing reveals that the binder has a 7-day strength of ~60 MPa, which continues to develop to 

~70 MPa by 28 days, verifying its sufficient formation of the strength-giving C-A-S-H phase 

and its subsequent feasibility for industrial applications. 
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Chapter 5: Sodium Carbonate-activated Slag Binders 

5.1 Introduction 

The use of alkali-activated cements has been proposed as a potential strategy to minimise 

cement-associated carbon emissions, due to their incorporation of industrial waste and/or by-

products, as well as naturally occurring minerals [11]. Despite this, commonly used activators 

ï alkali silicates and hydroxides ï carry greater embodied carbon than their less commonly 

used counterparts, alkali carbonates, which are naturally occurring, or can be produced via 

industrial chemicals manufacture and even through CO2 sequestration [180], [224]ï[226]. 

Additionally, the use of silicates and hydroxides also pose significant challenges in handling 

due to their caustic and viscous nature [92], [129], where alkali carbonates do not. 

Despite being advantageous in their carbon footprint and handling compared to alkali silicates 

and hydroxides, there is limited use of these alkali carbonates in the current production of 

AACs. This is attributed to lengthy initial setting and hardening times as well as poor early 

strength development as a result of the moderate to near-neutral pH of these solutions, reducing 

their capacity for dissolution of slag particles and the subsequent release of silica [48], [71], 

[78]. However, there is limited knowledge of how the formulation chemistry intrinsically 

influences the reaction-structure-property relationships. 

Therefore, this chapter explores the use of sodium carbonate for the alkali activation of blast 

furnace slag in comparison with sodium silicate-activated slag. As such, the combination of 

sodium silicate and sodium carbonate in a 50:50 wt.% blend will also be assessed as an 

activator for slags. The reaction mechanisms and kinetics are studied in situ to determine the 

specific pathway by which the cementitious binder forms, followed by a probing of the 

microstructure at various curing times to understand the structural evolution, and finally the 
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fresh-state and mechanical properties will be determined. The knowledge determined here for 

carbonate-activated slag binders will direct further research into improving the performance of 

such cementitious materials in order to certify their use for industry implementation. 

5.2 Methodology 

Cement samples were made by mixing blast furnace slag with either sodium carbonate solution 

or a blended sodium carbonate and silicate solution at 50:50 wt.%, for both fresh-state testing 

immediately after mixing, and solid-state characterisation at numerous time points. The 

performance of these formulations was compared to the sodium silicate-activated sample in 

Chapter 4. The sample formulation for this chapter are as described in Table 5-1.  

Table 5-1 Sample formulations used in Chapter 5.  

No. Sample Name Activator  BFS 

(g) 

Activator 

Na2O (g) 

Additive Additive 

mass (g) 

1 BFS_8%_SiO3 Na2SiO3 100 8 -- -- 

2 BFS_8%_CO3 Na2CO3 100 8 -- -- 

3 BFS_8%_SiO3_CO3 

Na2SiO3 + 

Na2CO3 

(50:50 wt.%) 

100 8 -- -- 

 

Reaction kinetics and mechanisms were explored using isothermal conduction calorimetry as 

well as in-situ IR spectra and XRD patterns. The structural evolution, including the general 

microstructure and nanostructural phase assemblage, were probed using multiple solid-state 

techniques: ATR-FTIR spectroscopy, TGA, XRD, 27Al and 29Si MAS NMR spectroscopy, and 

SEM-EDX analysis. Additionally, physical and mechanical properties were tested: setting time 

using a Vicat apparatus, workability by mini slump testing and viscometry measurements, and 

compressive strength at 7 and 28 days. 
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5.3 Results and Discussion 

5.3.1 Reaction Mechanisms and Kinetics 

5.3.1.1 ICC  

As previously stated and supported by Figure 5-1, the heat evolution of slag binders follows 

four distinct stages of reaction, similar to the hydration reaction associated with Portland 

cement: a pre-induction period corresponding to surface wetting and dissolution of anhydrous 

precursor; a dormant period where a very low rate of heat is released as progressive dissolution 

of slag particles occurs with some initial precipitation of reaction products; an acceleration 

period, where a significant increase in heat release occurs, indicative of the nucleation, growth, 

and precipitation of many reaction products; and a deceleration period, where the reaction 

steadily reduces after setting [62], [100]. 

 

Figure 5-1 Heat release rate of alkali silicate- and carbonate-activated slag binders. 

 

Figure 5-1 shows that the slag sample activated solely with sodium carbonate has a much 

longer induction period than those binders activated with sodium silicate, which both display 
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very short induction periods. There is an almost 50-hour different between the onset of the 

acceleration periods, which is consistent with the known slower setting times of carbonate-

activated slag cements [62], [71]. The sample prepared using the combination of both sodium 

silicate and sodium carbonate reacts at a quicker rate than the solely carbonate-activated 

sample, aligning with the use of combined activators as a compromise to reduce carbon 

emissions whilst achieving a more desirable setting time. Additionally, the carbonate-activated 

slag sample possesses a much broader acceleration peak than the other two samples, with the 

silicate-activated sample having a very sharp heat release and the combined activator sample 

also displaying a sharp peak but with a slight shoulder, likely due to the sodium carbonate 

present. 

 

Figure 5-2 Heat of reaction of alkali silicate- and carbonate-activated slag binders.  

 

Additionally, the cumulative heat of reaction further details the reaction kinetics for each of the 

slag samples. As expected, and discussed in previous Chapter 4, sodium silicate-activated BFS 

has the greatest heat of reaction, and the carbonate-activated binder has the least. Quite neatly, 

the mixed activator sample displays an overall heat of reaction in between both sole activator 
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samples. This pattern indicates that the inclusion of sodium silicate greatly improves the extent 

of reaction, i.e. there is a greater precipitation and formation of reaction products compared to 

a solely carbonate-activated binder. 

 

Figure 5-3 Initial heat release rate of sodium carbonate-activated slag binder for the first 10 hours of reaction. 

 

Additionally, in Figure 5-1 and more clearly in Figure 5-3, there is a significant heat release 

in the first few hours of reaction for the sodium carbonate-activated samples in addition to the 

later acceleration-deceleration peak. This early-age hump is likely due to the formation of 

carbonates from a preferential reaction between the Ca2+ ions from the slag and the CO3
2- ions 

of the activator. Previous studies have suggested that also occurring at this early stage is a 

reaction between the aluminosilicate component of the slag with the sodium from the activator 

to form either a sodium aluminosilicate phase [58] or a crystalline zeolite, e.g. zeolite NaA 

[71]. These phases do not provide the high degree of cohesion required for high early strength 

development, and the carbonate phases formed inhibit an increase in pH, retarding the reaction, 

and causing a longer induction period. 
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5.3.1.2 DRIFTS 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was conducted to 

explore changes in bond environments of the carbonate-activated slag binder in situ during the 

first hours of reaction, to align with the initial peak observed in the ICC data (shown in Figure 

5-1 and highlighted in Figure 5-3). IR spectra collected every 2 minutes after mixing for the 

initial 2 hours are shown in Figure 5-4. 

 

Figure 5-4 DRIFTS spectra of sodium carbonate-activated BFS over the first 2 hours of reaction. 

 

Peaks at ~1630 and ~1375 cm-1 result from the sodium carbonate activating solution, more 

specifically the bending of O-H bonds in water [135], [183] and the asymmetric stretching of 

C-O bonds of the carbonate ions [141], [142], respectively. Once mixed with the BFS, both 

peaks decrease in intensity, with the peak at ~1630 cm-1 reducing completely, over 30 minutes, 

indicative of the consumption of these species. Similarly, the peak that was at ~1375 cm-1 shifts 

to a higher wavenumber and increases in intensity, from ~40 minutes, into a sharp peak at 

~1445 cm-1 with a small shoulder at ~1410 cm-1. Both of these peaks are attributed to the 
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asymmetric vibration of the C-O bond of carbonate ions, likely calcium carbonate and sodium 

calcium carbonate [95], [141], [183], respectively, indicative of the formation of carbonate 

species.  

It is noted that the specific type of carbonate in the region of 1370 to 1450 cm-1 cannot be 

identified from IR spectra alone due to the overlapping of vibrational bands for various calcium 

carbonate polymorphs ï including calcite, vaterite, aragonite ï as well as for the sodium 

carbonate hydrate, natron. However, due to knowledge of activator chemistry as well as the 

likely preferential reaction occurring, it is considered that the band at ~1375 cm-1 is due to 

sodium carbonate as it is present in the spectrum immediately after mixing before being 

consumed, and that the peaks at ~1445 and 1410 cm-1 can be attributed to calcium carbonate 

polymorphs or other calcium carbonate-containing structures that have precipitated. 

Further to this, a broad feature spanning the region of 750 to 1000 cm-1 develops slowing into 

a clearly defined peak at ~865 cm-1 after 1 hour and continues to grow and sharpen for the 

following hour. This peak is assigned to the asymmetric bending of C-O in calcium carbonate 

[135], [136], [141], [183]. 

Additionally, DRIFTS was conducted in situ for the silicate-modified sodium carbonate-

activated slag over the first 2 hours of reaction following mixing, shown in Figure 5-5. 
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Figure 5-5 DRIFTS spectra of BFS activated with both sodium silicate and carbonate over the first 2 hours of reaction.  

 

Similarly to the solely carbonate-activated sample, there are initial peaks at ~1630 and 

~1370 cm-1, assigned to the bending of the O-H bonds in water and the asymmetric stretching 

of the C-O bonds within carbonate ions, corresponding with the sodium carbonate solution 

within the mixed activator. In contrast, there is an initial signal at ~980 cm-1, aligning with the 

asymmetric stretching of a Si-O-Si bond, which can be ascribed to the silicate solution, or the 

asymmetric stretching of a Si-O-Al bond within the aluminosilicate precursor [53], [133], 

[134].  

The increase in intensity of all the aforementioned peaks in the first ~30 minutes is likely due 

to the supersaturation of activator species in solution. Those attributed to the carbonate species 

within the activator then reduce greatly, while the peak due to metasilicate anions in the 

activating solution (or the BFS) increases in intensity and shifts slightly to a higher 

wavenumber, forming a clearly defined peak centred at ~1000 cm-1, assigned to a more 

crystalline Si-O-Si bond, likely within C-A-S-H species [53], [133]. Simultaneously, a shoulder 
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at ~865 cm-1 takes shape from ~40 minutes onwards, corresponding to the asymmetric 

stretching of the C-O bond within calcium carbonate, either due to some reaction between the 

carbonate anions in the activator with calcium ions in the slag or from atmospheric carbonation. 

Due to the nature of the mixed activating solution and the setup of the DRIFTS apparatus (in a 

temperature-controlled environment, but exposed to air), it is difficult to ascribe the presence 

of calcium carbonate structures in these binders to either reaction, but it is likely owing to 

contributions from both reactions (activation and carbonation), as shown in the solely silicate- 

or carbonate-activated slag samples. 

5.3.1.3 In-situ XRD 

X-ray diffraction (XRD) was utilised in situ to further probe the reaction mechanisms of the 

sodium carbonate-activated binder, by identifying the crystalline structures and their changes 

during the initial hours of reaction post-mixing Figure 5-6. As mentioned in the previous 

section, it can be difficult to distinguish carbonate-containing structures, particularly the likes 

of calcium carbonate and sodium carbonate polymorphs, using FTIR alone. However, because 

of the crystalline nature of these carbonates, XRD was expected to be a useful tool for 

differentiating between the carbonate phases consumed and formed, thus resolving the initial 

reaction mechanisms for carbonate-activated slag binders. 
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Figure 5-6 XRD pattern of carbonate-activated BFS over the first 2 hours of reaction. Key crystalline peaks labelled: G ï 

Gaylussite (PDF 00-021-0343), and N ï Natron (PDF 00-015-0800). 

 

Peaks corresponding to natron (Na2CO3.10H2O), a hydrated sodium carbonate, are present 

initially but generally reduce over time, with most representative peaks gone by ~1 hour. 

Simultaneously, the crystalline phase, gaylussite (Na2Ca(CO3)2.5H2O), a sodium calcium 

carbonate hydrate, begins to form from 0 hours and grows over time into sharp peaks. This 

further supports the theory of a preferential reaction, suggesting the depletion of sodium 

carbonate from the activator and formation of calcium carbonates with the incorporated 

calcium coming from the precursor, slag. 
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Figure 5-7 Comparison of XRD patterns at 2 hours post-mixing, for carbonate-activated and silicate-activated BFS.  

 

Figure 5-7 shows the similarities and differences in XRD measurements for the silicate- and 

carbonate-activated slag binders. There is generally very little similarity between the patterns, 

other than the amorphous hump centred at ~20Á 2ẽ, which is credited to the polyimide film 

used for sample preparation. Furthermore, there is a very subtle amorphous hump centred at 

~30Á 2ẽ forming in the carbonate-activated sample compared to that same hump being very 

clearly present in the silicate-activated sample. This broad feature due to diffuse scattering is 

shown to be present in the anhydrous precursor (Figure 3-2), however, it is also indicative of 

an alumina/silica phase, identified in AAC binders as belonging to the tobermorite-like C-A-

S-H phase [156]. Combining observations for XRD and DRIFTS measurements taken in situ, 

it is reasonable to suggest that this broad feature is more likely attributed to a reaction product 

ï C-A-S-H ï than the unreacted precursor. 

In contrast to the XRD pattern for the silicate-activated slag, that for the carbonate-activated 

binder contains various crystalline peaks (Figure 5-7), identified as being numerous carbonate 
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phases. The lack of these structures in the silicate-activated slag diffractogram, in conjunction 

with the absence of carbonate supplied in the sample formulation and the air-sensitive nature 

of the sample preparation for the XRD measurements in situ, suggests that any carbonate 

phases observed for the solely silicate-activated sample (in solid state characterisation or 

otherwise) are owed to atmospheric carbonation ï CO2 from the air infiltrating the samples and 

reacting. 

5.3.1.4 Summary 

Data from XRD combined with that from DRIFTS, both taken in situ, evidence that a 

preferential reaction is occurring in the initial few hours for sodium carbonate-activated slag 

binders, corroborating the observations from ICC data. The combination of these data suggests 

that the calcium ions from the slag are reacting with the carbonate anions of the activator to 

form calcium carbonate and sodium calcium carbonate polymorphs, in both hydrous and 

anhydrous forms. These carbonate phases, as well as the slower dissolution of slag under 

moderate pH conditions (from the Na2CO3 activator), retard the reaction, causing the longer 

induction period. Moreover, the main reaction period is inhibited due to the calcium ions from 

the precursor being occupied ï preferentially bound in CaCO3 ï rather than incurring 

supersaturation in solution and the subsequent precipitation of primary reaction product, C-

(A)-S-H. However, once the CO3
2- ions are exhausted, the activating reaction is expected to 

continue similarly to other alkali-activated slag binders. 

On the other hand, the reaction of the mixed silicate-carbonate-activated slag sample appears 

to be heavily influenced by its silicate component rather than the carbonate inclusion, having 

its peak of reaction occurring much nearer in time to that of the silicate-activated slag. 

Additionally, the DRIFTS data for the blended silicate-carbonate-activated sample follows a 

similar mechanism to the solely silicate-activated sample, favouring the likely formation of C-
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A-S-H within the first 2 hours of reaction, however with more calcite forming, likely due to 

the inclusion of carbonate ions from the activating solution. 

5.3.2 Structural Evolution 

5.3.2.1 ATR-FTIR 

ATR-FTIR spectra were taken at different curing ages for the carbonate-activated and the 

mixed silicate-carbonate-activated slag samples to identify bond environments and explore 

phase development over time. For both sample sets, the respective normalised spectra in Figure 

5-8 and Figure 5-9 show little variation over time, indicative of a steady rate of reaction from 

3 to 90 days of curing. 

 

Figure 5-8 FTIR spectra of sodium carbonate-activated BFS at various time points.  

 

For both sample sets, there is a shallow but notable band at ~1590 cm-1 in each sampleôs 

spectra, which is characteristic of the C-O vibration within the calcium carbonate polymorph, 

vaterite [184]. Additionally, a band centred at ~1415 cm-1 can be observed in the spectra for 

both samples, corresponding to the asymmetric stretching of C-O bonds of carbonate ions 
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[141], [142], likely encompassing sodium carbonate from the activator, hence its better 

prominence in the solely carbonate-activated sample, but it could possibly indicate additional 

carbonate phases forming. Further to this, the shoulder peak at ~900 cm-1 corresponds to the 

out-of-plane bending of C-O in calcite, another calcium carbonate polymorph [135], [136], 

[185]. Generally, this band becomes slightly more prominent over time, due to the increasing 

atmospheric carbonation with curing time. Moreover, a peak at ~870 cm-1 is observed in all 

spectra for both samples, but somewhat more pronounced in the spectra for the solely 

carbonate-activated slag sample, associated with the asymmetric bending of C-O in calcium 

carbonate [135], [136], [141], [183], as observed in the DRIFTS spectra after 1 hour in Section 

5.3.1.2.  

 

Figure 5-9 FTIR spectra of BFS activated with both sodium silicate and carbonate at various time points.  

 

A band at ~950 cm-1 is the most prominent in all spectra for both samples, which is attributed 

to the asymmetric stretching of Si-O-T bonds, as is the smaller peak observed at ~815 cm-1, 

more specifically, these two bands correspond to Q2 and Q1 sites, respectively, within the C-A-

S-H structure [53], [133], [134]. The presence of both of these peaks is observed at 3 days with 
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no prominent change over time ï the peak at ~950 cm-1 appears to sharpen slightly over time 

for the mixed silicate-carbonate-activated sample, indicating increased structural ordering of 

C-(A)-S-H as the reaction proceeds [53], [183], while the band at 815 cm-1 appears to hold its 

low intensity over time for both sample sets, however, is more prominent in the mixed activator 

sample, suggesting an increased amount of C-A-S-H in said sample, compared to the 

carbonate-activated sample. 

5.3.2.2 TGA 

Thermogravimetric analysis was conducted to understand the reaction progression by 

identifying and quantifying reaction products present in the sodium carbonate-activated and 

mixed sodium silicate- and carbonated-activated slag binders at various curing ages. For both 

samples, a general increase in overall mass loss was observed with increasing curing times, 

indicative of an increased extent of reaction over time: 23.0, 24.0, 26.5, 24.4, and 31.8 wt.% at 

3, 7, 14, 28, and 90 days, respectively, for the carbonate-activated sample (Figure 5-10); and 

27.1, 26.5, 24.6, and 26.8 wt.% at 3, 7, 14, and 90 days, for the mixed silicate-carbonate-

activated sample (Figure 5-11).  
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Figure 5-10 TG/dTG trends of sodium carbonate-activated BFS, cured for various lengths of time, as labelled.  

 

The TGA curves for carbonate-activated slag display a first mass loss between 60 and 200 ÁC 

of up to 15 wt.% at curing ages up to and including 28 days, generally increasing with age, and 

~25 wt.% at 90 days. A loss in this region is attributed to the loss water from the calcium 

aluminosilicate hydrate (C-A-S-H) [186], [187]. It is observed that for the carbonate-activated 

sample, there are two sharper mass losses in this region compared to the single broad mass loss 

observed for the silicate- and mixed silicate-carbonate-activated binder samples. The second 

of the two mass losses, centring at ~130 ÁC, remains similar in intensity regardless of curing 

age, equating to ~5 wt.% for each curing age, however, the first peak at ~100 ÁC increases 

slightly with curing age between 3 and 28 days before dramatically increasing at 90 days. This 

peak is typically associated more with the loosely bound water within C-S-H phases, meaning 

a likely increase in the quantity of such phases as curing time progresses, as expected due to 

the continual reaction over time after setting. 
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Similarly to the silicate-activated sample, TGA data for both carbonate- and mixed silicate-

carbonate-activated samples display a shoulder to the initial mass loss peak(s) at ~170 ÁC for 

later curing ages, which is attributed to the initial thermal dehydration of hydrotalcite [188], 

[189]. Further to this, a mass loss in the region of 300-500 ÁC is observed in both samples for 

each curing age, which is associated with further loss of chemically bound water within 

hydrotalcite phases [186], [188], [190]. For the solely carbonate-activated sample, there is very 

little difference in mass loss over time in this second hydrotalcite-associated region, indicative 

of the small but established quantity of more stable hydrotalcite phases within the sample. On 

the other hand, the silicate-carbonate-activated sample has a slightly more pronounced, but still 

relatively constant-over-time, mass loss in this region, suggesting an increased quantity of 

hydrotalcite in the mixed activator samples. 

 

Figure 5-11 TG/dTG trends of BFS activated with both sodium silicate and carbonate, cured for various lengths of time, as 

labelled.  

 

Additionally, a notable and progressive mass loss is present between 500 and 700 ÁC for the 

mixed silicate-carbonate sample, associated with the continual dehydration of C-A-S-H-type 
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phases and dehydroxylation of hydrotalcite phases [186], [188]. Although a mass loss in this 

region may be visible for the carbonate-activated sample, it is significantly less noticeable than 

for the samples activated with solely silicate or with both silicate and carbonate, indicating that 

the inclusion of silicate results in an increase in strongly bound C-A-S-H and hydrotalcite 

phases, paralleling with the increased rate and extent of reaction for such samples. 

Finally, a mass loss can be observed in the region of 700-900 ÁC for both samples at all time 

points, but more so for the carbonate-activated binder. This loss is due to the decomposition of 

calcium hydrates [186] and the decarbonation of calcium carbonates, including calcite, vaterite, 

and aragonite [188], [192], [193], but can also be attributed to sodium (calcium) carbonates. 

The presence of such carbonate polymorphs in any sample can be credited to atmospheric 

carbonation of samples, however, the increased quantity in the sodium carbonate-activated 

sample observed here, coupled with the knowledge discerned from the in-situ characterisation 

in Section 5.3.1, can be ascribed to the formation of such phases due to the presence of 

carbonate ions from the activator reacting with sodium and calcium ions from the slag 

precursor.  

5.3.2.3 XRD 

XRD patterns were measured for the carbonate-activated and mixed silicate-carbonate-

activated slag binders at various curing ages as shown in Figure 5-12 and Figure 5-13, 

respectively. Similarly to ATR-FTIR spectra and TGA plots for these samples, there is very 

little to no change in structure over time in the diffractograms, suggesting a stable, structurally 

ordered phase development from an early curing age. Both samples at all time points display a 

broad hump centred at ~30Á 2ẽ, characteristic of an alumina-silica phase, specifically a 

tobermorite-like C-A-S-H structure, in line with observations from TGA and FTIR spectra. 

Additionally, where the mixed silicate-carbonate-activated sample has a primarily amorphous 
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nature with little crystalline features, the solely carbonate-activated slag exhibits significant 

amounts of sharp peaks, likely due to the increased presence of crystalline carbonate phases. 

The crystallinity for the sodium carbonate-activated slag and the lack thereof for the blended 

sodium silicate/carbonate sample aligns with what is seen in literature [58], [69]. Additional 

tobermorite peaks, as well as those for hydrotalcite, can be observed in XRD patterns for both 

sample sets at all time points, in addition to small amounts of calcium carbonate polymorphs, 

calcite and vaterite. 

 

Figure 5-12 XRD patterns of carbonate-activated BFS, at various curing times, as labelled. Phases identified have been 

labelled: A ï Aragonite (PDF 04-008-5421), C ï Calcite (PDF 00-066-0867), G ï Gaylussite (PDF 00-021-0343), Gs ï 

Gismondine (PDF 01-089-6321), H ï Hydrotalcite (PDF 01-088-9171), N ï Natron (PDF 00-015-0800), S ï strªtlingite (PDF 

04-012-1915), T ï Tobermorite (PDF 04-014-8455), and V ï Vaterite (PDF 00-060-0483). 
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Figure 5-13 XRD patterns of silicate/carbonate-activated BFS, at various curing times, as labelled. Phases identified have 

been labelled: A ï Aragonite (PDF 04-008-5421), C ï Calcite (PDF 00-066-0867), H ï Hydrotalcite (PDF 01-088-9171), and 

T ï Tobermorite (PDF 04-014-8455). 

 

The almost identical diffractograms for the mixed silicate-carbonate-activated sample at 

various time points (Figure 5-13), with the existence of tobermorite-like C-A-S-H and 

hydrotalcite from early age, highlights that a great degree of the main reaction has occurred by 

3 days and the main reaction phases have formed stably. The existence of calcium carbonate 

polymorphs ï calcite and vaterite ï in the patterns for this sample again indicates that 

atmospheric carbonation has taken place during sample preparation and curing, but only in 

small amounts. The similarities between the XRD patterns for the mixed silicate-carbonate 

activated and solely silicate-activated slag samples once more suggest that the inclusion of 

sodium silicate in the mixed activator sample has a greater bearing on the mechanisms of 

reaction than its carbonate counterpart, with the main difference being the sharpness of the 

peak at ~30Á 2ẽ, which can be ascribed to the carbonate content of the binder. 
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For the solely carbonate-activated slag binder (Figure 5-12), the primary amorphous peak 

centring at ~30Á 2ẽ associated with C-A-S-H, although existing from an early age, grows in 

intensity and sharpens over time, suggesting an increase in structural ordering and stability 

with curing age. Further to this, the existence of this peak suggesting the existence of the 

aluminium-substituted tobermorite-like phase, as well as the presence of small amounts of 

hydrotalcite from early age (3 days), which are typically the main reaction products of sodium 

silicate- and hydroxide-activated BFS, suggest that once the CO3
2- ions supplied by the sodium 

carbonate activator is largely consumed in the formation of carbonate compounds during the 

initial preferential reaction highlighted in Section 5.3.1, the mechanism of sodium carbonate-

activated slags proceeds in a similar fashion to the silicate- or hydroxide-activated slag systems. 

Additionally, multiple peaks associated with calcium carbonate polymorphs ï calcite, vaterite, 

and aragonite ï exist at all curing ages, demonstrating that once these phases form, either due 

to the preferential reaction between calcium ions from the precursor with carbonate ions from 

the activator or via atmospheric carbonation of samples during preparation and curing, they 

remain stable and in the bulk structure. Unlike for the silicate-activated and mixed silicate-

carbonate-activated samples, the presence of three phases ï gismondine, gaylussite, and natron 

ï are observed for the solely carbonate-activated slag binder. Natron, a hydrated sodium 

carbonate, likely exists due to unreacted activator species, and gaylussite was observed to form 

in the early hours of reaction between the carbonate activator and sodium and calcium species 

in the system, as illustrated by the XRD measurements taken in situ (see Section 5.3.1.3). On 

the other hand, the presence of gismondine ï a hydrated zeolite with chemical formula, 

CaAl2Si2O8.4(H2O) ï in the diffractograms for the carbonate-activated slag is observed in small 

amounts from 7 days onwards, suggests that different C-A-S-H-type phases are forming, once 

the initial preferential reaction has run its course. 
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5.3.2.4 NMR 

Solid-state 27Al and 29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) 

spectroscopy were conducted in order to probe how the nanostructure of the carbonate-

activated and silicate-carbonate-activated slag cements evolves over time.  

5.3.2.4.1 27Al MAS NMR Spectroscopy 

The 27Al MAS NMR spectra for the carbonate-activated and mixed silicate-carbonate-activated 

slag samples in Figure 5-14 and Figure 5-15, respectively, both display a broad tetrahedral 

resonance spanning the region of 80 to 60 ppm, which clearly contains contributions from 

multiple Al sites, for all curing ages. Resonances at ŭobs = 74 and 68.4 ppm correspond to well-

defined AlIV sites incorporated in bridging tetrahedra, q2(I) and q2(II), respectively, where 

tetrahedral Al are bonded to Q2(1Al) Si sites [58], charge-balance by Na+/H+ and Ca2+ ions, 

respectively, indicative of the formation of C-A-S-H . A narrower signal here represents a 

greater degree of polymerisation as the reaction continues over time. The spectra for the mixed 

silicate-carbonate slag varies very little in this region over time, similar to what was observed 

for the silicate-activated sample in Figure 4-7, having a sharp resonance at ~74 ppm from 1 

day and maintaining this over time. Conversely, for the carbonate-activated sample in Figure 

5-14, the resonance at ~74 ppm is barely distinguishable from that at ~68.4 ppm at 1-day 

curing, but becomes gradually sharper over time, suggesting a slow early formation of C-A-S-

H, aligning with the preferential reaction of carbonate ions from the activator with calcium 

species from the slag inhibiting the onset of the main reaction within the first few days. For 

both carbonate-activated and silicate-carbonate-activated samples, the peak at ~68.4 ppm 

appears to increase in intensity over time, becoming more prominent at 90 days, like the 

observation for the silicate-activated slag, indicative of more q2(II) forming over time, i.e. more 

calcium is incorporating in the C-A-S-H interlayer. As such, it can be said that the inclusion of 
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sodium silicate accelerates the kinetics of the blended silicate-carbonate-activated system, by 

way of a reaction between the silicon species from the activator and the calcium ions supplied 

by the dissolving slag, forming calcium aluminium silicate hydrates within the first day of 

reaction. 

 

Figure 5-14 27Al MAS NMR spectra of BFS and sodium carbonate-activated BFS at various curing times, as marked. 

 



137 

 

 

Figure 5-15 27Al MAS NMR spectra of BFS and silicate/carbonate-activated BFS at various curing times, as marked.  

 

An additional resonance is observed for both sample sets spanning the region from 20 to 0 ppm, 

possibly containing contributions from multiple Al sites, with the signal at ŭobs = 11 ppm 

corresponding to two AlIV environments in octahedral formation within a hydrotalcite-type 

layered double hydroxide reaction product [194], [195], verifying the formation of such 

products, in line with observations from the TGA and XRD data. Like the observation for the 

resonance in the 80-60 ppm region, this hydrotalcite-associated resonance is very low in 

intensity at 1 day curing for the carbonate-activated sample, further indicating the lack of main 

reaction occurring at this time point, but then grows in intensity over time consistent with the 

continuous main reaction beyond the first few days. Furthermore, unlike for the silicate-

activated slag, it is not clear if a signal at ŭobs = 5 ppm is present, corresponding to either a 

ñthird aluminate hydrateò on the surface of C-(N)-A-S-H [16], [188], [194], [196] or a silicate-

bridging [AlO2(OH4)]
5- site within C-A-S-H [197], suggesting that the silicate-activated slag 
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binders exhibit a greater extent of reaction than both the carbonate-activated and silicate-

carbonate-activated samples. 

Additionally, the slight broad resonance spanning 40 to 30 ppm that was observed for the 

silicate-activated slag sample and was tentatively linked to a charge-balancing pentahedral Al 

within the C-(N)-A-S-H gel interlayer, is not observed in the spectra for carbonate- or silicate-

carbonate-activated slag. The presence of a resonance at ŭiso = 4.6 ppm corresponding to such 

Al sites has been observed in the study by Walkley et al. [58], not just for silicate-activated slag 

but also for mixed silicate-carbonate- and carbonate-activated slag binders of similar 

formulations to this study, in deconvolutions of 27Al MAS NMR spectra, suggesting the 

formation of this pentahedral Al environment occurs regardless of the activator anion. 

5.3.2.4.2 29Si MAS NMR Spectroscopy 

For the 29Si MAS NMR spectra of carbonate-activated and mixed silicate-carbonate-activated 

slag samples, in Figure 5-16 and Figure 5-17, respectively, a broad mound is observed centring 

at ~73 ppm associated with unreacted slag particles, at all curing ages and generally reduces 

over time, consistent with the increasing extent of reaction at longer curing ages. Additionally, 

three clear resonances are visible between -75 and -85 ppm for both samples at all time points, 

however, their intensities vary. The signals at ŭiso = -78.6, -81.4, and -84.4 ppm correspond to 

Q1(II), Q2(1Al), and Q2 units, respectively, indicative of the growth of a tobermorite-like C-S-

H phase, likely to be a sodium and aluminium substituted calcium silicate hydrate (C-(N)-A-

S-H) [58], [161], [205], consistent with previous studies into the structure of sodium silicate- 

and carbonate-activated slag cements [58], [69], [188], [205]. For both sample sets, there is an 

increase in Q2 sites relative to Q1 sites over time, which suggests an increase in the degree of 

polymerisation within the C-A-S-H phase. Moreover, a slight resonance at ŭobs = -87 ppm 

becomes visible at longer curing times, noticeably so in the spectra for the carbonate-activated 
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sample, which is attributed to Q3(1Al), and whose presence means there is a significant amount 

of cross-linking in the C-(N)-A-S-H structure [58], [96]. 

 

Figure 5-16 29Si MAS NMR spectra of BFS and sodium carbonate-activated BFS at various curing times, as marked.  

 

 

Figure 5-17 29Si MAS NMR spectra of BFS and carbonate/silicate-activated BFS at various curing times, as marked. 
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The three main resonances identified in the region between ŭobs = -75 and -85 ppm are further 

probed in the deconvolution of the 29Si MAS NMR spectra for both carbonate- and silicate-

carbonate-activated slag samples, as shown in Figure 5-18 and Figure 5-19, respectively. 

Additionally, the presence of a further five Si environments are identified in each sample, with 

signals at ŭiso = -76.0, -87.0, and -92.0, attributed to Q1(I), Q3(1Al) or Q4(4Al), and Q3 or 

Q4(3Al), respectively, within the C-(N)-A-S-H. The identification of two distinct Q1 sites in all 

samples, designated Q1(I) and Q1(II), correspond to the shielding variation from charge-

balancing Na+ or H+ and Ca2+, respectively, as determined by molecular dynamic studies [206]. 
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Figure 5-18 29Si MAS NMR spectra for slag activated with sodium carbonate, and their associated deconvolutions. In each 

case, the data are shown in black, the fit (shown in red) is the sum of the deconvoluted peaks, and the difference between the 

data and the fit is shown in green. Peaks attributed to Si sites in C-(N)-A-S-H are shaded in blue, while those attributed to sites 

within remnant anhydrous slag are shaded in grey.  
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Small amounts of Q0 sites are identified in the spectral deconvolutions at a resonance ŭiso = -

72.0 ppm, as well as quantities of remnant anhydrous slag particles, represented by the broad 

Gaussian peak centring at ŭiso = -75.0 ppm, both of which reduce in quantity with curing time. 

Relative quantifications of Si sites as a function of sample curing age were determined by the 

deconvolution of 29Si MAS NMR spectra and are recorded in Table 5-2 and Table 5-3 for 

carbonate- and silicate-carbonate-activated slag samples, respectively. For the carbonate-

activated binder, ~56 % of slag particles have reacted in the first day and ~67 % after 90 days 

of curing, while the mixed activator sample demonstrated that ~64 % and ~82 % of slag had 

reacted at 1 and 90 days, respectively, in comparison to ~57 % after 1 day and ~84 % after 90 

days for the silicate-activated sample. This proves the continual dissolution of slag over time 

in all of the activated slag binders, and an improved reaction for the two silicate-activated 

samples due to the uptake of silica into the solid binder. 

Table 5-2 NMR parameters for carbonate-activated slag samples, extracted from the deconvoluted 29Si MAS NMR spectra.  

Sample 

Parameter 

Assignment 

Unreacted 

slag 
Q0 Q1(I)  Q1(II)  Q2 Q2(1Al) 

Q3 or 

Q4(3Al) 
Q3(1Al)  Q4(4Al) 

ŭiso (ppm) -75 -72 -76 -78.6 
-

84.4 
-81.4 -92 -87 -87 

FWHM (ppm) 13 5 6 3 3.8 3 8 9 9 

CO3_1D 
Relative integral 

area (%) 
43.9 3.8 12.1 8.6 11.5 13.2 3.4 3.5 0.0 

CO3_3D 
Relative integral 

area (%) 
38.3 2.6 9.4 12.0 13.2 15.6 2.8 5.8 0.4 

CO3_7D 
Relative integral 

area (%) 
34.9 2.6 8.8 13.8 13.8 16.4 2.8 6.2 0.9 

CO3_28D 
Relative integral 

area (%) 
34.8 1.8 9.7 14.5 14.3 17.2 1.4 5.5 1.0 

CO3_90D 
Relative integral 

area (%) 
32.7 0.8 8.1 14.4 16.9 15.9 2.2 7.1 2.0 

 

There is a resonance at ŭiso = -92.0 ppm, assigned to Q3 and/or Q4(3Al) Si environments, as 

well as one another at ŭiso = -87.0 ppm, assigned to either Q3(1Al) or Q4(4Al) [160], [207]. The 

resonance at ŭiso = -87.0 ppm increases steadily over time for both carbonate- and silicate-

carbonate-activated samples, whilst the peak at signal ŭiso = -92.0 ppm increases for the mixed 
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activator sample and decreases for the carbonate-activated sample over time. For these alkali-

activated samples, the resonance at ŭiso = -87.0 ppm is assigned to both the typical crosslinked 

Q3(1Al) Si environments in C-(N)-A-S-H and also some Q4(4Al) environments in a 

polymerised Al-rich N-A-S-H phase, aligning with the structural constraints of the ñcross-

linked substituted tobermorite modelò (CSTM) proposed by Myers et al. [161]. This N-A-S-H 

phase forms in addition to C-(N)-A-S-H in systems with high Al and Na content, and is made 

up of Q4(4Al) and Q4(3Al) sites, as seen in previous studies on silicate-activated slag binders 

[58], [194]. Moreover, it is necessary to attribute part of the resonance at signal ŭiso = -92.0 ppm 

to Q4(3Al) as well as Q3, as no aluminosilicate phase can contain solely Q4(4Al) units [209], 

and as such an additional representation of Q4-type units is required. The existence of this N-

A-S-H gel in addition to the more typical C-(N)-A-S-H has been observed in previous studies 

of both silicate- and carbonate-activated slag binders [58], [71], [83], [92], [188], [194], [208]. 

Some studies demonstrated that aluminium-rich geopolymers contain almost entirely Q4(3Al) 

and Q4(4Al) units, which supports such identifications in the spectral deconvolutions in this 

study, suggesting that alkali-activated slag binders could include disordered, zeolite-like 

products likened to the N-A-S-H structures usually found in low-calcium aluminosilicate 

precursor-based AACs [55], [209], [210]. The observation of the decreased quantities of Si 

sites assigned to ŭiso = -92.0 ppm over time for the carbonate-activated binder, indicates a 

decrease in Q3 sites, rather than Q4(3Al), due to the increase of Q4(4Al) sites observed and the 

requirement of both Q4(3Al) and Q4(4Al) to co-exist in the formation of a N-A-S-H. 

There are notable amounts of Q2(1Al) sites present in both sample sets from day 1 of curing, 

which steadily increases with curing age, indicating high levels of aluminium substitution in 

the C-(N)-A-S-H structure, and the notable existence of Q3(1Al) units at early age and their 

growth over time suggests that C-(N)-A-S-H is significantly crosslinked and this crosslinking 

only improves with curing. The growth of Q4(4Al) and Q4(3Al) environments begins from 7 



144 

 

days curing and steadily increases with time, indicating the precipitation of N-A-S-H  at similar 

rates for both carbonate- and silicate-carbonate-activated slag binders. 

Table 5-3 NMR parameters for silicate and carbonate-activated slag samples, extracted from the deconvoluted 29Si MAS NMR 

spectra.  

Sample 

Parameter 

Assignment 

Unreacted 

slag 
Q0 Q1(I)  Q1(II)  Q2 Q2(1Al) 

Q3 or 

Q4(3Al) 
Q3(1Al) Q4(4Al) 

ŭiso (ppm) -75 -72 -76 -78.6 -84.4 -81.4 -92 -87 -87 

FWHM (ppm) 13 5 6 3 3.8 3 8 9 9 

SiO3_CO3_1D 

Relative 

integral area 

(%) 

35.7 2.3 8.7 16.7 14.5 16.5 3.0 2.7 0.0 

SiO3_CO3_3D 

Relative 

integral area 

(%) 

29.4 2.3 8.4 16.4 15.3 16.8 6.1 5.0 0.3 

SiO3_CO3_7D 

Relative 

integral area 

(%) 

29.6 1.5 8.7 19.2 15.6 17.7 2.4 4.8 0.5 

SiO3_CO3_28D 

Relative 

integral area 

(%) 

23.5 1.5 9.0 17.8 18.3 18.5 3.0 7.6 0.8 

SiO3_CO3_90D 

Relative 

integral area 

(%) 

18.4 1.6 7.8 17.6 20.7 19.6 4.4 7.9 2.1 

 

Moreover, the relative sum of Q1(I) and Q1(II) sites remains relatively constant from 1 to 

90 days for both sample sets; for the mixed activator the relative amounts of the individual sites 

remains the same, while for the carbonate-activated sample, the relative amount of Q1(I) sites 

decreases at a similar rate to the increase in relative amounts of Q1(II) sites as time progresses. 

This suggests an increased amount of calcium ions in the interlayer of the C-(N)-A-S-H 

structure over time, consistent with the slower dissolution of slag particles for carbonate-

activated binders. 
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Figure 5-19 29Si MAS NMR spectra for BFS activated with sodium silicate/carbonate, and their associated deconvolutions. In 

each case, the data are shown in black, the fit (shown in red) is the sum of the deconvoluted peaks, and the difference between 

the data and the fit is shown in green. Peaks attributed to Si sites in C-(N)-A-S-H are shaded in blue, while those attributed to 

sites within remnant anhydrous slag are shaded in grey.  
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An increase in quantity of Q2(1Al) and Q3(1Al) is observed for both samples over time, which 

correlates to the increase in mean chain length of the C-(N)-A-S-H as curing time increases 

(Figure 5-20). Furthermore, the increase of these sites aligns with the apparent increase in 

tetrahedral Al sites in Figure 5-14 and Figure 5-15 for both carbonate-activated and silicate-

carbonate-activated BFS, respectively, which in turn aligns with the general increase in AlIV/Si 

over time shown in Figure 5-20, which further suggests the greater extent of crosslinking of 

C-(N)-A-S-H as curing time progresses. The formation of the disordered Q4-containing 

product, N-A-S-H, typically causes a reduction in crosslinking of C-(N)-A-S-H structure, 

however, the quantifications based on spectral deconvolutions of such Q4 sites suggest very 

small amounts of N-A-S-H is forming in these carbonate-activated slag cements, likely not 

sufficient enough to affect the crosslinking of the main reaction product. 

 

Figure 5-20 AlIV/Si ratio and MCL in carbonate- and silicate/carbonate-activated BFS over time, calculated using the CSTM 

and 29Si MAS NMR spectral deconvolutions.  

 

5.3.2.5 SEM-EDX 

Scanning electron microscopy can be used for probing the surface structure of cementitious 

binders, and when partnered with energy dispersive X-ray (EDX) analysis, the elemental 

composition of the sample surface can be determined, allowing the study of structural evolution 
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over different curing lengths. SEM images for alkali-activated slag binders, as seen in Figure 

5-21 and Figure 5-22, display a generally dark grey bulk structure, representing reaction 

phases, including the likes of C-A-S-H, hydrotalcite, and calcium carbonate polymorphs 

amongst others, surrounding lighter grey unreacted slag particles. Features, such as cracks and 

striations, may also be visible, due to the use of fractured samples rather than cutting in this 

study. Additionally, some pores are visible at this magnification, but it is likely that most pores 

exist on the nanoscale and so are not as prominent in these images. 

 

Figure 5-21 SEM images for carbonate-activated BFS, at 1000x magnification, for various curing times, as labelled. 

 

Images for the carbonate-activated BFS sample (Figure 5-21) show minimal physical change 

over time, other than the bulk structure becoming more cohesive, particularly noticeable at 90 

days curing, surrounding similar amounts of unreacted slag particles. In comparison, the mixed 

silicate-carbonate-activated sample (Figure 5-22), also contains unreacted slag particles but in 
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much smaller amounts and of a smaller size, indicative of the silicate activator component 

increasing the dissolution of slag. Similarly to both carbonate- and silicate-activated samples, 

the mixed-activated slag binder displays a much more cohesive bulk structure at 90 days with 

further reduced amounts of slag particles in the bulk, aligning with the increased extent of 

reaction with curing time. It is noted that the solely carbonate-activated sample in Figure 5-21 

includes bloom-like features on the surface, noticeable at 7 and 14 days, which may be due in 

part to the solvent exchange and epoxy impregnation during sample preparation. 

 

Figure 5-22 SEM images for silicate and carbonate-activated BFS, at 1000x magnification, for various curing times, as 

labelled. 

 

Elemental mapping for the carbonate-activated sample in Figure 5-23 shows a clear distinction 

between slag particles ï rich in silicon, aluminium and calcium ï and the surrounding hydrated 

bulk structure, which mostly consists of sodium, magnesium, and carbon, at 7 days of curing. 

However, by 90 days, the slag particles, although still clearly distinguishable from the bulk 
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structure, consist mostly of silicon with small amount of aluminium, likely due to the 

aluminium from the slag incorporating more easily into the C-A-S-H structure due its weaker 

bonding nature. Furthermore, the bulk hydration structure appears to have more elements 

incorporated more evenly at this later curing age. These observations for evolution of chemical 

composition align with the expected increased reaction extent with time, meaning a greater 

amount of hydrate phases forming. For both 7- and 90-day samples, there are distinct areas of 

high sodium concentration, likely due to the sodium ions from the activating solution existing 

on the surface rather than incorporating in C-A-S-H or forming the secondary N-A-S-H phase, 

as supported by the 29Si MAS NMR spectral deconvolutions discussed in Section 5.3.2.4.2. 

 

Figure 5-23 Elemental mapping for carbonate-activated BFS, cured at 7 and 90 days, as labelled.  

 

Furthermore, the elemental maps acquired via EDX for the mixed silicate-carbonate-activated 

slag binder in Figure 5-24 also display areas rich in aluminium and silicon associated with 
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remnant slag particles surrounded by a bulk structure containing mostly calcium, magnesium, 

sodium and oxygen, and some silicon, with an observed increase in silicon and magnesium at 

90 days, indicative of increased amounts of hydrate phases, C-(N)-A-S-H and/or N-A-S-H and 

hydrotalcite, respectively, at later curing ages, aligning with observations from 27Al and 29Si 

MAS NMR spectra. 

 

Figure 5-24 Elemental mapping for silicate/carbonate-activated BFS, cured at 7 and 90 days, as labelled. 


























































































































































































































































































