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Summary 

Fire hazards in buildings constitute a substantial risk to both occupants and property, 
highlighting the significance of  fire safety measures in construction practices. In recent years, 
the negative environmental benefits and poor thermal performance of  Portland cement 
have spurred research efforts toward exploring new generation of  thermal resistant building 
materials. This dissertation focuses on high temperature resistant geopolymer-based 
materials, spanning from understanding to development and optimization, with the goal of  
attaining economically and environmentally sustainable solutions. 

In the first section (Chapter 2), an exploration of  the thermal degradation behavior of  
geopolymer-based materials is conducted. The evolution of  geopolymers under high 
temperatures is a complex process that conjuncts with chemical transformation and physical 
changes at the same time, which remains unclear. To systematically characterize the thermal 
evolution, the chemical transformation, e.g., gel and crystalline phase, is investigated and a 
quantitative crack assessment is developed to learn the thermally induced cracking behavior. 
Results reveal that, the water evaporation and gel decomposition lead to two different 
cracking behaviors in geopolymer-based materials at elevated temperatures. Chemically, 
further geopolymerization, gel decomposition, and viscous sintering emerge sequentially at 
various temperature stages. Notably, the ground granulated blast furnace slag addition in the 
hybrid geopolymer lessons the geopolymeric behavior such as further geopolymerization 
and viscous sintering, but further aggravates the thermal damage owing to the compact 
structure and unstable hybrid gel. The interaction among physico-chemical changes plays 
the key factor in determining the mechanical evolution of  geopolymer-based materials under 
elevated temperatures. Accordingly, the conceptual models of  plain geopolymer and hybrid 
geopolymer are proposed to reveal the thermal degradation mechanism of  geopolymer-
based materials. 

In light of  the revealed thermal degradation mechanism, the second section focuses on the 
modification of  the geopolymer gel system by co-activation of  Class F fly ash and Ladle 
slag. As a steel manufacturing by-product, ladle slag is largely underutilized due to its low 
hydraulic reactivity. On the basis of  phase composition and high crystallinity, ladle slag is 
proposed as a calcium and aluminium source in the joint activation with Class F fly ash 
(Chapter 3). The effect of  ladle slag on the geopolymer system, regarding the reaction 
process, hydrates assemblage, mechanical strength, and thermal behavior is investigated. The 
results show that the ladle slag addition has a positive influence on geopolymers, which not 
only enhances the mechanical strength but also retains the geopolymerization. It enables a 
high residual compressive strength of  64.7 MPa in the hybrid geopolymer with 25 wt.% ladle 
slag addition, compared to 55.2 MPa in plain geopolymers after 800 ˚C exposure. However, 
a drastic volumetric shrinkage is noticed. In continuation, to understand and optimize the 
hybrid gel system, the alkali activator is tailored to control the dissolution of  ladle slag 
(Chapter 4). According to energy-dispersive spectroscopy (EDX) coupled with the PhAse 
Recognition and Characterization (PARC) analysis, the product layer wrapping around slag 
particles largely governs the Ca availability in the environment, enabling the development 
of  two separated gels, namely C-(N)-A-(S)-H and N-(C)-A-S-H type gel. A dense matrix 
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consisting of  geopolymer gel and Ca-enriched gel is achieved with 8 wt.% Na2O while 
increasing silica modulus intensifies the incompatibility between the two gels. The initial 
properties (porosity, mechanical strength) and thermal performance (volumetric stability, 
residual strength) of  the hybrid binder are largely influenced by the competition between 
different reaction mechanisms of  the two gels. It reveals that, by tailoring the gel 
compatibility, the performance of  the designed geopolymer binder at both room and high 
temperatures can be deliberately controlled. 

Based on the optimized gel system, the third section moves towards structural development 
on geopolymer-based composites. The potential for recycling mineral wool waste in the 
development of  fiber-reinforced geopolymer composites is examined (Chapter 5). The 
impact of  mineral wool waste on geopolymerization, microstructure, durability, and thermal 
behavior are investigated. It is learned that the ion dissolution and dimension of  mineral 
wool waste have a synergetic effect on the microstructural formation and performance of  
the designed composites. The inclusion of  mineral wool waste, particularly in fine particle 
form, accelerates the geopolymerization process, leading to enhanced gel formation and 
increased Al uptake in the N-A-S-H gel. With an optimum substitution, the mineral wool 
fibers not only alleviate the drying shrinkage but achieve improved flexural properties. After 
high temperature exposure, a significant strength retention/gain with drastic thermal 
shrinkage is achieved in the designed composites. In addition to fiber reinforcement, a novel 
approach for designing high temperature resistant geopolymer mortar is introduced by 
applying particle size distribution theory (Chapter 6). The impact of  aggregate packing and 
binder-aggregate interaction on the microstructural and thermophysical properties are 
systematically analysed. Based on that, a numerical simulation is carried out to explore the 
heat transfer pattern within the designed geopolymer composites. With the optimized 
aggregate packing, a counterbalance between thermal conductivity and mechanical strength 
is reached in lightweight geopolymer composite. The study reveals that the type and packing 
of  aggregates significantly affect the heat transfer pattern and the subsequent thermal 
progression in geopolymer composites. The incorporation of  lightweight aggregates results 
in less thermal destruction with better mechanical stability as compared to normal sand. The 
increased distribution modulus from 0.2 to 0.3 potentially slows down the thermal 
deterioration and eases the mechanical degradation in lightweight geopolymer composites 
up to 800 ˚C. 
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Chapter 1 Introduction 

 

 

Introduction 

 

1.1 Background and motivation 

Despite the recent technological advancements and fire prevention measures, the threat of  
fire outbreak always lingers all over the world. According to the 2020 World Fire Statistics 
Report by the International Association of  Fire & Rescue Services, residential building fires 
constituted 24.2% of  all recorded fires, including vehicle fires, other structures, and forest 
fires. Shockingly, residential building fires accounted for 82.7% of  all reported fire-related 
fatalities and 61.0% of  injuries 1. Fire hazards in buildings can pose much critical risk to 
human beings and property, emphasizing the importance of  fire safeguarding in buildings.  

   

    

Fig. 1.1 (a) Explosive spalling 2 and (b) physicochemical transformation in Portland cement concrete during 

high temperature exposure 3. 

CHAPTER 1 
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Among all safety measures, passive fire protection systems, including structural and non-
structural building components, should serve as the ultimate ‘safety net’ to guarantee 
structural integrity when exposed to fire. The primary objective is to provide sufficient time 
for firefighting and rescue operations while also minimizing property losses 4. As the most 
widely used man-made building material, Ordinary Portland Cement (OPC) based materials 
are widely acknowledged as offering certain fire resistance, with non-combustible nature, 
and relatively low thermal conductivity 5. However, as shown in Fig. 1.1, in cement-based 
materials, the rapid moisture transport and pore pressure build-up before 300 ˚C leads to a 
layer-by-layer structural loss, so-called spalling. Furthermore, the main hydration products 
including calcium silicate hydrate (C-S-H) and calcium hydroxide dehydrate and decompose 
at the range of  100-600 ˚C 6,7. In consequence, the structure and mechanical properties of  
OPC-based materials drastically deteriorate at elevated heating conditions, which poses a 
serious threat to firefighting and evacuation.  

Today, the development of  high temperature resistant materials remains a focal research 
point, given their widespread utilization, such as the construction sector, ceramic and 
refractory industry for steel and glass production, and aerospace industry, etc. As one of  the 
biggest markets, the consumption of  high temperature resistant materials for construction 
reached $4.88 billion in 2023 with an annual growth rate of  11.6%, according to Fire 
Protection Materials for Construction Global Market Report 2023. Several thermal resistant 
materials have been widely used in construction applications, including high alumina cement, 
gypsum board, fire-resistant ceramic/glass, metal alloys, coatings, and refractory 
brick/castable 8. Despite these traditional materials have demonstrated effectiveness with 
their unique advantages, concerns are arising amid the growing demand for sustainability in 
the construction industry. Firstly, some of  them, such as high alumina cement, ceramics, and 
coatings are expensive to produce, which largely raises the cost. Secondly, the production of  
fire-resistant ceramic/glass, metal alloys, and refractory brick/castable always involves 
energy-intensive processes (pre-heating, melting, sintering), resulting in a significant carbon 
footprint. 

In the past decades, geopolymers have received significant attention from both academia 
and the industrial community. The key reason behind the keen interest is their potential to 
serve as sustainable alternatives to traditional cementitious materials. The synthesis of  
geopolymers represents a cost-effective and environmentally friendly process. It involves a 
reaction between alkaline activator and aluminosilicate sources with low calcium, typically 
derived from industrial by-products or other cost-effective materials 9,10. Besides, only 0.18 t 
CO2 footprint is attributed out of  1t geopolymer, when compared with OPC (0.9t CO2 out 
of  1t OPC, 8% of  global emissions) 11,12. Moreover, geopolymers possess superior 
mechanical stability and structural integrity over OPC under high temperature exposure. 
Hence, geopolymer-based materials potentially serve as a promising and sustainable solution 
for passive fire protection in buildings, tunnels, and other facilities where fire safety is 
imperative 13. 
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1.1.1 Geopolymer and its related materials 

The technology of  Alkali activated material (AAM) was first introduced with a patent 
awarded to Kühl in 1908 14. It refers to the binder systems derived from solid silicate or 
natural pozzolans, for instance, fly ash and ground granulated blast furnace slag (GGBS) 15. 
Owing to their low or latent reactivity, alkali activation is necessitated to promote dissolution 
and solidification. In the 1950s, Glukhoveky developed a concept model to describe the 
alkali activation of  materials primarily comprising reactive silica and alumina. The binder 
was first termed as ‘soil cement’, which serves as the theoretical foundation of  ‘Geopolymer’. 
In the 1970s, Davidovits 16 defined the term ‘Geopolymer’ as three-dimensional 
aluminosilicates, which is typically produced from low calcium or calcium-free 
aluminosilicate precursors, such as Class F fly ash and metakaolin. Fig. 1.2 depicts the 
geopolymer reaction model simplified from Glukhovsky theories, involving dissolution, 
gelation, polymerization and hardening process. As the aluminosilicate sources dissolve in 
contact with alkaline solution, the dissolved silicate and aluminate species gradually interact 
to form three-dimensional network of  aluminate and silicate tetrahedra on the atomic and 
nanometric scale 17,18. Owing to the difference in the dissolution rate between aluminum and 
silicate, a transformation from Al-rich gel to Si-rich gel can be observed. Ultimately, a 
continuous sodium aluminate silicate hydrate gel (N-A-S-H) is formed using NaOH based 
alkali activator.  

 

Fig. 1.2 Conceptual model of geopolymerization 18. 

Due to the three-dimensional structure and gel composition, geopolymers show potential 
in a broad range of  applications, e.g., high temperature resistance, chemical (acid) resistance, 
heavy metal immobilization, etc, 19–21. However, the exclusive reliance on Class F fly ash or 
metakaolin as the sole precursor for geopolymer production inevitably leads to resource 
competition. Most importantly, major concerns have been raised from the limitation of  
application, such as energy-consuming high temperature curing and unsatisfied mechanical 
strength.  
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1.1.2 Thermal degradation of  geopolymer-based materials  

Intrinsically, the promising thermal stability of  geopolymer gel (N-A-S-H) in originates from 
its typical structure, which is different from calcium (aluminate) silicate hydrate (C-(A)-S-H) 
gel in cement-based material (Fig. 1.3). In the 3D N-A-S-H network, the water does not 
present as an integral component of  the gel structure, which contrasts with the C-(A)-S-H 
gel 22. In addition, N-A-S-H gel contains significantly less chemical-physical sorbed waster 
as compared to C-(A)-S-H gel 23. These features reduce the negative impact of  thermally 
induced water removal, largely retaining the gel structure at elevated temperatures. Thus, N-
A-S-H gel is inherently thermal stable, only exhibiting partial recrystallization at 800 ˚C 24.  

 

Fig. 1.3 Conceptual structure of (a) geopolymer gel 25 (b) C-(A)-S-H gel 26,27. 

While the high temperature behavior of  geopolymer-based material should not be solely 
assessed according to the gel stability at the nanometric scale. It is well acknowledged that 
the microstructural evolution of  alkaline activated materials under high temperatures is a 
complex process. For instance, from a chemical perspective, further geopolymerization takes 
place at relatively low temperatures with new gel formation due to the presence of  unreacted 
precursor 24; the re-crystallization, sintering, and partial melting at elevated temperatures can 
alter the pore structure and impact the volumetric stability of  geopolymer matrix. With 
respect to the physical change, the geopolymer matrix is prone to cracking due to the 
evaporation of  physically and chemically bonded water at elevated temperatures. Moreover, 
the cracking behavior of  geopolymers is dependent on factors such as mix design, 
preparation methods, and microstructure. Consequently, the occurrence of  phase 
transformation and physical changes adds complexity to the thermal evolution of  
geopolymers, posing a synergetic impact on the thermal performance, including mechanical 
properties, and volumetric stability. To improve and optimize the thermal behavior of  
geopolymer-based materials, a comprehensive understanding of  thermally induced 
physicochemical transformations is of  great significance.    

1.1.3 Alternative hybrid geopolymer binder (Gel development) 

To address the limitations of  geopolymers, a concept of  ‘hybrid geopolymer’ has been 
generated and attracted keen interest over the past decade. By joint activation of  additional 
calcium source (mostly OPC and GGBS) with aluminosilicate precursor, a calcium involved 
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binder, namely CaO-Na2O-Al2O3-SiO2 binder is obtained. The presence of  ready calcium 
largely promotes the reaction rate, enabling improved mechanical strength with no need for 
high temperature curing 28,29. In hybrid geopolymers, the calcium incorporation further 
influences the reaction process with the formation of  a blended gel system, including N-
(C)-A-S-H, C-A-S-H, C-(A)-S-H gels as calcium concentration varies. Due to the complexity 
of  the gel system, at elevated temperatures, the hybrid geopolymers exhibit a similar 
mechanical evolution to both plain geopolymer and C-(A)-S-H dominated binder, such as 
cement-based binder and alkali activated slag. For instance, a strength gain is observed in 
hybrid geopolymer before 400 ˚C, which is resulted from further geopolymerization 24; a 
drastic strength loss until 600 ˚C due to the vulnerability of  C-(A)-S-H gel 30,31. Therefore, it 
has been widely accepted that thermal performance is negatively impacted by calcium 
incorporation, and inevitable structure decomposition and strength deterioration take place 
in hybrid geopolymers on exposure to high temperatures 32,31,30.  

To counterbalance the initial properties and high temperature performance of  geopolymers, 
recent studies have extensively shifted to explore new types of  precursors, especially those 
sources from industrial by-products and waste residuals. Several materials have been 
investigated as supplementary cementitious materials (SCM) in producing hybrid 
geopolymers for high temperature applications, including steel slag, copper slag, and waste 
glass, etc., 33–35. It not only valorizes the by-products/wastes with low commercial value but 
also improves or entitles new functions to the resultant materials. Among them, ladle slag 
(LS) is a by-product of  steel-making industry, and the annual production is estimated to be 
1.9-2.4 million tons in Europe 36. The reutilization of  LS is largely hindered by its high degree 
of  crystallinity and low Si/Al ratio due to the specific production procedures 37. Up to now, 
nearly 80% of  LS production in Europe is deposited in landfills 38. In recent years, the joint 
activation of  LS with aluminosilicate sources has been proposed as an alternative approach 
to recycling LS as SCM in producing hybrid geopolymers. For instance, Bignozzi et al. 39 and 
Papayianni et al. 40 investigated the performance of  LS incorporated hybrid geopolymers. 
The results showed that an increased LS substitution refines the pore structure and enhances 
the mechanical strength. Via alkali activation, LS partially participated in geopolymerization, 
resulting in the co-existence of  different types of  gels. Therefore, LS potentially represents 
a promising co-precursor to promote the geopolymerization reaction. On the other hand, 
LS is rich in crystalline calcium aluminates, namely mayenite (C12A7), and tricalcium 
aluminate (C3A). These phases and corresponding hydrates are relatively thermally stable, 
which transforms to more stable compounds at high temperatures 41. Thus, it offers 
significant possibilities to utilize LS in producing hybrid geopolymer with improved thermal 
properties. Nevertheless, up to now, there are several scientific barriers and knowledge gaps 
ahead to effectively reutilize LS into geopolymers, regarding the reaction mechanisms, gel 
composition and thermal behavior. 

1.1.4 Geopolymer composite (Structure optimization)  

Fiber reinforced geopolymer composites 

Upon exposure to high temperatures, the migration of  moisture within a non-deformable 
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pore structure invariably results in a significant build-up of  pore pressure, which constitutes 
the primary cause of  crack formation and damage to the cementitious matrix. As widely 
accepted, the addition of  fibers is one of  the most effective strategies to ease the thermal 
stress and improve the thermal stability of  cementitious based materials 20. Commercially 
available steel fibers and synthetic fibers (polypropylene (PP) fiber and polyvinyl alcohol 
(PVA) fiber) are commonly reported in both cement and alkali activated materials for high 
temperature application 42.  

As illustrated in Fig. 1.4, the incorporation of  fibers with low melting points, such as PP 
fibers, alleviates the water vapor pressure during exposure to elevated temperatures by 
enhancing the pore interconnectivity of  the matrix 43. This, in turn, diminishes the tendency 
of  pore collapse and cracking. On the other hand, the high stiffness of  fiber poses a positive 
effect on the thermal stability. For example, the addition of  steel fiber promotes the 
mechanical properties of  cementitious matrix, such as flexibility, tensile strength and 
toughness 44. It effectively constrains the initiation and propagation of  cracks within the 
matrix under drastic thermal stress, thus preserving the performance of  the composites at 
a consistent level 45,46. 

 

Fig. 1.4 A representation of fiber reinforcement mechanisms in cementitious materials at elevated 
temperatures.  

Nevertheless, in the design of  fiber reinforced composites, apart from the evaluation of  the 
properties of  binder and fiber independently, it is essential to thoroughly consider the 
interaction among fiber and matrix. For example, weak interfacial contact is always formed 
due to the poor interaction between fiber and geopolymer binder, especially for hydrophilic 
fibers with limited roughness 47. It not only influences the initial properties but also has the 
potential to impact the thermal performance of  the resulting composites. Hence, to enhance 
the thermal performance of  geopolymer composites, strengthening the fiber-gel interface is 
of  great importance. In addition, from cost-effective and eco-friendly viewpoints, it is 
imperative to explore the feasibility as well as effectiveness of  utilizing fibers sourced from 
industrial by-products and wastes.  

Geopolymer/aggregate composites 

As the promising thermal properties of  geopolymer binders have been well-established 
through extensive research, there is a rising interest in developing high-temperature-resistant 
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geopolymer composites, namely normal/lightweight mortar and concrete, for wide-ranging 
applications. As compared to OPC based concrete, geopolymer concrete exhibits better high 
temperature performance, concerning volumetric stability and mechanical strength, due to 
the superior thermal stability of  geopolymer gel 48. Nonetheless, in geopolymer composites, 
the interfacial contact between geopolymer binder and aggregates would deteriorates owing 
to the difference in thermal expansion with increasing temperature 49,50. Ultimately, it leads 
to an unavoidable strength reduction in geopolymer composites. It is concluded that the 
thermal compatibility between aggregates and binders plays a crucial role in the structural 
and mechanical stability of  geopolymer composites at elevated temperatures. However, 
there is very limited information regarding the interaction between geopolymer binders and 
aggregates at high temperatures. On the other hand, the intrinsic characteristic of  aggregates, 
such as inert property, density, and particle size, significantly varies the microstructure as 
well as thermophysical parameters of  the composites 50,51. It further affects the heat transfer 
and thermal behavior of  the designed composites on exposure to elevated temperatures. 
Therefore, in the design of  geopolymer composites for high temperature applications, both 
the performance of  the geopolymer binder and the selection of  aggregate are vital 
considerations. Moreover, to improve the applicability of  geopolymer composites, a design 
methodology that considers factors of  aggregate size and packing is vital. 

1.2 Scope and objective 

This dissertation aims to develop thermal resistant building materials for the future 
sustainable construction industry. The research concept centers on improving the high 
temperature performance of  geopolymer-based materials via binder gel tailoring and 
structure design, considering both economic and environmental factors. The focus can be 
divided into three interrelated topics. 

1.2.1 Thermal degradation mechanism of  geopolymer-based materials 

The understanding of  the degradation mechanism of  geopolymer-based materials at 
elevated temperatures is of  great importance for the thermal performance optimization, 
which remains unclear. With the aim to clarify the degradation behavior of  geopolymers, on 
the one hand, the thermally induced chemical transformations, such as gel and crystalline 
phase variation are determined. On the other hand, physical changes, including density, pore 
structure, and cracking behavior under elevated temperatures are characterized. 
Subsequently, the interrelation between the physicochemical changes and thermal-
mechanical evolution of  geopolymer-based materials is revealed to elucidate the degradation 
mechanism. 

1.2.2 Gel development by precursor tailoring 

The drive to enhance the performance of  geopolymer binders has spurred research efforts 
toward exploring new precursor formulations. In consideration of  its waste nature and 
advantageous phase composition, ladle slag is proposed as a co-precursor in the joint alkaline 
activation with Class F fly ash. Firstly, the impact of  ladle slag on the geopolymer system 
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regarding the reaction process, gel composition, microstructural formation, and mechanical 
properties are studied in detail. Furthermore, to optimize the gel system, the alkali activator 
parameters are tailored to control the Ca availability in the hybrid geopolymer system. The 
subsequent influence on the gel compatibility is monitored via gel phase identification and 
microstructural formation. The high temperature behavior of  the designed binder 
concerning phase transformation, structural change, and residual strength is examined. 
Lastly, the role of  gel compatibility in determining the room/high temperature behavior is 
clarified. 

1.2.3 Structure optimization by physical design 

Apart from the gel development, the incorporation of  fiber and aggregate has been 
acknowledged as an efficient way to mitigate thermal-induced damage on geopolymer-based 
materials. To develop fiber reinforced geopolymer composites for high temperature 
applications, mineral wool waste is proposed as both co-precursor and micro-fiber 
reinforcement. The effect of  ions dissolution and particle dimension of  mineral wool waste 
on geopolymer system is evaluated to reveal the feasibility of  recycling mineral wool waste 
in geopolymers. Moreover, based on particle size distribution theory, a practical design 
methodology is proposed for the development of  high temperature resistant geopolymer 
composites. A comprehensive picture of  the thermal progressive evolution of  geopolymer 
composites is built for advancing high temperature resistant geopolymer composite design. 

1.3 Outline of the thesis 

High-temperature resistant geopolymer-based materials out of industrial residuals

From understanding to development and optimization

Gel development
 (Precursor tailoring)

Ladle slag/Class F fly ash hybrid geopolymer
(Chapter 3)

Gel compatibility optimization of hybrid geopolymer 
(Chapter 4)

Structure optimization 
(Physical design)

Self-compact lightweight geopolymer composites 
(Chapter 6)

Fiber-reinforced geopolymer composites 
(Chapter 5)

Thermal degradation 
behavior of geopolymer 

based material
(Chapter 2)

 

Fig. 1.5 Outline of the thesis. 

The outline of  this dissertation is depicted in Fig. 1.5.  

Chapter 1 briefly discussed the research background, motivation, scope, and objective.  

Chapter 2 performs a comparative study on plain Class F fly ash geopolymer and hybrid 
GGBS/Class F fly ash geopolymer. The physicochemical transformations up to 800 ˚C are 
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systematically investigated and interrelated to clarify the thermal degradation mechanism of  
geopolymer-based materials. Based on the mechanism understanding, methodology and 
strategies are proposed to develop and optimize high temperature resistant geopolymers. 

Chapter 3 introduces an industrial by-product, ladle slag as co-precursor in Class F fly ash 
geopolymer. The effect of  ladle slag on the reaction process, hydration products, durability, 
and thermal behavior of  the hybrid geopolymer is evaluated, and the geopolymerization 
reaction with ladle slag incorporation is revealed.   

A continuous study is presented in Chapter 4, where the Na2O percentage and silica 
modulus in the alkali activator are tailored to control the ladle slag dissolution in the hybrid 
geopolymer system. The effect of  Ca availability on the gel compatibility of  the hybrid 
geopolymer system is clarified. Subsequently, the role of  gel compatibility in determining 
the room and high temperature performance is studied in detail.    

Chapter 5 aims to recycle mineral wool waste in class F fly ash geopolymer for high 
temperature application. The role of  mineral wool waste in geopolymer system is examined 
with consideration of  both ion dissolution and fiber dimension. The feasibility of  applying 
mineral wool waste in geopolymers is evaluated by reaction kinetics, phase assemblage, 
microstructure, durability, and high temperature stability. 

Chapter 6 introduces the particle size distribution theory to tailor the particle packing in 
geopolymer composites with normal quartz sand or lightweight aggregates. The interaction 
between geopolymer binder and aggregate packing is revealed by characterizing 
microstructural-thermophysical properties, heat transfer pattern, and thermal behavior via 
both experimental and modeling approaches. 

Chapter 7 summarizes the major findings from the presented dissertation and provides 
corresponding recommendations for future research. 
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Chapter 2 Degradation mechanism of siliceous fly ash-based 

geopolymers exposed to elevated temperatures 

 

Degradation mechanism of fly ash-based geopolymers 

exposed to elevated temperatures 

 

As a promising alternative to alkali-activated fly ash (AAF) for high temperature 

application, the degradation mechanism of  alkali-activated fly ash/GGBS (AAFS) under 

high temperature is not clear. This chapter investigates physicochemical properties of  

AAFS up to 800 ˚C and presents their synergetic influence on the thermal behavior. A 

quantitative assessment of  the crack is developed to learn the cracking behavior. Results 

reveal that the crack density exhibits a linear relationship with ultrasonic pulse velocity. 

The crack density and compressive strength exhibit a positive correlation before 100 ˚C, 

but a negative relationship beyond 100 ˚C. The addition of  slag into geopolymers lessons 

the geopolymeric behaviors such as further geopolymerization and viscous sintering, but 

further aggravates the thermal damage owing to the compact structure and unstable hybrid 

gel. The conceptual models of  AAF and AAFS are proposed to explain the degradation 

mechanism of  low slag contained geopolymers under elevated temperatures. 

 

 

 

 

 

This chapter has been published in the following article: 

Y. Luo, S.H. Li, K.M. Klima, H.J.H. Brouwers, Q.L. Yu, Degradation mechanism of  hybrid fly ash/slag based geopolymers 

exposed to elevated temperatures, Cement and Concrete Research 151 (2022), 106649.  

CHAPTER 2 
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2.1 Introduction 

Alkali-activated fly ash (AAF), also named geopolymer, exhibits significant mechanical 

property and structural integrity under high-temperature exposure compared to Ordinary 

Portland cement (OPC) binders 52–54. For this reason, geopolymers have received the most 

attention in terms of  fire resistance nowadays, which enables a broad range of  applications 

including fire-resistant materials 13,55,56, thermal insulators 57–59, thermal energy storage 

concretes 60. However, for AAF, the energy-consuming high-temperature curing process, 

as well as the unsatisfied initial strength, largely hinder the further development of  its in-

situ applications 61. To counterbalance these limitations, growing attention has been paid 

to blended alkali-activated fly ash/GGBS binders (AAFS), which combine aluminosilicate 

source (fly ash or metakaolin) with calcium additives 28,62,63. The calcium source from the 

substitution of  slag could not only contribute to the formation of  C-(A-)S-H gel, but also 

partially replace sodium from N-A-S-H gel to form N-C-A-S-H hybrid gel, which results 

in a higher degree of  cross-linking 64–66. Therefore, the AAFS blends could exhibit a good 

initial strength with no need of  high temperature curing. In terms of  high temperature 

application, different from AAF that exhibits strength gain after elevated temperature 

exposure, AAFS specimens with higher initial strength eventually exhibit more violent loss 

of  mechanical strength 30,51,67,68. With the increasing addition of  slag, AAFS blends exhibit 

severer weight loss along with more cracks and deteriorations 30,68. This strength 

deterioration is highly associated with the physicochemical transformation of  AAFS 

blends. However, up to now, it remains largely unexplored regarding the thermal 

degradation of  AAFS in comparison to that of  AAF. 

As well known, the evolution of  alkaline activated materials under high temperature is a 

complex process that conjuncts with chemical transformation and physical changes at the 

same time. Lahito et al. 69,70 reported that, in fly ash-based system, two major mechanisms, 

namely, matrix densification and crack formation, determine the mechanical strengths 

when exposed to elevated temperatures. The matrix densification favors a strength gain, 

while the formation of  cracks accounts for the loss of  strength. However, for AAFS hybrid 

system, due to the coexistence of  N-A-S-H, C-A-S-H or hybrid N-C-A-S-H type gels, their 

evolution under elevated temperature is more complicated. The mechanical properties of  

AAFS blends under elevated temperature are both similar to those of  AAF and alkali-

activated slag. For instance, Park et al. 24 reported the strength gain of  AAFS blends before 

400 ºC is influenced by the further geopolymerization of  unreacted fly ash. Pan et al. 30 

and Lee et al. 31 concluded that the strength loss of  AAFS blends at elevated temperatures 

is associated with vulnerability of  C-(A-)S-H to dehydration and re-crystallization. As a 

result, the interaction between chemical transformation and physical change on thermal 
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mechanical behavior of  AAFS involves in several interactive mechanisms during high 

temperature exposure, such as further polymerization, dehydration and decomposition, 

crack formation, re-crystallization and sintering reaction. Nevertheless, very scarce work 

has systematically connected all the mechanisms and investigated their synergetic influence 

on the degradation of  AAFS blends under high temperatures.  

Moreover, it is well acknowledged that the physical change of  the AAM matrix caused by 

cracking would have a direct influence on their further high-temperature performance 71,72. 

But limited data are available concerning the cracking behavior of  the AAFS blends under 

high temperatures. Çelikten et al. 67 found that the depth and number of  the cracks in the 

AAFS mortars increase with the exposure temperature, which further has an adverse 

impact on their flexural and compressive strength. Dudek et al. 73 compared the cracking 

behavior between AAFS and AAF mortar, indicating that the AAFS shows larger crack 

widths and higher crack occurrence frequency as compared to the AAF system under 

elevated temperatures. In addition, the hybrid AAFS system has a different cracking 

behavior from sole alkaline activated fly ash or slag materials, which ultimately leads to a 

different degradation behavior under high-temperature exposure. However, the 

relationship between cracking behavior and mechanical strength deterioration of  AAFS 

blends that is connected to physicochemical transformations induced by elevated 

temperatures has not been addressed yet. Moreover, the mechanisms of  mechanical 

evolution of  the hybrid AAFS system under elevated temperatures are not well understood 

either.  

The objective of  this chapter is to reveal the mechanism behind the mechanical evolution 

of  AAFS blends under elevated temperatures and clarify the interaction between the 

concerning competing mechanisms by investigating the synergetic influence of  chemical 

transformation and physical change. A pure fly ash-based paste is introduced as a reference 

to the hybrid system. To learn the chemical transformation and physical changes of  binders 

exposed to high temperatures under different conditions (20, 100, 200, 400, 600, 800 ˚C), 

the chemical properties are evaluated by X-ray diffractometry (XRD), Fourier transform 

infrared (FTIR) spectroscopy and thermal gravimetric analysis (TGA) analysis. Physical 

properties including density, pore structure, microstructure, are detected by using 

pycnometry, mercury intrusion porosimetry (MIP), scanning electron microscopy (SEM) 

and ultrasonic pulse velocity (UPV) before and after exposure to different temperatures. 

In addition, to further reveal the mechanical degradation of  the hybrid AAFS binder under 

high temperatures, a quantitative characterization of  microcrack based on MATLAB is 

performed to study their cracking behavior and its influence on the residual strength of  

AAFS blends. 
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2.2 Materials and methods 

2.2.1 Materials 

The raw materials investigated in this study are Class F fly ash (FA) and ground granulated 

blast furnace slag (GGBS). FA is commercially purchased from the Netherlands with an 

average particle size (d50) of  21.09 μm. GGBS with a d50 of  approximately 19.38 μm is 

provided by ENCI (IJmuiden, the Netherlands). The particle size distribution of  the FA 

and GGBS is determined by a laser particle size analyzer (Mastersizer 2000, Malvern 

Instruments, UK), shown in Fig. 2.1. The chemical composition of  the FA and GGBS, as 

shown in Table 2.1, is analyzed using X-ray fluorescence spectrometry (XRF) (PANalytical 

Epsilon 3), and the loss on ignition has been determined from 105 ˚C to 1000 ˚C. The 

XRD patterns of  raw FA and GGBS are shown in Fig. 2.2. In FA, the presence of  

crystalline phases quartz (SiO2) and mullite (Al1.69Si1.22O4.85), hematite (Fe2O3) and magnetite 

(Fe3O4) are detected. The GGBS shows several low intensity peaks that are related to 

anhydrite (CaSO4) and calcite (CaCO3), with a broad amorphous hump between 30° and 

40°. Sodium hydroxide pellets (analytical level) and sodium silicate solution (27.69 wt.% 

SiO2, 8.39 wt.% Na2O, and 63.9 wt.% H2O) are used for alkaline activator. Distilled water 

is used to obtain a certain water/binder ratio. 

 

Fig. 2.1 The particle size distribution of raw materials. 
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Fig. 2.2 XRD patterns of GGBS and fly ash. 

 

Table 2.1 Chemical composition of fly ash (FA) and ground granulated blast furnace slag (GGBS). 

Oxides (%) FA GGBS 

SiO2 53.06 29.41 

Al2O3 25.23 13.21 

CaO 5.27 41.67 

MgO 1.05 8.57 

Fe2O3 8.23 0.37 

K2O 2.01 0.42 

SO3 0.56 2.64 

TiO2 1.61 1.49 

Other 0.62 1.07 

LOI 2.42 1.15 

Specific density (g/cm3) 2.30 2.93 

Specific surface area (m2/g) 0.82 0.37 

2.2.2 Sample preparation 

The alkali-activator was synthesized by mixing sodium hydroxide pellets, sodium silicate 

solution, and distilled water at a certain ratio, and the blended solution was kept at ambient 

temperature for 1 day prior to use. For all samples, the silicate modulus (Ms) was set 

constant as 1.4 and the equivalent Na2O% was kept at 5.6 wt.%, because these appeared 

to be optimum values 74. The water to solid ratio by mass was 0.35 in all pastes, in which 

the water consists of  the added distilled water as well as the water in sodium silicate 

solution. The chosen activator modulus, equivalent Na2O wt.%, and water to binder ratio 

were determined in advance to not only reach a sufficient activation with satisfying 
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flowability but also obtain decent integrity after exposure to elevated temperatures for 

further characterization.  

According to previous works 30,68 and our preliminary experiments, high slag substitution 

would result in an unstable matrix with drastic inner damage and microstructural change 

at high temperatures, making the characterization of  thermal degradation, especially 

cracking behavior, more complex. Therefore, the blend weight ratio of  FA to slag was set 

as 95/5 (denoted as AAFS), and a pure FA sample was prepared as reference (denoted as 

AAF). For the preparation of  samples, dried raw materials were firstly mixed by using a 5-

liter Hobart mixer. When the raw materials reached a homogeneous state, the activator 

solution was slowly added while stirring. The mixtures were mixed at a low speed for 30s 

and another 120s at a high-speed. The fresh paste was poured into prismatic molds (40 

mm ×40 mm ×160 mm) and cubic molds (100 mm ×100 mm ×100 mm). Due to the poor 

dissolution and low reactivity of  FA, a 24h of  60 ˚C curing was carried out on sealed AAF 

pastes according to 75, and AAFS pastes were sealed and kept at room temperature (20.0 

± 2.0 ˚C). After 24 h, all samples were demoulded and placed at room temperature in a 

sealed condition for 27 days before characterization. 

2.2.3 Test methods 

In order to investigate the chemical transformations, structural changes, and ultimately 

reveal their co-influence on the thermal behavior of  the geopolymers, series of  high-

temperature exposure treatment were carried out under 100, 200, 400, 600, 800 ˚C. 

Multiple analytical methods were carried on the samples after different temperature 

treatments to build a picture of  the physicochemical transformations as a function of  

temperature. X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FT-

IR) and Thermogravimetry/differential scanning calorimetry (TG/DSC) were applied for 

evaluating chemical transformations, while density, Mercury intrusion porosimetry (MIP), 

scanning electron microscopy (SEM), Ultrasonic pulse velocity (UPV) for structural 

changes. To prepare the powder samples for XRD, FTIR, and TG-DSC analysis, the 

unheated samples at the age of  28 days were crushed and immersed in iso-propanol for 72 

h, and then dried at 40 ˚C for 24 h to cease the hydration, whereas the thermal exposed 

samples were tested directly. 

Elevated temperature exposure procedure 

After 28 days of  curing, the obtained pastes were exposed to different temperatures of  

100, 200, 400, 600, 800 ˚C, in a high-temperature oven. In general, the thermal treatment 

for alkali activated materials remain diverse without a universally accepted protocol, and 

the heating rate applied in previous studies varying from 1 to 10 ˚C/min 24,30,31,67,68,70,76–80. In 
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this work, with a guarantee of  providing a decent structure integrity after elevated 

temperature exposure for further characterization, a heating rate of  10 ̊ C/min was applied 

to make the results comparable with previous works. In order to reach a uniform 

temperature distribution within the specimens, the maximum exposing temperature was 

kept for 1 hour for all samples. The test samples were then naturally cooled down to 

ambient temperature by opening the vent hole of  the furnace. After that, to avoid moisture 

immersion, all test samples were sealed with plastic film before further characterization. 

The thermal exposure procedure is shown in Fig. 2.3, and it should be noted that the 

cooling process is depicted in dash line representing the schematic instead of  actual 

situation.  

 
Fig. 2.3 The schematic diagram of heating curve for different target temperatures.

X-ray diffraction (XRD) 

The X-ray diffraction (XRD) characterization was conducted by using a Bruker D4 

PHASER for investigating the mineralogical phase changes after exposure to elevated 

temperatures. All samples were then crushed into powder by ball milling for the test. The 

parameters are set as time 0.6 s, increment 0.02, scanning range from 10° to 60°, 30 KV 

by Co tube (Co K α1 1.7901 Å and K α2 1.7929 Å).      

Fourier transform infrared spectroscopy (FT-IR) 

The Fourier transform infrared spectroscopy (FT-IR) measurement was performed in a 

Varian 3100 instrument with the wavenumbers ranging from 4000 to 400 cm-1 with a 

resolution of  1 cm-1. The reference samples as well as heated samples were ground prior 
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to the FTIR analysis. 

Thermogravimetry/differential scanning calorimetry (TG/DSC) 

Thermogravimetry/differential scanning calorimetry (TG/DSC) analysis was conducted 

using a STA 449-F1 instrument with a heating rate of  10 ˚C/min from room temperature 

to 1000 ˚C and nitrogen as the carrier gas.  

SEM with EDS analyses 

To determine the changes in morphology of  the specimens under different temperatures 

and identify their cracking behavior, scanning electron microscopy (SEM, Phenom Pro, 

The Netherlands) equipped with energy-dispersive spectroscopy (EDS) is applied. The test 

samples with a thickness of  10 mm were cut from the center of  thermally treated pastes 

and then polished to obtain a smooth and flat surface. In order to minimize the effect of  

drying shrinkage on matrix, prior to the SEM analysis, the test samples were first immersed 

in isopropanol for 72 h and subsequent dried at 60 ˚C for 24 h. The dried sample were 

then coated with Pt or Au using Quorum 150TS plus sputter coater with a current of  40 

mA for 30s. Then, the test was performed in a Backscattered electron (BSE) mode under 

an accelerating voltage of  15 kV. The EDS measurements were carried out on the outer 

surfaces of  the samples. For the cracking behavior study, an image combination method 

described in Lahoti et al. 69 was applied, as shown in Fig. 2.4. A surface area of  400 µm 

×400 µm at a magnification of  2000× was captured for all tested specimens.  

 

Fig. 2.4 The image combination for cracking behavior study. 

Quantification of  microcrack characteristics 

An automatic quantification method for the characterization of  microcrack length and 

number of  microcracks was developed based on grayscale method inspired by previous 
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studies 81–83. The script for the crack characterization is written in MATLAB R2019a 84. 

High resolution 2D images at 2000× magnification (1024×1088 pixels) with an area of  

134 µm ×134 µm obtained by SEM, were analyzed. In this process, four steps were 

involved, and the example of  automated procedure for crack mapping is shown in Fig. 

2.5. Firstly, a grayscale method was used to distinguish cracks from background and a 

binary image was created as shown in Fig. 2.5b. Secondly, for the calculation of  crack 

length and crack number, the original objects in binary image were skeletonized with a 

single pixel in thickness, as seen from Fig. 2.5b-c. Thirdly, to improve the accuracy of  

calculation, small objects induced from pixel noise were removed in Fig. 2.5d. Fourthly, 

the microcrack length and microcrack number were automatically calculated based on the 

identified pixels and structs. The crack density LA was calculated by  

𝐿� =
��                               (2.1) 

where L is the cumulative crack length, A is the size of  observation area (17956 µm2). For 

each sample, 10 pictures taken in different location were analyzed respectively in order to 

representatively calculate crack number and cumulative crack length, and the mean value 

was adopted. Error bars were calculated by the standard deviation from the mean 

microcrack length, number, and crack density. To validate the proposed automatic 

procedure, the results are further numerically compared to the UPV results. 

 

Fig. 2.5 Processing procedure for crack calculation. 
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Bulk density, skeleton density, and porosity 

The bulk density of  the obtained samples was calculated by measuring the mass and 

volume of  cubic specimens. The skeleton density was measured using a Micromeritics 

AccuPyc II 1340 Pycnometer and the test samples were cut into pieces (15 mm×15 

mm×25 mm) to fit in the testing chamber (diameter of  35 mm). The porosity was 

calculated according to 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦% = �1 − ����� × 100%                 (2.2) 

Where 𝜌� represents the skeleton density, 𝜌�  is the bulk density. 

Mercury intrusion porosimetry 

To observe the pore structure of  the obtained samples, mercury intrusion porosimetry 

(MIP) analysis was performed using a mercury porosimeter (AutoPore IV 9500, 

Micromeritics). Before MIP characterization, all tested samples were prepared to be cubic 

pieces with grain sizes between 2-4 mm. The obtained pieces from fresh paste were 

immersed in isopropanol for 72 h and dried at 40 ˚C for further test, while the thermally 

treated samples were tested directly.  

Ultrasonic pulse velocity 

The ultrasonic pulse velocity (UPV) was determined according to ASTM C597-16 85. The 

test was performed by a Pundit 200, Proceq (Switzerland). A constant signal of  frequency 

54 KHz, pulse voltage 50 V was sent from a transducer (diameter of  50 mm) to pass 

through cubic specimens (100 mm ×100 mm ×100 mm), and the signal was captured by 

another transducer. This method involved measuring the travel time over a known transmit 

distance of  an ultrasonic wave pulse, and the pulse velocity was calculated by dividing the 

transmission duration from the thickness of  the test specimens  

             𝑉 =
��                             (2.3) 

Where d represents the distance and t is the transit time. 

Mechanical strength test 

The compressive strength was determined according to EN 196-1 86, and paste samples 

were tested. Before test, the prisms were halved by applying the three-point loading 

method without being subjected to harmful stress. A loading rate of  2400 N/s was applied, 
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and the recorded strength value was obtained from the average of  3 fractured parts. 

2.3 Results 

2.3.1 Chemical transformation 

Crystalline phase 

The XRD patterns of  AAF and AAFS pastes at different temperatures are shown in Fig. 

2.6. Before thermal exposure, comparable features are identified in AAF and AAFS, with 

the main crystalline phases are quartz, mullite, hematite and magnetite, which are similar 

to raw FA. This indicates that the crystalline phase of  AAFS is mainly determined by FA. 

Moreover, the typical slag related hydrates C-S-H is not observed in this work. This might 

be because, in a high NaOH concentration and low slag addition system, the Ca2+ content 

is insufficient to form crystalline C-S-H gel but replace Na+ in geopolymeric gel to form 

N-(C)-A-S-H hybrid gel 87. 

 

Fig. 2.6 XRD patterns of different materials (a) AAF and (b) AAFS pastes at different temperatures. 

When exposed to elevated temperatures, there is no distinct change identified in AAF and 

AAFS pastes before 600 ˚C, indicating that both binders are chemically stable without the 

formation of  new crystalline phases. While a significant change in crystalline phases is 

detected after exposure to 800 ˚C. An obvious peak of  nepheline ((Na, K)AlSiO4) is 

noticed at around 34° 2 theta in AAF, which is because of  the partial crystallization of  N-

A-S-H gel 70. Similarly, nepheline is observed in AAFS, confirming the presence of  N-A-

S-H in hybrid binder. However, a minor majority of  akermanite (Ca2MgSi2O7) and 

gehlenite (Ca2Al[AlSiO7]) are also detected in AAFS. This observation is highly associated 

with the addition of  slag 88. The crystalline phases of  quartz, mullite, hematite, and 

magnetite can be found at all test temperatures, which are neither affected by alkali 

activation nor high-temperature exposure.  



Degradation mechanism of  fly ash-based geopolymers exposed to elevated temperatures 

22 
 

FTIR  

FTIR test is carried out to study the chemical change under high temperatures. Fig. 2.7a 

shows the FTIR spectra of  raw FA and GGBS. The main band observed at 870 cm-1 in 

GGBS as well as the band at 1040 cm-1 in fly ash are both attributed to the asymmetric 

stretching vibration of  Si-O-T bonds, in which T represents Si or Al units. For fly ash, the 

band in the range of  670-850 cm-1 is associated with the stretching vibrations of  Si-O-Si 

in quartz. In GGBS, the vibration band at 1420 cm-1 is due to the asymmetric stretching 

vibration of  the O-C-O bonds, indicating the presence of  calcite, as also observed in XRD 

(Fig. 2.2). And a small absorption band at 670 cm-1 is assigned to the asymmetric T-O 

stretching vibrations.  

 

Fig. 2.7 FTIR spectra (a) solid raw materials and (b) AAF and AAFS pastes before and after elevated 

temperature exposure. 

The infrared spectra of  AAF and AAFS paste are shown in Fig. 2.7b. After alkaline 

activation, it can be observed that, as compared to raw fly ash, the typical adsorption band 

of  the Si-O-T bridge bond undergoes an obvious shift from 1040 cm-1 to 1000 cm-1 in 

AAF, and further shifts to 980 cm-1 in AAFS, which indicates the different degree of  

polymerization. Other chemical bonds observed in AAF and AAFS are identical. A broad 

absorption band appearing at around 3400 cm-1 is associated with the vibration from free 

water, while the H-O-H bending vibration band at 1640 cm-1 is associated with the 

presence of  physically and chemically bond water in the reaction product, which is not 

identified in the raw materials. As a consequence of  thermal treatment, a further shift of  

the Si-O-T band from 980 cm-1 to 960 cm-1 is observed in AAFS as the exposure 

temperature increases from room temperature to 400 ̊ C. It can be related to the increasing 

temperature favors a further polymerization and a higher degree of  calcium contained 

cross-linking is formed 30. After exposed from 400 ˚C to 800 ˚C, this peak position keeps 
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constant, but the absorption area becomes broader and wider. This sharp feature is an 

indicator of  the structural disorder in the binder gel induced by elevated temperature 69. In 

addition, it should be noted that the absorption band at 3400 cm-1 as well as the H-O-H 

bending vibration band at 1640 cm-1 linking to physically and chemically bond water 

becomes invisible at 600 ˚C, indicating that the loss of  moisture is completed before 600 

˚C. The vibration band for carbonates from soluble alkali species also disappears between 

400 ˚C and 600 ˚C. Moreover, there is no significant change in the quartz band between 

670 cm-1 - 850 cm-1, which is consistent with the previous XRD results, confirming that 

quartz phase is quite stable at all test temperatures, and only an alpha-beta transition of  

quartz occurs at around 600 ˚C 89.  

Thermal analysis 

 

Fig. 2.8 TG-DTG analysis of AAFS blend. 

The TG-DTG results of  AAFS pastes treated with different temperatures are shown in 

Fig. 2.8. The results can reflect the phase change during thermal exposure test since the 

same heating rate as thermal exposure test is applied. For unheated specimens, the 
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maximum weight loss peak can be detected at around 100 ˚C, and this is associated with 

loss of  free water. Furthermore, the weight loss peaks between 480 ˚C and 590 ˚C should 

be due to the decomposition of  calcium carbonates of  different crystallinity 90, which 

agrees with the FTIR results. Some insignificant weight loss peaks after 600 ˚C might be 

because of  the re-crystallization of  hydration products 91. As for thermal treated samples, 

it is interesting to note that the 100 ˚C treated sample shows two peaks between 20 and 

200 ˚C. It suggests that the sharp peak at around 100 ˚C observed in 20 ˚C sample should 

be derived from two peaks. The first peak at around 80 ˚C is mainly due to the evaporation 

of  free water within the mixture 54, while the second peak observed at around 150 ˚C can 

represent the initial dehydration of  hydrated aluminosilicate species 76,92. It is possible that 

the extensive peak due to the loss of  free water overwhelms the endothermic peak of  

chemically bound water loss from aluminosilicates species, thus showing a combined peak

in 20 ˚C sample. After exposed to 100 ˚C, free water is partially evaporated, which further 

weakens the corresponding endothermic peak, and thus two endothermic peaks can be 

observed at 80 ˚C and 150 ˚C respectively in 100 ˚C treated sample. Here, it should be 

mentioned that the mass losses before 200 ˚C in low temperature treated samples (100 ˚C, 

200 ˚C, 400 ˚C) are resulted from the residual physically and chemically bonded water after 

corresponding thermal treatment, indicating the relatively low exposing temperature might 

be unable to remove all evaporable water. By comparing the DTG curves of  AAFS 

exposed to different temperatures, the intensity of  the first peak keeps decreasing and 

could not be detected from 400 ˚C treated sample, which reveals that the free water 

continues to be released till 400 ˚C. Moreover, the second peak is not identified as the 

exposure temperature increases to 600 ˚C. It suggests that the hydrated aluminosilicate 

species experiences a slow and lengthy dehydration process from 150 to 600 ˚C, which is 

consistent with the FTIR results.  

2.3.2 Structural changes 

Qualitative observations  

The evolution in appearance of  the AAFS before and after exposure to different 

temperatures are shown in Fig. 2.9. In Fig. 2.9a, before exposure to high temperatures, 

the obtained AAFS paste exhibits a homogeneous appearance without any visible cracks. 

It can be observed from Fig. 2.9b-f that the sample morphology changes along with 

increasing exposure temperature, such as the formation of  cracks, the changes in color and 

texture. Among which, the surface color gradually turns to reddish-brown from room 

temperature to 800 ˚C, owing to the oxidation of  iron present in fly ash, which is always 

the case in the fly ash-based system when exposed to high temperature 93. The crack 

development under elevated temperature is in accordance with the mass loss observed in 
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TG results. When exposed from 100 ˚C to 600 ˚C, the matrix exhibits a more severe 

cracking. This is mainly because, as the external temperature increases, moisture within the 

hybrid binder rapidly migrates to the surface and evaporates, which, in turn, causes surface-

cracking and internal damage. Notably, a smooth texture with obviously fewer cracks is 

detected after 800 ˚C exposure, which might be attributed to the healing effect caused by 

viscous sintering reaction. It should be emphasized that the AAFS blends maintain the 

structural integrity at all tested temperatures. 

 

Fig. 2.9 Visual appearance of AAFS pastes at different temperatures. (a: 20 ˚C; b: 100 ˚C; c: 200 ˚C; d: 400 

˚C; e: 600 ˚C; f: 800 ˚C). 

Skeleton and bulk density 

The volume change of  geopolymers under elevated temperatures can be reflected by 

density variation. Among these, the skeleton density variation trend could reflect the 

change of  binder gel structure under high temperatures, while the change in bulk density 

represents not only the binder gel but also the pore structure transformation. To identify 

the unique structural change of  AAFS geopolymers under elevated temperature, the 

variation of  skeleton density and bulk density of  AAFS is compared with AAF as shown 

in Fig. 2.10. 

In Fig. 2.10a, it is noted that the initial skeleton density of  AAF is higher than that of  

AAFS, indicating a denser gel skeleton is formed in AAF. Moreover, an obvious rise of  

skeleton density is observed in AAF from 20 to 600 ˚C, following a sharp reduction after 
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Fig. 2.10 (a) Skeleton density and (b) bulk density of pastes exposed to different temperatures. 

800 ˚C exposure. In comparison, the skeleton density of  AAFS undergoes a slight increase 

till 200 ˚C, then stabilizes at around 2.381 g/cm3 between 200 and 600 ˚C before a drop at 

800 ˚C. The rise of  skeleton density up to 400 ˚C can be mainly attributed to the further 

polymerization of  the binder as observed in FTIR, which leads to a higher degree of  cross-

linking. Here, in contrast to the notable densification of  AAF skeleton, the insignificant 

variation of  skeleton density in AAFS between 200 and 600 ˚C might be because a balance 

between the formation of  additional gel and depolymerization of  binder gel is reached. 

After exposure to 800 ˚C, the reduction of  skeleton density in both matrixes could be 

attributed to two causes. For one thing, as learned in XRD results, porous crystalline phases 

such as nepheline are detected at 800 ˚C, which reduces the skeleton density 31. As a result, 

more nepheline can be formed in AAF pastes owing to its rich N-A-S-H gel, leading to a 

more significant reduction. For another, the sintering reaction might account for the 

skeleton density reduction, which will be explained in subsequent sections.  

As shown in Fig. 2.10b, the AAFS paste has a much higher bulk density as compared to 

AAF. When exposed to elevated temperature, the bulk density of  AAF almost remains 

unchanged before 400 ˚C whereafter largely increases up to 800 ˚C, while that of  AAFS 

keeps falling before 400 ˚C, and then a slight increase is detected in the range of  400 to 

800 ˚C. The decrease of  bulk density before 400 ˚C in AAFS is mainly associated with the 

drastic mass loss as observed in TG, in which the evaporation of  free water and chemically 

bound water leads to crack formation and looser matrix. In contrast, the loose matrix with 

a lower bulk density in AAF facilitates the water migration, which remains stable under 

high temperatures. After 600 ˚C, the viscous sintering of  unreacted FA leads to the 

densification of  the matrix 54. Thus, the bulk density increases in both mixtures, and a 

larger increase is noticed in AAF. 
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Pore structure  

Fig. 2.11 displays the pore size distribution in AAF and AAFS pastes at different 

temperatures observed by MIP. It is known that the intrusion data used in MIP analysis 

are measured by pore throat size instead of  pore radii 94, which only serves as comparative 

indices for the connectivity and pore capacity 94,95. Due to the fact that cracking has a strong 

influence on pore throat size as well as pore connectivity 96, the MIP is capable to reflect 

the inner structure change including inherent pore structure and the formation of  cracks. 

But, it should be mentioned that, due to the threshold effect during MIP measuring, large 

pores with small pore throat size might be identified as smaller pores, which results in the 

test intruded value and porosity relatively lower than the actual value 97. 

 

Fig. 2.11 The pore size distribution of pastes subjected to different temperatures, a) AAF, b) AAFS. 

Clearly, the AAF and AAFS pastes exhibit different pore size distribution at room 

temperature. The pore size distribution of  AAF sample is mostly below 300 nm with the 

highest peak centered at around 30 nm, and AAFS has the similar pore size range, but the 

pores of  5-10 nm is observed to be the highest fraction. Therefore, it can be deduced that 

AAFS exhibits a higher degree of  reaction since the pore size may reflect the reaction 

degree, and the well-reacted sample exhibits a higher proportion of  gel pores (<10 nm) 98. 

In addition, different evolution patterns of  pore size distribution are observed between 

AAF and AAFS under high temperature exposure. The pore size distribution of  AAF 

shows an insignificant change with the majority of  pores remains below 300 nm before 

600 ˚C. The pore fraction centered at 15 nm is reduced, and the main pore fraction of  30 

nm shifts to 40 nm with a higher fraction at 100 ˚C and keep decreasing from 100 to 400 

˚C. In accordance with the skeleton density variation, the reduction of  pore fraction can 

be attributed to the further geopolymerization and contraction of  geopolymer gel, while 

the shift of  pore fraction to a larger size should be induced by cracking. The pore size 

distribution transfers to a wider range at 600 ˚C and then becomes narrower with the main 

fraction of  pore diameter around 2500 nm at 800 ˚C, which might be because the sintering 



Degradation mechanism of  fly ash-based geopolymers exposed to elevated temperatures 

28 
 

reaction fills up small pores, but big voids are formed. As compared to AAF, the pore size 

distribution of  AAFS is relatively stable at 100 ˚C, except the main fraction of  pores from 

5 nm to 10 nm disappears. However, from 100 to 400 ˚C, the fraction of  pore diameter 

around 10 nm increases, and the pore fraction between 20 nm and 50 nm shifts to a larger 

diameter from 200 nm to 1000 nm. According to the density change in Fig. 2.10, it is 

possibly due to the dehydration and decomposition of  hydrated aluminosilicate species 

damage the matrix and enlarge the original cracks, contributing to a shift of  pore fraction 

to larger sizes. After exposure to 600 ˚C, the pore size distribution is narrowed with the 

main fraction of  pore diameter around 1000 nm, and no significant change in the pore 

distribution occurs at 800 ˚C.  

To further learn the pore structure evolution under elevated temperature, the porosity of 

AAF and AAFS at different temperatures are compared in Fig. 2.12. Here, to determine 

the effect of threshold on MIP results, the intrudable porosity from MIP is further 

compared with calculated porosity. The tested results are relatively lower than calculated 

porosity for both pastes. By comparison, obvious discrepancy is noticed in AAFS, 

especially at 100 ˚C, indicating that the threshold effect is more predominant in a dense 

matrix with low porosity. Here, it is likely that the further geopolymerization occurred at 

100 ˚C plays a dominant role in AAFS matrix which narrows the pore throat and largely 

intensifies the threshold effect, resulting in an underestimate on pore fraction. With 

increasing exposure temperature, the tested value is getting more approximate to the 

numerically calculated value in AAFS due to the thermal induced cracking increases the 

porosity and pore connectivity, hence weakening the threshold effect. In general, there is 

no significant difference between the porosity from MIP and calculation, and a comparable 

trend is observed. 

        

Fig. 2.12 The porosity of pastes at different temperatures from MIP, (a) AAF, (b) AAFS. 

As shown in Fig. 2.12, it is clear that AAFS paste exhibits a lower initial porosity of  23.3% 

comparing to AAF of  39.5%. From 100 to 600 ˚C, the porosity of  AAFS undergoes an 
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obvious rise from 21.7% to 33.9%, while that of  AAF is stabilized between 41.1% and 

42.6%. Reduction of  porosity is detected in both samples at 800 ˚C due to sintering 

reaction, in which a larger reduction of  porosity observed in AAF indicates a more drastic 

viscous sintering occurred in pure FA based geopolymer. In order to identify the thermally 

induced structural change in different scale, the pore fraction are further divided into three 

categories: mesopore (2-50 nm), macropore (50-7500 nm), and megapore (>7500 nm ) 99. 

In AAF, the mesopores keep reducing while the macropore is increased before 400 ˚C. 

This is because, on the one hand, the further geopolymerization refines the pore structure 

and reduces the fraction of  mesopores. On the other hand, the contraction of  geopolymer 

gel might transform mesopores to macropores. At 600 ˚C, the severe shrinkage of  binder 

gel as observed in Fig. 2.10a remarkably contributes to the transformation of  mesopores 

to macropores. By comparison, a similar reduction of mesopores is noticed in AAFS at

100 ˚C due to further geopolymerization. While the mesopores and macropores are 

observed to increase since 100 ˚C, confirming that the dehydration of  matrix and 

decomposition of  binder gel take place simultaneously, which not only introduces 

microcracks but enlarges intrinsic pores or cracks at the same time. After 600 ˚C, the 

further degradation of  hybrid binder largely increases macropores, resulting in the highest 

porosity. Accordingly, the thermal-induced pore structure change in AAFS pastes could 

be divided into 3 stages: i) At 100 ˚C, the formation of  additional gel due to the further 

geopolymerization densifies the pore structure. ii) between 100 ˚C and 600 ˚C, due to the 

removal of  free water and severe decomposition of  binder gel further destroy the matrix, 

the pore interconnection as well as porosity increases continuously. It should be 

emphasized that before 400 ˚C, the fraction of  pores in all size range increases slowly, 

while a sharp increase of  macropore is observed at 600 ˚C, indicating that the matrix 

undergoes a violent deterioration from 400 ˚C to 600 ˚C. iii) upon 600 ˚C, the viscous 

sintering starts to dominate the decomposition of  binder gel, which densifies the matrix. 

As a result, the fraction of  meso pores largely decreases and a reduction in porosity is 

observed.  

2.3.3 SEM and EDS analysis 

The gel transformation at different temperatures is verified by SEM and EDS analysis in 

Fig. 2.13a-h. It should be noted that observable pores around 5-10 µm present in both 

pastes, which is inconsistent with MIP results. This is likely caused by dropping out of  fly 

ash particles during polishing and/or the threshold effect in MIP measurement. Before 

exposure to high temperatures, AAF exhibits a loose matrix, consisting of  N-A-S-H gel 

and abundant unreacted fly ash (Fig. 2.13a). As for AAFS, a compact matrix with less 

unreacted fly ash but obvious microcracks is observed in Fig. 2.13e. Here, the formation 

of  microcracks is mainly attributed to the autogenous and drying shrinkage during curing  
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Fig. 2.13 SEM micrographs with EDS results of samples at different temperatures, AAF: (a), (b), (c), (d); 

AAFS: (e), (f), (g), (h). 

because of  the synergetic effect of  factors such as slag addition, w/b ratio, curing 

condition 100–102. Meanwhile, due to the dense matrix, slight number of  cracks might be 

induced during drying process before SEM. In contrast to AAF, the matrix of  AAFS is 

dominated by a hybrid N-C-A-S-H gel, which is consistent with previous studies on 

blended systems with low slag addition 30,64. In Fig. 2.13b and f, a coarser texture with 

additional grains is detected in both samples at 100 ˚C. These dispersed grains could be 

due to the further geopolymerization as also noticed in FTIR and MIP results. As the 

exposure temperature increases to 600 ˚C, the binder phase of  AAF exhibits a good 

stability except the unreacted fly ash particles begin to combine owing to sintering, while 

AAFS binder gel experiences an obvious degradation with wider cracks. It can be explained 

by the drastic depolymerization of  hybrid gel up to 600 ˚C. After exposure to 800 ˚C, the 

AAF and AAFS pastes exhibit an identical transformation to smoother texture in Fig. 

2.13d and h. This, on the one hand, can be attributed to the sintering reaction of  unreacted 

fly ash that contributes to a better inner particle bonding 103. On the other hand, partial 

melting of  aluminosilicate gel might occur at 800 ˚C within the system rich in sodium 79, 

which fixes small cracks and voids. Here, the sintering reaction and partial melting results 

in a large number of  closed spherical pores/voids which is indetectable in MIP analysis, 

accounting for the reduction in skeleton density and porosity at 800 ˚C. 

2.3.4 Cracking and degradation behavior 

The cracks and damage incurred to AAF and AAFS blends prior and subsequent to 

elevated temperatures are compared in Fig. 2.14 and Fig. 2.15. Before elevated 

temperature exposure, a loose matrix with numerous unreacted FA particles is detected in 
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AAF paste. When exposed to elevated temperatures, regardless minor cracks are observed 

in AAF at 100 ˚C due to water evaporation, the binder is overall stable and getting 

increasingly denser before 400 ˚C, which can be mainly attributed to further 

geopolymerization. In accordance with the density variation in Fig. 2.10, the binder gel 

shrinks after 400 ˚C exposure, resulting in the formation of  voids and widened interfacial 

transition zone (ITZ) between the hydration products and unreacted FA particles (See Fig. 

2.14h, j). At the same time, small holes on the surface of  these particles are detected, 

indicating that the sintering reaction of  residual FA initiates at around 600 ˚C. Up to 800 

˚C, a remarkable transition to smoother structure is observed due to the sintering and 

partial melting. 

In comparison, as shown in Fig. 2.15a, AAFS initially shows a dense matrix with 

microcracks occurring in the ITZ. As explained above, microcracks are formed by the 

shrinkage during curing or drying before SEM analysis. When exposed to 100 ˚C, it is 

evident that cracks begin to connect through ITZ, and longer cracks are formed. It is 

because, in a condensed matrix with low ductility, typical long and thin cracks are induced 

by the evaporation of  free water, thereafter, leading to the propagation of  cracks through 

the weak interface. Meanwhile, in the enlarged micrograph in Fig. 2.15d, tiny microcracks 

are less visible after 100 ˚C exposure. Here, the intrinsic cracks are likely to be filled up by 

the formation of  additional hybrid gel at that temperature. However, compared to AAF, 

the effect of  further geopolymerization is lessened in AAFS after 100 ˚C. The matrix 

deteriorates with two different crack growth patterns (long and narrow crack, tiny and 

widened crack) observed from 200 ˚C to 600 ˚C in Fig. 2.15e-i. During this process, on 

the one hand, severer thermal stress is generated within the matrix due to the higher 

exposure temperature, which lengthens and widens the original cracks. On the other hand, 

the binder gel is observed to be more disordered with evenly distributed small, widened 

cracks formed after 200 ˚C, and getting looser with a coarser texture up to 600 ˚C in Fig. 

2.15i. This is mainly because the decomposition of  hybrid gel that severely impacts the 

compactness of  the matrix, allowing for the aggregation of  cracks and the formation of  

voids, which could explain the enlargement of  porosity in the MIP results. After exposure 

to 800 ̊ C, the matrix exhibits a denser texture without any visible microcracks. The viscous 

sintering as well as partial melting heal small cracks and fill voids, which is consistent with 

the rise of  bulk density at 800 ˚C in Fig. 2.10.  
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Fig. 2.14 The microstructure of AAF pastes at different temperatures. (a) drying shrinkage and (b) mass 

loss of miscanthus mortar. 
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Fig. 2.14 (continued). 
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Fig. 2.15 The microstructure of AAFS pastes at different temperatures. 
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Fig. 2.15 (continued). 
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In order to understand the cracking behavior, a quantitative characterization of  microcrack 

based on MATLAB is performed on AAF and AAFS, and the evolution of  crack number, 

cumulative crack length and crack density as a function of  elevated temperature are 

summarized in Table 2.2. To provide representative results, 10 pictures were analysed for 

each mixture. The mean value and standard deviation was adopted. 

Table 2.2 The observed crack number, crack length and the calculated value of crack length per unit area 

in AAF and AAFS under different temperature exposure. 

Temperature 

(˚C) 

AAF 

Number of  

cracks 
St dev 

Cumulative crack 

length (µm) 
St dev 

Crack density 

(µm/µm2) 
St dev 

20 32 2 165.6 24.1 0.009 0.001 

100 37 3 253.1 36.0 0.014 0.002 

200 13 2 117.7 14.8 0.006 0.001 

400 39 2 425.4 24.8 0.023 0.001 

600 40 2 467.9 50.4 0.026 0.003 

800 19 2 249.0 17.6 0.013 0.001 

Temperature 

(˚C) 

AAFS 

Number of  

cracks 
St dev 

Cumulative crack 

length (µm) 
St dev 

Crack density 

(µm/µm2) 
St dev 

20 82 3 775.9 40.7 0.043 0.002 

100 95 28 1098.5 66.0 0.061 0.003 

200 164 29 1432.3 76.5 0.080 0.004 

400 281 51 1637.7 129.3 0.092 0.007 

600 103 14 1773.3 82.7 0.099 0.004 

800 71 12 895.3 92.1 0.050 0.005 

The AAF is relatively stable with few cracks and low cumulative crack length at the 

investigated temperatures. Reduction in crack number and cumulative crack length is 

observed at 200 ̊ C owing to further geopolymerization, then the binder gel shrinkage with 

enlarged ITZ that gives rise to the crack number and length at 400 ˚C. By comparison, it 

is clear that AAFS sample shows a much higher crack number than AAF at the investigated 

temperatures. The further geopolymerization has a limited effect on against cracking in 

AAFS, in which the crack number keeps growing from 82 to 281 with an increasing crack 

growth rate from 100 ˚C to 400 ˚C. Here, the growth of  cracks mainly results from the 

strong inner thermal stress and the decomposition of  hybrid gel, and the cracks grow faster 

as the cumulative thermal stress increases with higher temperature. After 600 ˚C, the 

number of  cracks largely decreases in both pastes. The reduction of  cracks after 600 ˚C 

could be explained from two aspects. For one thing, as exposed to a higher temperature, 

small cracks begin to converge into large cracks due to thermal stress. For another, 

microcracks are partially healed by the sintering reaction. In addition, as compared to AAF, 
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the cumulative crack length in AAFS sharply increases from 799.2 µm to 1623.3 µm up to 

600 ̊ C, and interestingly, the growth rate of  crack length slows down at higher temperature. 

This is because, in AAFS matrix, the free water evaporation at a lower temperature (before 

200 ˚C) results in the formation of  long cracks and largely increases the cumulative crack 

length. However, as free water is almost evaporated, small cracks are formed owing to the 

dehydration and decomposition of  binder gel, and thus, the increase of  cumulative crack 

length slows down at a higher temperature (after 200 ˚C), but the crack number grows 

faster at this stage. The variation of  crack density is similar to that of  cumulative crack 

length in both AAF and AAFS samples. 

    
Fig. 2.16 The relation of crack density and ultrasonic pulse velocity of geopolymers under high 

temperatures. 

As a non-destructive characterization for assessing the quality of  structural concrete, the 

capability of  UPV on estimating the thermal damage of  geopolymers is not yet determined. 

In this work, UPV is performed on AAF and AAFS before and after exposed to elevated 

temperatures. In Fig. 2.16a, an opposite trend is observed between AAF and AAFS from 

20 to 200 ˚C, the UPV value of  AAF is increased, while that of  hybrid AAFS is decreased. 

After 200 ˚C, the variation of  UPV in AAF and AAFS is similar, which reduces from 200 

to 600 ˚C then increases up to 800 ˚C. Comparable results are reported by Çelikten et al 67 

that the UPV value of  alkali activated slag/fly ash mortar (slag/fly ash mass ratio: 50/50) 

kept reducing with temperature rise to 800 ˚C. Here, the reduction in UPV value is mainly 

attributed to the formation of  cracks or binder shrinkage, which result in more internal 

flaws and voids. While the increase of  UPV is induced by matrix densification because of  

further geopolymerization or sintering reaction. It can be deduced that with increasing slag 

addition, the binder deterioration gradually weakens the positive effect of  geopolymeric 

behaviors such as further geopolymerization or sintering, resulting in a continuous 

reduction in UPV. 

To further set up the correlation between the UPV and crack behavior, the variation of  
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crack density with UPV is plotted in Fig. 2.16b. Clearly, a linear relationship is seen, and 

the UPV is negatively related to the crack density in both mixtures. Moreover, it is 

interesting to note that the correlation between UPV and crack density in AAF and AAFS 

is fitted into different linear equations with the slope slightly varies. This might be due to 

the different initial structural properties in AAF and AAFS, such as porosity and density, 

etc. In general, the result indicates that the UPV can be applied to effectively evaluate the 

crack evolution or matrix deterioration during high temperature exposure.  

2.3.5 Compressive strength 

The strength evolution of  AAF and AAFS blends at elevated temperatures are compared 

in Fig. 2.17. Before high temperature exposure, the AAFS paste exhibits a compressive 

strength of  47.1 MPa, which is promising as compared to sole fly ash-based pastes of  18.1 

MPa. It is because the addition of  slag leads to a higher provision of  Ca and Si than sole 

fly ash-based system 64,87, and thus, more hydration products are formed in hybrid system. 

When exposed to elevated temperatures, the compressive strength of  AAF shows a sharp 

rise before 200 ˚C, and then largely maintains the strength gain effect from 200 to 800 ˚C 

with a 150.3% improvement recorded after 800 ˚C exposure, which is consistent with 

Kong et al 80. In terms of  AAFS, the compressive strength slightly increases at 100 ˚C, then 

continuously drops as the exposure temperature increases from 100 ˚C to 600 ˚C, reaching 

the minimum compressive strength of  26.9 MPa at 600 ˚C. After exposure to 800 ˚C, a 

slight increase in residual strength is observed.  

 

Fig. 2.17 Compressive strength (a) and normalized strength (b) of AAF and AAFS at different 

temperatures. 

At a low temperature exposure, as learned from the corresponding MIP and density results, 

further geopolymerization refines the pore structure and strengthens the skeleton, which 

has a positive effect on the compressive strength. However, when compared to AAF, the 
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higher degree of activation in AAFS in turn hinders the positive effect of further 

geopolymerization, which only exhibits a slight strength gain up to 100 ˚C. At intermediate 

temperatures (100-600 ˚C), different from the AAF that exhibits a good binder stability, a 

severer decomposition occurred in AAFS hybrid binder as shown in Fig. 2.13 and Fig. 

2.15. The increasingly crack formation in different scale could be the main reason for the 

strength deterioration in AAFS. At 800 ˚C, as a result of viscous sintering, a denser matrix 

with a stronger ceramic bond is obtained, contributing to a higher compressive strength in 

both matrixes. Here, the insignificant strength gain in AAFS compared to AAF might be 

attributed to more drastic crystallization occurs in AAFS at 800 ˚C as learned in XRD. 

2.4 Discussion 

2.4.1 Degradation mechanisms at high temperatures 

As exposed to elevated temperature, AAMs experience a series of  chemical transformation 

and physical change at the same time, which has a synergetic influence on its mechanical 

strength. It is reported that two competing mechanisms, namely, matrix densification and 

crack formation, determine the residual strengths of  sole fly ash-based system on exposure 

to elevated temperatures 69,70. However, in terms of  AAFS hybrid system, the mechanism 

of  strength evolution under high temperature is more complicated since the AAFS blends 

exhibit a thermal behavior that is influenced not only by FA but also by GGBS 24. In order 

to clarify the fundamental role of  slag in the high temperature performance of  

geopolymers, the typical physicochemical transformation and the related competing 

influence on thermal behavior of  AAF and AAFS blends is compared. The conceptual 

models of  AAF and AAFS are proposed in Fig. 2.18 to explain the degradation 

mechanism of  AAFS blends under elevated temperatures. 

Before exposed to higher temperatures, the AAF sample exhibits a porous structure with 

abundant unreacted fly ash particles and residual water. By comparison, a dense matrix 

with low porosity, fewer unreacted fly ash but obvious microcracks are observed in AAFS 

blends. This is mainly attributed to the addition of  slag largely promotes the activation 

process, leading to a compact matrix with a relatively low ductility. When exposed to 100 

˚C, with increasing inner thermal stress, the porous structure of  AAF facilitates the release 

of  water and in consequence, the matrix is largely retained with minor microcracks. In 

contrast, due to its dense structure with lower pore connectivity, the existing microcracks 

in AAFS grow longer and wider, and independent cracks begin to connect through the 

ITZ as observed in SEM (Fig. 2.15a-d). On the other hand, the increased temperature 

favors the further geopolymerization both in AAF and AAFS, which is confirmed by FTIR  
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Fig. 2.18 The conceptual model of the degradation mechanism of AAF and AAFS blends under elevated 

temperatures. 

and density results. It is believed that the further geopolymerization plays a key role in 

geopolymeric matrix to avoid spalling as always experienced by OPC binders under 

elevated temperature. For one thing, the further geopolymerization consumes part of  free 

water, and thus reduces the inner thermal stress to some extent. For another, the further 

formation of  geopolymer gel would fill in the existing cracks, pores or voids, as noted by 

a reduction in porosity in Fig. 2.12, thereafter strengthening the matrix. Thus, the further 

geopolymerization at this temperature compensates for the crack formation induced by 

free water evaporation. As a result, a strength gain is observed.  

In the exposure temperature range between 100 and 600 ˚C, the geopolymeric binder of  

AAF still exhibits a good stability and the further geopolymerization keeps playing a 

predominant role on AAF up to 400 ˚C. Moreover, the binder phase is detected to 

rearrange to form macropores due to the binder shrinkage and sintering at 600 ˚C, but no 

decomposition of  the binder gel is observed. In terms of  AAFS, the dehydration and 

decomposition of  hybrid gel shows a dominating effect on the matrix. This is because, 

with the addition of  slag, the sodium in N-A-S-H gel can be substituted by calcium to 

form hybrid N-C-A-S-H gel, thus decreasing its thermal stability 30. During this period, on 

the one hand, moisture within the matrix is completely evaporated along with more severe 

inner thermal stress, which further widens and prolongs the preexisting cracks (Fig. 2.15e-

j). On the other hand, numerous evenly distributed tiny and widened cracks are formed 

because of  the depolymerization of  hybrid gel. The number of  cracks rapidly increases 
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during this stage, which brings more micro defects into the AAFS matrix. Big voids are 

also formed because of  the decomposition of  binder. These mechanisms give rise to the 

increase in macropore and megapore fraction as well as the pore interconnection, as 

evidenced by the MIP results. Consequently, the AAFS blends undergo a drastic strength 

loss in this temperature range. It reveals that the formation of  cracks is the main cause that 

induces the strength deterioration of  AAFS under elevated temperature. From 600 ˚C to 

800 ˚C, the mechanisms of  re-crystallization and viscous sintering take place 

simultaneously in AAF and AAFS. New crystalline phases, such as nepheline, akermanite, 

gehlenite, appear according to the XRD in Fig. 2.6. It should be noted that the newly 

formed porous crystalline phases, such as nepheline, can adversely affects the compactness, 

leading to a weakened gel skeleton as evidenced by the large decrease in skeleton density 

in Fig. 2.10. At the same time, the viscous sintering consumes remaining fly ash to fill

small pores and tiny cracks, resulting in an obvious transformation from rough texture to 

smooth texture. However, as compared to AAF, a portion of  big voids and cracks is 

remained in AAFS due to the drastic matrix deterioration (see Fig. 2.15k, l). A reduction 

in porosity from MIP results further proves this transformation. Ultimately, the viscous 

sintering diminishes the adverse impact of  crack formation as well as re-crystallization, and 

the mechanical strength is retained.  

In overall, it should be mentioned that the proposed degradation model and mechanism 

for AAFS is only valid for low slag contained geopolymer (or N-C-A-S-H gel dominated) 

system. The thermal degradation behavior may vary with higher slag addition since 

increasing slag addition could alter the resulted phase composition and microstructure, 

which deserves further investigation.  

2.4.2 The relationship between cracking behavior and mechanical strength 

deterioration 

As exposed to high temperature, the mechanical property of geopolymers is mainly 

influenced by thermal induced physicochemical changes. Different from the sole FA based 

geopolymer that exhibits a good structural stability under elevated temperature exposure, 

it is notable that AAFS blends inevitably undergo a drastic matrix cracking. As learned 

from this work, such a discrepancy can be explained from two aspects. From the 

perspective of  microstructure, the hybrid AAFS geopolymers exhibit a denser matrix with 

higher initial strength but lower ductility as compared to AAF pastes (See Fig. 2.10 and 

Fig. 2.17). During high temperature exposure, higher thermal stress can arise from water 

evaporation due to the compact structure. Meanwhile, the brittleness of  the matrix 

weakens its compatibility for thermal stress during high temperature exposure, which 

further aggravates the thermal damage (Table 2.2). From the point view of  binder gel, 
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owing to the slag addition as a source of  calcium, the thermal stability of  AAFS hybrid gel 

(N-C-A-S-H gel) is negatively impacted by the Na/Ca exchange. As evidenced by the crack 

characterization, small cracks grow rapidly at high temperatures because of  the 

decomposition of  hybrid gel, which introduces more defects into the matrix.  

As reported in previous works on AAMs 67,76,92,104, it is believed that under elevated 

temperature, the growth of  crack number and size is always accompanied with mechanical 

strength deterioration. Nevertheless, in the geopolymer system as learned in this study, a 

more complex relationship between crack behavior and mechanical strength evolution is 

observed.  

 

Fig. 2.19 Comparison of crack density and compressive strength under different temperatures, (a) AAF, 

(b) AAFS.

The variation of  crack density and compressive strength at different temperatures in AAF 

and AAFS are depicted in Fig. 2.19. Before 100 ˚C, the crack density and compressive 

strength show a positive correlation in AAF and AAFS, the compressive strength increases 

despite the crack density rises with higher temperatures. While after 100 ˚C, a negative 

relationship between the compressive strength and the crack density is observed in both 

mixtures. Among which, the increase of  crack density accompanies with strength 

deterioration, and the reduction of  crack density is associated with strength gain. The 

observed erratic variation is because in geopolymer system, the mechanical property is not 

only influenced by cracking behavior but also chemical transformation.  

As for AAF, owing to the further geopolymerization, the crack propagation is inapparent 

at a low temperature, and the crack density is further decreased at 200 ˚C along with a 

continuous strength gain. When it comes to AAFS, it is clear that the effect of  further 

geopolymerization is lessened, which could not prevent the increase of  crack number and 

length with exposure temperature. Nevertheless, the further formation of  geopolymer gel 

contributes to a higher degree of  cross linking, in that case, strengthening the matrix as 
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well as avoiding spalling during such a violent cracking process. With the exposure 

temperature keeps increasing, the cracking behavior starts to have a direct influence on the 

mechanical property of  AAFS as the decline of  further geopolymerization, which brings 

more flaws and voids to the matrix and results in a mechanical degradation. In order to 

hinder/postpone the adverse impact of  thermal induced cracking and improve the thermal 

performance of  hybrid geopolymers, effort can be made to enhance the effect of  further 

geopolymerization by tailoring the molecular silicate modulus or water content. 

2.5 Conclusions 

This chapter aims to understand the underlying mechanism of  the mechanical evolution 

of  hybrid geopolymeric binder when exposed to elevated temperatures (up to 800 ˚C). 

With a pure fly ash based geopolymer (AAF) as the reference, the synergetic influence of  

physicochemical transformation on thermal degradation of  alkali-activated FA/GGBS 

(AAFS) blends is revealed by investigating the physicochemical properties such as the 

stability of  crystalline phase and binder gel, skeleton and bulk density, pore structure, 

cracking behavior and mechanical strength at different temperatures. The following 

conclusions can be drawn: 

(1) AAFS undergoes a severer thermal deterioration as compared to AAF. The hybrid 

geopolymer has a denser matrix with high initial strength but lower ductility that creates a 

high thermal stress during the water vapor evaporation. The brittleness of  the matrix 

weakens its compatibility for thermal stress, which further aggravates the thermal damage. 

Moreover, the thermal stability of  geopolymeric gel is negatively impacted by the slag 

addition, and small cracks grow rapidly at high temperatures because of  the decomposition 

of  hybrid gel. 

(2) Two different cracking patterns are detected in the AAFS hybrid matrix under elevated 

temperatures: a) Long and narrow cracks are formed through the interfacial transition zone 

(ITZ) because of  the inner thermal stress induced by the release of  free water. b) Evenly 

distributed and widened cracks result from the dehydration and decomposition of  hybrid 

gel under elevated temperatures. Among these, long, narrow cracks are observed in the 

early stage, leading to a rapid increase in the cumulative crack length. While a robust growth 

of  widened cracks is observed in the later stage that largely increases the crack number and 

brings more defects to the matrix. 

(3) Within the investigated temperature region, the crack number, cumulative crack length 

and crack density keep growing in AAFS until the viscous sintering takes place. The crack 

density exhibits a linear relationship with UPV, which indicates that the UPV is capable of  
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estimating the thermal damage or crack evolution of  geopolymers under elevated 

temperatures. The crack density and compressive strength are not always negatively related 

as a positive correlation between the two is observed before 100 ˚C. It is because the 

thermal-mechanical property of  AAFS is not only influenced by cracking but also chemical 

transformation. At a low temperature, the further formation of  geopolymer gel could 

compensate for the thermally induced cracks and result in a strength gain.  

(4) As compared to AAF, the effect of  geopolymeric behaviors such as further 

geopolymerization and viscous sintering is lessened in AAFS. The further 

geopolymerization in AAFS consumes part of  free water and strengthens the gel skeleton, 

which largely contributes to the matrix for avoiding spalling as violent water evaporation 

occurs before 200 ˚C. From 200 to 600 ˚C, the development of  cracks due to the severe 

dehydration and decomposition of  hybrid gel gradually dominates the further 

geopolymerization, accounting for the main inducer of  strength deterioration. After 600 

˚C, the sintering reaction not only partially heals the micro/meso pores/cracks but also 

diminishes the adverse impact of  re-crystallization on the gel skeleton, thus the mechanical 

strength is retained. 
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Chapter 3 Effects of ladle slag on reaction mechanism and 

high temperature behavior of Class F fly ash geopolymer 

Effects of ladle slag on reaction mechanism and high 

temperature behavior of Class F fly ash geopolymer  

 

Due to its low hydraulic reactivity, ladle slag is currently underutilized with nearly 80% of  

annual generation is either landfilled or dumped. This chapter investigates the joint 

activation of  LS with Class F fly ash, and the impact of  ladle slag on fly ash geopolymer 

with the focus on activation, hydrates assemblage, conversion process, and thermal 

behavior. Results reveal that the unique reaction process of  ladle slag in alkali activation 

system shows a positive influence on fly ash geopolymers. Within an alkaline system rich 

in soluble Si, the initially hydrated CAH phases transform into C-A-S-H, which not only 

hinders the conversion and enhances the mechanical strength but also retains the 

geopolymerization. The hybrid geopolymer system exhibits superior thermal performance 

to pure fly ash geopolymers, especially under high temperature exposure. With increasing 

ladle slag substitution, more stable crystalline phases are formed at high temperatures. 

After 800 ˚C exposure, a high residual compressive strength of  64.7 MPa is achieved with 

25 wt.% ladle slag addition compared to 55.2 MPa in pure fly ash geopolymers.  
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Y. Luo, K.M. Klima, H.J.H. Brouwers, Q.L. Yu, Effects of  ladle slag on Class F fly ash geopolymer: Reaction mechanism 

and high temperature behavior, Cement and Concrete Composites 129 (2022), 104468.  
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3.1 Introduction 

Fire breakout remains a threat to building structures regardless the decades of  

improvement on passive fire prevention. As the most widely used construction material, 

Ordinary Portland Cement (OPC) is prone to structural distortion and mechanical 

deterioration at high temperatures owing to the thermal decomposition of  calcium silicate 

hydrate and portlandite 6,105. In the last decades, geopolymer has emerged as a promising 

fire-resistant binder over OPC. In general, the formation of  geopolymer is involved in the 

reaction of  alkali activators with aluminosilicate sources, such as fly ash (FA) and 

metakaolin 13. With its typical three-dimensional aluminosilicate networks, geopolymer 

exhibits superior mechanical performance and structural integrity under high temperatures 
22. Nevertheless, in order to break through limitations such as energy-consuming high 

temperature curing and unsatisfied mechanical strength, attention has been increasingly 

drawn into blended alkaline systems for geopolymer nowadays. By incorporating a calcium 

source, mostly, granulated blast furnace slag (GGBS), into aluminosilicates, a hybrid gel 

system can be obtained with modified characteristics 28,74,106. The presence of  soluble 

calcium leads to the formation of  C-(A)-S-H gel and thus the mechanical strength can be 

largely improved. However, the thermal stability of  alkali activated FA/GGBS blends is 

relatively low compared to sole alkali activated FA, and inevitable decomposition and 

strength deterioration take place after exposure to high temperature 30,31,32.  

As a by-product from the steelmaking industry, ladle slag (LS) represents about one-third 

of  the total amount of  slag produced in an electric arc furnace 107, and the annual 

production is estimated to be about 1.9-2.4 million tons annually in Europe 36. 

Unfortunately, LS has attracted less attention as compared to its counterparts such as 

GGBS and basic oxygen furnace slag (BOFS). It is reported that about 80% of  LS 

production in Europe is either landfilled or in store yard 38, and the valorization of  LS is 

extremely low. The further application of  LS is largely hindered by its high degree of  

crystallinity and low Si/Al ratio due to the high basicity and slow cooling procedures in the 

furnace 37. Thus, the joint activation of  LS with aluminosilicate sources is proposed as an 

alternative approach to recycle LS as sustainable building materials. For instance, Bignozzi 

et al. 39 observed that LS partially participated in gel formation when substituting 

metakaolin, resulting in the coexistence of  different types of  gels and un-soluble crystalline 

phases dispersed in the matrix. However, one drawback of  utilizing LS as cementitious 

material is the conversion reaction of  calcium aluminate hydrate. The initially formed 

calcium aluminate hydrates such as CAH10, C2AH8, are known to be metastable and will 

convert into a more stable phase C3AH6, which is accompanied by volume shrinkage and 

strength loss during the engineering application 108,109. Therefore, to recycle LS as a 
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supplementary cementitious material (SCM) in geopolymer system for the in-situ 

application, the conversion reaction must be controlled. Nevertheless, information related 

to the hydration reaction of  LS within alkaline environment is still very limited, and the 

mechanism behind the conversion process of  LS based geopolymers remains unknown.  

From the perspective of  phase composition and hydration process, LS is comparable to 

calcium aluminate cement (CAC). As the most important hydraulic binder used for 

refractory castable and concretes, CAC and its hydration products contain thermally stable 

crystalline phases at ambient conditions and form more stable compounds at high 

temperatures 41,110, which equips CAC with superior thermal stability over OPC. But, owing 

to its low annual production, CAC is considerably four or five times more expensive than 

OPC that largely raises its application cost 111. Here, the similarities between LS and CAC 

in mineralogy and hydration reaction offer great potential for LS to replace CAC and 

therefore provide a sustainable and cost-efficient way to recycle LS for high temperature 

applications. However, the information concerning the thermal behavior of  alkali activated 

LS is very limited. Adesanya et al. 112 reported that alkali activated LS based mortar shows 

comparable thermal performance to CAC under high temperatures, and their thermal 

behavior such as cracking, volume change, and residual strength is mainly influenced by 

the hydrated gels. Murri et al. 33 further investigated the thermal behavior of  LS blended 

geopolymer in early-age (7 days) and revealed that the high calcium content and the 

presence of  crystalline phase in LS has a strong influence on the final products after 

calcination. However, up to now, the long-term influence of  LS, especially its typical 

composition in crystalline phases as well as the conversion reaction between calcium 

aluminate hydrates, on hydrate assemblage within hybrid geopolymer system is unclear. 

Moreover, how the resultant hydrate assemblage affects the thermal behavior of  hybrid 

geopolymer deserves further investigation.  

The main objective of  this chapter is to investigate the reaction and conversion 

mechanisms of  LS within a hybrid geopolymer system and the possibility of  utilizing LS 

as SCM in FA based geopolymers for high temperature applications. The applied slag is 

directly collected from slag yard and the reactivity of  the weathered LS is determined by 

an alkaline reactivity test. The LS substitution is ranged from 0 wt.% to 25 wt.% based on 

the preliminary investigation, and the related influence on the reaction kinetics, phase 

assemblage, conversion mechanism, microstructural and mechanical properties are 

investigated by a multiple analytical approach, applying calorimetric measurements, 

quantitative X-ray diffractometry (XRD), thermalgravimetric analysis (TGA), Fourier 

transform infrared spectroscopy (FT-IR), porosimetry (MIP), micro-computed 

tomography (micro-CT) and mechanical strength testing. Moreover, high temperature 

exposure tests (400 and 800 ˚C) are performed to investigate the phase transformation, 
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structural change, and mechanical strength evolution under high temperatures.  

3.2 Experimental design 

3.2.1 Materials 

Low calcium (Class F) fly ash (FA) and ladle slag (LS) was used as raw materials in this 

work. FA was commercially purchased from Vliegasunie, The Netherlands. LS was 

provided by TATA Steel, The Netherlands, and the slag was collected directly from 

stockpiles. The received LS was processed using a disk mill to achieve the desired particle 

size. The particle size distribution of  raw materials was determined by a laser particle size 

analyzer (Mastersizer 2000, Malvern Instruments, UK), as shown in Fig. 3.1. The average 

particle size (d50) of  FA and LS were approximately 21.48 µm and 15.22 µm, respectively. 

The chemical composition was analyzed by X-ray fluorescence spectrometry (XRF) 

(PANalytical Epsilon 3) and the loss on ignition was determined by the mass difference 

from 105 ˚C to 1000 ˚C. The detailed chemical composition and the loss on ignition of  

FA and LS are given in Table 3.1. Sodium hydroxide pellets (analytical level of  99 wt.%) 

and commercial sodium silicate solution (27.69 wt.% SiO2, 8.39 wt.% Na2O, 63.9 wt.% 

H2O) were applied to prepare alkali activating solution. Distilled water was used to obtain 

a certain water/binder ratio. 

 

Fig. 3.1 The particle size distribution of raw materials. 

 

 

 

 

 



Effects of  ladle slag on reaction mechanism and high temperature behavior of  Class F fly ash geopolymer 

49 
 

Table 3.1 Chemical composition (wt.%) and loss on ignition of ladle slag and Class F fly ash. 

Oxide SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O Others LOI (1000 ˚C) 

Ladle slag 2.46 28.83 51.86 2.60 3.34 0.89 - 0.85 9.17 

Fly ash 52.47 26.22 5.42 7.83 1.09 0.38 1.49 2.54 2.56 

3.2.2 Sample preparation 

Alkali activator with desired silicate modulus (Ms, SiO2/Na2O molecular ratio) and 

equivalent Na2O wt.% was prepared by mixing a specific amount of  sodium hydroxide 

pellets, sodium silicate solution, and distilled water. The pH value of  the alkaline solution 

was about 13.15 ± 0.30. The obtained solution was kept at room temperature for 24 h 

prior to being used for geopolymer preparation. The detailed mix proportions are listed in 

Table 3.2. The added LS relative to binder (LS and FA) of  5, 15, and 25 wt.% in mass 

were used (denoted by FL5, FL15, FL25, respectively) and a control sample without LS 

was also prepared (denoted by Ref.). In order to study the influence of  LS addition on 

blended system individually, the silicate modulus, as well as the equivalent Na2O wt.%, were 

set constant as 1.5 and 6 wt.% respectively for all samples. The mass ratio of  water to 

binder was 0.35 in all pastes, in which the calculated water content consists of  the added 

distilled water and the water in sodium silicate solution. In particular, the applied activator 

modulus, equivalent Na2O wt.%, and water to binder ratio were determined preliminarily 

to provide sufficient alkalinity with acceptable flowability, as well as to ensure good 

structural integrity after high temperature exposure for further characterization.  

All paste specimens were prepared in a 5-liter Hobart mixer. At first, dried precursors with 

a specific mass ratio were mixed in the mixer to reach a homogeneous state. Then, the 

alkali activator was slowly added while stirring. The mixture was stirred for 30 s at a low 

speed and another 60 s at a high speed. Afterward, the slurry pastes were immediately cast 

into molds in size of  40×40×160 mm3 and slightly vibrated for 1 min. All the specimens 

were cured at 20 ̊ C under sealed condition for 24 h, followed by a 60 ̊ C curing for another 

24 h. After that, paste samples were demolded and sealed for 26 days at room temperature 

(20 ˚C) until further characterization. 

Table 3.2 Mix proportions and flowability of the investigated samples.  

Sample 

code 

LS/(FA+LS) 

(wt.%) 
Ms 

Na 

(wt.%) 
w/b 

Flowability 

(mm) 

Ref. 0 1.5 6 0.35 308 

FL5 5 1.5 6 0.35 293 

FL15 15 1.5 6 0.35 268 

FL25 25 1.5 6 0.35 212 
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3.2.3 Methodology 

Flowability 

The flowability of  the pastes was evaluated using the flow table tests according to EN 

1015-3 113. A Hägermann cone (base diameter: 100 mm, top diameter: 70 mm, height: 50 

mm) was applied for the slump flow test. The fresh pastes were transferred into the cone 

and then allowed to spread freely for 5 min. Two perpendicular diameters of  each spread 

were measured, and the average value was adopted (Table 3.2).  

Reactivity test 

The reactivity test was performed on dry ladle slag. To provide a feasible environmental 

alkalinity, an 8 M NaOH solution was applied according to prior studies 114,115. The applied 

ladle slag powder was mixed with NaOH solution at a liquid-to-solid ratio of  50 in 

polyethylene bottles. Then, the sealed bottle was shaken by using a liner reciprocating 

universal shaker (SM-30, Edmund Bühler) for 24 h at a constant rate of  250 rpm. The 

residual was filtered with 0.45 μm paper and dried at 40 ˚C for 24 h before XRD test. 

Isothermal calorimetry 

The isothermal calorimetry analysis was performed applying an isothermal calorimeter 

(TAM Air, Thermometric), and the heat release was determined under a constant 

temperature of  20 ˚C. About 9.5 grams of  pastes were mixed in the ampoule for 1 min to 

reach a homogenous state and then loaded into the calorimetry immediately. For each 

mixture, the tests were conducted for 7 days, and the results were normalized by the mass 

of  the solids. 

TG-DSC, FT-IR and XRD 

The thermogravimetry/differential scanning calorimetry (TG/DSC) analysis, Fourier 

transform infrared spectroscopy (FT-IR) spectrum, and X-ray diffraction (XRD) 

characterization were conducted according to the procedures described in Section 2.2.3.  

The tested samples at certain ages (7, 28, and 56 days) were crushed and immersed in 

isopropanol for 72 h to cease hydration, and then dried at 40 ˚C for 24 h prior to further 

characterization. Afterward, the dried samples were ground into powder, followed by 

passing through an 80 µm sieve. The collected samples were then stored in sealed bags in 

a desiccator in avoiding water immersion or carbonation before analysis. While samples 

after high temperature exposure were ground/cut and tested directly. 

Rietveld method was applied for the XRD quantitative study. Silicon of  10 wt.% was used 
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as an internal standard, and the test samples were milled in an XRD-Mill McMrone for 15 

min. The data analyses were performed applying TOPAS Academic software v5.0. The 

crystal structural data used for the qualitative and quantitative XRD analysis are provided 

in Table 3.3.  

Mercury intrusion porosimetry (MIP) 

The mercury intrusion porosimetry (MIP) analysis was performed according to the 

procedure described in Section 2.2.3. For the tested samples at the age of  28 days, the 

hydration was stopped before test, while the thermally treated samples were tested directly.  

Micro computed tomography (Micro-CT) 

Micro-CT 100 (Scanco Medical AG, Switzerland) was used for the tomographic scan. The 

tested pieces (10×10×40 mm3) were cut from the center of  the specimens to fit into the 

chamber (Ø 19 mm × H 84 mm). The X-rays energy was set as 70 kV, 200 mA, and an 

aluminium filter of  0.5 mm was applied, and the pixel resolution for all samples was 10 

μm. Tomographic reconstruction was performed using a stack of  205 slices to obtain a 

3D visualization. With a 2048×2048 picture resolution, a software for 3D-image 

processing was employed for pore segmentation and internal structure visualization. 

Mechanical strength 

The compressive strength of  obtained specimens at 7, 28, and 56 days were determined 

according to EN 196-1 86, and the procedure was provided in Section 2.2.3. 

High temperature exposure test 

According to the domain factors (dehydration, recrystallization, sintering) that govern the 

high temperature behavior of  fly ash based AAMs, two target temperatures, i.e., 400 and 

800 ˚C were chosen to investigate the thermal behavior of  the obtained specimens. The 

heating procedure was briefly described in Section 2.2.3. In avoiding moisture immersion, 

the thermally treated samples were sealed with plastic foil before further characterization. 

The mass loss of  samples under high temperature was determined by comparing the mass 

of  the prismatic sample before and after the designed temperature exposure. The volume 

change was recorded based on the measurement of  the three-dimensional size of  prismatic 

samples before and after elevated temperature exposure. The bulk density was calculated 

according to the measured mass and volume of  the specific specimen. Among these, the 

reported volume, mass, and density values were recorded as the average of  three specimens. 

The residual compressive strength was determined following the same procedure 
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mentioned above. 

Table 3.3 Structural data of the phases used for XRD analysis. 

Mineral compound #PDF-reference ICSD 

Tricalcium aluminate (C3A) 00-038-1429 1841 

Mayenite (C12A7) 00-048-1882 62040 

Dicalcium silicate (C2S) 00-036-0642  81097 

Katoite (C3AH6) 00-024-0217  9272 

Nordstrandite (Al(OH)3) 00-018-0050  34393 

Hydrotalcite  
(Mg0.667Al0.333) (OH)2(CO3)0.167(H2O)0.5 

01-089-0460 81963 

Periclase (MgO) 01-071-1176 64928 

Calcite (CaCO3) 01-077-2376 40544 

Portlandite (Ca(OH)2) 01-087-0673 15471 

Magnetite (Fe3O4) 01-089-0951  31156 

Hematite (Fe2O3) 01-089-2810 22505 

Quartz (SiO2) 01-083-0539 83849 

Mullite (Al1.69Si1.22O4.85) 01-089-2813 43297 

Nepheline ((Na, K)AlSiO4) 01-085-1487 26007 

Wollastonite (CaSiO3) 01-076-0186 23567 

Gehlenite (Ca2Al2SiO7) 01-089-1489 67687 

Akermanite 

(Al0.41Ca1.53Fe0.16Mg0.39Na0.51O7Si2) 
01-072-2127 20391 

Calcium sodium cyclo-hexaaluminate 

(Ca8.5NaAl6O18) 
00-026-0958 1880 

3.3  Results 

3.3.1 Characterization of  raw materials 

Ladle slag (LS) is produced in the final stage of  steelmaking, in which the liquid steel is 

poured into a ladle furnace where it is deoxidized and desulphured under the protection 

of  basic slag. In this stage, aluminium is used as the deoxidation agent, leading to the 

formation of  calcium aluminates. It is known that calcium aluminates, especially mayenite 

(C12A7), are highly hydraulic, which would react with moisture 37. The hydration products 

of  calcium aluminates can be varied due to the nature of  phases, according to the following 

equations 116,117:   𝐶��𝐴� + 51𝐻 → 6𝐶�𝐴𝐻� + 𝐴𝐻�                  (3.1) 

2𝐶�𝐴 + 21𝐻 → 𝐶�𝐴𝐻�� + 𝐶�𝐴𝐻�                 (3.2) 
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However, these initially formed calcium aluminate hydrates are known to be metastable 

and will convert into more stable phase C3AH6 through the endothermic reactions 108,118:  

3𝐶�𝐴𝐻� → 2𝐶�𝐴𝐻� + 𝐴𝐻� + 9𝐻                  (3.3) 𝐶�𝐴𝐻�� + 𝐶�𝐴𝐻� → 2𝐶�𝐴𝐻� + 9𝐻                 (3.4) 

During the slag manufacturing in steel plant, a mist spray process is always adopted to 

either cool down the slag or dedusting, afterwards, the slag is piled up in slag yard, waiting 

for further landfill disposal. After this process, the above reactions would have highly 

possibly occurred during weathering, which makes the composition of  applied LS very 

complex.  

Table 3.4 The mineralogical composition of ladle slag acquired with Rietveld refinement. 

Mineral compound Chemical formula Content (wt.%) 

Tricalcium aluminate (C3A) Ca3Al2O6 34.2 ± 0.4 

Mayenite (C12A7) Ca12Al14O33 7.8 ± 0.2 

Dicalcium silicate (C2S) Ca2SiO4 6.6 ± 0.4 

Katoite-hydrogarnet (C3AH6) Ca3Al2(O4H4)3 18.5 ± 0.2 

Nordstrandite (Al(OH)3) Al(OH)3 0.6 ± 0.2 

Hydrotalcite (Mg0.667Al0.333)(OH)2(CO3)0.167(H2O)0.5 0.7 ± 0.1 

Periclase (MgO) MgO 2.5 ± 0.1 

Portlandite (Ca(OH)2) Ca(OH)2 1.3 ± 0.1 

Metallic iron (Fe) Fe 0.4 ± 0.1 

   

Amorphous - 27.3 ± 0.9 

According to XRD Rietveld results presented in Table 3.4, apart from the intrinsic phases 

of  C12A7 (7.8 wt.%), C3A (34.2 wt.%), and C2S (6.6 wt.%), abundant C3AH6 (18.5 wt.%) is 

also observed. This confirms the hypothesis that the applied LS would react upon 

contacting with moisture, following Eqs. (3.1-3.4) 119. Moreover, small traces of  periclase, 

portlandite, hydrotalcite, and metallic iron are identified. 

To determine the reactivity of  weathered LS under alkaline environment, a reactivity test 

is carried out on as-received raw LS, as the LS powder is dissolved in alkaline solution for 

24 h. The presence of  hydrated calcium aluminates in raw LS and residue is compared by 

TG-DTG analysis, as shown in Fig. 3.2. For the raw LS, the slight mass loss peak at around 

150 ̊ C is associated with the dehydration of  unconverted metastable phases such as CAH10, 

C2AH8 
120,121, while the main weight loss peak shown at around 300 ˚C is attributed to the 

dehydration of  C3AH6 
121–123. It therefore can be concluded that, during weathering, most  
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Fig. 3.2 TG-DTG analysis of raw ladle slag. 

metastable hydrates such as CAH10, C2AH8 in LS are converted into stable phase C3AH6 

following Eqs. 3.3 and 3.4. The small shoulders observed in 224 ˚C and 370 ˚C could be 

the decomposition of  hydrotalcite 124,125. The mass loss peak centered at around 450 ˚C 

corresponds to the decomposition of  portlandite. In addition, insignificant weight loss 

peaks at approximately 680 ˚C and 800 ˚C should be assigned to the decomposition of  

carbonates and dehydration of  C12A7H, respectively 119. By contrast, a higher mass loss is 

detected for the residue LS after 8 M NaOH treatment. It is interesting to note that both 

the mass loss peak intensity of  metastable and stable phases are increased. However, since 

part of  metastable phases would transform into C3AH6 at around 150 ˚C, resulting in the 

increase of  C3AH6 peak intensity 126, which makes it difficult to identify the formation of  

C3AH6. 

In Fig. 3.3, the XRD results of  the residual LS are compared with the raw LS. The 

crystalline patterns present in the residue LS remain the same as compared to the raw LS, 

while the intensity of  typical phases varies. The calcium aluminates in LS, namely, C12A7 

and C3A, are largely dissolved after NaOH treatment, and the intensity of  C3AH6 appear 

to increase in the residue LS. Nevertheless, no metastable phases such as CAH10 and C2AH8 

are observed in XRD, which might be due to their low content or poor crystallinity. Thus, 

it is confirmed by combining the discussion above that the co-existence of  metastable and 

stable phases in alkali-treated LS. This is in line with previous studies on CAC system that 

during the hydration of  calcium aluminates, the conversion between metastable hydrates 

to stable C3AH6 is expedited under a moderately alkaline environment (usually the alkali  
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  Fig. 3.3 XRD patterns of raw ladle slag and residue ladle slag after 8 M NaOH treatment (Legend: 1-

Mayenite, 2-Tricalcium aluminate, 3-Katoite-hydrogarnet, 4-Periclase, 5-Portlandite, 6-Magnetite,  

7-Hydrotalcite, 8-Dicalcium silicate, 9-Nordstrandite). 

concentration around 8 M) 127,128. It can be concluded that the conversion reaction of  LS 

occurs within 24 h in an 8 M NaOH environment. Moreover, the observed crystalline 

phases transformation from calcium aluminates to C3AH6 after alkaline treatment indicates 

that the applied LS still shows a certain degree of  reactivity in the alkaline environment 

even after weathering.    

3.3.2 Reaction kinetics 

The influence of  LS substitution on the reaction kinetics of  hybrid system at the early 

stage is characterized by isothermal calorimetric analysis. In Fig. 3.4a, only one exothermic 

peak is detected at the early stage, which is ascribed to the dissolution of  solid raw material, 

as well as the formation of  the initial dissolved silicate units and their complexation with 

calcium and sodium 129. During the test period, no other visible heat peak can be detected 

even with a higher dosage of  LS. Such sole peak phenomenon has widely been reported 

for sole fly ash-based alkali activated materials 130,131. It can be deduced that, in the hybrid 

system, the sole exothermic peak is the combined effects of  two phenomena: the late 

reaction of  FA and the high reactivity of  calcium aluminates in LS. On the one hand, as 

the main body of  the mixture, the relatively slow dissolution of  FA can result in a slow 

transformation of  dissolved species into gels. As can be observed from Fig. 3.4b, the 

cumulative heat of  all samples keeps increasing after the extensive exothermic heat flow, 

indicating the continuous dissolution and geopolymerization process, which is, however, 

not detectable in the heat flow curve. On the other hand, as suggested by Adolfsson et al. 
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37 that the dissolution and hydration of  C3A and C12A7 occur within 1 h, and therefore, the 

existence of  sole peak might also be caused by the overlapping of  solids dissolution and 

rapid hydration of  LS.  

 

Fig. 3.4 Isothermal calorimetric response of FA/LS based geopolymer pastes at 20 ˚C a) normalized heat 

flow, and b) normalized cumulative heat. 

In addition, by comparing the heat evolution curve of  the sample with different LS 

substitutions, the hydration reaction is in general positively affected by LS addition. The 

higher the LS substitution, the larger the heat flow and cumulative heat. Here, one can 

conclude that a higher amount of  LS promotes the dissolution process, which leads to an 

increase in heat flow peak intensity as well as cumulative heat release. Nevertheless, a very 

slight retardation effect is observed in the sample with the lowest LS addition. This can be 

due to the small amount of  LS is insufficient to promote the reaction but further reduces 

the environment pH by releasing metal ions in the dissolution process. Furthermore, as 

widely accepted by other researchers 132, the flowability of  AAMs is dependent on the 

dissolution and polymerization of  precursors. As presented in Table 3.2, the flowability 

of  mixtures in this work is strongly affected by LS addition that reduces with the increased 

amount of  LS, which further confirms the influence of  LS on reaction kinetics.  

3.3.3 Hydrates assemblage 

Fig. 3.5 compares the XRD patterns of  all samples at the age of  28 days. As for the Ref., 

crystalline phases including quartz, mullite, FexOy (magnetite and hematite), periclase, and 

calcite are observed. In XRD patterns of  LS substituted samples, besides the phases 

observed in the Ref., traces of  C3A and C3AH6 are also detected. Meanwhile, with the 

increased addition of  LS, the intensity of  peaks ascribing to C3A and C3AH6 are noticeably 

increased. As one of the main phases in LS, the increase in C3A with more LS indicates 

C3A cannot be fully consumed after 28 days of  curing. While C3AH6 may not only be 
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introduced by the applied weathered LS but also hydrated from C12A7 and C3A. The 

Rietveld refinement results as shown in Fig. 3.12 will be discussed later.  

 
Fig. 3.5 XRD patterns of pastes prepared with different LS addition (Legend: 1-Quartz, 2-Mullite, 3-Iron 

oxides (FexOy), 4-Periclase (MgO), 5-Calcite (CaCO3), 6-Hydrogarnet (C3AH6), 7-Tricalcium aluminate 

(C3A)). 

FTIR is performed on raw material powder and hybrid pastes with different LS content. 

In Fig. 3.6a, three adsorption peaks are observed for raw FA, where the major band at 

around 1046 cm-1 corresponds to the asymmetric stretching vibration of  Si-O-T bonds (T 

represents Si or Al units) 133, the broad peak at 670-850 cm-1 represents the stretching 

vibrations of  Si-O-Si in quartz and the weak peak at 1450 cm-1 attributed to the stretching 

vibrations of  O-C-O bonds might result from incomplete combustion of  carbon. For raw 

LS, the sharp adsorption at approximately 3654 cm-1 is due to the O-H stretching vibrations 

of  portlandite 119,134. The intensive peak at 1415 cm-1 is related to O-C-O bonds of  

carbonates as also observed in TG (Fig. 3.2) 129. The adsorption peak of  510 cm-1 

corresponds to the vibrational peak in symmetric Al-O-Al and the adsorptions of  741, 798, 

903 cm-1 are assigned to the stretching and bending vibrations of  the Al-O bonds 135–137, 

indicating the presence of  different calcium aluminates. 

The infrared spectra for samples with different LS additions are shown in Fig. 3.6b. The 

broad adsorption band appearing at around 3415 cm-1 and the adsorption at around 1645 

cm-1 are associated with the stretching vibrations of  O-H bonds and bending vibrations of  

physically and chemically bond water. The adsorption peak of  O-C-O bonds at 1452 cm-1 

is observed in all spectrums, which could be associated with carbonates and the residual 

carbon in raw FA as noticed in Fig. 3.6a. The typical absorption band of the Si-O-T bridge 

bond in the Ref. shifts to a lower wavenumber as compared to pure FA due to the 
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polymerization. Furthermore, it is interesting to note that, with more LS addition, the Si-

O-T bond adsorption peak shifts from 990 cm-1 to 965 cm-1, indicating the increased 

substitution of  Al in Si-O-T tetrahedral within geopolymer gel 138,139. In conclusion, with 

increasing LS substitution, more Al is introduced into geopolymeric gel.   

 

Fig. 3.6 FTIR spectra of (a) ladle slag and fly ash, (b) FL blends. 

The difference in hydration products with varying LS addition is further reflected with 

thermogravimetric analysis, as shown in Fig. 3.7. In the Ref., the main mass loss peak 

below 120 ˚C is mainly due to the release of  physically bound water 140. A broad mass loss 

peak observed in the temperature range between 450 ˚C and 650 ˚C is associated with the 

carbonates 141. Furthermore, an insignificant weight loss peak that occurs after 800 ˚C is 

mainly induced by the re-crystallization reaction 62. For the LS substituted sample, an 

additional weight loss peak that appears at around 300 ˚C can be assigned to the 

dehydration of  C3AH6. In accordance with the XRD results, the C3AH6 typical peak is 

intensified as a higher dosage of  LS is applied, indicating that more C3AH6 is introduced. 

The decomposition of  carbonates in different crystallinity is also observed between 500 

and 750 ˚C. 

Moreover, it should be noted that, as the LS addition increases, the main mass loss peak is 

intensified and the corresponding peak shifts towards higher temperatures. This might be 

attributed to the higher amount of  hydration gel with more tightly bound water and/or 

smaller pores are formed in the hybrid system 64. On the one hand, with LS substitution, 

additional calcium aluminate hydrates are formed as discussed above. On the other hand, 

as evidenced by Fernández-Jiménez et al. 142 on calcium aluminate cement (CAC) system 

with the presence of  silica, Si can be taken in CAH phases into C-A-S-H phase. In this 

work, the soluble silica provided by fly ash as well as sodium silicate can promote the 

formation of  C-A-S-H phase. Here, metastable phases from LS dehydrate at a range from  
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Fig. 3.7 Thermal analysis of pastes with different LS addition. 

120 to 195 ˚C 122, and C-A-S-H gradually dehydrates at about 160 ˚C 74, hence the 

dehydration of  these hydration products occurs within a similar range between 100 ˚C and 

200 ˚C, which overlaps the main weight loss peak, making the change in C-A-S-H content 

not observable on the DTG curves. Nevertheless, a clear difference in peak intensity and 

corresponding temperature can be observed, indicating more aluminosilicate species are 

introduced with higher LS substitutions.   

3.3.4 Microstructural properties 

The pore structure of  28 days pastes with different substitutions of  LS is investigated via 

Mercury intrusion porosimetry (MIP) as depicted in Fig. 3.8. The detailed characteristic 

pore parameters are summarized in Table 3.5, including mesopores (2-50 nm), macropores 

(˃50 nm), open porosity, median/average pore diameter, and intrusion volume of  mercury. 

In Fig. 3.8a, for all tested samples, most of  pores are concentrated in the range of  5 to 

1000 nm, while a very small fraction of  pore larger than 100 µm is also detected, which 

reflects the presence of  entrained air voids and pre-existing microcracks.  

In terms of total porosity, it must be noted that, with LS substituting up to 25 wt.%, the 

porosity remains almost unchanged and only slightly varies between 38.9% and 40.4% are 

observed. This indicates that LS has a very limited influence on porosity within the present 

substitution level. According to the pore type, the pores are further classified into 3 types: 

gel pores (≤10 nm), capillary pores (10-50 nm), and macropores (>50 nm) 143, and the 

fractions of  pores are shown in Fig. 3.8b. In agreement with previous works 33,39, the LS 

dosage strongly influences the pore size distribution of  the blended system. In this work, 

a clear trend is observed that the fraction of  gel pores, as well as macropores, increase 
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while that of  capillary pores decreases with the LS addition rise from 0 to 25 wt.%. It is 

widely accepted that the pore size reflects the reaction degree, and the well-reacted sample 

may exhibit the highest proportion of  gel pores. Here, the increased fraction of  gel pores 

further confirms the promotion of  hydration by LS. While the higher macropores fraction 

with more LS addition should be partially attributed to the poor workability that entraps 

more air bubbles/voids in the matrix. On the other hand, as revealed by Choi et al. 144, the 

typical continuous plate-shape geometry of  calcium aluminate hydrates would have a direct 

influence on the process of  unreacted particle in contact with water, in consequence, 

macropore is more favourable to be formed.   

 

(a) 

 

(b) 

Fig. 3.8 MIP results of pastes after 28 days of hydration, a) pore size distributions, and b) pore volume 

fractions.
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3.3.5 Mechanical properties 

The compressive strength of  the samples with the substitution of  LS varying from 0 to 25 

wt.% at different curing ages are evaluated and presented in Fig. 3.9. The compressive 

strength increases with LS substitution from 0 to 15 wt.%, and then slightly declines. Here, 

as discussed in Section 3.3, the enhancement in compressive strength can be attributed to 

a higher degree of  hydration with more LS substitution, which strengthens the matrix with 

higher content of  hydrated gel. However, the slight strength reduction in FL25 might be 

induced by the change in the pore structure. It is suggested by Mehta et al. 145 that the 

mechanical strength is controlled by micropores, while macro pores larger than 50 nm 

would have an adverse effect on strength of  the matrix. As learned by pore size distribution 

in Fig. 3.8, FL25 has the highest macropore fraction, which will negatively impact the 

compressive strength.     

 
Fig. 3.9 Compressive strength of pastes with different LS dosage after 7, 28, and 56 days of hydration. 

Regarding the strength evolution of  mixtures at different curing ages, all mixtures gain 

strength during the 56 days of  curing, contradicting sole LS based materials, which are 

prone to lose strength between 7 and 28 days due to conversion reaction 37,120,146. In this 

study, the strength enhancement during the tested curing ages, on the one hand, can be 

ascribed to the further hydration of  unreacted raw materials. On the other hand, in 

accordance with the conversion mechanism revealed above, calcium aluminate hydrates 

that convert into stronger C-A-S-H gel with the available soluble silica source. Moreover, 

it is interesting to note that the strength development rate from 7 days to 56 days is 

decreased gradually with LS substituted from 5 wt.% to 25 wt.%. This observation 

indicates that since the environmental silica content is consumed or insufficient, the 
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increasing C3AH6 content with a higher LS substitution would further have an adverse 

impact on strength gain during curing. From the point of  view of  utilizing LS as SCM, the 

incorporation of  LS into hybrid alkaline system not only avoids strength loss, but also 

improves the mechanical strength as compared to sole FA based samples by forming C-A-

S-H type gel. Moreover, the best mechanical performance is observed for the mixture with 

15 wt.% LS substitution.  

3.3.6 Thermal behavior 

Owing to the similarity in mineralogy and reaction mechanism, LS can be compared with 

CAC which is mainly applied in refractory castable/concrete and linings due to its 

outstanding thermal performance. In this study, the thermal behavior of  LS as a SCM in 

geopolymer system is evaluated by applying high temperature exposure tests.  

Structural change 

The variations of  structural properties of  samples treated at different temperatures are 

given in Table 3.6. The main mass loss is observed before 400 ˚C in all samples, which is 

caused by the release of  physically and chemically bound water. As a result, the density of  

all samples decreases due to the increased content of  empty pores. At the same time, the 

loss of  water leads to a range of  capillary strain and shrinkage of  pores, resulting in a 

volume shrinkage in all samples. In the temperature range between 400 ˚C and 800 ˚C, the 

slight mass loss is mainly associated with the decomposition of  portlandite and carbonates 

of  different crystallinity 147. While the increase in density and volume shrinkage for all 

samples from 400 ˚C to 800 ˚C is owing to the viscous sintering that occurs at around 600 

˚C which leads to structural densification 70. Regarding the influence of  LS substitution on 

structural change, the densities of  all samples are similar at the tested temperatures, 

whereas the higher the LS substitution, the severer the mass loss and higher volume 

shrinkage are detected at high temperatures. As evidenced by TG-DSC analysis (Fig. 3.7), 

the intensified mass loss with higher LS contents can be ascribed to the growth of  

hydration products. Further, it is noted that the increased volume shrinkage is not only 

induced by the greater water release but also the severer re-crystallization detected in LS 

substituted sample.  

The pore structure evolution of  samples upon high temperatures is characterized by MIP, 

as summarized in Table 3.5. The porosity in all samples is found to increase after exposure 

to 400 ̊ C. Meanwhile, the fraction of  mesopores is reduced while macropores are detected 

to increase. This can be explained by the pore collapse and cracking induced by the 

migration of  both physical and chemical water towards the surface, which results in the 

formation of  larger pores with increased pore interconnectivity. In the temperature range  
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 Table 3.6 Structural characteristics of samples at different temperatures. 

Sample 

code 

Mass loss (%)  Bulk density (g/cm3)  Volume shrinkage (%) 

20 ˚C 400 ˚C 800 ˚C  20 ˚C 400 ˚C 800 ˚C  20 ˚C 400 ˚C 800 ˚C 

Ref. - 19.82 21.84  1.72 1.47 1.56  - 6.17 13.25 

FL5 - 20.19 22.66  1.68 1.43 1.53  - 6.58 15.03 

FL15 - 21.16 23.37  1.68 1.43 1.53  - 7.38 15.55 

FL25 - 22.41 24.05  1.71 1.43 1.55  - 7.61 15.80 

400 ˚C to 800 ˚C, the porosity is slightly decreased, among which, a remarkable reduction 

is detected in the fraction of  mesopores, while macro pores fraction is largely increased. 

Here, the sintering reaction leads to the healing of  micropores/cracks, which results in the 

decline of  small pores 69. In the meantime, more large cracks are formed due to the 

dehydration and decomposition of  the matrix, which is detected as macropores in MIP.  

It is known that MIP only measures connected open pores that are smaller than 350 µm. 

In order to visualize the pore structure and characterize the variation of  pores in a larger 

coverage, Micro-CT analysis is carried out. To determine the effect of  LS, FL15 with 

optimum hardened and thermal performance is selected as representative sample to 

compare with Ref. for Micro-CT analysis. The pore structures are extracted and denoted 

in different colors according to pore size as shown in Fig. 3.10.  

Fig. 3.10 Micro-CT images of  the Ref. and FL15 at different temperatures. 

By comparing the images of  the Ref. and FL15, obviously, the substitution of  LS 

introduces more big pores as compared to the Ref. at all temperatures. In addition, the 

detailed pore size distribution of  samples upon high temperatures is presented in Fig. 3.11. 

It can be learned that the samples with and without LS substitution show a different 

pattern of  pore size distribution. In Fig. 3.11a and d, the Ref. exhibits a narrow pore size 
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distribution below 0.3 mm with a main peak centered around 0.05 mm, while a wide and 

even pore size distribution is observed in LS substituted sample. With the exposure 

temperature increasing from 20 ˚C to 800 ˚C, in the Ref., the fraction of  pores between 0 

and 0.1 mm is largely increased, and bigger pores ranging from 0.4 to 0.5 mm are detected. 

Nevertheless, for LS substituted sample in Fig. 3.11b, d, and f, the pores below 0.3 mm 

are relatively stable at elevated temperatures, except more big pores at around 0.5 mm are 

detected. This can be explained by the wide and even distribution of  pore size in the LS 

substituted sample that facilitates the release of  inner water or gas vapour at elevated 

temperatures that reduces the internal damage induced by pore pressure. While the 

narrower pore size distribution with the main fraction range from 0 to 0.1 mm for the Ref. 

tends to generate higher pore pressure, leading to severe pore collapse and crack extension 

with the increased porosity. But relatively large cracks from 0.4 to 0.5 mm can be detected 

in both mixtures due to severe shrinkage. In conclusion, samples with LS substitution 

exhibit a better inner structural stability under elevated temperatures owing to the wide 

and even pore size distribution. This is believed to contribute to retain a large degree of  

strength under elevated temperature. 

Phase transformation 

The phase transformation of  samples at different temperatures is compared in Fig. 3.12. 

The loss of  bound water (amorphous) due to high temperature exposure is excluded 

according to TG results. Because the contents of  some crystalline phases such as periclase, 

rutile, etc., are relatively low and similar in different mixtures, which are not of  comparison, 

they are classified as other phases (the detailed results from XRD-Rietveld are provided in 

Appendix A Table A1).  

It is clear that the crystalline phases in the Ref. are thermally stable at 400 ˚C, while the 

amorphous content decreases and a minor trace of  nepheline appears up to 800 ˚C. This 

can be explained by the release of  bound water and partial recrystallization of  amorphous 

aluminosilicates, which has been reported in sole fly ash based geopolymer 22. Regarding 

the sample with the addition of  LS, obvious transformation can be observed at elevated 

temperatures. In accordance with TG results, hydrogarnet disappears after 400 ̊ C exposure, 

and then, mayenite starts to appear. Moreover, the content of  C3A and mayenite increases 

with higher LS substitutions. It is worth noting that the phase change among LS substituted 

samples at 400 ˚C is mainly induced by the dehydration of  hydrogarnet into calcium 

aluminates, and the total crystalline content almost remains unchanged, indicating that the 

hybrid gel system is relatively stable at 400 ˚C. After 800 ˚C exposure, it is obvious that the 

amorphous content decreases whereas the crystalline phase content increases with higher 

LS substitutions. New phases such as wollastonite, akermanite, and gehlenite are  



Effects of  ladle slag on reaction mechanism and high temperature behavior of  Class F fly ash geopolymer 

67 
 

 

Fig. 3.12 Phase compositions of samples at different temperatures. 

detected, and clearly, their contents are increased with more LS substitutions. Among these, 

it is known that wollastonite is highly associated with LS. Akermanite and gehlenite are 

formed by the crystallization of  C-A-S-H gel 148, which correlates well with the phase 

assemblage discussed above that substitution of  LS can promote the formation of  C-A-S-

H type gels in the hybrid system. Owing to the fact that Ca2+ could be replaced by Na+ in 

C3A structure within a Na rich system, two structures including C3A and Na+ substituted 

C3A (Calcium Sodium Cyclo-hexaaluminate, Ca8.5NaAl6O18) are adopted for the refinement, 

and their total content is similar to that of  400 ˚C. The increase in nepheline with more LS 

addition can be partially caused by the increasing Al ion from LS is taken up to form more 

sodium based aluminosilicate species 115. In addition, the increasing C-A-S-H phase due to 

the introduction of  additional calcium from LS promotes the formation crystalline phases 

such as akermanite and gehlenite at 800 ˚C 149. Thus, a higher crystalline phase content is 

detected with higher LS substitutions. 

Thermal mechanical properties 

Here, the changes in the porosity do not reflect the evolution of the mechanical strength 

of samples at high temperatures. This is because the thermal mechanical evolution of 

geopolymer-based material is not only influenced by physical change but also chemical 

transformation during thermal exposure. As presented in Fig. 3.13, it is remarkable that 

the substitution of  LS does not lead to strength deterioration at high temperatures as 

always experienced in other FA/slag systems and a continuous strength gain is observed. 

At 400 ˚C, the strength gain is mainly induced by further geopolymerization of  unreacted  
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Fig. 3.13 Compressive strength of pastes exposed to different temperatures.  

fly ash. In this regard, the pure fly ash paste exhibits the highest compressive strength and 

strength gain among LS substituted samples before 400 ˚C. After being exposed to 800 ˚C, 

the strength gain observed in the sole fly ash sample is widely accepted to be caused by 

the sintering reaction of  unreacted fly ash that heals the small cracks and densifies the 

matrix as learned above. While it should be noted that the residual strength at 800 ˚C is 

improved by LS substitution. The compressive strength, as well as the rate of  strength gain 

increase with the LS substitution, rising from 15 wt.% to 25 wt.% compared to the Ref., 

and FL25 exhibits the highest compressive strength of  64.72 MPa after 800 ˚C exposure. 

Here, as observed in Table 3.6, the severer shrinkage and densification with more LS 

substitution can be considered as one of  the contributing factors. On the other hand, it is 

revealed by Murri et al. 33 and Dombrowski et al. 149 that high temperature induced 

crystalline phases with different thermal stability can influence the thermal behavior of  the 

matrix. In this work, as evidenced by Rietveld refinement, the crystalline phase content at 

800 ˚C is increased with more LS substitution, among which, more stable phases including 

gehlenite, akermanite, C3A, and mayenite are formed. It is therefore likely that these phases 

could act as stable aggregates that strengthen the matrix at high temperatures.  

3.4 Discussion 

3.4.1 The hydration mechanism of  ladle slag within hybrid system 

It is widely accepted that within an aqueous system, the hydration process of LS can be 

divided into two stages: a) the hydration of LS with the initial metastable hydrates, 

dicalcium aluminate (C2AH8) before 7 days, b) the conversion from metastable phases into 

stable tricalcium aluminate hexahydrate (C3AH6) between 7 and 28 days, which is always 
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accompanied with the increased porosity and reduced strength 120. However, the hydration 

of calcium aluminates proceeds differently in an alkaline system. In KOH/Na2SiO4 

activated LS system, Adesanya et al. 146 observed a clear reduction in compressive strength 

between 7 and 28 days, indicating the presence of conversion reaction in an alkaline system. 

However, in Wang et al. 150, the strength loss induced by conversion after 7 days is not 

detected with either cured in saturated limewater or higher alkali content (4% to 8%). 

Similarly, Fernández-Carrasco et al. 127 and Pastor et al. 128 studied the hydration of CAC 

in a high alkaline environment and reported that the alkali media favours the conversion 

between calcium aluminate hydrates. As observed in the present study, the conversion 

reaction of LS occurs within 24 h with 8 M NaOH activation (Fig. 3.2, Fig. 3.3). It can 

be concluded that the conversion rate of calcium aluminate hydrates is largely depending 

on the alkaline concentration and content, since a higher alkaline content results in a faster

conversion reaction. In this case, the strength reduction phenomenon may occur earlier or 

even not be detectable with the presence of an alkali media.  

The hydration reaction of LS is governed by different mechanisms with the presence of 

silica or pozzolan in the starting materials. For instance, it is suggested that in alkali 

activated LS with abundant soluble silica, the following reaction may take place 146: 𝐶��𝐴� + 51𝐻 + 6𝑆 → 6𝐶�𝐴𝑆𝐻�(𝑠𝑡𝑟𝑎́𝑡𝑙𝑖𝑛𝑔𝑖𝑡𝑒) + 𝐴𝐻�        (3.5) 

Similar results are also observed on alkali activation of  CAC with a high content of  reactive 

silica and/or low alkali content, the conversion is retarded since the metastable phases 

would transform into strätlingite instead of  C3AH6 following the reactions 151,152: 

2𝐶𝐴𝐻�� + 𝑆 → 𝐶�𝐴𝑆𝐻� + 𝐴𝐻� + 9𝐻                (3.6) 𝐶�𝐴𝐻� + 𝑆 → 𝐶�𝐴𝑆𝐻�                     (3.7) 

However, this is inconsistent with this work that no strätlingite is observed even with the 

highest LS substitution. Another case is reported by Fernández-Jiménez et al. 142 and Rivas 

Mercury et al. 153 on CAC system that with high alkali content and relatively low Si content 

or high temperature curing, a Si substituted calcium aluminate silicate hydrate (C-A-S-H) 

instead of strätlingite is detected:              

𝐶𝐴 ���� ����⎯⎯⎯⎯⎯�𝐶�𝐴𝐻�                       (3.8) 

𝐶�𝐴𝐻� ���������⎯⎯⎯⎯�𝐶�𝐴𝑆�𝐻� + 𝐶 − 𝐴 − 𝑆 − 𝐻 (𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑎𝑛𝑑 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)  (3.9) 
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Table 3.7 The variation of calcium aluminates and hydrates content in FL15 determined by XRD-Rietveld 

method (wt.%). 

Phase LS St dev 7 d St dev 28 d St dev 

C3A 5.1 0.4 3.4 0.1 1.3 0.1 

C12A7 1.2 0.2 0 0 0 0 

C3AH6 2.8 0.2 2.6 0.2 1.4 0.1 

The results in the present work are more likely in accordance with the later situation. As 

shown in Table 3.7, the calcium aluminates and hydrates content in FL15 is determined 

by Rietveld analysis, in which 5.1 wt.% of  C3A, 1.2 wt.% of  C12A7 and 2.8 wt.% of  C3AH6 

are introduced by the raw LS, respectively. It is observed that C3A decreases to 1.3 wt.% at 

28 d, and C12A7 is fully consumed after activation, indicating different degree of  reactivity. 

While the stable hydrate of  C3AH6 keeps decreasing from 2.8 wt.% to 1.4 wt.% after 28 d 

curing. The possible mechanism behind is, on the one hand, the high alkalinity with high 

temperature curing applied in the present work largely promotes the hydration of  LS as 

well as the conversion reaction with the formation of  C3AH6 at very early age. On the 

other hand, with the presence of  silica provided by activator and fly ash, OH- in C3AH6 is 

replaced by Si to form C-A-S-H phase following Eqs. 3.8 and 3.9. Thus, in this work, 

strätlingite is not detected while C3AH6 is observed to decrease during the studied period. 

As a result, a continuous strength gain from 7 to 56 days is observed in all LS substituted 

pastes owing to the expedited conversion and formation of  C-A-S-H phase. According to 

the discussion, the alkali activation of  LS is similar to CAC and the reaction process is 

highly dependent on alkalinity, Si content and curing condition. A moderate alkalinity or 

high temperature curing can largely accelerate the conversion of  metastable phase into 

stable phase, while the presence of  Si can retard or prevent the conversion, and ultimately 

these conditions can avoid the strength reduction of  LS incorporated pastes at later age.  

3.4.2 The influence of  ladle slag on high temperature behavior of  geopolymers 

As for blended Na2O-CaO-Al2O3-SiO2 system, with a sodium-based alkali as the activator, 

Class F fly ash or metakaolin are often applied as the aluminosilicate source, while various 

secondary calcium sources can be found in previous works, for instance, cement, 

metallurgical slag, and lignite bottom ash 154–156. The properties of  secondary sources such 

as elemental composition, mineralogy, physical properties play a vital role on the 

performance of  the resulting hybrid system 87,149,157,158. Among these, GGBS contains more 

than 40 wt.% of  calcium oxide and 30 wt.% of  silicon oxide in the reactive glass phase, 

which is the most commonly applied secondary source. Within an alkaline system, joint 

activation of  FA and GGBS results in formation of  hybrid N-C-A-S-H gel, and typical 

slag-based C-(A)-S-H products can be formed with higher dissolved Ca and Si 

concentrations. The formation of  slag-based products predominates the 
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geopolymerization which not only largely accelerates the hydration degree but also impedes 

the formation of  geopolymeric gel (N-A-S-H) 75. Thus, a dense matrix is obtained with the 

coexistence of  N-C-A-S-H and C-(A)-S-H products, and a relatively high initial mechanical 

strength can be achieved. However, as learned by Chapter 2, GGBS has a negative impact 

on geopolymer-based materials in terms of  high temperature behavior. Firstly, the 

exchange of  Na/Ca in aluminosilicate gel reduces the thermal stability of  geopolymeric 

gel. Secondly, slag-based products such as C-S-H gel are highly unstable at elevated 

temperatures. Lastly, the compact matrix with low ductility is prone to failure under 

elevated temperatures due to thermal-induced stress. As a result, severe cracking, 

decomposition, and strength deterioration are always resulted after exposure to high 

temperatures.  

LS contains similar chemical composition, especially calcium oxide content, in comparison 

to commonly used GGBS. Nevertheless, it is found in this study that LS with high 

crystalline calcium and aluminium content exhibits a unique reaction process with the 

presence of  alkali media and soluble Si, which shows a distinct influence on the hydration 

assemblage and microstructure of  the hybrid geopolymer system. Owing to the prior 

weathering process, free lime is undetectable in LS (Table. 3.4), and the majority of  

calcium and aluminium in LS is present in crystalline phases, namely tricalcium aluminate 

(C3A) and mayenite (C12A7). In alkaline environment, the hydration and conversion of  

calcium aluminates is largely promoted to form calcium aluminate hydrates. With the 

continuous dissolution of  Si from FA, the CAH phases convert into more stable C-A-S-

H phase. In this case, the hydration is not significantly accelerated by adding LS, as 

evidenced by reaction heat release curve (Fig. 3.4). Moreover, the formation of  C-A-S-H 

gel might be unable or insufficient to alter the microstructure, and a loose matrix with a 

similar total porosity to sole FA based geopolymer is observed from MIP analysis (Table. 

3.5). In terms of  aluminium content, it is learned from FT-IR (Fig. 3.6) that with a higher 

LS dosage, increased Al ions are introduced into Si-O-T tetrahedral within geopolymer gel, 

which contributes to the increased aluminosilicate species. The above results suggest that 

LS would not interfere geopolymerization process in contrast to GGBS and has a limited 

influence on the microstructural transformation within the studied substitution range. 

The distinct influence of  LS on the hydration of  hybrid geopolymer system results in a 

different high temperature behavior from other blended geopolymers. A continuous 

strength gain at high temperatures is observed in this work (Fig. 3.13). This could be 

attributed to the synergistic effect of  several characteristics such as microstructure and 

phase composition. For one thing, the loose matrix with homogenous pore size 

distribution in blended geopolymers helps to release the thermally induced water or gas 

vapour. Therefore, the inner thermal stress is reduced, and consequently, the inner pore 
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structure is largely protected (see Table 3.5, Fig. 3.10, Fig. 3.11). For another, the addition 

of  LS does not destroy the structure of  thermally stable geopolymeric gel but contributes 

to a higher content of  aluminosilicate species with the coexistence of  N-A-S-H and C-A-

S-H type gel. In this regard, the thermal stability of  the hybrid binder gel is largely retained. 

Moreover, as learned from XRD Rietveld analysis in Fig. 3.12, more drastic 

recrystallization with the formation of  thermally stable crystalline phases is observed at 

elevated temperatures with the increased LS substitution, which is likely to be another 

reason for the increased residual strength 149. Here, it should be noted that the typical phase 

of  nepheline that recrystallizes from N-A-S-H is increased with a higher LS substitution 
24, which further proves that the incorporation of  LS into geopolymer promotes the 

formation of  geopolymeric gel, hence increases the thermal stability of  binder gel. 

3.5 Conclusions 

This chapter investigates the hydration reaction and conversion process within the hybrid 

geopolymer system and verifies the possibility of  utilizing ladle slag as a supplementary 

cementitious material in alkali activated material for high temperature applications. The 

impact of  ladle slag (up to 25 wt.%) on the reaction kinetics, hydration products, 

microstructure, mechanical properties, and thermal behavior of  hybrid geopolymer pastes 

is investigated. The following conclusions can be drawn: 

(1) The dissolution, as well as polymerization within the hybrid system, is positively 

influenced by LS, as evidenced by a higher reaction heat intensity and cumulative heat 

release. The main hydration products within the hybrid system are C3AH6, C-A-S-H, and 

N-A-S-H type gels. The addition of  LS promotes the hydration reaction, resulting in more 

hydration products, especially aluminosilicate gel, enabling a higher compressive strength. 

(2) The strength deterioration of  LS contained material at long term is avoided in hybrid 

geopolymer system. In an alkaline environment, the conversion reaction between 

metastable phases and stable C3AH6 is strongly expedited. With the presence of  soluble 

silica, calcium aluminate hydrates absorb Si to form more stable C-A-S-H gel, which 

contributes to a continuous gain of  compressive strength up to 56 days of  curing. 

Nevertheless, the strength gain effect is lessened with more LS addition because of  the 

limited provision of  environmental silica, in addition to the adverse impact caused by the 

increased C3AH6 content.  

(3) LS has no significant influence on the porosity of  hybrid pastes within the present 

substitution level (i.e., 25 wt.%). Nevertheless, the addition of  LS results in a wide and 

even pore size distribution pattern, which facilitates the release of  inner water or gas 
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vapour at elevated temperatures and thus contributes to better pore structural stability. 

However, increasing the LS substitution leads to a higher mass loss and volume shrinkage 

due to severer dehydration and recrystallization at high temperatures. 

(4) The unique nature of  LS with high crystalline calcium and aluminium content plays a 

vital role on high temperature behavior of  hybrid geopolymer. The initially hydrated CAH 

phases in weathered LS transform into C-A-S-H, which protects the geopolymerization. 

As a result, the thermal stability of  hybrid geopolymer is largely retained, enabling a 

continuous gain of  compressive strength up to 800 ˚C. With more LS substitution, the 

residual strength, as well as strength gain rate after 800 ˚C, is increased thanks to the 

formation of  thermally stable crystalline phases.  
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Chapter 4 The optimization of gel compatibility and thermal 

behavior of alkali activated Class F fly ash/ladle slag 

 

 

The optimization of gel compatibility and thermal 

behavior of hybrid ladle slag/Class F fly ash 

geopolymer 

 

The gel compatibility in calcium incorporated geopolymers remains a controversial topic. 

This chapter aims to investigate the role of  Ca availability in determining the 

geopolymerization of  alkali-activated ladle slag/Class F fly ash blends. The results show 

that the product layer wrapping around ladle slag particles largely governs the Ca diffusion 

into the environment, enabling the development of  two separated gels, namely C-(N)-A-

(S)-H and N-(C)-A-S-H type gel. A dense matrix consisting of  geopolymer gel and Ca-

enriched gel is achieved with 8 wt.% of  Na2O while increasing Ms intensifies the 

incompatibility between two gels, leading to microcrack formation and lowered mechanical 

strength. The competition between different reaction mechanisms of  the two gels 

predominates the initial properties and thermal performance of  the hybrid binder. A 

thermal degradation model of  hybrid geopolymer co-existing geopolymeric gel and Ca-

enriched gel is proposed to describe the influence of  gel compatibility on the thermal 

behavior of  Ca incorporated geopolymer. 
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4.1 Introduction 

Geopolymer binder has attracted keen scientific interest as a potential environmentally-

friendly alternative to Ordinary Portland cement (OPC) 13,159,160. Resulting from alkaline 

activating industrial wastes, such as fly ash (FA), incineration bottom ash, and slag, this 

binder material enables a significantly low CO2 emission 12,159,161. With its typical three-

dimensional aluminosilicate framework, geopolymers offer several advantages, for instance, 

low autogenous shrinkage, high temperature and acid resistance, and high immobilization 

capacity of  toxic metals 19,22,160,162. However, some major concerns for sole FA-based 

geopolymer such as relatively low early age mechanical strength and energy-consuming 

curing process stimulate growing interest in calcium-incorporated hybrid geopolymer 

binder. The incorporation of  calcium sources such as OPC and ground granulated blast 

furnace slag (GGBS) into aluminosilicates can alter the gel composition with promoted 

characteristics. In this case, the phase assemblage becomes complicated in a blended Na2O-

CaO-Al2O3-SiO2 system. Various studies regarding the Ca content in the blended 

geopolymer system have been performed, but the gel composition is still under disputation, 

including N-A-S-H, N-(C)-A-S-H, C-A-S-H, C-(A)-S-H as Ca concentration varies 87,163–165. 

Furthermore, the binder gel compatibility in calcium incorporated geopolymer system is 

seen as another controversial topic, regarding whether the system develops two separated 

gel phases as C-A-S-H and N-A-S-H or an interacted N-C-A-S-H gel phase 24,64,87,164,166. 

The compatibility study is of  great importance, because the way hybrid gels coexist, as well 

as the discrepant characteristics of  two gels, such as different gel structures, reaction 

kinetics, and drying shrinkage, can pose an adverse effect on the long-term durability of  

blended systems 167.  

In general, the incorporation of  calcium in the geopolymer system further complicates the 

reaction process, since the content of  calcium, its presence in glassy or crystalline, and its 

availability (release rate) have a significant influence in determining the reaction pathway 

and gel composition/structure. Yip et al. 87,166 compared the role of  calcium in 

geopolymerization by applying calcium silicates in form of  amorphous and crystalline as a 

co-precursor with FA or metakaolin. Their results suggested that the alkalinity and extent 

of  Ca dissolved from varied calcium silicate sources impacts the relative amount of  Al 

substituted C-S-H gel and geopolymeric gel, which further influences the gel composition 

and mechanical strength. García-Lodeiro et al. 167 directly added soluble Ca into 

geopolymer gel, and a N-A-S-H gel containing Ca with preserved 3D structure was 

obtained. This reported phenomenon is discrepant from other works that observed the 

formation of  chain-like C-(A)-S-H phases with the addition of  initially activated Ca 

sources and aluminosilicates 163. The studies discussed above revealed that the Ca release 
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rate/degree relative to geopolymerization reaction also plays a vital role in determining the 

binder gel composition, which may help to understand the gel compatibility in a hybrid 

geopolymer system. However, scarce attempts have been devoted to disclosing the reaction 

mechanism of  Ca involved geopolymer system from the viewpoint of  Ca availability. 

There is still a lack of  understanding on the impact of  Ca availability on the reaction 

mechanism and gel composition of  hybrid geopolymers. 

On the other hand, it has been revealed that Ca has a profound influence on the thermal 

behavior of  the geopolymer system. Recent studies have been extensively carried out on 

the thermal resistance of  hybrid geopolymers containing calcium sources (i.e., slag, calcium 

hydroxide, etc.) and aluminosilicate source (i.e., fly ash, metakaolin) 24,30,31,168,169. The major 

conclusion is that the incorporation of  Ca degrades the structural integrity and mechanical 

properties under high temperatures due to the interruption of  geopolymerization and 

formation of  C-(A)-S-H phases that are prone to dehydration/decomposition under high 

temperatures. Here, given the controversial and complex phase assemblage of  hybrid 

geopolymers, very rare studies take gel compatibility into consideration to explore the 

thermal degradation mechanism of  hybrid geopolymers. As known, N-A-S-H and C-A-S-

H gel exhibit distinct thermal behavior under high temperatures. In this case, the relative 

content of  each phase, how they bond together, and their interaction would have a 

significant influence on the thermal performance of  the blended system. But a thorough 

understanding of  the possible influence of  gel compatibility on the thermal performance 

of  Ca incorporated geopolymer system is not yet available.  

As mentioned in the previous chapter, ladle slag (LS) is a by-product of  the steel 

manufacturing process that continues to be extremely underutilized. Because of  the 

particular secondary refinery process and the applied cooling technique, LS shows a high 

crystallinity, with calcium aluminates (CAs), namely mayenite (C12A7), and tricalcium 

aluminate (C3A) as the main mineral phases 170. Despite the fact that CAs, especially C12A7, 

are known to be highly hydraulic and react quickly with water, their content and reaction 

rate in LS varies between steel plants and production processes, resulting in varied reactivity 

with water 171,172. To improve LS reaction efficiency and degree, there is a growing interest 

in alkali activation on LS, which turns out to be a promising pathway for reutilizing LS as 

a source of  calcium and aluminium. The dissolution, as well as the reaction of  crystalline 

calcium aluminates, is closely dependent on the alkaline content and SiO2/Na2O ratio 
115,128,173. It provides the possibility to utilize LS as a controllable calcium source by tailoring 

alkaline activator composition. In Chapter 3, with a moderate alkali environment, LS shows 

a positive effect on the geopolymer system attributed to its unique reaction process. 

Nevertheless, the fundamental mechanism of  the dissolution and reaction of  LS under 

alkaline activation is still not clear.     
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In light of  the above knowledge gaps, this chapter aims to clarify the role of  Ca availability 

in determining the gel composition of  alkali-activated FA/LS (AAFL) and reveal the 

underlying mechanism. LS is used as a Ca source, and the alkali activator with tailored 

Na2O percentage and silica modulus is applied as a tool to control its dissolution and 

reaction. The physicochemical properties of  the obtained hybrid geopolymer are 

investigated by monitoring the workability, reaction products assemblage and compatibility, 

microstructure, and mechanical strength. High temperature exposure tests are carried out 

to investigate the influences of  gel compatibility on the thermal behavior of  hybrid binders. 

The results provide new insights into the gel compatibility of  blended geopolymer systems 

and reveal the underlying reaction mechanism of  the AAFL system. Additionally, a thermal 

degradation model of  geopolymeric gel and Ca-enriched gel co-existing binder is proposed. 

4.2 Experimental design 

4.2.1 Materials 

In this work, the precursors, ladle furnace slag (LS) and class F fly ash (FA) are obtained 

from the same provider as mentioned in Section 2.2.1. The received FA was directly used, 

and LS was collected from stockpiles in Tata Steel, following the pre-treatment described 

in Section 4.2.3. As shown in Fig. 4.1, a similar particle size distribution (PSD) was 

achieved with the average particle size (d50) of  13.99 μm and 13.96 μm for FA and LS 

respectively, determined by the laser particle size analyzer (Mastersizer 2000, UK). One can 

observe that the obtained PSD of  LS is slightly different from the previous chapter (Fig. 

3.1), which should be due to the material variability from different batches. As observed 

by the scanning electron microscope (SEM) in Fig. 4.2, FA and LS have different shapes. 

As presented in Table 4.1, the chemical composition of  LS and FA were determined by 

X-ray fluorescence (XRF, PANalytical Epsilon 3), the specific density was measured via 

the helium pycnometer (AccuPyc II 1340, Micromeritics), and the specific surface area was 

determined by the laser particle size analyser.  

The crystalline phase assemblage was characterized by X-ray diffractometry (XRD, Bruker 

D4 PHASER), as shown in Fig. 4.3. FA exhibits a hump between 15 and 35° owing to the 

presence of  amorphous phases, with traces of  quartz (SiO2), mullite (Al1.69Si1.22O4.85), 

hematite (Fe2O3), magnetite (Fe3O4). LS shows a high crystallinity. Hydrated phases such 

as Hydrogarnet (C3AH6) and Hydrotalcite (Mg0.667Al0.333) (OH)2(CO3)0.167(H2O)0.5 are 

detected due to the weathering of  slag when disposing in stockpiles. Apart from that, 

calcium aluminates including Mayenite (C12A7), and Tricalcium aluminate (C3A) are 

observed as major phases, indicating the presence of  reactive phases even after weathering. 
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Fig. 4.1 Particle size distribution of raw materials. 

   

Fig. 4.2 SEM images of (a) FA and (b) LS powder. 

 

Table 4.1 The chemical composition (wt.%) and loss on ignition of Class F fly ash and ladle slag. 

Oxides Fly ash Ladle slag 

SiO2 54.57 2.32 

Al2O3 21.60 23.19 

CaO 6.12 55.11 

Fe2O3 9.04 4.44 

MgO 1.17 2.21 

SO3 0.41 0.61 

K2O 2.85 - 

Others 2.13 1.31 

LOI (1000 ˚C) 2.11 10.81 

Specific density (g/cm3) 2.14 2.65 

Specific surface area (m2/g) 1.10 1.53 
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Fig. 4.3 XRD patterns of raw materials. 

1-Quartz, 2-Mullite, 3-Hematite, 4-Magnetite, 5-Mayenite, 6-Tricalcium aluminate, 7-Dicalcium silicate 

(C2S), 8-Hydrogarnet, 9-Periclase, 10-Portlandite, 11-Hydrotalcite, 12-Iron 

 

 
Fig. 4.4 TG-DTG analysis of raw materials. 

To determine the weathering degree of  the applied LS, thermogravimetry/differential 

scanning calorimetry (TG/DSC) analysis was carried out, and the result is compared with 

FA in Fig. 4.4. A total mass loss of  10.81 wt.% is observed until 1000 ̊ C. The main weight 

loss peak at around 300 ˚C is attributed to C3AH6 126, and slight mass losses at around 150 

and 450 ˚C are associated with metastable calcium aluminate hydrates (CAH10, C2AH8) 
120,126 and portlandite, respectively. Notably, owing to the complexity of  LS disposal, for 
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instance, the season, weather, stacking age, etc., it is very challenging to control the slag 

weathering degree. According to the variability among raw LS (See Appendix B Fig. B1), 

the reactivity of  raw LS may vary due to different weathering degrees, nevertheless, the 

mineralogy compositions of  LS from different batches are identical as the slag production 

follows the same protocol. Thus, the applied LS demonstrates sufficient robustness for 

further investigation. As for the alkali activator, the analytical level of  sodium hydroxide 

pellets (99 wt.%) and sodium silicate solution (27.69 wt.% SiO2, 8.39 wt.% Na2O, 63.9 wt.% 

H2O) were applied. Distilled water was used to control the water to binder ratio. 

4.2.2 Mix design and sample preparation 

In terms of  mix design, two levels of  equivalent sodium percentage (6 wt.% and 8 wt.%, 

denoted by N6, N8) were applied to tailor the alkaline environment, and three Si moduli 

(Ms=1.0, 1.4, 1.8, denoted by S1.0, S1.4, S1.8) were investigated at each alkali level. The 

activator composition is listed in Table 4.2. The desired activators were synthesized by 

mixing a specific amount of  NaOH, water glass, and distilled water, thereafter, cooled for 

24 h to room temperature before use. According to the previous work 174, the LS addition 

has a significant influence on the workability, and a high LS substitution always results in 

poor workability, hence the blend mass ratio of  LS to FA was set as a constant of  20/80 

and the mass ratio of  water to binder was 0.35 in all samples. The mix proportion is shown 

in Table 4.3. 

Table 4.2 Chemical composition of working solutions. 

Activator 
Na2O 

(wt.%) 

SiO2/Na2O modulus 

(Ms, mol.%) 

Oxide composition (wt.%) 
pH 

Na2O SiO2 H2O 

N6S1.0 6 1 12.5% 12.1% 75.4% 13.6 

N6S1.4 6 1.4 12.0% 16.2% 71.8% 13.6 

N6S1.8 6 1.8 11.5% 20.0% 68.5% 13.6 

N8S1.0 8 1 15.3% 14.8% 69.9% 13.5

N8S1.4 8 1.4 14.5% 19.7% 65.9% 13.6 

N8S1.8 8 1.8 13.8% 24.0% 62.2% 13.5 

 

Table 4.3 Mix proportion of investigated samples. 

Sample code Ladle slag Fly ash NaOH Waterglass Water w/c* 

N6S1.0 200 800 54.7 210.0 215.8 0.35 

N6S1.4 200 800 45.6 294.0 162.2 0.35 

N6S1.8 200 800 36.5 378.0 108.5 0.35 

N8S1.0 200 800 72.9 280.0 171.1 0.35 

N8S1.4 200 800 60.8 392.0 99.5 0.35 

N8S1.8 200 800 48.7 503.9 28.0 0.35 

*The total water content consists of  the added distilled water and the water in water glass solution. 
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A 5 L Hobart mixer was applied for making the paste specimens. Firstly, dry precursors 

were mixed until a homogeneous state was reached, followed by the addition of  a certain 

amount of  activator while slowly stirring. The slurry was stirred at a low speed for 30 s 

and at a high speed for another 30 s. Subsequently, the mixture was cast into plastic molds 

(40 × 40 × 160 mm3) and vibrated for 1 min. The paste specimens were firstly cured at 

ambient temperature (20 ˚C) in the sealed molds for 24 h before another 24 h of  60 ˚C 

curing. Afterward, the hardened specimens were demolded and cured at ambient 

temperature under a sealed condition until a certain age of  characterization.  

4.2.3 Methodology 

Raw material treatment and characterization 

After being collected from stockpiles, the weathered LS was dried in the oven at 105 ˚C 

for 24 h to remove free water. Then, by applying a disc mill (Retsch, RS 300), 600 g dried 

slag (material feed size <20 mm) was added into a 2000 mL grinding jar and milled for 5 

min to obtain the desired particle sizes. 

The particle size distribution and specific surface area were determined by a laser particle 

size analyzer (Mastersizer 2000, UK). The sample was added into the dispersant (2-

propanol), dispersed by high-speed mechanical mixing coupled with ultrasound for 1 min 

to de-agglomerate the particles and eliminate air bubbles before characterization. 

The specific density was measured on the powdered/crushed sample via the helium 

pycnometer (AccuPyc II 1340, Micromeritics).  

Workability 

The flowability of  the slurry was determined by the flow table test following EN 1015-3 
113, which is described in Section 3.2.3. The setting times of  mixtures were determined 

according to EN 196-3:2016 175 by applying a Vicat needle apparatus under an ambient 

environment (20 ˚C, 60 % of  RH). The moment of  adding the activator into the dry 

precursor was set as zero time. The time at which the needle sinks no more than 0.5 mm 

is collected as the final setting time. 

Reaction kinetics 

The reaction kinetics of  mixtures were investigated by using an isothermal calorimeter 

(TAM Air, Thermometric), following the procedure mentioned in Section 3.2.3. For 

different mixtures, the content of  dry precursors and activator were set proportionally 

following the mix composition shown in Table 4.3. As the change of  working temperature 
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during the measurement would largely impact the precision of  calorimetric measurements, 

a constant temperature of  20 ˚C was applied.  

Microstructure characterization 

The bulk density, skeleton density, porosity, mercury intrusion porosimetry (MIP) and 

microtomography (Micro-CT) analysis were determined following the same procedure 

mentioned in Section 2.2.3 and 3.2.3. For Micro-CT, the prismatic specimens (1×1×4 

cm3) were collected from the core part of  the samples and tested with a pixel resolution 

of  6.6 μm. 634 image slices from a 4.18 mm thickness of  sample were obtained with a 

picture resolution of  2048×2048, and the data were then gathered to reconstruct and 

visualize a 3D internal structure. Three sections of  each sample were measured for 

representative results. Materials with varied densities exhibit different absorption 

tendencies under X-rays, therefore, the components can be identified and separated.  

Phase assemblage 

For Thermogravimetry/differential scanning calorimetry (TG/DSC), Fourier transform 

infrared spectroscopy (FT-IR), and X-ray diffraction (XRD) characterization, the tested 

samples were collected, treated, and tested following the same protocol mentioned in 

Section 2.2.3 and 3.2.3. The samples for SEM were kept in their original shape. The 

collected samples were then stored in sealed bags in a desiccator in avoiding water 

immersion or carbonation before analysis. While samples after high temperature exposure 

were ground/cut and tested directly. For XRD quantification, the XRD file numbers and 

ICSD codes for the applied crystal structures are provided in Table 4.4.  

In order to determine the unreacted phases as well as reaction products, the PhAse 

Recognition and Characterization (PARC) software 176 was applied based on energy-

dispersive spectroscopy (EDS) mapping. The tested samples were cut from the centre of

the pastes at the age of  28 days. After stopping the hydration, the dried samples were 

impregnated with epoxy resin and polished to obtain a smooth and flat surface. Then the 

polished samples were coated with Pt by using a Quorum 150TS plus sputter coater with 

a current of  40 mA. The spectral image with EDS data was obtained via a JEOL (JSM-

7001F) equipped with two 30 mm2 SDD detectors. An accelerating voltage of  15 kV with 

a beam current of  6.2 nA was applied, and the step size (resolution) was 1 μm, with the 

region comprising of  512×384 pixels. The obtained EDS mapping data were further 

processed with PARC software according to the chemical composition of  each point and 

grouped into phases. An erosion filter was used to exclude the data from the phase 

boundaries for obtaining representative chemical compositions. Afterwards, pixels 

surrounded by no less than 8 pixels with the same chemical composition were adopted for  
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Table 4.4 Structural data of the phases used for XRD analysis. 

Phase #PDF-reference ICSD 

Quartz (SiO2) 01-083-0539 83849 

Mullite (Al1.69Si1.22O4.85) 01-089-2813 43297 

Magnetite (Fe3O4) 01-089-0951  31156 

Hematite (Fe2O3) 01-089-2810 22505 

Metallic iron (Fe) 01-085-1410 11146 

Tricalcium aluminate (C3A) 00-038-1429 1841 

Mayenite (C12A7) 00-048-1882 62040 

Dicalcium silicate (C2S) 00-036-0642  81097 

Gibbsite (Al(OH)3) 00-007-0324  34393 

Hydrogarnet (C3AH6) 00-024-0217  9272 

Hydrotalcite  
(Mg0.667Al0.333) (OH)2(CO3)0.167(H2O)0.5 

01-089-0460 81963 

Periclase (MgO) 01-071-1176 64928 

Calcite (CaCO3) 01-077-2376 40544 

Portlandite (Ca(OH)2) 01-087-0673 15471 

Ca-Faujasite 

(Ca40Al80Si112O384 

(H2O)116) 

01-071-0936 176465 

Nepheline ((Na, K)AlSiO4) 01-085-1487 - 

Wollastonite (CaSiO3) 01-076-0186 - 

Akermanite-Gehlenite 

(Ca2(Mg0.5Al0.5(Si1.5Al0.5O7)) 
01-079-2423 - 

analysis. To selectively characterize the phase composition of  hydration products, a 

Phenom Pro (The Netherlands) equipped with EDS was used. The same SEM samples 

were tested as mentioned above. The measurements were conducted in a Backscattered 

electron (BSE) mode under an accelerating voltage of  15 kV with 4000× magnification, 

with a working distance between 8-10 mm. The EDS measurements were carried out on 

the outer surfaces of  the samples with the region comprising of  512×512 pixels. More 

specifically, at least 60 points out of  10 regions are taken from each sample, in which points 

are carefully selected within the binder region and kept a sufficient distance away from 

unreacted precursors, following 164,177.  

Mechanical property 

The compressive strength test was performed on samples at the age of  7 and 28 days, 

following the same protocol mentioned in Section 2.2.3. The prism samples were halved

by applying the three-point loading method without being subject to harmful stresses. Four 

replicates for each mixture were tested at the loading rate of  2400 N/s, and the average 

value was taken.  
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High-temperature properties 

A similar thermal exposure procedure was selected according to Section 2.2.3. The tests 

were carried out on samples at the age of  28 days. The tested samples were then loaded 

into a muffle furnace and heated from room temperature to target temperature with a 

heating rate of  10 ̊ C/min and kept at 800 ̊ C for 1 h to reach the thermal equilibrium state. 

Afterward, the samples were naturally cooled down to room temperature inside the furnace 

and then sealed with plastic foil to avoid moisture immersion. For each mixture, three 

samples were tested under the same condition.  

The thermally induced linear shrinkage of  samples was determined by comparing the 

length of  the prismatic samples before and after high temperature exposure. Three samples 

were measured for each mixture, and the average data were taken. 

The residual mechanical strength test was carried out on cooled halves of  the prismatic 

samples after high temperature exposure, following the same protocol as mentioned above. 

The average value of  six replicate measurements was adopted as the residual strength value. 

4.3 Results 

4.3.1 Workability and reaction kinetics 

It has been previously reported that geopolymer with the addition of  LS always suffers 

from low flowability and fast setting problems 170. As shown in Fig. 4.5a, a higher Na2O 

content of  8 wt.% increases the flowability. Moreover, with a 6 wt.% Na2O, the flowability 

increases with a higher Ms while an insignificant reduction of  flowability with increasing 

Ms is observed in 8 wt.% of  Na2O sample. The workability of  the mixture is mainly 

determined by the early age dissolution and polycondensation of  raw materials, which is 

synergistically influenced by the nature of  the precursor (fineness, composition) and 

activator (type, concentration, modulus) 178. Here, the dissolution of  precursors conducts 

at a relatively slow pace with a low Na2O content. The higher Ms increases the thickening 

of  the activator which promotes the dispersion of  the precursor particles as an effect of  

lubrication 154,179. Thus, a higher flowability is detected with the increased Ms at 6 wt.% of  

Na2O. While at a higher Na2O level, more environmental OH– accelerates the dissolution 

process, and further increases flowability. The slight variation of  flowability with increased 

Ms is expected to be the co-effect of  dispersion and dissolution. The setting time of  

samples is depicted in Fig. 4.5b. As compared to the setting of  sole FA based geopolymer 

(more than 24 hour at room temperature) 180, LS plays a dominant role in the observed 

setting behavior. This is because the C3A and C12A7 react very quickly with water that easily 
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causes flash setting. At a low Na2O content, due to the limited content as well as weathering 

process of  LS, the flash setting is avoided but still, the setting of  hybrid geopolymer is 

largely shortened to less than 1 h. With increasing Ms, abundant soluble Si could attract 

more environmental ions that accelerate the formation of  hydration products. While a 

higher Na2O content is noticed to prolong the setting time, and the setting is further 

increased with rising Ms. The reason for this observation is not entirely clear, but it is 

possibly related to the dissolution kinetics that a higher alkalinity slows down the Ca 

dissolution rate at initial phase according to solubility constant principle 181.  

 

Fig. 4.5 Flowability and setting time of pastes prepared with different Na2O wt.% and activator modulus.  

The observed phenomenon clarifies that the alkali activator parameters have a significant 

influence on the workability of  the LS/FA binder. With the 20% substitution of  LS, the 

setting time is significantly shortened to a range between 35 to 87 min by tailoring Na2O 

wt.% and Ms, indicating the setting of  FA-based geopolymer can be controlled/accelerated 

by introducing LS with a tailored activator. 

 

Fig. 4.6 Isothermal calorimetric response of samples, a) normalized heat flow, b) normalized cumulative 

heat. 
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The fresh property is further revealed by the reaction kinetics from isothermal calorimetry 

shown in Fig. 4.6. It should be mentioned that, as compared to the realistic curing process, 

the exclusion of 24 h 60 ˚C curing in the calorimetric test might results in relatively lower 

reaction heats than the actual value. But the results can still be used as a general index 

reflecting and comparing the trend of reaction rate among different mixtures. Fig. 4.6a 

depicts the heat evolution of mixtures for the initial 7 days. It should be mentioned that a 

single exothermic peak is detected during the measuring period for all mixtures. Such a 

sole peak phenomenon has been previously reported in FA geopolymer as well as LS/FA 

hybrid geopolymer 130,182, which is related to the dissolution of precursor, the initial 

formation of silicate and aluminate species, and their complexation with the sodium and 

calcium ions 183. At a low Na2O wt.% of 6, an increasing heat flow intensity combined with 

a larger cumulative heat release is observed with raising Ms, indicating its contribution to

the dissolution of solid raw materials as well as the early reactivity. This is in agreement 

with the shortened setting time and better flowability presented in Fig. 4.5. Accordingly, 

a higher Na2O content largely promotes the reaction degree, with the highest heat flow 

peak intensity and largest cumulative heat release achieved with Ms of 1.0.  

4.3.2 Reaction products 

The thermogravimetric (TG) and differential thermogravimetry (DTG) curves of  samples 

are presented in Fig. 4.7. The samples with a high Na2O content of  8 wt.% exhibit a larger 

weight loss after 1000 ˚C. As shown in Fig. 4.7b, the main mass loss peak in the range of  

100-300 ˚C is associated with the loss of  bound water from the main hydration products, 

namely, N-A-S-H and C-A-(S)-H gel 184. The second peak is assigned to the 

dehydroxylation of  Al(OH)3 (AH3, around 260 ˚C) 185 and hydrogarnet (C3AH6) 174. 

Additionally, a broad weight loss in temperature ranging from 500-800 ˚C mainly arises 

from the presence of  CaCO3 in different crystallinity 186. The poorly crystallized calcite and 

amorphous CaCO3 decompose at 500-600 ˚C, while the well-crystallized CaCO3 

decomposes at a later stage around 700 ˚C 187. 

In general, the peak intensity of  the main reaction products and AH3 vary significantly as 

a function of  Na2O wt.% and Ms, meaning that the activator has a significant influence on 

the reaction of  both FA and LS. It is noted that at a Na2O wt.% of  6 with increasing Ms, 

the main weight loss peak is not only intensified but slightly shifted to a higher temperature 

from 126 to 131 ˚C. Here, the higher amount of  readily available silicates in the 

environment contributes to a higher degree of  reaction with more gel phase and tightly 

bound water 188, intensifying the main mass loss peak. Accordingly, in samples with 8 wt.% 

of  Na2O, a larger mass loss with the peak temperature shifting to 135 ˚C is detected. 

Nevertheless, the difference in the main mass loss peak among samples with different Ms  
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Fig. 4.7 Thermal analysis of pastes with different Na2O wt.% and Ms at 28 days, (a) TG curves; (b) DTG 

curves. 

is insignificant, and the highest main mass loss peak is achieved with the lowest Ms of  1.0, 

which is in accordance with reaction kinetics. As for AH3, the corresponding mass loss 

peak is indetectable in samples with a lower Na2O content due to its low content. While at 

a higher Na2O wt.%, the AH3 peak is intensified as consistent with the previous discussion 

that a high alkali content promotes the dissolution of  aluminosilicate species from the 

precursors. But the AH3 peak intensity is decreased with the increased Ms. It can be 

hypothesized that AH3 tends to participate in the formation of  aluminosilicate gels since 

more soluble silicates are introduced.  

The infrared spectra of  samples with different Na2O wt.% and Ms are compared in Fig. 

4.8a. The band in the range of  670-850 cm-1 is corresponding to the stretching vibrations 

of  Si–O–Si, attributed to crystalline quartz introduced by FA. The typical adsorption band 

of  the Si-O-T (where T represents Si or Al species) is observed at around 980 cm-1 in all 
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samples, resulting from the phase overlapping from precursors and aluminosilicate phases. 

The adsorption of  1643 cm-1 and 3418 cm-1 are identified as the bending vibrations of  

physically and chemically bound water and stretching vibrations of  O–H bonds 

respectively. Series of  spectra at 1463 cm-1 and 1404 cm-1 are both assigned to the different 

vibration modes of  CO��� 189, confirming the presence of  carbonates, which is in line with 

the calcite detected in TG results. Additionally, the peak ascribed to periclase at 3750 cm-1 
190 is insignificant, indicating the relatively low presence of  periclase. 

 

 

Fig. 4.8 a) FTIR spectra of pastes with different Na2O wt.% and Ms, b) Si-O-T bond wavenumber 

variation of samples as a function of Na2O wt.% and Ms. 

It is known that the typical absorption band of  the Si-O-T bridge bond reflects the 

polymerization process within a hybrid system. Here, its position change as a function of  

Na2O wt.% and Ms is presented in Fig. 4.8b. At a lower Na2O content of  6 wt.%, the 

main band shifts to lower wavenumbers with the increased Ms. This is related to more 



The optimization of  gel compatibility and thermal behavior of  hybrid ladle slag/Class F fly ash geopolymer 

90 
 

readily available silicates in the environment that contributes to a higher polymerization 

degree with more silica-rich cross-linking 191. While it is noticed that at a higher Na2O 

content, the Si-O-T bond is decreased to a lower wavenumber. Because more Al(OH)�� 

is released from precursors, and incorporated into gels as evidenced by TG results, 

consequently resulting in the shift of  Si-O-T band to a lower position 139. Nevertheless, the 

Si-O-T band shifts back to a higher wavenumber with a higher Ms. This is because the Si 

species are directly available in the solution from the activator in case of  a higher Ms, while 

the dissolution of  Al(OH)�� from precursors is slower as compared to Si(OH)�, hence 

a higher level of  silica cross-linking is promoted in geopolymeric gel. Another feature 

should be highlighted is that the shape of  the Si-O-T bond transforms from a narrowed 

to a broad shape with a lower intensity since the Na2O wt.% and Ms increase respectively. 

This variation should be associated with the formation of either hybrid N,C-A-S-H gel or

separated C-A-S-H and N-A-S-H gel, because the variation of  gel composition/structure 

or relative content may alter the shape of  the Si-O-T bond 192,193.  

The crystalline phases of  samples with different Na2O wt.% and Ms are presented in Fig. 

4.9. In general, the typical phases such as quartz, mullite, iron oxides, periclase, calcite, and 

hydrogarnet are introduced by raw precursors as observed in Fig. 4.3. There is no new 

crystalline phase observed in most samples except for N8S1.0. The remanent C3A and 

C12A7 indicate the limited reaction degree of  calcium aluminates. This is due to, despite the 

calcium aluminates can react with water rapidly, the hydration product manifests as a 

continuous plate-shape, progressively enveloping the unhydrated particles and impeding 

further hydration 144. 

 

Fig. 4.9 XRD patterns of pastes at the age of 28 days. 
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Table 4.5 The mineral compound of the mixtures in comparison to raw ladle slag in wt.% as determined 

by XRD-Rietveld analysis. 

Mineral compound LS  
Mixtures 

N6S1.0 N6S1.4 N6S1.8 N8S1.0 N8S1.4 N8S1.8 

Tricalcium aluminate (C3A) 22.9 (4.6) 4.0 3.6 3.6 3.3 3.0 2.8 

Mayenite (C12A7) 4.4 (0.9) 0.7 0.6 0.5 0.6 0.6 0.6 

Hydrogarnet (C3AH6) 27.5 (5.5) 4.8 4.7 4.6 4.4 4.1 3.8 

Dicalcium silicate (C2S) 2.2 (0.4) - - - - - - 

Nordstrandite (Al(OH)3) 1.1 (0.2) - - - - - - 

Hydrotalcite (Mg0.667Al0.333) 

(OH)2(CO3)0.167(H2O)0.5 
0.5 (0.1) - - - - - - 

Periclase (MgO) 2.8 (0.6) 1.1 0.9 0.8 1.0 0.9 0.8 

Portlandite (Ca(OH)2) 1.3 (0.3) - - - - - - 

Metallic iron (Fe) 0.4 (0.1) - - - - - - 

Ca-Faujasite  

(Ca40Al80Si112O384 (H2O)116) 
- - - - 1.3 - - 

Quartz (SiO2) - 4.4 4.2 4.3 4.0 4.0 4.1 

Mullite (Al1.69Si1.22O4.85) - 5.4 5.3 5.3 4.9 4.9 4.9 

Hematite (Fe2O3) - 0.4 0.4 0.5 0.4 0.4 0.4 

Magnetite (Fe3O4) - 0.7 0.8 0.8 0.8 0.8 0.7 

Calcite (CaCO3) - 0.6 0.6 0.6 0.8 0.7 0.6 
        

Amorphous 36.9 (7.4) 77.9 78.9 79.0 78.5 80.6 81.3 

( ) Content of mineral phases introduced by 20 wt.% addition of LS is calculated.  

To quantitatively determine both the crystalline and amorphous phases variation as a 

change of  alkali percentage and Ms, the Rietveld analysis is carried out as summarized in 

Table 4.5. The results reveal that crystalline phases from FA such as quartz, mullite, 

hematite, and magnetite remain unchanged or slightly decreased, and the reactive phase in 

FA is mainly amorphous, which is undetectable via XRD. Thus, FA is not included in the 

comparison. It is further proved that the activator can influence the dissolution of  LS, in 

which the amount of  C3A, C12A7, and C3AH6 (hydrogarnet) are increasingly lessened with 

a higher Na2O wt.% and Ms, and the reduction of  the calcium aluminates is more sensitive 

to Na2O content. As discussed in previous works on both calcium aluminate cement 173 

and LS 174, calcium aluminate phases and the hydrated C3AH6 under a highly alkaline 

environment with the presence of  silicate can react into siliceous hydrogarnet and calcium 

aluminosilicate hydrate gel, which might be crystallized into zeolitic phases, following the 

routes: 

𝐶𝐴 ����⎯� 𝐶�𝐴𝐻�                      (4.1) 
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𝐶�𝐴𝐻� ���������⎯⎯⎯⎯�𝐶�𝐴𝑆�𝐻� + 𝐶 − 𝐴 − 𝑆 − 𝐻 (𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑎𝑛𝑑 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) (4.2) 

This is consistent with the present work. Given the conversion of  the amorphous phase 

in FA to aluminosilicate gel should not impact the total amorphous content, the observed 

amorphous content variation is mainly ascribed to the dissolution of  LS. Here, a larger 

content of  calcium aluminates and hydrogarnet are consumed with increasing Na2O wt.% 

and Ms, giving rise to an increase in aluminosilicate gel as evidenced by the higher 

amorphous content from 77.9% to 81.3%. In addition, a 1.3 wt.% of  Ca exchanged 

Faujasite phase is detected in the high Na2O content sample, which should be crystallized 

from (N, C)-A-S-H gel followed by Eq. (4.2). As Ms keeps increasing, this phase tends to 

disappear. It can be concluded that the Na2O wt.% promotes the crystallization of  calcium 

exchanged zeolite, while it is more favourable to form N,C-A-S-H gel when there is a low 

Ca/Si under the circumstance of  low Na2O wt.%, or high Na2O wt.% with high Ms.  

Nevertheless, despite the comprehensive characterizations carried out above, the 

compatibility between geopolymeric gel and Ca-enriched gel in FA/LS system is still not 

clear since it is difficult to precisely differentiate them from the TG, FT-IR, and XRD 

results.  

4.3.3 Gel phase identification 

Due to the metallic iron introduced by LS, it is impossible to utilize Nuclear Magnetic 

Resonance (NMR) to characterize the gel properties. As learned in XRD-Rietveld analysis, 

the reaction products are mostly amorphous and can be easily identified with SEM, which 

makes the EDS a reliable indicator for selective analysis of  gel composition. As shown in 

Fig. 4.10, a representative AAFL sample is evaluated with the PhAse Recognition and 

Characterization (PARC) analysis (the calculated average chemical compositions of  

different phases are presented in Appendix B Table. B1). In contrast to XRD-Rietveld 

analysis, PARC analysis is capable of  identifying different phases in either crystalline or 

amorphous forms.  

In Fig. 4.10, combining the SEM image and phase map generated by PARC software, the 

unreacted FA (denoted as point A) can be easily distinguished since it exhibits a spheric 

shape, as also proved by a mix of  quartz and mullite in PARC analysis. Moreover, clusters 

of  LS (denoted as point B) are preferably formed, which is evidenced by the mix of  

calcium aluminates, calcium aluminate hydrates, C2S, and periclase. Note that it could lead 

to the lubrication problem that partially explains the poor workability when utilizing LS as 

a co-binder in geopolymers. In addition, it is interesting to notice that two types of  gel are  
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Fig. 4.10 SEM image of representative AAFL sample (left) and phase clustering generated with PARC 

software based on EDS (right). 

differentiated in both SEM and the phase map. A rough and porous binder phase is 

observed as geopolymeric gel (point C, denoted as N-(C)-A-S-H in light green in phase 

map), in which the small portion of calcium should be resulted from the uptake of  sodium 

in geopolymeric gel by environmental calcium as discussed above. Apart from that, a 

smooth and dense binder phase formed around LS particles is ascribed to calcium enriched 

aluminosilicate gel (point D, denoted as C-(N)-A-S-H in dark green in phase map) with 

high calcium, aluminium, and silicon, but low Na content.  

To further learn the binder gel composition in different samples, selective EDS analysis is 

conducted on gel phases and the results are plotted in CaO-SiO2-Al2O3 ternary diagrams 

as shown in Fig. 4.11. Interestingly, the binder gel phase distribution patterns are 

significantly varied in samples with different Na2O content. Here, for the sample with a 

Na2O wt.% of  6% in Fig. 4.11 a, the majority reaction product is geopolymeric gel with 

low calcium (N-(C)-A-S-H). The points are distributed in a larger area in samples with 

lower Ms, in which minor calcium enriched gel is also obtained. With increasing Ms, the 

cluster region is largely narrowed from Al-rich N-A-S-H gel to Si-rich N-A-S-H gel, in 

agreement with the FT-IR results. In terms of  high Na2O content samples, as shown in 

Fig. 4.11 b, unlike the concentrated clusters in lower Na2O wt.% sample, two separated 

clustered regions vertically lay on the ternary diagram can be distinguished: i) a low calcium 

substituted geopolymer gel, ii) a C-(N)-A-S-H gel with low sodium content. The ion 

proportion of  gels varies significantly as a function of  Ms with a clear trend. The change  
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Fig. 4.11 Composition ternary diagram in CaO-SiO2-Al2O3 of EDS analysis (normalized as 1) for the 

reaction products in samples at 28 days. Approximate regions of C-(N)-A-S-H determined from 64,194 and 

N-(C)-A-S-H determined from 164,167,195. 

in geopolymer gel along with Ms is similar to that of  low Na2O wt.% samples. In the 

compositional cluster of  C-(N)-A-S-H type gel, the calcium content is positively related to 

aluminium but negatively to silicon, inferring that the phase composition is closely related 

to the reaction of  LS to form C-A-H, as well as its ability of  incorporating Si to form C-

A-S-H. With the increased Ms, the clustered region increasingly approaches raw LS, which 

is in accordance well with the XRD results that a higher Ms promotes the dissolution and 

hydration of  calcium aluminates. Furthermore, the gel phase composition is largely 

enriched with a higher Ms since the C-A-H absorbs silicon to C-A-S-H, thus showing an 

enlarged cluster region, in which the silicon proportion varies approximately from 0 to 0.5.  

At last, it should be emphasized that a balance of  ion proportion is reached between those 
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two gels, namely lower Ca, Al, and higher Na, Si in geopolymer gel; but higher Ca, Al, and 

lower Na, Si in calcium enriched gel with increasing Ms. This phenomenon indicates a 

continuous ion exchange process among the two gels with changing of  Ms and dissolving 

of  raw precursors. As a result, a co-existence of  two independent gels, namely N-(C)-A-S-

H and C-(N)-A-S-H arising from FA and LS respectively, is obtained in the hybrid 

geopolymer system, especially for high Na2O wt.% samples. 

4.3.4 Microstructure and mechanical properties 

Fig. 4.12 depicts the microstructure of  AAFL specimens with different Na2O content and 

Ms at the age of  28 days. Two distinct morphologies are identified in samples with different 

Na2O wt.%. With a low Na2O content, the samples exhibit a loose structure with abundant 

unreacted precursor particles. This is mainly resulted from the relatively low reaction 

degree. Apart from that, increasing air voids are entrained, especially for sample N6S1.8, 

which should be resulted from the fast setting, as observed in Fig. 4.5. In contrast, a clearly 

denser structure with fewer remanent precursors is detected in samples with a higher Na2O 

content. Here, the higher Na2O wt.% promotes the workability as well as the dissolution 

of  the precursor, consequently resulting in a denser structure with more hydration 

products. The densely clustered phase formed around LS particles are observed in high 

Na sample but almost indetectable in low Na samples, which can be attributed to either 

the low reaction degree or the weak matrix that cannot protect the clustered structure 

during polishing. Moreover, visible microcracks originate along the boundary between the 

two different types of  gels, which should be caused by gel incompatibility, for instance, the 

differences in autogenous shrinkage degree and gel formation kinetics 147,196. Moreover, the 

microcracks are noticed to be increasingly visible in samples with higher Ms. It can be 

concluded that the increasing Ms further intensifies the incompatibility between the two 

different gel phases, resulting in the formation of  more microcracks. 

To learn the distribution of  LS based clusters in the matrix, Micro-CT scanning is carried 

out on sample N8S1.4. In Fig. 4.12g, the dense clusters are differentiated from the loose 

geopolymeric binder and highlighted as light green in contrast to dark green geopolymer 

binder, the microtomography of  plain FA geopolymer and LS/FA hybrid geopolymer are 

given in Appendix B (Fig. B2). According to the reconstructed 3D structure, as shown 

in Fig. 4.12h, the LS based clusters (represented as green particles) are scattered in the 

whole matrix, which further proves the separate existence of  LS based gel and 

geopolymeric gel. Moreover, the identified clusters present in a wide size range, indicating 

the inhomogeneity of  the hybrid binder.  
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Fig. 4.12 SEM micrographs of AAFL specimens (a) N6S1.0, (b) N6S1.4, (c) N6S1.8, (d) N8S1.0, (e) 

N8S1.4, (f) N8S1.8; Micro-CT of N8S1.4 (g) 2D, (h) 3D image.   

The measured porosity in Fig. 4.13a is in good agreement with the SEM observation that 

poor reaction in 6 wt.% Na2O samples results in a high porosity as compared to the high 

Na2O wt.% samples. There is no obvious trend in the change of  porosity as Ms increases 

from 1.0 to 1.8. But in terms of  8 wt.% Na2O addition, an increase of  porosity along with 

Ms is detected, which might be related to the server cracking that is noticed in SEM 

micrographs (Fig. 4.13d-f). This is further verified by the pore size distribution obtained 

from MIP results. As shown in Fig. 4.13b, the pores are classified as gel pores (≤10 nm), 

capillary pores (10-50 nm), and macropores (>50 nm) 143. Under a low Na2O content of  6 

wt.%, with a higher Ms, the pore size distribution follows a trend that the majority of  pores 

transform from macropores to capillary/gel pores. As suggested by Duxson et al. 197 and 
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Zheng et al. 198, with the binder Si/Al ratio increasing, the pores are refined thanks to the 

increased gel formation. Accordingly, in 8 wt.% Na2O samples, the gel pores are largely 

increased with lowered macropores, which has been linked to the promoted gel formation. 

However, contrary to 6 wt.% Na2O samples, a lower capillary but higher macropore is 

noticed with higher Ms. This is in accordance with the SEM analysis that severer 

incompatibility of  two types of  gel leads to cracking and enlarges the thin capillaries to 

macropores/defects.  

 

Fig. 4.13 The pore structure of samples with varied Na2O wt.% and Ms, (a) measured porosity, and (b) 

pore volume fraction obtained from MIP. 
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Fig. 4.14 Compressive strength and growth rate of samples between 7 and 28 days, with different Na2O 

wt.% and activator modulus. 

The compressive strength of  the samples at the age of  7 and 28 days are depicted in Fig. 

4.14. It is clear that Na content plays an important role in the compressive strength of  

AAFL, which increases significantly with a higher Na2O content, and N8S1.0 exhibits the 

highest compressive strength of  37.89 MPa. This is in good agreement with the isothermal 

calorimetric, TG, and XRD results that a higher content of  OH– promotes the hydration 

reaction by increasing the dissolution of  precursors, hence resulting in higher mechanical 

strength. At different Na2O percentages, an opposite trend is detected in compressive 

strength evolution from 7 to 28 days as a function of  Ms. With 6 wt.% of  Na2O, a higher 

Ms leads to increased compressive strength that is in line with the results presented in 

reaction kinetics. On the contrary, at a higher Na2O percentage of  8 wt.%, the compressive 

strength at 7 and 28 days decreases with a higher Ms. Two possible causes should be noted 

here: i) The main reason lies in the incompatibility of  two types of  gel. According to XRD-

Rietveld and SEM-EDS results, a higher Ms further stimulates the dissolution of  LS for 

calcium-enriched phases formation, hence intensifying the incompatibility between 

geopolymeric gel and calcium enriched gel, resulting in more crack formation, as evidenced 

by SEM and MIP results. ii) Chemically, the highest cumulative heat release and 

thermalgravimetric mass loss are observed with the lowest Ms. This is suggested to arise 

from, at a higher Na2O percentage, the excessive SiO2 species from both precursors and 

activator could transform to polymerized SiO4 that eventually precipitate, which in turn 

hinder the formation of  geopolymeric gels 199. The N8S1.0 sample possibly reaches a 

balance between the erosion of  OH- and absorption of  soluble silicates, thus achieving the 

highest reaction degree and compressive strength. As a result, the compressive strength is 

decreased with a higher Ms at 8 wt.% of  Na2O. Notably, the strength variation is 

insignificant from 7 to 28 days when taking the error bar into the consideration. According 
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to Chapter 3, the possible conversion reaction between calcium aluminate hydrates is 

largely hindered within the geopolymer system. Thus, the observed strength evolution is 

most likely to be related to the gel incompatibility mentioned above and/or micro-cracking 

due to drying shrinkage within alkaline activated binder. 

4.3.5 High temperature behavior 

After the systematic study of  initial properties, the high temperature behavior of  samples, 

including crystalline phase transformation as well as physical change of  samples exposed 

to 800 ˚C, are investigated, and their synergetic influence on mechanical performance is 

assessed.  

The XRD patterns of  different mixtures after 800 ˚C are characterized and shown in Fig. 

4.15. It can be observed that, as compared to the XRD patterns in Fig. 4.9, the initial 

mineralogical phase hydrogarnet disappears in all samples upon exposure to 800 ˚C, 

attributed to its dehydroxylation at around 300 ˚C, as evidenced by TG results. The 

amorphous hump centred around 30°-40° 2θ is becoming insignificant after 800 ˚C 

exposure. In addition, new crystalline phases including Akermanite-gehlenite 

(Ca2(Mg0.5Al0.5)(Si1.5Al0.5O7)), Nepheline (Na6.65Al6.24Si9.76O32) and wollastonite-2M (CaSiO3) 

are noticed in all samples. Here, as triggered by high temperature, calcium enriched 

aluminosilicate gel (C-(N)-A-S-H) is decomposed and recrystallized into akermanite-

gehlenite, and sodium enriched aluminosilicate gels (N-(C)-A-S-H) partially undergoes 

recrystallization, forming nepheline 24, while wollastonite-2M is thermally formed from 

amorphous calcium silicates 200, which further explains the weakening of  the amorphous 

hump. The presence of  akermanite-gehlenite and nepheline phases correlates well with the 

results in gel compatibility characterization, further revealing the co-existence of  

geopolymeric gel and calcium enriched aluminosilicate gel (C-(N)-A-S-H).     

When comparing the peaks of  newly formed crystalline phases in the zoomed XRD 

diffractogram, intensified peaks of  akermanite-gehlenite, nepheline, and wollastonite-2M 

are noticed with higher Na2O wt.%. This indicates that Na content promotes the degree 

of  thermal crystallization. Moreover, interestingly, for both samples with 6 wt.% and 8 wt.% 

of  Na2O, a higher Ms has a negative influence on the thermal crystallization of  akermanite-

gehlenite and nepheline, especially for the sample with a higher Na2O wt.%. Here, the re-

crystallization degree of  geopolymers at elevated temperatures is highly related to the 

chemical composition of  gel phases. Klima et al. 201 and Pan et al. 202 reported that Na 

dosage can lower the onset melting temperature of  the amorphous phase, which has a 

direct influence on the re-crystallization degree. However, as for silicon, a similar 

phenomenon has been reported in sole fly ash based geopolymer 203,204 that the intensity 

of  the nepheline phase is reduced with increasing silica modulus. In this study, it can be 
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deduced that Si content has a negative influence on both sodium- and calcium-enriched 

crystalline phase formation at elevated temperatures. As a result, the detected thermal 

induced re-crystallization would inevitably vary the high temperature performance of  

geopolymers. 

 

Fig. 4.15 XRD patterns of samples after high temperature exposure. 

 

 

Fig. 4.16 The linear shrinkage of samples after high temperature exposure. 

As shown in Fig. 4.16, the linear shrinkage of  samples after 800 ̊ C exposure is determined. 

A clear trend is detected that the thermally induced linear shrinkage is reduced with 

increasing Ms as well as Na2O wt.%. And Ms has a predominant influence on the high Na 

content sample, where increasing Ms significantly lowers the linear shrinkage with the 

lowest shrinkage of  1.04% achieved in the N8S1.8 sample. In general, the thermally 
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induced volumetric change of  hybrid geopolymers is mainly influenced by water 

evaporation (pore collapse), further geopolymerization (matrix densification), thermal 

incompatibility between different gels and their deterioration (cracking), crystallization and 

sintering, from room temperature to 800 ˚C 205. Two linear shrinkage behaviours are 

differentiated in 6 wt.% and 8 wt.% Na2O samples: 

i) At a low Na2O wt.%, the matrix exhibits a typical geopolymeric behavior at elevated 

temperatures. This is because, under this situation, the reaction degree of  the precursor is 

relatively low, hence the further geopolymerization as well as the vicious sintering play a 

leading role, which increases the matrix densification and thermal shrinkage. In this case, 

a higher Ms promotes the reaction degree as evidenced by the increased mechanical 

strength, thereafter, weakening the further geopolymerization of  remanent FA, resulting 

in a smaller thermal shrinkage.  

ii) At a high Na2O wt.% of  8, the thermal behavior is impacted not only by geopolymeric 

gel but also Ca-enriched gel. The lower shrinkage in 8 wt.% of  Na2O samples is suggested 

to partially arise from the high stiffness matrix owing to the promoted reactivity. Moreover, 

the highly dispersed dense Ca enrich gel and its re-crystalline phases at 800 ˚C can act as 

reinforcing backbone/aggregate to offer a certain degree of  resistance to the thermally 

induced deformation 33. In this case, the significant reduction in thermal shrinkage with 

increasing Ms is highly related to the stimulated Ca-enriched gel formation. Simultaneously, 

as aforementioned, with a higher Ms, the microcracks formed due to the incompatibility 

between different gels facilitate water evaporation at high temperatures, contributing to 

reduced thermal deformation.  

More detailed information on microstructural change due to high temperature is disclosed 

by MIP. The pore size distribution before and after high temperature exposure is compared 

in Fig. 4.17. For samples with 6 wt.% of  Na2O, as compared to room temperature, the 

main peak below 500 nm transforms to a larger size fraction after 800 ˚C. This 

transformation is because of  the healing of  small pores and defects by further 

geopolymerization and sintering, as well as the crack formation induced by the thermal 

degradation of  gels. When increasing Ms, the peak of  the main pore fraction is stably 

centred at around 2000-3000 nm with a higher intensity. Here, the intensified peak with 

increasing Ms indicates the declined geopolymeric behavior as discussed above. A similar 

transformation of  the main pore size fraction is also observed in samples with higher 

Na2O percentage, which however shifts to a larger pore size diameter. But there is no 

obvious trend in main peak intensity variation, except the main pore fraction peak shifts 

from 5000 nm to 8000 nm with a higher Ms. Here, the enlarged pore size should be a result 

of  either the discrepant expansion behavior between geopolymer gel and Ca-enriched gel 
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or the severe thermal degradation of  hydrated products, mainly Ca-enriched gels. In 

addition, it is worth noting that N8S1.0 has the highest fraction of  pores larger than 100 

μm after high temperature exposure as an indicator of  increased macrocracks.  

 

Fig. 4.17 The pore structural transformation of samples before and after high temperature exposure, (a) - 

(f) represent N6S1.0, N6S1.4, N6S1.8, N8S1.0, N8S1.4, N8S1.8 respectively. 

The residual compressive strength of  samples after 800 ˚C is compared with the initial 

strength in Fig. 4.18a and the strength change ratio is calculated. As discussed above, the 

distinctly different thermal evolution phenomenon observed in samples with varied Na2O 

wt.% has posed a direct influence on mechanical strength evolution under high 

temperatures. Among these, the samples with low Na2O content undergo an obvious 

strength gain at a rate from 212% to 441%, as compared to the strength gain up to 20% 

in the samples with high Na2O content after elevated temperature exposure. Here the 

mechanical strength evolution patterns can be classified into: 

(1) Geopolymer pattern (Low Na2O content) 

Geopolymer dominated pattern exhibited a typical thermal behavior of  geopolymer binder, 

with the most distinctive feature of  large strength gain upon exposure to high temperatures. 

A lower Na2O wt.% leads to a higher proportion of  geopolymeric gel compared to Ca-

enriched gel, resulting from the low reaction degree. Hence, further geopolymerization and 

vicious sintering play the leading role at elevated temperatures. It leads to high thermal 

shrinkage with large strength gain. Whilst the increasing Ms is proved to lower the 

thermally induced matrix densification, thereafter, resulting in a reduction of  strength gain 

ratio.   
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Fig. 4.18 (a) The compressive strength of samples before and after thermal exposure, (b) The relationship 

between linear shrinkage and residual strength  

(2) Hybrid gel pattern (High Na2O content) 

This thermal strength evolution pattern in the hybrid gel system is either differentiated 

from geopolymeric binder or Ca-dominated binder, which exhibits good mechanical 

stability with slight strength gain/loss and a tolerable shrinking percentage after high 

temperature exposure. Here, the further reaction of  geopolymer gel and degradation of  

Ca-enriched gel simultaneously govern the thermal mechanical evolution. On the one hand, 

the boosted activation degree results in a high stiffness matrix with reduced capacity to 

accommodate thermal incompatibilities, thus weakening the strength gain at high 

temperatures 202,206. On the other hand, it is known that, as compared to geopolymeric gel 

with superior thermal stability, C-A-S-H gel decomposes from 400 ˚C to 600 ˚C and fully 

crystallizes at 800 ˚C 31,205, inevitably leading to matrix deterioration. Under the coupling 
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effect of  two gels, a relatively small strength gain is observed at high temperatures. 

The strength evolution and linear shrinkage under high temperature is further correlated 

in Fig. 4.18b. The linear shrinkage is decreasing with the residual strength gain ratio. But 

it is worth noting that the change of  strength gain ratio also follows two different trends. 

At a low Na2O wt.%, the residual strength change ratio responds rapidly from 212.1% to 

441.0% as linear shrinkage increases from 6.1% to 6.7%, while at a higher Na2O wt.%, the 

change ratio slowly increases from -1.0% to 20.1% when linear shrinkage increases from 

1.0% to 6.2%. It indicates the thermal strength evolution is not fully predominated by 

matrix densification/shrinkage, especially for hybrid gel systems. In a hybrid gel system, 

increasing Ms promotes the reaction of  LS to form C-A-(S)-H gel, which causes a tendency 

of  cracking at high temperatures, thus weakening the densification effect raised from 

geopolymeric gel. With the highest Ms of  1.8, it is believed that the thermal responses of  

two gels reach a balance, hence a minor shrinkage with small strength variation is achieved. 

4.4 Discussion 

4.4.1 The calcium availability in determining geopolymer gel composition and 

reaction mechanism 

In this chapter, the highly crystalline LS is incorporated as a Ca source in the hybrid 

geopolymer system. An alkali activator with a specific Na2O content and silica modulus is 

applied. The results testify that Na2O wt.% has a more significant influence on the reaction 

mechanism as compared to Ms, as reflected in raw materials dissolution, reaction kinetics, 

and binder gel assemblage. The above characterization and results are combined to provide 

a mechanistic understanding on the case of  low Ca availability in determining hybrid 

geopolymer gel composition, as shown in Fig. 4.19. 

For the initial stage in Fig. 4.19a, the rapid hydration of  C12A7 and C3A in LS surpasses 

FA, and initiates a quick polycondensation, resulting in a significantly shortened setting 

and lower flowability as compared to sole FA-based geopolymer. With continuous 

dissolution and reaction of  LS, a layer of  calcium aluminate hydrates is preferentially 

formed on the surface of  unreacted LS grain as observed by SEM (See Figs. 4.10, 4.12), 

which has been previously reported in LS and calcium aluminate-based systems 144,207–210. 

This is similar to OPC system, but the higher content of  calcium aluminates (C3A and 

C12A7) presented in LS initiates more rapid initial hydration. Thus, the Ca in LS is largely 

consumed as soon as it contacts with water to form the calcium aluminate hydrates layer, 

and the formed layer further restricts the mutual diffusion of  environmental reactant 

species (alkali activator) as well as the dissolved ions 210, resulting in a low environmental 
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Ca availability. This limited ion diffusion phenomenon through the product layer is verified 

by the ion proportion balance among the two gels discussed in Section 4.3.3.  

 

Fig. 4.19 Schematic representation of reaction mechanism between LS and FA under alkali-activation. 

Owing to that, the slow Ca��  diffusion into the environment results in a minor 

substitution of  Na�  in N-A-S-H gels by Ca��  rather than geopolymerization 

interruption, hence resulting in a N-(C)-A-S-H phase as observed in Fig. 4.11. Notably, in 

this case, the 3D aluminosilicate framework is retained, which can be distinguished from 

the 2D C-A-S-H gel as reported by García-Lodeiro et al. 167,195. Hence the resultant 

geopolymeric binder shows certain thermal stability. Simultaneously, the environmental 

species such as Na�, Si(OH)� can in turn, diffuse into the layer to be absorbed into 

calcium aluminate hydrates. Thus, a Na and Si substituted calcium aluminate hydrate (C-

(N)-A-(S)-H) is characterized in SEM/EDS results. It is worth noting that, since the 

thickness of  product layers keeps increasing and the continuous consumption of  alkali, 

the ion diffusion as well as the reaction of  LS are eventually restricted or hindered, resulting 

in the clustered areas consisting of  unreacted LS and hydrated C-(N)-A-(S)-H type gel. As 

a result, a hybrid binder with clustered Ca-enriched gel (C-(N)-A-(S)-H) wrapping around 

geopolymeric gel (N-(C)-A-S-H) is observed. Among these, a higher Na2O wt.% or Ms 

can promote the reaction of  LS, thus governing the co-existence of  two gels, which will 

be discussed in the following section.  

In conclusion, calcium availability, including calcium release rate and release degree, plays 

a prevalent role in determining geopolymer gel composition. The commonly used 

secondary Ca precursor in geopolymers, for instance, GGBS, and OPC, leads to rapid/high 

amorphous Ca supply, which largely accelerates the hydration degree but also impedes the 

formation of  geopolymeric gel (N-A-S-H), resulting in a Ca dominated binder 28,29. While 

for precursors with limited Ca availability, such as LS, the limitation on the Ca diffusion 
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under alkali activation results in a unique reaction pathway, where a low Ca release rate into 

the environment relative to the geopolymeric reaction would not interfere with either the 

formation or the microstructure of  N-A-S-H gel. With a partial ion exchange between 

Na� and Ca��, a hybrid binder consisting of  isolated C-(N)-A-(S)-H type gel and N-(C)-

A-S-H type gel is resulted. 

4.4.2 The compatibility between N-A-S-H and C-A-S-H gel 

This chapter provides new insights into the phase compatibility in alkali activated slag/FA 

blends and its influence on room-high temperature behavior. A conceptual model is 

proposed based on the present results, as shown in Fig. 4.20. 

 

Fig. 4.20 Comparative conceptual model of the geopolymer gel dominated system, and geopolymer gel & 

Ca-enriched gel co-effect system, and the thermal degradation up to 800 ˚C. 

At a low Na2O wt.%, the limited dissolution and reaction degree results in a loose matrix 

with abundant unreacted precursor particles. Moreover, with a relatively low alkaline 

concentration, only a thin hydrated layer formed on the surface of  LS particles due to its 

low dissolution and reaction degree. Hence the sample is dominated by a geopolymer gel, 

exhibiting a high porosity and low mechanical strength. Under the condition with high 

Na2O wt.%, the increased alkaline concentration promotes the dissolution of  precursors, 

leading to better workability. On the one hand, more FA particles are reacted for 

geopolymer gel formation. On the other hand, with an enhanced dissolution, the product 

shell of  LS keeps growing until the cessation of  LS reaction and ion exchange. As a result, 
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two hydrated gels, namely C-(N)-A-(S)-H type gel and N-(C)-A-S-H type gel develop 

simultaneously in a relatively dense matrix, achieving a low porosity and high mechanical 

strength as compared to geopolymer gel dominated binder. In addition, according to the 

XRD and SEM-EDS results, increasing Ms further promotes the dissolution as well as the 

reaction degree of  precursors. It intensifies the incompatibility between geopolymer gel 

and Ca-enriched gel, giving rise to microcrack formation along the boundary between two 

gels, as evidenced by the SEM and MIP analyses. Therefore, a lower mechanical strength 

is obtained along with the increasing Ms. The discrepancy between the geopolymer gel 

dominated system and geopolymer gel & Ca-enriched gel coupling-effect system presents 

interesting characteristics under high temperatures, which are discussed below:  

(a) Geopolymer gel dominated system 

As presented in Fig. 4.20, upon 800 ˚C exposure, most remanent FA particles are further 

reacted to form geopolymer gel, and the free water is evaporated. The viscous sintering of  

geopolymer gel at around 800 ˚C fills small pores and heals microcracks. Moreover, the 

Ca-enriched gel is prone to dehydrate/decompose at intermediate temperature and fully 

recrystallize at 800 ̊ C, which leads to strength deterioration and crack formation. However, 

in our previous study 174, the low content of  C-A-S-H gel due to the low reaction degree 

has a limited adverse effect on high temperature behavior. Meanwhile, the calcium induced 

crystalline phases, such as akermanite and gehlenite further strengthen the matrix 202, 203. 

These phenomena predominate in the thermal behavior, which contributes to matrix 

densification with high shrinkage. As a result, a large strength gain is observed in the 

geopolymer dominated system.     

(b) Geopolymer gel & Ca-enriched gel coupled system 

The proposed reaction mechanism results in the co-existence of  two separate gels within 

the matrix, enabling a coupling effect of  geopolymer gel and Ca-enriched gel under high 

temperatures. On the one hand, as mentioned above, the further geopolymerization along 

with viscous sintering leads to the densification of  the matrix by healing small pores and 

cracks, while posing a tendency for shrinking. On the other hand, the dense Ca-enriched 

gel and its thermally induced crystalline phases show certain resistance to thermal 

shrinkage with crack formation as observed in MIP results. In addition, the crack 

formation because of  gel incompatibility is believed to ease thermal stress by acting as a 

transport channel for water evaporation. Above all, the different thermal behavior between 

geopolymeric gel and Ca-enriched gel have a combined effect in determining the thermal 

performance of  the resultant binder. This explains the insignificant linear shrinkage and 

compressive strength change observed in the sample with high Na2O wt.% and Ms after 

high temperature exposure (See Fig. 4.19). According to the proposed model, it is possible 
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to design a hybrid geopolymer with desired volumetric and mechanical stability under 

elevated temperatures by tailoring the two competing mechanisms. Nevertheless, to 

achieve optimum thermal stability, a relatively high alkali content is applied in this work. 

Further investigation is necessary to explore alternative solutions that utilize low/non-

alkali activators to realize eco-friendly applications for high temperature resistant 

geopolymers. 

4.5 Conclusions 

In this chapter, the role of  Ca availability in determining the gel compatibility of  calcium 

incorporated geopolymers is revealed. Ladle slag and Class F fly ash in a blended ratio of  

2:8 is subjected to the alkali activator with different compositions. The reaction mechanism 

and gel compatibility are investigated, and their further influence on physicochemical 

properties and thermal behavior is determined. The experimental results lead to the 

following conclusions: 

(1) The activator composition of  Na2O wt.% and silica modulus (Ms) has a direct influence 

on the dissolution and hydration of  LS. Among these, sodium dosage has a more 

significant impact on hybrid binder over Ms, reflected by precursors dissolution, 

workability, reaction kinetics, and binder gel assemblage. A higher Na2O content 

contributes to better workability and promotes the dissolution of  raw precursors. 

Increased Ms stimulates the dissolution and hydration of  calcium aluminate phases and 

leads to a higher level of  silica cross-linking in aluminosilicate gel.  

(2) The availability of  environmental Ca plays a vital role in determining the gel 

composition of  AAFL blends. With continuous dissolution and the reaction of  LS, a 

product layer is formed on the surface of  slag particles due to the hydration of  calcium 

aluminates, which strongly limits the further Ca dissolution and diffusion into the 

environment. The limited Ca availability (small amount and/or slow Ca diffusion rate) 

retains the geopolymerization, with the formation of  a partial Ca uptake N-A-S-H gel, 

preserving the 3D framework of  geopolymer. As a result, two hydrated gels, namely C-

(N)-A-S-H type gel and N-(C)-A-S-H type gel, are developed separately in a hybrid binder.  

(3) For the alkali activated FA/LS system, the incompatibility between two gels is 

insignificant at a relatively low Na dosage, which remains to be a geopolymer gel dominated 

system. However, with a promoted reaction degree at higher Na2O wt.%, a structure with 

clustered Ca-enriched gel (C-(N)-A-(S)-H) wrapping around geopolymeric gel (N-(C)-A-

S-H) is obtained, achieving a dense matrix with low porosity and high mechanical strength 

as compared to geopolymer gel dominated binder. Moreover, at this condition, a higher 
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Ms intensifies the incompatibility between geopolymer gel and Ca-enriched gel, giving rise 

to microcrack formation along the boundary between the two gels. Therefore, increased 

porosity and decreased mechanical strength have resulted. 

(4) A new thermal behavior pattern ruled by the simultaneous effect of  geopolymeric gel 

and Ca-enriched gel is uncovered. At high temperatures, there is a combined phenomenon 

among the different thermal behavior between geopolymeric gel and Ca-enriched gel in 

determining the thermal performance of  the resultant matrix. This finding helps to design 

hybrid geopolymers with desired volumetric and mechanical stability at elevated 

temperatures by tailoring the relative intensity between the two competing mechanisms. 
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Chapter 5 Valorization of mineral wool waste in Class F fly 

ash geopolymer  

 

Valorization of mineral wool waste in Class F fly ash 

geopolymer 

 

The tension between the non-recyclable nature of  mineral wool waste (MWW) and the 

scarcity of  landfill space emphasizes the imperative to explore sustainable ways to valorize 

these wastes. In this chapter, the potential of  utilizing MWW as both co-precursor and fiber 

reinforcement in Class F fly ash geopolymer is investigated. The phase composition and 

microstructure are systematically learned by multiscale physicochemical analysis, followed 

by the determination of macro properties and high temperature behavior. Results indicate

that the ion dissolution and dimension of  MWW have a synergetic effect on the 

microstructural formation and macro performance of  the hybrid geopolymer. The inclusion 

of  MWW, particularly in fine particle form, accelerates the geopolymerization process, 

leading to enhanced gel formation and increased Al uptake in the N-A-S-H gel. With 

increasing MWW content (0 to 12 wt.%), a denser gel forms, but greater macropore 

formation increases porosity, subsequently reducing compressive strength. The desired pore 

structure with optimal MWW substitution significantly reduces drying shrinkage and 

enhances flexural properties. At elevated temperatures, MWW poses a healing effect on the 

matrix, achieving a 98.5% increase in compressive strength with fine MWW incorporation. 

While a drastic thermal shrinkage arises from the substantial mass loss and partial melting 

of  MWW. 

 

 

 

This chapter has been published in the following article: 

Y. Luo, Q.L. Yu, Valorization of  mineral wool waste in Class F fly ash geopolymer: geopolymerization, macro properties, and 

high temperature behavior, Cement and Concrete Composites 145 (2024), 105318.  

CHAPTER 5 
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5.1 Introduction 

Alkali activation of  industrial by-products and recycled aluminosilicates, such as blast 

furnace slag, phosphorous slag, glass waste, or construction and demolition (C&D) waste to 

produce alternative cementitious binders has demonstrated its potential in being 

environmentally sustainable and economically lucrative in the construction industry 15,212. 

Compared to Ordinary Portland cement (OPC) counterparts, alkali-activated materials 

(AAM) not only reduce CO2 emission by up to 80% but also enable a comparable or even 

better performance 213. Among AAMs, geopolymer binders have attracted keen scientific 

interest owing to their unique characteristics, which are specifically derived by alkali 

activation on Class F fly ash (FA) or metakaolin, containing little or no Ca 10,13. Due to its 

typical three-dimensional aluminosilicate framework, geopolymer possesses numerous 

properties found in cement, ceramics, and polymers, including controllable setting and 

hardening 214, high-temperature stability/resistance 201, and chemical (acid) resistance 19, etc. 

Nevertheless, some major concerns have been raised concerning its energy-consuming 

curing process, brittleness, and high shrinkage than OPC. Moreover, the exclusive reliance 

on FA or metakaolin as the sole precursor for geopolymer production inevitably leads to 

resource competition. The drive to counterbalance the limitations of  geopolymer binders 

has spurred research and development efforts toward exploring new types of  precursors for 

hybrid geopolymer formulations. 

As the most commonly used insulating material in the world, mineral wool waste (MWW) 

generated from the C&D industry or manufacturing lines in Europe was estimated to reach 

over 2.5 Mt in 2020 and this figure continues to grow 215. Unfortunately, MWW, including 

stone wool (SW) and glass wool (GW), is often considered unrecyclable with extremely low 

valorization, which represents the largest single waste source found in landfills on a 

volumetric basis regarding its fibrous nature and low density 216. To date, MWW is mostly 

reutilized in the concrete industry as supplementary cementitious material and filler/fiber 

reinforcement 217–219. However, owing to its fibrous nature and low hydration reactivity, issues 

related to workability and performance compromises largely hinder its utilization. For the 

last decade, there has been a growing interest in introducing MWW to the AAMs production. 

Owing to its advantageous chemical and mineralogical composition, particularly its high 

content of  Si and Al, coupled with a high specific surface area, MWW demonstrates 

substantial potential as a precursor for alkali activation 220. Yliniemi et al. 221 proposed an 

alkali-activated binder with pulverized MWW as the sole precursor and achieved a 28-day 

compressive strength of  up to 49 MPa with heat curing. As reported by the same authors 
220, by applying sodium-based alkali activator, MWW particles can be partially dissolved with 

the main reaction product as amorphous sodium/calcium aluminosilicate hydrate (N,C-A-
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S-H). Lemougna et al. 222 and Pavlin et al. 223 further clarified the possibility of  improving 

the alkali activity via effective milling or suitable heat curing. More recently, Ramaswamy et 

al. 224 investigated the dissolution kinetics of  MWW under alkaline conditions and found 

that high pH can accelerate the dissolution of  Si and Al on the MWW surface, where these 

dissolved species precipitate/recondense into aluminosilicate gel at certain liquid to solid 

ratios. It is widely accepted that during geopolymerization, the reactive Si and Al contents 

play a vital role in determining the cross-linking formation, microstructure, and long-term 

performance 197,203,225. Thus, it is deduced that MWW holds potential as a co-precursor for 

geopolymerization, which serves as additional sources of  Si and Al and potentially impacts 

the polymerization process. However, to the best knowledge of  the authors, research on 

joint activation of  MWW with aluminosilicate precursors is very limited. 

Kinnunen et al. 226 initially prepared a hybrid geopolymer by co-activating FA and MWW 

with a fixed MWW content. The results testified that MWW has a certain influence on 

geopolymerization and hydration products, with the formation of  N,C-A-S-H gel. Mastali 

et al. 227 introduced a combined mineral wool (SW and GW) into the joint activation with 

metakaolin. It further stated that the part-dissolved fibrous nature of  mineral wool is 

affected by alkali parameters, which further impacts the microstructure and mechanical 

properties. Based on the aforementioned studies, it can be concluded that the MWW 

incorporation has a certain effect on both reaction products and the microstructure of  

hybrid geopolymer. Nevertheless, to thoroughly understand the role of  MWW in hybrid 

geopolymer, the dissolution properties and morphology of  MWW as well as its substitution 

content should be further considered and investigated. More specifically, the influence of  

these factors on the chemical composition and microstructural formation, and how they 

subsequently affect the performance of  hybrid geopolymer remains unclear and urgently 

deserves further investigation.  

At the same time, the drawback of  MWW in alkali-activated materials lies in its fibrous 

nature, which leads to agglomeration, workability problems, and consequently low 

mechanical strength 216,221. Hence, a pulverization process on MWW is often reported to alter 

the fibrous nature and ease the adverse impact. However, reutilizing MWW in hybrid 

geopolymers can be an alternative way to not only simplify the recycling process but also 

make use of  its fibrous characteristic. On the one hand, the advantage of  applying a binary 

system originates from the fact that FA particles can serve as grinding media that helps the 

fiber dispersion. On the other hand, alkali-activated materials, including geopolymers, are 

known to display high brittleness and drying shrinkage 184,228. Due to its fibrous nature, 

recycled MWW holds the potential to be used as micro-fiber reinforcement in hybrid 

geopolymers to improve toughness and mitigate drying shrinkage 229. Additionally, despite 

geopolymer has superior thermal resistance performance to OPC counterpart, it inevitably 
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suffers from cracking and mechanical deterioration at elevated temperatures, especially loss 

of  flexural strength. As widely accepted, fiber incorporation is an efficient strategy to 

mitigate thermally induced structural deterioration by enhancing pore connectivity and 

constraining the initiation and propagation of  cracks 20. In this regard, as a heat-insulating 

material with a high melting point, there is a possibility that MWW can act as a thermal 

resistant filler/fiber in hybrid geopolymers and promote structural stability. Nevertheless, 

the impact of  MWW’s morphological characteristics on the long-term performance of  

geopolymers, under both ambient and elevated temperatures, remains uncertain. 

In light of  the above knowledge gaps, this chapter aims to clarify the influence of  the 

dissolution and dimension of  MWW on the geopolymer system. By performing different 

pre-treatments (sieving and milling), two MWWs with distinct dimensions are investigated. 

The potential geopolymerization reactivity of  treated MWW is determined by employing a 

NaOH dissolution test. With a varying MWW substitution (0 to 12 wt.%), the influence of  

MWW on the geopolymer is investigated by monitoring the reaction kinetics, phase 

assemblage, gel composition, and pore structure. The observed features are further 

correlated with the drying shrinkage behavior and mechanical properties. Lastly, through a 

high-temperature exposure test, the potential of  MWW as a thermal resistant reinforcement 

on geopolymers is explored. The methodology flowchart is presented in Fig. 5.1. 
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Fig. 5.1 Flowchart of the presented study 

5.2 Experimental program 

5.2.1 Materials 

In this study, low calcium (Class F) fly ash and mineral wool waste (MWW) were applied as 

source materials. Commercially available FA was purchased from Vliegasunie B.V. (The 

Netherlands) and was used directly. MWW was provided by ROCKWOOL B.V. (Germany), 

generated from the cutting and fine processing of  final mineral wool products. The as-
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received MWW was first dried in the oven at 105  ̊C for 24 h to remove free water. Then, 

the MWW was classified via different pre-treatments. The dried MWW was directly sieved 

below 300 μm, denoted as MWW-s. The dried MWW was ground via a disc mill (Retsch, RS 

300) for 10 min and then sieved with a 40 μm-sized mesh, denoted as MWW-m.  

 

Fig. 5.2 Appearance and morphology of MWW before and after treatment. 

The appearance of  MWW before and after treatment are shown in Fig. 5.2, and the 

morphology is observed by an optical microscope (Carl Zeiss, Göttingen, Germany). 

Notably, the untreated MWW consists of  crushed mineral wool fiber with cured organic 

resin. After different pre-treatments, MWW-m has a particle shape while MWW-s mostly 

remains as microfiber. The particle size distributions of  FA and MWW-m were characterized 

by using a laser particle size analyzer (Mastersizer 2000, Malvern Instruments, UK) in Fig. 

5.3a, the average particle size (d50) of  FA and MWW-m are approximately 16.28 μm and 

11.17 μm respectively. Due to the fiber-like morphology, the fiber length distribution of  

MWW-s was evaluated via an image processing procedure according to Ref  216. By applying 

the optical microscope (resolution close to 5 μm) with ImageJ analysis software, more than 

1000 individual particles/fibers were evaluated. As shown in Fig. 5.3b, the fiber length of  

MWW-s ranges from 5 to 500 μm with a mean length (L50) of  50.6 μm. In addition, MWW 

exhibits a relatively uniform fiber diameter of  approximately 9.77 ± 1.46 μm, indicating a 

large aspect ratio. 
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Fig. 5.3 MWW dimension analysis, (a) the particle size distribution of FA and MWW-m, (b) the fiber length 

distribution of MWW-s. 

Table 5.1 The chemical composition (wt.%), loss on ignition (to 1000 ˚C) of class F fly ash and mineral wool 

waste. 

 FA MWW 

Chemical composition 
 

SiO2 54.57 38.53 

Al2O3 21.6 19.39 

CaO 6.12 16.97 

Fe2O3 9.04 8.21 

MgO 1.17 8.70 

K2O 2.85 0.95 

SO3 0.41 0.40 

TiO2 1.31 1.60 

V2O5 0.04 0.04 

Cr2O3 0.02 0.17 

MnO 0.09 0.19 

Others 0.67 0.37 

LOI (1000 ˚C) 2.11 4.48 

Physical properties 

Specific density (g/cm3) 2.14 2.79 

BET specific surface area (m2/g) 0.79 
1.81 (MWW-s) 

2.39 (MWW-m) 

 

The chemical composition of  FA and MWW was analyzed by X-ray fluorescence, and the 

loss on ignition was determined after firing at 1000 ̊ C, as shown in Table 5.1. FA and MWW 

show a similar specific density of  2.14 and 2.79 g/cm3 respectively as characterized by 

Pycnometer (Micromeritics, AccuPyc II 1340). The specific surface area of  FA is about 0.79 

m2/g as measured with the Brunauer-Emmett-Teller (BET) method (Micromeritics, TriStar 

Ⅱ 3020). In comparison, MWW-s and MWW-m show a higher specific surface area of  1.81 
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and 2.39 m2/g respectively. The major mineralogical compositions of  raw materials were 

determined by X-ray diffraction. In Fig. 5.4, Quartz (SiO2, PDF# 01-089-8937), mullite 

(Al1.69Si1.22O4.85, PDF# 01-089-2813), hematite (Fe2O3, PDF# 00-024-0072), and magnetite 

(Fe3O4, PDF# 01-075-1609) are detected in FA. MWW shows the presence of  quartz, 

hematite, calcite (CaCO3, PDF# 01-086-2339), pyrope (Mg3Al2(SiO4)3, PDF# 01-070-3332), 

Iron (Fe, PDF# 01-087-0721), Rutile (TiO2, PDF# 01-082-0514) with a broad amorphous 

hump range from 25° to 40°. The thermogravimetry results of  FA and MWW are compared 

in Fig. 5.5. FA is relatively stable during the entire test, except for a minor mass loss after 

900 ˚C due to viscous sintering. In comparison, a total mass loss of  4.48 wt.% is noticed in 

MWW up to 1000 ˚C. The weight loss at around 100 ˚C is ascribed to the absorbed water 

release. The main mass loss peak approaching 250 ˚C is associated with the burning of  the 

organic binder 222, and the peak between 650 and 700 ˚C corresponds to the decomposition

of  carbonates 124. The slight DTG peak at approximately 900 ˚C corresponds to the partial 

crystallization of  the glass phase. Following reference 216, the organic resin content is 

determined by the loss on ignition from 105 to 525 ˚C, yielding 3.57 % and 4.01 % for 

MWW-s and MWW-m respectively. Analytical sodium hydroxide pellets (Solids, 99 wt.%), 

and sodium silicate solution (27.69 wt.% SiO2, 8.39 wt.% Na2O, 63.9 wt.% H2O) were 

applied as alkaline sources. Deionized water was used to achieve the desired water-to-binder 

ratio.  

 

Fig. 5.4 XRD patterns of raw materials (1-Quartz, 2-Mullite, 3-Hematite, 4-Magnetite, 5-Calcite, 6-Pyrope, 

7-Iron, 8-Rutile). 
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Fig. 5.5 TG-DTG curves of raw materials. 

5.2.2 Mixture proportion and sample preparation  

The designed mixture proportion in this study is presented in Table 5.2. Two pre-treated 

MWW with different morphologies, MWW-s, and MWW-m, were used to replace FA in the 

production of  hybrid geopolymer binder, denoted as FS and FM. Based on the preliminary 

experiments, a mass-based replacement of  MWW ranging from 4% to 12% was applied, 

with careful consideration of  workability and matrix homogeneity. Accordingly, the volume 

fraction of  MWW was varied from 5% to 18%. A control sample containing 100% FA was 

also prepared and labelled as Ref. For all samples, the equivalent sodium percentage (Na2O%) 

and silicate modulus (Ms) were kept constant at 6 and 1.5, respectively. A water-to-binder 

mass ratio of  0.32 was applied to all mixtures. The activator parameters were preliminarily 

chosen according to our previous work 174, to reach a sufficient activation with decent 

performance.  

The alkaline activator was prepared by mixing a specific amount of  NaOH pellets, sodium 

silicate solution, and deionized water, and was allowed to cool down to ambient temperature 

(20 ± 1 ˚C) in a sealed container 24 h before being used in sample preparation. All mixtures 

were prepared using a 5 L Hobart mixer. For Ref  and FM specimens, dried powders of  FA 

and MWW-m with a specific mass ratio were directly mixed. In the case of  FS specimens, 

MWW-s were added through a 300 μm sieve to minimize fiber agglomeration. A certain 

amount of  MWW-s was added at a time, with a 1 min string in between additions. Then, the 

alkaline activator was slowly added while stirring. The mixtures were mixed at a low speed 
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for 30 s, followed by high-speed mixing for 60 s. The fresh slurry was cast into prismatic 

molds (40×40×160 mm3) and cylindrical molds (Ø 45 mm×H 50 mm), and then sealed with 

plastic film. The specimens were cured at ambient temperature for 24 h, followed by another 

60 ˚C curing for 24 h. All specimens were then demolded and cured at ambient temperature 

for 26 days under sealed conditions until further characterization. 

Table 5.2 Mix proportions of the investigated geopolymer pastes.  

Mixture 
Mass fraction (wt.%) Na2O% 

(wt.%) 
Ms* w/b** l/b*** 

FA MWW-s MWW-m 

Ref 100 - - 6 1.5 0.32 0.48 

FS4 96 4 - 6 1.5 0.32 0.48 

FS8 92 8 - 6 1.5 0.32 0.48 

FS12 88 12 - 6 1.5 0.32 0.48 

FM4 96 - 4 6 1.5 0.32 0.48 

FM8 92 - 8 6 1.5 0.32 0.48 

FM12 88 - 12 6 1.5 0.32 0.48 

* Ms is the mol ratio of  SiO2 to Na2O in alkaline activator 

** w/b is the mass ratio between water in the alkali activator and binder, in which the water consists of  

deionized water and the water in the sodium silicate solution 

*** l/b is the mass ratio between the alkali activator solution and binder 

5.2.3 Methodology 

Potential geopolymerization reactivity test 

Centrifugation 

Filtration

ICP-OESFiltrates
FA, MWW-s, MWW-m

10 M NaOH treatment

(24 h)
Residual solids XRD & TG

 

Fig. 5.6 Procedures of reactivity test 

As shown in Fig. 5.6, the reactivity test was designed according to 224,230. The experiments 

were performed at room temperature (20 ± 1 ˚C). The NaOH solution was prepared by 

dissolving NaOH pellets in distilled water, yielding a molarity of  10. 7.5 g of  dried raw 

powder was added into 200 ml of  NaOH solution within the 250 ml polypropylene bottle. 

The sealed bottles were shaken for 24 h by a liner reciprocating universal shaker (SM-30, 

Edmund Bühler) at 250 rpm. After stirring, a centrifuge (MULTIFUGE ×3, Thermo) was 

applied to obtain the suspension, following a vacuum filtration process using 5-13 μm pore 

diameter filter paper. The filtered solutions were diluted 100 times with deionized water, and 
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then acidified with concentrated HNO3 to prevent the precipitation. The obtained solutions 

were analyzed by Inductively coupled plasma-optical emission spectrometry (ICP-OES, 

SPECTROBLUE) to determine the concentrations of  the dissolved ions. The residual solids 

were washed with isopropanol to avoid further dissolution, and dried in the vacuum oven 

for 48 h. The dried samples were weighed and kept in a desiccator until XRD and TG 

analysis. The dissolution degree Di (mg/graw) and the normalized dissolution extent Ei (%) 

were calculated according to 224,231: 

𝐷� =
��∙�����                             (5.1) 

𝐸� =
��∙�����∙��                            (5.2) 

Where Ci represents the concentration of  the element i released (mg/L) as determined by 

ICP analysis, V is the volume of  the alkali solution (L), mraw is the mass of  the raw material 

(g), Xi is the mass fraction of  element i in the raw material according to XRF analysis. The 

reactive Si/Al ratio is the dissolution degree of  Si to Al. 

Reaction kinetics 

The reaction kinetics of  investigated mixtures were determined by using an isothermal 

calorimeter (TAM Air, Thermometric) as described in Section 3.2.3. The mixes were 

prepared according to Table 5.2. Besides, to compare the reaction kinetics among different 

raw materials, two additional mixtures using plain MWW-s and MWW-m were investigated. 

The tests were conducted for 7 days to evaluate the cumulative heat, and the results were 

normalized by the mass of  the solids.  

Phase assemblage 

For phase assemblage characterization, the samples for XRD, TGA, and FTIR were 

collected at the age of  28 days or after high temperature exposure. The samples were treated 

and tested according to the same procedure mentioned in Sections 2.2.3 and 3.2.3. 

Bulk properties and microstructure 

The bulk density, skeleton density and porosity were calculated according to the same 

method mentioned in Section 2.2.3. 

The microstructure as well as the gel composition of  the hydrated samples were investigated 

by applying a Phenom ProX scanning electron microscope (SEM) equipped with energy-

dispersive spectroscopy (EDS). The sample treatment and equipments were used as given 
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in Section 2.2.3. The microstructures were recorded at 300× magnification while EDS was 

conducted at 1500× magnification with a working distance between 8-10 mm. The EDS 

analysis was carried out on a region comprising 512 × 512 pixels. The analyzed points were 

carefully selected in the binder region with a sufficient distance from unreacted materials. 

For each specimen, at least 40 points were adopted from 8 regions. 

The mercury intrusion porosimetry (MIP) as well as microtomography (Micro-CT) were 

performed following the procedure described in Section 2.2.3 and 4.2.3 respectively.  

Dry shrinkage and mass loss 

The samples with the dimension of  40 × 40 × 160 mm3 were tested for drying shrinkage 

and mass loss. The test was carried out in the curing room with a temperature of  20 ˚C and 

relative humidity of  60%. The linear dimension variation of  samples along the longitudinal 

axis was measured by using a digital length comparator (± 0.001 mm), and the weight change 

was collected at the same time. The length change L(%) was calculated according to:  

𝐿(%) =
������� × 100%                     (5.3) 

where L0 is the initial length after demolding, Ln is the length at specific ages, and Li 

represents the effective initial length of  160 mm. 

Mechanical strength 

The mechanical strength tests were carried out following EN 196-1 86. Prismatic samples (40 

× 40 × 160 mm3) at the age of  28 days were adopted for the three-point bending tests. A 

universal testing machine (Instron 5967) was applied with a displacement rate of  1 mm/min. 

Three replicates of  each mixture were measured, and the average value was taken. Afterward, 

the flexural energy is determined geometrically by calculating the area beneath the flexural 

load-displacement curve according to 232. In terms of  the compressive strength test, six 

halves of  the prismatic specimens obtained from three-point bending tests were measured 

by a compression testing machine (CONTROLS, AUTOMAX 5) with a loading rate of  2400 

N/s, and the average was recorded.

High-temperature behavior 

The high-temperature exposure test was designed according to Section 2.2.3 to achieve 

comparable results. The tests were performed on 28 days of  cured cylindrical (Ø 45 mm × 

H 50 mm) and prismatic (40 × 40 × 160 mm3) samples. For each mixture, 3 cylindrical 

samples and 3 prisms were tested. After high temperature exposure, cylindrical samples were 
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used to assess the thermally induced shrinkage by comparing the length change along the 

longitudinal axis before and after elevated temperature exposure. The mass of  cylindrical 

samples was recorded before and after heat treatment to calculate the mass loss. The average 

value of  3 samples was adopted. To determine the residual mechanical strength after high-

temperature exposure, an identical protocol was conducted on cooled prismatic samples as 

mentioned above. The average of  3 and 6 replicates were taken for flexural strength and 

compressive strength respectively. 

5.3 Results 

5.3.1 Potential geopolymerization reactivity 

The available Si and Al contents play a vital role during geopolymerization 197. To learn the 

potential reactivity of  MWW for geopolymerization, a NaOH dissolution test is conducted 

to determine the available Si and Al released from MWW as compared with FA. As shown 

in Table 5.3, MWW is observed to have a larger mass loss after NaOH treatment than FA, 

among which the milled MWW exhibits the highest mass loss of  18.0 wt.%. In line with the 

mass loss, despite FA inherently having higher Si and Al content (see Table 5.1), the 

dissolution degree (Di) as well as normalized dissolution extent (Ei) of  Si and Al from MWW 

are almost 2 to 3 times higher than FA. Thus, the reactive Si/Al ratio is increased from 1.74 

to 1.76 and 1.98 for MWW-s and MWW-m, respectively, which indicates that MWW 

potentially provides more available Si and Al for geopolymerization as compared to FA. 

Interestingly, despite the DAl being lower than DSi in all samples, EAl is higher than ESi. It 

reveals that Al dissolves faster than Si since Al-O bonds are weaker than Si-O 233.  

Table. 5.3 The mass loss, elemental release of different materials after NaOH dissolution, and the calculated 

reactive Si/Al ratio. 

Raw 

material 

Mass 

loss 

(wt.%) 

 
Dissolved 

concentration 

(mg/L) 

 Dissolution 

degree (mg/graw) 
 

Normalized

dissolution extent 

(%) 

Reactive 

Si/Al 

ratio 
 Si Al  Si Al  Si Al  

FA 7.8  279.3 160.3  7.4 4.3  1.8 4.0 1.74 

MWW-s 10.3  541.0 308.0  14.4 8.2  5.8 9.8 1.76 

MWW-m 18.0  856.9 433.1  22.9 11.5  9.1 13.8 1.98 

Nevertheless, alkali activation is known to be a heterogeneous process, in which several 

stages including dissolution, speciation equilibrium, gelation, and polymerization occur 

simultaneously 161. During the NaOH dissolution test, reactive elements would not only 

dissolve into the environment but also precipitate and form new phases, which inevitably 

affect the precision of  the elemental dissolution degree and extent. Taking this into 
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consideration, XRD and TG analyses are further performed on NaOH-treated MWW 

residuals. The XRD patterns of  MWW-s and MWW-m residuals after NaOH dissolution are 

presented in Fig. 5.7. As compared to the raw MWW in Fig. 5.4, the calcite observed in 

raw MWW is indetectable in treated MWW residuals. Moreover, new crystalline phases, 

including hydrogarnet (Ca3Al2(O4H4)3, PDF# 01-084-1354) and hydrotalcite (Mg6Al2CO3 

(OH)16·4H2O, PDF# 00-014-0191) are observed after NaOH treatment. Notably, the 

intensities of  these newly formed phases are largely promoted in MWW-m residual.  

 

Fig. 5.7 XRD patterns of MWW-s and MWW-m after NaOH treatment (1-Quartz, 2- Hematite, 3-

Magnetite, 4-Calcite, 5-Iron, 6-Hydrogarnet, 7-Hydrotalcite). 

In Fig. 5.8, the TG-DTG results correlate well with XRD patterns. As compared to the raw 

MWW in Fig. 5.5, the organic resin is dissolved during the NaOH treatment, hence the 

corresponding weight loss peak at 250 ˚C is not observed. In addition, the peaks appearing 

at around 200 ˚C and 350 ˚C are assigned to the removal of  interlayer water and 

decomposition of  structural hydroxyl groups in hydrotalcite, respectively. The mass loss 

peak range from 200 to 300 ˚C can be ascribed to the dehydration of  hydrogarnet 174. Apart 

from that, the mass losses that arise from the decomposition of  portlandite at around 450 

˚C and decarbonization of  carbonates at around 710 ˚C are noticed in both NaOH-treated 

MWW. In agreement with the XRD results, higher peak intensities in hydrotalcite and 

hydrogarnet are observed in the NaOH-treated MWW-m as compared to MWW-s, 

indicating a promoted reaction degree.  

In summation, MWW shows certain reactivity in the alkaline environment. A significant 

amount of  Si and Al are released from MWW as stimulated by the alkali environment, and 

a higher reactive Si/Al ratio is obtained as compared to FA. Subsequently, new hydrates such 
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as hydrogarnet and hydrotalcite are formed. Furthermore, the milled MWW exhibits the 

highest reactivity with more released reactive content and hydration products, attributed to 

its finer particle size and larger surface area.  

 

Fig. 5.8 TG-DTG results of  MWW-s and MWW-m after NaOH treatment. 

5.3.2 Reaction kinetics 

 

Fig. 5.9 The cumulative heat release of different raw materials. 

To learn the effect of  MWW incorporation on the hydration degree of  geopolymers, the 

early age hydration kinetics is investigated with isothermal calorimetry. At first, as shown in 

Fig. 5.9, plain MWW-s and MWW-m based pastes with the same activator parameters as 

Ref are prepared for comparison. Notably, during the measurement, it is challenging to 

achieve sufficiently homogeneous mixing of  MWW in the ampoule due to their poor 

workability, especially for MWW-s. Thus, the real MWW content that participated in 
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hydration is lower than the theoretical values. Despite that, the MWW-m binder exhibits a 

higher cumulative heat than the FA binder for up to 7 days, indicating its higher reactivity. 

While the cumulative heat in the MWW-s binder is largely reduced.  

Accordingly, in Fig. 5.10a and b, the incorporation of  both types of  MWW into the 

geopolymer system shows a promotive effect on the total heat release. It indicates that the 

hybrid binder reaches a relatively homogeneous distribution of  MWW since the FA particles 

act as dispersion aids during the mixing. The cumulative heat of  FS and FM pastes with 12 

wt.% MWW substitution reach 107.80 and 105.70 J/gbinder respectively at 168 h, which is 

much higher than that of  Ref  paste (89.20 J/gbinder). As consistent with the results in Fig. 

5.9, the relatively high total heat release observed in FM can be attributed to its superior 

reactivity under the alkaline environment and the nucleation effect of  finer particles. It is 

noted that with the MWW-s substitution from 4 to 12 wt.%, FS pastes exhibit a similar 

cumulative heat, representing 105.4, 105.1, and 105.7 J/gbinder, respectively. The MWW-s with 

long fiber lengths have high water absorbing capacity, which in turn increases the 

environmental alkalinity and promotes the reaction with a low MWW-s substitution. While 

the limited heat release enhancement with increasing MWW-s replacement should be not 

only related to the relatively low reactivity of  MWW-s but also the poor mixing mentioned 

above. In FM, the heat release is largely increased with the highest MWW-m content, 

meaning that MWW with finer particles has a higher reactivity and improved mixing 

homogeneity. Nevertheless, the trend is not consistent between 4 and 8 wt.% due to the 

small substitution intervals. Despite this, the obtained results still robustly demonstrate the 

contribution of  MWW to the geopolymerization process.  

 

Fig. 5.10 The cumulative heat release during the sample hydration (a) the influence of MWW-s, (b) the 

influence of MWW-m. 
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5.3.3 Phase assemblage 

To compare the mineralogy of  the investigated samples, XRD results are presented in Fig. 

5.11. Due to the insignificant difference among samples, the FS and FM with the highest 

MWW substitution (12 wt.%) are presented, and the XRD patterns of  all samples are 

provided in Appendix C (Fig. C1). The crystalline phases in plain FA geopolymer are 

identical to raw FA, consisting of  quartz, mullite, hematite, magnetite, and iron. With the 

incorporation of  MWW, a noticeable trace of  calcium silicate hydrate (Ca1.5SiO3.5·xH2O, 

PDF# 00-033-0306) is observed, particularly in FM12. Since in the structure of  C-S-H, Al 

can take up a bridge position in the silica chain with abundant soluble Al, the detected C-S-

H is more likely in the form of  C-(A)-S-H. It further implies that MWW has an additional 

influence on the gel structure and composition of  the hybrid geopolymer. Besides, an 

insignificant peak of  rutile is identified as introduced by MWW. In comparison with NaOH-

treated MWW, no hydrogarnet or hydrotalcite phase is observed in the resultant hybrid 

geopolymer. It should be due to the minor quantity and/or the low crystallinity of  these 

phases. 

 

Fig. 5.11 XRD patterns of the investigated pastes at 28 days (1-Quartz, 2-Mullite, 3-Hematite, 4-Magnetite, 

5-Iron, 6-C-S-H, 7-Rutile). 

To learn the phase assemblage and gel composition, TG-DTG analysis is presented in Fig. 

5.12. Here, the main mass loss peak from 100 to 300 ˚C is related to the release of  bound 

water from the main reaction products, N-(C)-A-S-H gel, hydrogarnet and hydrotalcite 234. 

A broad mass loss peak between 450 and 650 ˚C is associated with the presence of  

carbonates 186. For both FS and FM samples, a clear trend is observed that a higher MWW 

addition leads to a widened and intensified main mass loss peak, accompanied by a shift 

towards higher temperatures. This phenomenon is more significant in FM samples. It 
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indicates the MWW incorporation either contributes to a higher gel content with more 

bonded water or leads to the formation of  smaller gel pores 64. Consistent with the reactivity 

test and reaction kinetics, MWW-m with a higher dissolution rate further promotes the 

hydration reaction with increased gel formation as compared to MWW-s. A more intensive 

carbonate-related mass loss is observed in the Ref  sample, which explains the inconstant 

trend in the total mass loss up to 1000 ˚C. Nevertheless, a steady increase in total mass loss 

is observed with increasing MWW substitution from 4 to 12 wt.%. 

 

Fig. 5.12 TG-DTG results of the geopolymers with varied (a) MWW-s and (b) MWW-m substitutions. 

The EDS analysis is applied to selectively characterize the binder composition. To 

representatively reflect the influence of  MWW dissolution on gel composition, the hybrid 
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geopolymers with the highest MWW substitution (12 wt.%) are selected to compare with 

plain geopolymer paste. As shown in Fig. 5.13a, all mixtures consist of  geopolymeric (N-

A-S-H) gel characterized by low Ca, which can be introduced by either FA or MWW under 

an alkaline environment. Furthermore, there is a noticeable tendency that with the 

incorporation of  MWW, the N-A-S-H gel clusters are shifted to a region with lower Si and 

higher Al while the Na proportion almost stays constant. More specifically, this trend is more 

significant in geopolymer with MWW-m than that with MWW-s.   

 

Fig. 5.13 EDS spot analysis (a) Ternary diagram of Na2O-SiO2-Al2O3 (as normalized to 100%) and (b) Box 

plot of Al/Si ratio of the binder gel for Ref, FS12, and FM12. Compositional regions of low Ca N-A-S-H gel 

are determined from 64,164.  

To quantitatively clarify the Al and Si ion variation in the investigated samples, the Al/Si 

ratio is further calculated according to EDS analysis, and the obtained Al/Si ratio is fitted 

using the simple Gaussian curve in Origin Software. According to the histograms given in 

Fig. 5.13b, the data show a high variability of  the Al/Si ratio. This is mainly due to the 

heterogeneous ion dissolution-diffusion process and/or the intermixing of  different phases 

in reaction products 184. In this case, it is reasonable to apply the mean value and median 

value to approximately reflect the gel composition. A clear trend is observed in the box plots 

that, as compared to Ref, the mean value of  the Al/Si ratio is increased from 0.347 to 0.376 

and 0.416 in FS12 and FM12 respectively. This trend partially contradicts the potential 

geopolymerization reactivity test. The dissolution test shows that Si and Al dissolve from 

MWW at a rate 2-3 times higher than from FA, with DSi larger than DAl. Consequently, 

substituting FA with MWW should yield a lower Al/Si ratio, but an opposite trend is 

observed. This phenomenon is likely due to that the activator provides abundant/excessive 

readily environmental Si, while the Al is only provided by precursors, in which the dissolved 

Al has a direct influence on the Al/Si ratio by taking up the bridge position in silica chains. 

It further explains the highest Al/Si ratio observed in FM12 due to the dissolution rate of  

MWW-m. In addition, it is noteworthy that the Al/Si ratio cluster in FS12 sample shows a 
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broader box plot of  confidence interval from 25% to 75% as compared to FM12, indicating 

a more heterogeneous ion dissolution and diffusion in FS12. This should be related to the 

fibrous nature as well as the poor dissolution of  MWW-s. 

To verify the quantitative observation in EDS results, the infrared spectra of  the investigated 

pastes with different MWW incorporation are compared in Fig. 5.14, and the assignments 

of  absorption bands are summarized in Table 5.4. In general, the hybrid geopolymers have 

similar chemical bonds to plain geopolymers. The major band centered around 980 cm-1 is 

associated with asymmetric stretching of  Si-O-T, where T represents Si or Al units. A typical 

band in the region 670-850 cm-1 is identified as the stretching vibrations of  Si-O-Si of  quartz 

from FA. The humps at 1400 cm-1 and 1463 cm-1 are related to the presence of  different 

carbonates. Besides, the adsorption peaks at 1643 cm-1 and 3418 cm-1 are due to the 

stretching vibrations of  O–H bonds and bending vibrations of  physically and chemically 

bonded water respectively.  

 

Fig. 5.14 FT-IR spectra of the 28 days paste samples. 

 

Table 5.4 Assignment and interpretation of FTIR spectra. 

Wavenumber (cm-1) Assignment Interpretation Reference 

670-850 Si–O–Si Quartz 235 

979-987 Si-O-T N,C-A-S-H 236 

1400, 1463 C-O Sodium/calcium carbonates 189 

1643, 3418 O-H H2O 237 

Notably, with the increased MWW incorporation, the asymmetric stretching Si-O-T bond 

transfers to a lower wavenumber, especially for FM samples. Here, the decrease of  Si-O-T 
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bond wavenumber is closely related to a promoted Al uptake in geopolymeric gel 133,238, 

which evidences the observed Al/Si ratio variation in EDS analysis. In addition, among FS 

and FM with the identical MWW substitution, a lower Si-O-T wavenumber is detected in 

FM samples. This observation correlates well with the EDS analysis, originating from the 

better dissolution of  MWW-m, therefore providing more readily Al into silica gel. 

At this stage of  the research, a consistent trend is evidenced by connecting the above results, 

indicating the enhancement of  geopolymerization reaction through MWW incorporation, 

particularly with MWW-m. The influence of  MWW on the gel content and composition of  

hybrid geopolymers has been firmly established. However, further quantitative investigation 

into the gel structure is still needed. 

5.3.4 Bulk properties and microstructure 

As shown in Fig. 5.15, the introduction of  MWW further decreases the bulk density of  

hybrid geopolymer, in which the MWW-m has a more significant effect. With the MWW 

incorporation increases from 0 to 12 wt.%, the bulk density of  FS and FM decreases from 

1.55 g/cm3 to 1.46 g/cm3 and 1.44 g/cm3, respectively. Here, the reduction of  bulk density 

can be attributed to two causes. i) owing to its fibrous morphology, the introduction of  

MWW could impact the binder rheology and bring air bubbles, defects, and ITZ between 

MWW and the binder which further decreases the bulk density. ii) according to Yliniemi et 

al. 216, the organic resin in MWW decomposes in contact with the alkaline solution and 

releases ammonia. It potentially increases the porosity of  the binder, and this issue should 

be addressed regarding the reutilization of  MWW in alkali-activated materials. 

 

Fig. 5.15 The variation of bulk density with MWW substitution. 

The microstructure of  hybrid geopolymers with MWW substitution is compared with plain 

geopolymer in Fig. 5.16. The unreacted FA is distinguished by its spheric shape, the 
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cylindrical fibers in Fig. 5.16b and c indicate MWW, the gray region in between denotes 

binder gel, and the dark regions represent pores and voids. In FS12, MWW fiber with 

different lengths can be observed, and notably, the distribution of  MWW in geopolymeric 

binder is anisotropic. In comparison, only short MWW particles are noticed in FM12, 

referring to a limited fibrous effect of  MWW-m. In the enlarged image, a rough texture with 

surface precipitates is noticed on the surface of  MWW, which is consistent with previous 

work 224. It further implies the dissolution and reaction of  MWW under the applied alkaline 

environment. Additionally, an obvious interfacial transition zone (ITZ) between MWW fiber 

and binder gel is observed in both FM and FS samples, which might be due to the 

autogenous shrinkage of  the geopolymeric binder. 

 

Fig. 5.16 SEM micrographs of (a) Ref, (b) FS12, (c) FM12, and (d) enlarged image of FM12. 

To learn the pore structure development of  the specimens, microtomography analysis is 

performed on the geopolymers with different MWW substitutions. By applying IPLFE 

v1.16 software (Scanco Medical AG, Switzerland), the pores are extracted and colored 

differently according to the pore diameter, and the 3D pore visualization is presented in Fig. 

5.17. According to the 3D geopolymer rendering, the introduction of  MWW not only 

increases the total pore volume but also enlarges the pore diameter when comparing with 

Ref sample. Furthermore, a higher MWW substitution further leads to a more compact pore 

distribution.  
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Fig. 5.17 The 3D rendering of pore distribution of the investigated specimens according to μ-CT. 
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The pore size distribution is further calculated based on the microtomography analysis. It 

should be noted that due to the measurement limitation, the μ-CT only covers a pore range 

above 6.6 μm. Thus, the pore size distribution of  the investigated samples is further retrieved 

by comparing the calculated total porosity and porosity from μ-CT. As presented in Table 

5.5, it is noticed that the majority of  porosity in the investigated samples is below 10 μm. 

With a higher substitution of  MWW, the fraction of  pores below 10 μm is reduced, while 

the proportion of  pores exceeding 10 μm has increased steadily, resulting in a coarser pore 

size distribution. Noteworthy, when comparing the hybrid geopolymers with the same 

substitution of  MWW-s and MWW-m, there is a higher pore fraction in the range of  10 to 

100 μm whereas a lower fraction above 100 μm in FM samples. As mentioned above, the 

increased pore proportion above 100 μm in the FS sample can be related to its fibrous effect, 

which impacts the binder homogeneity with the formation of air bubbles and macro defects.

In comparison, the milled MWW is mainly composed of  finer particles below 100 μm, which 

largely avoids the fibrous impact but increases the pores between 10-100 μm because of  

ITZ (See Fig. 5.16).  

Table 5.5 Pore size distribution retrieved by μ-CT. 

The majority of  pores in the samples are below 10 μm, and cannot be well detected by 

micro-CT. Thus, MIP analysis is further carried out as shown in Fig. 5.18. All samples show 

a pore size distribution below 1000 nm, with the main peak centered at around 15 nm. The 

FS samples have a very similar pore size distribution as Ref, especially the pores of  20-1000 

nm. With the increasing MWW-s dosage, a discernible reduction in the primary peak fraction 

is observed, along with a growing minor hump within the 5 to 10 nm range. Notably, this 

pore fraction shifting is more significant in FM samples. The main peak is decreased 

constantly and shifted towards a smaller size approximately 10 nm with higher MWW-m 

content, and the emergence of  a secondary peak becomes increasingly evident. Here, the 

pore size fraction serves as an indicator of  the reaction degree, where a promoted sample 

shows a higher fraction of  the denser gel 98. It further proves the promoting effect of  MWW 

on the geopolymerization reaction. And in line with the dissolution, reaction kinetics, and 

Sample code 
Total porosity 

(%) 

Pore volume in the range (μm) 

<10 [10,50] [50,100] [100,500] ˃500 

Ref 34.19 25.82 7.70 0.51 0.15 - 

FS4 34.79 23.88 8.83 0.95 1.00 0.13 

FS8 37.01 21.84 10.95 1.78 2.24 0.20 

FS12 38.10 21.27 12.15 1.95 2.69 0.05 

FM4 36.66 22.98 11.02 1.69 0.97 - 

FM8 37.82 16.96 15.68 2.77 2.42 - 

FM12 38.66 17.44 15.54 2.98 2.67 0.03 
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phase assemblage results, MWW-m shows a greater contribution as compared to MWW-s. 

 

Fig. 5.18 The pore size distribution of specimens based on MIP. 

5.3.5 Drying shrinkage 

The mass loss of  the investigated samples under free drying conditions is measured up to 

63 days as shown in Fig. 5.19a and b. For both FM and FS, a higher MWW substitution 

leads to a lower mass loss as compared to the Ref  sample. This should be attributed to the 

higher amount of  MWW that facilitates reaction degree with more tightly bound water as 

evidenced by TGA, hence less water evaporation is observed. Accordingly, the lowest mass 

loss is observed in the MWW-m incorporated sample. It further proves that mass loss is 

closely related to the reaction degree. The shrinkage behavior of  the hybrid geopolymers 

during the drying process is presented in Fig. 5.19c and d. The FM samples exhibit a clear 

reduction in drying shrinkage as compared to plain geopolymer, following the drying mass 

loss. The drying shrinkage is reduced with higher MWW-m content at an early age, and a 

similar linear shrinkage is noticed up to 63 days. It is widely accepted that the drying 

shrinkage process of  alkaline activated materials is not only related to the quantity of  water 

loss over time but also the characteristics of  the binder material, reaction kinetics, and 

microstructure 228,239. Firstly, in line with reaction kinetics, the promoted reaction with 

increasing MWW-m addition reduces the free water in FM samples, thus a lower internal 

relative humidity with reduced drying mass loss is expected, which directly eases the drying 

shrinkage. Moreover, as observed by MIP analysis, a higher MWW-m addition leads to the 
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formation of  a denser gel structure below 10 nm. This pore refinement not only reduces 

the moisture loss rate but potentially delays the meniscus invasion to generate capillary 

pressure 240. It explains the increased shrinkage at a late age in FM12. Moreover, according 

to pore size distribution results from MIP and Micro-CT, the incorporation of  MWW-m 

further decreases capillary pores (10-50 nm) but introduces more macropores (˃10 μm). 

According to the Young-Laplace equation: 

𝑃 =
���� �����                            (5.4) 

Where Pc is the capillary pressure, γLV is the surface tension of  the pore fluid, θ is the 

equilibrium water contact angle, and r is the radius of  the pore. The pores with a larger 

diameter generate a much lower capillary pressure than smaller pores. Above all, the FM 

sample would endure a lower shrinkage strain with increasing MWW-m substitution.  

 

Fig. 5.19 The mass loss and drying shrinkage of samples during the drying process. 

The inclusion of  MWW-s with long fibers further complicates the shrinkage process. In 

particular, the lowest drying shrinkage is obtained with 4 wt.% of  MWW-s, achieving a 

drying shrinkage of  1178.1 mm/mm 106, as compared to 1562.5 mm/mm 106 in the Ref  
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sample. Whilst the effectiveness of  MWW-s on drying shrinkage is lessened with increasing 

MWW-s, the FS12 exhibits the largest drying shrinkage among all samples. In comparison 

with MWW-m, with a low MWW-s substitution, the well-distributed fibers serve as passive 

internal restraints to decrease the shrinkage strain and resist the free drying deformation, 

showing the optimum volumetric stability in FS4. Nevertheless, the increasing MWW-s 

substitution further introduces defects, which are likely to cause an uneven gradient of  

shrinkage stress and consequently give rise to severe shrinking during free drying 241. In 

addition, as reported by Zhang et al. 242 and Si et al. 240, the inadequate packing of  particles 

with large wetting surface area can generate high shrinkage strain in the matrix. Herein, the 

excessive MWW-s fibers will inevitably agglomerate, which can be another trigger for the 

observed phenomenon. To encapsulate, the lowest drying shrinkage of  1178.1 mm/mm 106 

is achieved in hybrid geopolymer with 4 wt.% MWW-s, showing a 24.6% shrinkage reduction

to plain geopolymer paste at the age of  63 days. 

5.3.6 Mechanical strength 

Compressive strength 

The 28 days compressive strength of  geopolymers with different MWW substitutions are 

plotted in Fig. 5.20. As compared to Ref  (28.35 MPa), the compressive strength in overall 

ranges from 27.03 to 21.14 MPa, and 24.97 to 23.11 MPa for FS and FM respectively, along 

with higher MWW substitution. The strength variation of  the hybrid geopolymers is in line 

with the observed porosity change, yielding a lower compressive strength with a higher 

porosity. It indicates the pore structure plays a dominant role in determining the compressive 

strength despite the promoted reaction degree by the MWW introduction. Interestingly, the 

FM samples have a higher porosity than FS samples at the same substitution amount, while 

a larger compressive strength is obtained in FM with MWW substitution from 8 to 12 wt.%. 

This might be due to the discrepancy in the hydration degree and pore size distribution 

between FS and FM specimens. According to micro-CT and MIP analyses, FM samples 

possess a high content of  dense gel, which strengthens the structure. On the other hand, 

given the heterogeneity of  fibers, increasing the MWW-s substitution introduces a higher 

volume fraction of  defects/air bubbles larger than 100 μm, which is believed to pose a more 

destructive impact on compressive strength.  

Flexural properties 

To provide an insight into the fibrous effect of  MWW, the flexural properties of  the hybrid 

geopolymers are characterized via a three-point bending method. In Fig. 5.21a, all samples 

exhibit an increasing stage reaching the peak load, followed by an abrupt failure without 

strain softening process. It implies the post-peak load performance is not promoted by 
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MWW, which is due primarily to the limited fiber length of  MWW. For FM specimens with 

MWW substitution from 0 to 12 wt.%, the slope of  the load to displacement curve exhibits  

 

Fig. 5.20 The compressive strength of the specimens at 28 days. 

a decreasing trend, indicating a reduced stiffness. Moreover, the displacement at fracture is 

significantly increased as compared to Ref, with a 90.8 % improvement in FM12, which 

refers to a promoted flexibility. In consequence, the flexural energy is enhanced with the 

increased MWW-m inclusion. A similar phenomenon is noticed in the FS samples, but the 

displacement at break is narrowed in a range between 0.36 and 0.41 mm with MWW-s from 

4 to 12 wt.%, and the flexural energy exhibits a non-linear relationship with the substitution 

content. 

By comparing the fracture surface shown in Fig. 5.21 b-d, the Ref  sample exhibits a smooth 

fracture surface, indicating the brittleness of  the geopolymer gel. In contrast, both FM and 

FS exhibit a relatively rough fracture surface, with discernible MWW particles of  diverse 

dimensions. It indicates the promoted flexibility and flexural energy are highly related to the 

bonding effect of  MWW filler/fibers on the matrix. Besides, the mechanical properties of  

geopolymers are strongly dependent on the gel formation. It is reported that the overall 

Young’s modulus and stiffness are decreased along with the Si/Al ratio in the observed range 
197,243, which is in line with the gel composition analysis in the present study. In comparison 

with FM, the flexural reinforcement of  FS samples is more significant with a low 

substitution, while this effect is lessened with a higher MWW-s content. It infers that the 

efficiency of  MWW-s on flexibility improvement is synergistically influenced by the fibrous 

effect and microstructure. As seen in Fig. 5.21d, fiber agglomeration is inevitable in FS 

samples due to the heterogeneity of  the long fibers. Therefore, the excessive MWW-s 
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addition would negatively impact the flexural performance with a more pronounced impact 

observed in flexural strength development below. 

 

Fig. 5.21 The flexural properties of samples at the age of 28 days: (a)The load-displacement response, and 

the facture surface of (b) Ref, (c) FM, and (d) FS sample. 

The flexural strength results are plotted in Fig. 5.22. Contrary to the deterioration in the 

compressive strength, all hybrid geopolymers achieve higher flexural strength than the Ref  

sample due to the fibrous reinforcement effect of  MWW discussed above. The fracture 

behavior of  the investigated samples is asymmetric with a discrete distribution of  flexural 

strength; the average value variation is observed to exhibit a distinguishable trend. Among 

these, the flexural strength of  FM is increased with a higher MWW-m substitution. In terms 

of  FS samples, FS4 achieves the highest flexural strength, while a higher MWW-s 

substitution only poses a limited strength reinforcement. Given the fine particle size, the 

MWW-m addition efficiently promotes the bonding between particles, thus enabling better 

flexural strength. For FS samples, as discussed above, a low MWW-s addition shows a good 

bridging effect, enabling high flexural toughness and flexural strength. However, when there 

is an excess of  MWW-s, the defects and voids arising from fiber agglomeration further 

restrict flexural development. 
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Fig. 5.22 The flexural strength of samples at the age of 28 days. 

5.3.7. High-temperature behavior 

Given the promising heat resistance performance of  mineral wool up to 1000 ˚C, the 

possible improvement of  MWW on hybrid geopolymers under elevated temperature is 

characterized via a high-temperature exposure test. The morphology of  samples after 

exposure to 800 ̊ C is presented in Fig. 5.23. As compared to the microstructure before heat 

treatment, a disordered matrix with widened voids and pores can be detected due to the 

thermal deterioration and viscous sintering of  the binder gel. In Fig. 5.23b and c, it is 

observed that the MWW undergoes a partial melting, resulting in the loss of  its fiber shape. 

Especially in FM, it is difficult to differentiate the MWW particles from the binder gel since 

the melt MWW further fills the pores/voids. The reason behind the partial melting of  

MWW at 800 ˚C is not entirely clear. It is possibly due to the chemical attack during alkali 

activation that degrades the thermal stability of  MWW and reduces the melting point. 

The crystalline patterns of  the samples after thermal exposure are further compared in Fig. 

5.24, in which FS12 and FM12 are selected as the representative samples, and other results 

are given in Appendix C (Fig. C2). When compared with initial XRD patterns (Fig. 5.11), 

new phases including nepheline ((Na, K)AlSiO4, PDF# 01-085-1487) and diopside 

(CaMgSi2O6, PDF# 01-086-0932) are noticed in all samples. Among these, nepheline 

primarily arises from the partial decomposition and recrystallization of  the geopolymeric 

gel, while the presence of  diopside indicates the formation of  a glass-ceramic phase 244. 

Notably, the hybrid geopolymer with increasing MWW exhibits increased intensity of  

nepheline and diopside phases, especially for FM12, indicating that MWW incorporation 

further enhances the re-crystallization of  geopolymers under high temperatures. This is 
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because, in geopolymers, the finer particle with higher specific surface area and energy 

implies low sintering temperature and high crystalline phase content 245.  

 

Fig. 5.23 The microstructural evolution of (a) Ref, (b) FS, and (c) FM samples after 800 ˚C. 

 

Fig. 5.24 XRD patterns of the investigated pastes after 800 ˚C exposure (1-Quartz, 2-Mullite, 3-Hematite, 4-

Magnetite, 5-Iron, 6-Nepheline, 7-Diopside). 

 

Table 5.6 The mass loss and thermal shrinkage of samples exposed to 800 ˚C. 

Sample code Mass loss (%) Linear shrinkage (%) 

Ref 7.79 (0.05) 4.78 (0.03) 

FS4 7.93 (0.03) 5.46 (0.07) 

FS8 8.09 (0.04) 5.39 (0.16) 

FS12 8.24 (0.02) 5.35 (0.03) 

FM4 8.34 (0.04) 5.42 (0.08) 

FM8 8.82 (0.03) 5.89 (0.13) 

FM12 9.03 (0.01) 6.20 (0.09) 

The mass loss and thermal shrinkage of  samples at 800 ˚C are shown in Table 5.6. With 

increasing MWW substitution, there is a notable rise in mass loss at 800 ˚C, which is 

attributed to the dehydration of  the gel phases. Consistent with the TG and XRD analysis, 
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FM samples with higher gel phase proportion exhibit severe dehydration after thermal 

exposure, resulting in the highest mass loss among others. In terms of  linear shrinkage, there 

is no positive effect observed with the incorporation of  MWW. As generally acknowledged, 

the thermal shrinkage of  geopolymer is synergistically influenced by capillary strain, gel 

dehydration, and viscous sintering 205,246. In hybrid geopolymers incorporating MWW, the 

high mass loss aggravates the capillary strain during heating. Besides, the pronounced gel 

decomposition and recrystallization pose a negative impact on volumetric stability. Moreover, 

the observed partial melting of  MWW also leads to thermal shrinkage. Consequently, hybrid 

geopolymers exhibit more pronounced thermal shrinkage compared to the reference, with 

the shrinkage further increasing with greater MWW-m substitution. Contrary to FM, the 

thermal shrinkage of  FS samples is slightly reduced with higher MWW-s substitution. This 

phenomenon implies the limited resistance of MWW-s fiber to matrix deformation at

elevated temperatures. 

As for the residual mechanical performance, all samples exhibit a flexural strength reduction 

due to the thermally induced cracking in Fig. 5.25a. Notably, with increasing MWW 

substitution, higher flexural strength is retained for the hybrid geopolymers in Fig. 5.25b, 

which can be an indication of  the promoted microstructural stability by introducing MWW. 

This phenomenon is mainly related to the pore structure and toughness/flexibility of  the 

hybrid geopolymers. On the one hand, the high porosity with increasing MWW 

incorporation facilitates water removal and alleviates crack formation. On the other hand, 

as learned from the initial flexural properties, the increased MWW dosage enhances the 

toughness and flexibility of  the hybrid matrix. It enables a superior ability to accommodate 

the inner thermal incompatibility and thus mitigates the thermally induced microstructural 

destruction 68. As a result, larger flexural strength retention is achieved in the FM sample 

owing to its highly porous matrix with higher toughness.  

The residual compression properties of  samples are presented in Fig. 5.25c and d. After 

800 ˚C exposure, FS samples obtain a similar residual compressive strength to Ref  samples, 

while that of  FM samples is significantly increased along with higher MWW-m substitution, 

achieving the highest residual strength of  45.88 MPa as compared to Ref  of  29.16 MPa. As 

shown in Fig. 5.25d, for both FS and FM, the higher residual strength gain with increasing 

MWW substitution is proportionally related to the observed thermal shrinkage variation. 

Here, the matrix densification induced by thermal shrinkage favours the compressive 

strength gain upon heating 203. Besides, according to the microstructure evolution, the MWW 

shows a healing effect on the matrix due to the partial melting. It further explains the 

different strength gain rates in FM and FS samples. The MWW-m with a larger specific 

surface area potentially enhances the healing effect and induces a robust bonding with binder 

gel during viscus sintering and partial melting, resulting in a remarkable strength gain as 
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compared to the FS sample.  

 
Fig. 5.25 Residual mechanical properties of  samples, (a) Residual flexural strength, (b) Flexural strength 

change ratio, (c) Residual compressive strength, and (d) Compressive strength change ratio. 

However, it should be noted that this chapter provides a preliminary insight into the 

potential use of  MWW as filler/fiber in hybrid geopolymers for high-temperature 

applications. Further investigation is required to understand the progressive development 

of  the designed geopolymer at various temperatures. 
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5.4 Conclusions 

This chapter investigates the potential of  reutilizing mineral wool waste (MWW) as both co-

precursor and fiber reinforcement in the production of  class F fly ash (FA) based hybrid 

geopolymers. Two different pre-treatments, namely sieving and milling, are applied to recycle 

MWW, and the potential geopolymerization reactivity of  the treated MWW is determined. 

The roles of  reactivity and dimension of  MWW on the hybrid geopolymers are 

systematically revealed by reaction kinetics and products, microstructure, drying shrinkage, 

mechanical strength, and thermal behavior study. The results lead to the following 

conclusions: 

(1) MWW shows specific geopolymerization reactivity under the alkaline environment. In 

comparison to FA, MWW exhibits 2-3 times higher levels of  Si and Al dissolution, with the 

formation of  new hydrates such as hydrogarnet and hydrotalcite. Among these, the milled 

MWW with a larger surface area exhibits the highest reactivity with higher reactive content 

dissolution and reaction products.  

(2) The substitution of  FA by MWW largely enhances the geopolymerization process with 

an improved reaction degree, as evidenced by a higher cumulative heat release. Moreover, 

the MWW incorporation not only promotes the gel formation but alters the gel composition, 

especially for MWW-m. The hybrid geopolymer remains a N-A-S-H dominated binder, 

whereas the Al uptake by N-A-S-H is stimulated by MWW, showing a higher Al/Si ratio 

with the increased MWW replacement. 

(3) The alkali reaction of  MWW as well as its fiber dimension has a synergetic effect on the 

microstructure and drying shrinkage behavior of  the hybrid geopolymer. With increased 

MWW substitution, a denser gel is formed, while a higher porosity is observed due to the 

formation of  more macropores. The obtained matrix with optimum MWW fibers largely 

mitigates the shrinkage strain, enabling a drying shrinkage as low as 1178.1 mm/mm 106 up 

to 63 days (with 4 wt.% MWW-s), in comparison to 1562.5 mm/mm 106 in the plain FA 

geopolymer. 

(4) The effects of  MWW incorporation on flexural strength are inversely proportional to 

the compressive strength. The MWW substitution in geopolymers results in a reduced 

compressive strength since the pore structure plays a major role in determining the 

compressive strength. However, the incorporation of  MWW improves the flexural 

performance with the highest flexural strength of  2.97 MPa achieved in hybrid geopolymer 

with 4 wt.% MWW-s. This is not only attributed to the bridging effect of  MWW but also to 

the modified gel composition. Nevertheless, the excessive MWW-s inclusion further limits 
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the flexural improvement due to fiber agglomeration and matrix defection.  

(5) At elevated temperatures, on the one hand, the severe mass loss and re-crystallization 

with higher MWW substitution further aggravate thermal shrinkage. On the other hand, the 

highly porous matrix with enhanced flexibility mitigates the thermally induced structural 

destruction, which retains the flexural strength to a certain extent. Meanwhile, the partial 

melting of  MWW poses a healing effect on the matrix. More specifically, the finer MWW-m 

with a larger specific surface area potentially induces a robust bonding with binder gel during 

viscus sintering and partial melting, enabling a 98.5% compressive strength gain after 800 

˚C. 

In this chapter, the MWW incorporation demonstrates notable contributions to the 

geopolymer system, particularly for the key ion dissolution, reaction degree, mitigating 

drying shrinkage, and enhancing flexural strength development. However, with a limited 

addition, the advantageous impact of  MWW as a co-precursor may be compromised by its 

fibrous characteristics, resulting in matrix defects and compressive strength deterioration. In 

general, the results presented herein pave the way for incorporating MWW into geopolymer-

based materials at elevated dosages. Forthcoming research should explore the utilization of  

MWW at increased dosages while ensuring matrix homogeneity.
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Chapter 6 Understanding the thermal behavior of 

geopolymeric composites designed by packing model 

 

 

Understanding the thermal behavior of geopolymeric 

composites designed by packing model 

 

The interaction between geopolymer binder and aggregates has a significant impact on 
thermal performance, which however still lacks sufficient understanding. In this chapter, a 
novel approach for designing high temperature resistant geopolymer composites is 
introduced. The microstructural-thermophysical properties and heat transfer pattern of  
the developed geopolymer composites are investigated and further linked to the 
progressive evolution up to 800 ˚C. Results reveal that the optimized packing contributes 
to a significantly high porosity from 48.6% to 52.8% and large moisture permeability in 
lightweight aggregate incorporated geopolymer (LWAG). A much lower thermal 
conductivity but comparable mechanical strength is achieved in LWAG as compared to 
sand aggregate incorporated geopolymer (SAG). At elevated temperatures, sand 
incorporation results in a fast heat transfer, and lightweight aggregates lead to a large 
temperature gradient within geopolymer composites. Compared to SAG, LWAGs show a 
lessened microstructural degradation with noticeable strength gain at 800 ˚C. Increasing 
the distribution modulus from 0.2 to 0.3 eases the thermal deterioration thanks to the 
decreased temperature gain rate and thermal diffusivity, resulting in low thermal shrinkage 
and high residual strength. 
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6.1 Introduction 

Geopolymer has emerged as an environmentally sustainable binder material in the last few 
years, which is recognized as a promising alternative to ordinary Portland cement (OPC), 
especially for applications requiring thermal stability 10,17. Generally, geopolymer is mainly 
derived from pozzolanic or aluminosilicate sources, which involve in the alkali activation 
or acidic activation process 10,160,247,248. Among these, the common geopolymer is 
produced by alkaline activating Class F fly ash (FA), resulting in a three-dimensional 
aluminosilicate structure. It enables a superior level of  mechanical property and structural 
integrity after exposure to high temperatures, as compared to OPC concrete 54,52. Since 
the excellent thermal behavior of  geopolymer binders has been extensively verified, there 
is a growing research interest in designing high temperature resistant geopolymeric 
composites for large-scale applications.  

Zhang et al. 249 compared geopolymer and OPC-based mortar/concrete with sand 
aggregates and reduced thermal degradation of  compressive strength is observed in 
geopolymer composites due to the superior thermal stability of  geopolymeric gel. Çelikten 
et al. 67 studied the microstructural properties of  geopolymer mortar exposed to high 
temperatures and found that the interfacial transition zone between the geopolymeric 
binder and sand is weakened with temperature increase. Kong et al. 49,80 and Rickard et al. 
50 investigated geopolymer composites with sand, basalt, slag, and lightweight aggregates 
(LWA), and concluded that the thermal expansion incompatibility between binder and 
aggregates significantly impacts the structural and strength deterioration of  geopolymer 
composites at elevated temperatures. According to previous works, the interaction between 
geopolymer binder and aggregates plays an important role in determining the thermal 
performance of  geopolymer composites. The incorporation of  aggregates with different 
characteristics, such as inert property, density, and particle size, varies the pore structure as 
well as the total porosity of  composites. Besides, it not only alters the thermophysical 
properties such as thermal conductivity and thermal diffusivity but also affects the thermal 
stress and bonding mechanism within geopolymer composites on exposure to elevated 
temperatures 51,250,251. Ultimately, it both influences and potentially complicates the 
thermal behavior of  the resultant geopolymer composites. However, limited attention has 
been devoted to exploring the correlation between geopolymeric binder-aggregate 
interaction and initial properties, including microstructure and thermophysical 
characteristics. Consequently, the subsequent impact of  these factors on the thermal 
behavior of  geopolymer composites remains unexplored. 

On the other hand, it is widely accepted that the durability of  cementitious composites is 
strongly linked to the packing of  granular ingredients. Brouwers and Radix 252 first applied 
a modified Andreasen and Andersen (A&A) particle packing model to design concrete 
mixture ingredients, including powders, fine aggregate, and coarse aggregate. The rheology 
and mechanical properties of  the concrete mixture were optimized by achieving a high 
packing density and homogeneity. Based on that, self-compacting concrete (SCC) 252,253, 
ultra-high-performance concrete (UHPC) 254,255, earth-moist concrete 256,257, and ultra-
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lightweight concrete (ULWC) 258–260 were developed. Nevertheless, limited attention has 
been given to applying the packing model to design composites for thermal application. 
Yu et al. 261 applied the modified A&A model to optimize the packing of  LWA in gypsum-
based composite and obtained a good balance between thermal conductivity and 
mechanical properties. Superior thermal stability was testified as compared to traditional 
gypsum board. It refers that the packing of  ingredients alters the thermophysical 
properties and further influences the thermal behavior of  the resultant composites. In 
particular, when applying LWA with high inert porosity, the modified A&A model can be 
used to design the porosity and pore size distribution of  the component, hence tailoring 
the thermophysical properties. It is possible that, by optimizing the particle packing of  
geopolymer-based composite, better thermal performance can be achieved. However, in 
the realm of  designing geopolymer-based materials for thermal applications, existing 
studies have predominantly focused on raw materials, alkali activators, and the selection of  
fibers or aggregates. To the best knowledge of  the authors, no studies have been reported 
concerning the role of  aggregate packing in determining the thermal performance of  
geopolymers. 

In light of  the above research gaps, a packing theory is introduced to develop geopolymer 
composites with normal quartz sand and LWA. The effect of  geopolymeric binder-
aggregate interaction on the initial properties, such as microstructural formation, 
thermophysical properties, and mechanical strength, are systematically characterized. 
Based on the acquired properties, a simulation study is carried out to numerically explore 
the heat transfer pattern within geopolymer composites. Ultimately, the initial properties 
and heat transfer patterns of  geopolymer composites are further linked to the high 
temperature behavior, including post-heating thermal conductivity, 
microstructure/volumetric stability, and residual strength. The novelty of  this chapter lies 
in clarifying the interrelationships among microstructural-thermophysical properties, heat 
transfer patterns, and the high temperature behavior of  geopolymer composites. 
Additionally, it provides a comprehensive understanding of  the progressive evolution of  
geopolymer composites under high temperatures, which is essential for revealing the 
thermal degradation mechanism of  geopolymer-based mortar and concrete. 

6.2 Experimental program 

6.2.1 Materials 

In this study, low calcium (class F) fly ash (FA) and ladle slag (LS) were applied as binder 
materials. The same FA and LS were utilized as mentioned in Chapters 3 and 4. Before 
using, LS was ground using a disk mill to obtain a suitable particle size distribution. The 
average particle size (d50) of  FA and LS are around 16.00 μm and 13.99 μm respectively as 
determined by a laser particle size analyzer (Mastersizer 2000, Malvern Instruments, UK). 
The detailed particle size distributions (PSD) of  all applied solid materials are shown in 
Fig. 6.1. The chemical composition of  FA and LS are given in Table 6.1, as determined 
by X-ray fluorescence spectrometry (XRF) (PANalytical Epsilon 3). The loss on ignition 
has been measured from 105 ˚C to 1000 ˚C. Commercially available sodium hydroxide 
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(NaOH) pellets (analytical level) and sodium silicate (Na2SiO3) solution (27.69 wt.% SiO2, 
8.39 wt.% Na2O, and 63.9 wt.% H2O) were used.  

Table 6.1 Chemical composition and loss on ignition. 

Oxide 
(wt.%) SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O Others 

LOI 
(1000 °) 

Fly ash 54.57 21.60 6.12 9.04 1.17 0.41 2.85 2.13 2.11 

Ladle slag 2.1 24.6 56.75 3.12 2.24 0.61 - 1.16 9.42 

Commercially available mineral granulates, ROTOCELL PLUS® is applied in this work as 
lightweight aggregate (LWA) with five different size fractions of  0.1-0.3 mm, 0.25-0.5 mm, 
0.5-1 mm, 1-2 mm, and 2-4 mm. The PSDs of  LWA in different size fractions are 
presented in Fig. 6.1. The physical and chemical properties given by the producer are listed 
in Table 6.2. The applied LWA is produced from highly porous expanded silicate as shown 
in Fig. 6.2, exhibiting ultra-low bulk density and good thermal stability up to 1000 ˚C. In 
addition, normal sand with different size fractions of  0.1-0.3 mm, 0.3-0.5 mm, 0.5-1 mm, 
1-2 mm, and 2-4 mm was used as normal weight aggregate compared to LWA. The specific 
density of  normal sand is around 2575 kg/m3. 

 
Fig. 6.1 PSDs of the solid materials, the target lines, and the resulting integral grading lines of mixtures 

with different distribution modulus. 

 
Fig. 6.2 Structure of LWA: (a) surface and (b) pore structure. 
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Table 6.2 The physical-chemical properties of applied lightweight aggregates. 

Type 0.1-0.3 mm 0.25-0.5 mm 0.5-1 mm 1-2 mm 2-4 mm 

Physical properties      
Bulk density (kg/m3) 400±15% 365±15% 330±15% 310±15% 300±15% 

Particle density (kg/m3) 700 700 600 550 500 
Average grain strength 
(N/mm2) 

22 18 18 18 12 

Melting point in ˚C 1000 

Chemical composition      
SiO2 55.0% 

Al2O3 22.0% 

K2O+Na2O 12.0% 

Fe2O3 3.0% 

CaO 2.0% 

MgO 1.0% 

TiO2 0.5% 

LOI (1000 ˚C) 4.0% 

6.2.2 Mix design methodology 

For room temperature applications, for instance, a high mechanical strength matrix always 
requires a dense structure with low porosity. Nevertheless, under high temperatures, the 
dense structure with low permeability impedes thermally induced water evaporation, 
resulting in high thermal stress and severe structural deterioration 205. Herein, the design 
target is to develop a geopolymer composite with a good balance between room 
temperature properties and elevated temperature performance. A packing design is 
proposed to optimize the accumulation of  solid particles including solid precursors and 
aggregates, and hence obtain a dense matrix with good packing of  particles. By applying a 
highly porous LWA into the packing model, a porous matrix with high permeability but 
less flaw or closed pores can be designed.  

In the present study, the target integral grading curve was determined following the 
modified Andreasen and Andersen (A&A) model 262, reading: 

𝑃(𝐷) =
������������� ������                        (6.1)                

Where P(D) is referred to the cumulative fraction of  total particles being smaller than size 
D, D is the particle size (µm), 𝐷��� and 𝐷��� are the minimum and maximum particle 
size (µm) respectively, and q represents the distribution modulus. Based on that, the mix 
proportion was calculated following: 𝑅𝑆𝑆 = ∑ �𝑃����𝐷����� − 𝑃����𝐷������� →𝑚𝑖𝑛����           (6.2) 

The RSS represents the sum of  the squares of  the residuals, 𝑃��� is the composed mix, 𝑃��� is the target grading curve obtained from Eq. (6.1). To optimally approach the target 
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particle grading curve, an optimization algorithm namely, the Least Squares Method (LSM) 
was applied to adjust the proportion of  each solid material until the RSS is minimal. The 
optimization algorithm was fulfilled by applying the solver tool in Microsoft Excel@. In the 
applied packing model, the distribution modulus determines the relative proportion of  fine 
particles and coarse particles. According to Hüsken and Brouwers 256, a coarser mixture 
can be obtained with a higher distribution modulus and vice versa. For the geopolymeric 
system, Borges et al. 263 and Gao et al. 264 proposed an optimum q value of  around 0.23, 
accounting for factors such as packing density and mechanical strength. In the present 
study, to investigate the effect of  packing patterns on the high temperature behavior of  
geopolymer-based concrete, two distribution moduli (0.2 and 0.3) were adopted. The target 
particle grading curve and optimized grading curve with two distribution moduli were 
calculated respectively as depicted in Fig. 6.1, and the accordant solid materials proportion 
of  the mixtures (named L-2 and L-3) is shown in Table 6.3. Moreover, to study the effect 
of  the packing principle as well as aggregate size distribution, a mixture with un-optimized 
packing (denoted as L-L) was designed based on L-3 by manually adjusting the aggregate 
size distribution towards a higher fraction of  big aggregates while keeping aggregate vol.% 
as constant, as also presented in Fig. 6.1. An optimized mixture (denoted as S-3) with 
normal sand as aggregate was prepared to compare with L-3. 

Table 6.3 The proportion of mix designed applying packing model (per m3). 

Material L-2 L-3 L-L S-3 

Binder 
Total 605.3 462.5 462.7 462.5 

FA (85 wt.%) 514.5 393.1 393.3 393.1 

LS (15 wt.%) 90.8 69.4 69.4 69.4 

Aggregate 

0.1-0.3 28.4 36.6 13.0 244.3 

0.25-0.5 22.8 22.9 16.9 166.6 

0.5-1 22.1 27.1 29.9 211.4 

1-2 28.8 35.7 43.0 298.6 

2-4 46.7 64.6 81.3 569.9 

Activator 337.2 257.6 257.7 257.6 

Si modulus 1.5 1.5 1.5 1.5 

Na2O% 6.0 6.0 6.0 6.0 

w/c 0.4 0.4 0.4 0.4 

Distribution modulus 0.2 0.3 - 0.3 

Aggregate vol.% 45.9 57.9 57.9 57.9 

In terms of  the geopolymeric binder design, a by-product of  steel manufacturing, ladle 
slag (LS), is incorporated to regulate the workability in avoiding the 
sedimentation/floatation of  aggregates. Besides, the incorporation of  LS is clarified to 
promote the thermal performance of  geopolymer binders according to Chapter 3 and 4. 
In all mixtures, the binder was blended by FA and LS at a mass ratio of  85 to 15, and the 
silicate modulus (SiO2/Na2O mol. ratio), as well as equivalent Na2O wt.%, were set as 1.5
and 6 wt.% respectively according to Ref. 174. To ensure acceptable workability without the 
addition of  superplasticizer, a fixed w/c ratio of  0.4 was adopted. The water content 
included the water in sodium silicate solution and extra distilled water.  
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6.2.3 Sample preparation 

The activator was prepared by mixing sodium hydroxide pellets, sodium silicate solution, 
and distilled water. The mass ratio of  0.14 between NaOH pellets and sodium silicate 
solution was used to achieve the desired silicate modulus, equivalent Na2O wt.%. Distilled 
water was applied to tailor the water/binder ratio. The activator was cooled at ambient 
temperature for 24 h before use.   

A 5L Hobart mixer was applied to prepare geopolymer composites. Firstly, the solid 
precursors and aggregates smaller than 2 mm were added in a mixer and mixed for 1 min 
until a homogeneous state has been reached. Then, the activator was slowly added while 
stirring at a low speed for 30 s. Afterward, the aggregate fraction between 2-4 mm was 
added slowly, following another 60 s at a high-speed stirring. After mixing, the fresh 
mixtures were immediately poured into 40×40×160 mm3 molds and slightly vibrated for 
30 s. The samples were sealed with plastic foil and stored at room temperature (20 ± 2  ̊C) 

for 24 h before another 24 h of  60  ̊C curing. Subsequently, the samples were demoulded 
and cured at room temperature under sealed conditions for 26 days until characterization.    

6.2.4 Test methods 

For the measurement of  density, porosity, Micro-computed tomography (Micro-CT), 
scanning electron microscopy (SEM), thermal transport properties, and water vapor 
properties, the tested samples were cut from the core part of  specimens at 28 days of  
curing and immersed in isopropanol for 72 h to cease the hydration, following a 24 h 40 
˚C drying.  

Basic properties 

The microstructure was observed by applying Phenom Pro (The Netherlands). The tested 
samples were cut from the center of  prisms and impregnated with epoxy resin. 
Subsequently, the samples were polished and coated with Au by using a Quorum 150TS 
plus sputter coater. The observation was performed in a Backscattered electron (BSE) 
mode with an accelerating voltage of  15 kV. The bulk density, skeleton density, and porosity, 
φ were determined as per Section 2.2.3. Micro-CT was performed following the 
description in Section 4.2.3. The data were combined and visualized as shown in Fig. 6.3, 
and then the pores were extracted to calculate the pore size distribution. The volume of  
140 mm3 was tested for different samples, and the pore size between 6.6 to 660 μm was 
detected. 
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Fig. 6.3 The reconstruction and visualization of the 3D structure by Micro-CT. 

The thermal transport parameters including thermal conductivity λ, thermal diffusion α, 
and volumetric heat capacity 𝐶�,�  were measured by a Hot Disk thermal constants 
analyzer (TPS 2500 S, Sweden) at room temperature (20 ± 2 ˚C), following ISO 22007-2 
265. Before measurement, the samples (40×40×20 mm3) are dried at 40 ˚C until a constant 
weight is reached. A transiently heated plane sensor (Hot Disk 8563 F2 Kapton sensor, 
capable of  operating up to 300 ̊ C) was placed in between two slices of  the identical sample 
with a smooth surface or directly inserted into aggregates, acting as the heat source and 
dynamic temperature sensor. The measurement time was set as 80 s and the heating power 
was 70 mW. Three measurements were carried out on each sample and the average data 
was recorded. The apparatus accuracy is ±2% for thermal conductivity measurement and 
±7% for specific heat measurement. 

To determine the water vapor transmission within specimens, the dry cup method was 
performed according to standard ASTM E96 266. The specimens in size of  40×40×40 mm3 
were applied. Before the measurement, the edges of  specimens were thoroughly sealed 
with plastic film and wax to prevent vapor through the edges. The sealed samples were 
attached to the cups filled with anhydrous calcium chloride and then placed in a humidity 
chamber at 20 ˚C, 50% RH. The change of  weight (∆m) at a successive time (∆t) is 
collected by weighing the cups over a specific period. Six consecutive weighings were 
recorded when the weight change rate of  specimens reached a steady state. The water 
vapor transmission rate (WVTR) was calculated according to: 𝑊𝑉𝑇𝑅 =

∆��∙∆�                         (6.3)                

where A is the test area, used as 0.0016 m2. The permeability, δ was calculated following: 𝛿 =
����∆� ∙ 𝑇ℎ                         (6.4) 

where ∆𝑝 represents the vapor pressure difference, used as 8.77 mm Hg at 20 ˚C, 50% 
RH, and thickness, 𝑇ℎ is 0.04 m. 

The compressive strength test was carried out on 7 and 28 days cured samples, following 
EN 196-1 86, and the detailed procedure was given in Section 2.2.3.  
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Heat transfer study 

Two modeling setups are incorporated in the heat transfer study, refer to Fig. 6.4. The 
aggregates and binder are modeled separately in the component’s setup (denoted as ‘CS’) 
model; the properties of  the aggregates (denoted as ‘agg’) are measured, while the 
properties of  the geopolymer binder (denoted as ‘bind’) are calculated. The ‘bulk setup 
(denoted as ‘BS’) model depicts the composite as a single bulk body, where its material 
properties are measured directly from the overall composite (denoted as ‘comp’). The CS 
model is used to study the influence of  aggregates in the composite, while the BS model 
is used to validate the CS model. The comparison of  modeling output between ‘CS’ model 
and ‘BS’ model is given in Appendix D (Fig. D1).  

(1) Set up of  Geometry 

To set up the composite geometry for CS study, models are represented two-dimensionally. 
The aggregate is portrayed as a sphere with a diameter dagg after averaging out their irregular 
shapes and represented as a circle in two dimensions, refer to Fig. 6.4b. In addition, the 
volume fraction of  aggregates in the composite %Vagg is converted into area fraction %Aagg 
in two-dimension. The aggregates are represented by their mean diameter dagg, with five 
different categories of  aggregate size included in the model. The overall geometry setup is 
presented in Fig. 6.5, it should be noted that identical geometry is applied for L-3 and S-
3 due to their same packing design. The geometries are generated with MATLAB codes 
and imported into Comsol Multiphysics for further simulation. 

 
Fig. 6.4 (a) Model setups and (b) aggregate modeling in the ‘CS’ model. 
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Fig. 6.5 Two dimensions geometry setup. 

(2) Heat transfer modeling 

The influence of  different packing models on the heat transfer process within the 
composites is studied using the Comsol Multiphysics 5.6 software. The model is solved 
using the following heat transport equation 267: 

��,�� ���� − 𝜆 ������� +
������� = 𝑄                     (6.5) 

where λ is the effective bulk thermal conductivity, Cp,v is the measured volumetric heat 
capacity under constant pressure, ρ is the bulk density, Q is the heat source, and T is the 
temperature profile to be solved. For practical reasons, λ is assumed to remain constant at 
the average value. The main input parameters, namely bulk density, thermal conductivity, 
and volumetric heat capacity for the modeling are determined as follows: 

The bulk density of  the standalone binder ρbind is calculated according to: 𝜌���� =
�������������%�����                         (6.6) 

where mcomp and magg are the mass of  the composite and aggregate respectively, and %Vagg 
is the volume fraction of  aggregates in the composite.  

The thermal conductivity λbind is obtained by treating the solid and pores in the binder as 
thermal resistors in parallel 268 with the following equation: 𝜆���� = (1 − 𝜑)𝜆����� + 𝜑𝜆���                   (6.7) 

in which, φ is the volume fraction of  the air pores (porosity) in the binder, λsolid is calculated 
from the approximate thermal conductivity of  the solid skeleton of  a plain FA/LS 
geopolymer as 0.5480 W/mK, and 𝜆��� is the thermal conductivity of  air at 0.026 W/mK.  
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The volumetric heat capacity of  binder Cp,v,bind is obtained by using a weighted average 
equation 269: 

��,�,��������� = %𝑤𝑡.��� ��,�,������� + %𝑤𝑡.���� ��,�,���������              (6.8) 

where %wt.agg and %wt.bind represent the weight percentage of  binder and aggregate 
respectively.  

(3) External thermal load and output results 

Both models are set up with heat transfer from the heat source through their perimeter 
into the body. Similar to the laboratory setup, heat is transferred from the heating source 
in an oven to the body by convection and radiation, which can be described by an 
equivalent heat transfer coefficient (h), and the heat source Qin can be described: 𝑄�� = ℎ(𝑇��� − 𝑇)                      (6.9) 

where Text is the temperature in the oven, and h is set at 10. The heating temperature Text 
profile is set as the boundary conditions: 𝑇���(𝑥 = 0,0 ≤ 𝑦 ≤ 𝐿, 𝑡)𝑇���(𝑥 = 𝐿, 0 ≤ 𝑦 ≤ 𝐿, 𝑡)𝑇���(0 ≤ 𝑥 ≤ 𝐿,𝑦 = 0, 𝑡)𝑇���(0 ≤ 𝑥 ≤ 𝐿,𝑦 = 𝐿, 𝑡) = � 20 𝑡 = 0

20 + 10𝑡 0 < 𝑡 ≤ 78 𝑚𝑖𝑛
800 78 < 𝑡 ≤ 138 𝑚𝑖𝑛      (6.10) 

Namely, the sample is heated at a rate of  10 ˚C/min from 20 ˚C to 800 ˚C, and 
subsequently held at 800 ˚C for another 60 minutes to reach the thermal equilibrium. The 
initial condition of  the body is set at 20 ˚C. A time-dependent solver is used, with a total 
simulation time of  138 minutes with a 1-minute time-step. The T profiles from six data 
points are extracted for study: 0 (on the surface), 4, 8, 12, 16, and 20 cm (center) from the 
surface. The temperature graphical profiles at 10 minutes intervals are exported to 
supplement the result analysis.  

High temperature behavior 

The high temperature exposure test was performed according to the procedure described 
in Section 2.2.3. The prismatic samples (40×40×160 mm3) at 28 curing days were heated 
from room temperature to different temperatures of  100, 200, 400, 600, and 800 ˚C. Then 
the specimens were naturally cooled down to ambient temperature (20 ± 2 ˚C) in the 
furnace and sealed with plastic foil until further characterization. For each composite, three 
samples were tested under the same condition. The thermally induced linear shrinkage of 
samples was determined by comparing the length of the longest side of the prismatic 
samples before and after thermal exposure. For the residual compressive strength, an 
identical protocol was conducted on cooled prismatic samples as mentioned above. The 
average value of six replicates was recorded as residual compressive strength. 
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6.3 Results 

6.3.1 Basic characteristics 

Appearance observation and microstructure 

The cross-section of  samples with different aggregates and packing models are presented 
in Fig. 6.6. The highlighted white particles and crystalline-like particles represent LWA and 
sand, respectively, and the dark regions around the particles indicate the binder gel and the 
black regions denote pores and voids. The aggregates distribute homogeneously in all 
matrices, indicating the proper workability to avoid aggregate segregation. Notably, a wide 
range of  particle sizes can be observed in developed L-2, L-3, and L-L samples. From L-
2 to L-3, with an increasing q value, more LWAs are detected. A coarser packing pattern 
with a larger proportion of  big size aggregates but fewer small size aggregates is obtained 
in unoptimized sample L-L. The S-3 sample with sand aggregates shows a similar packing 
pattern as L-3 because of  the same q value in the mix design. Moreover, pores and voids 
are formed in all specimens caused by air entrainment during the mixing. 

 
Fig. 6.6 The cross-section of samples with LWA and sand aggregates. 

The interface between binder gel and aggregates is presented in Fig. 6.7. In Fig. 6.7a and 
b, the dense regions with spherical FA particles are identified as geopolymer binder whilst 
the extremely porous structures are referred to as LWAs. A well-connected interfacial 
transition zone (ITZ) between paste and LWAs is observed, which should be attributed to 
the impregnation of  binder gel into the porous surface of  LWAs that forms an interlocked 
bonding. While a poorer connection is noticed between binder and sand aggregates in Fig. 

6.7c and d.   

Density and porosity  

Fig. 6.8 depicts the bulk density and porosity of  the geopolymer composites. In general, 
the SAG sample has a significantly high density of  1.99 g/cm3 and low porosity of  24.55% 
as compared to LWAGs. The incorporation of  LWA largely decreases the density to 1.21 
g/cm3 and increases the porosity to 48.63% in L-2. In addition, when increasing the q value 
from 0.2 to 0.3, the density is further decreased with higher porosity. This is because the  
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Fig. 6.7 SEM image of geopolymer binder and aggregate interface. 

increased q value leads to a higher LWA amount while a reduction in binder content as can 
be known from Table. 6.3. Notably, a lower density with higher porosity is obtained in 
unoptimized sample L-L as compared to L-3, despite the aggregate vol.% being kept the 
same as L-3. This can be attributed to both the poor packing quality in L-L and the higher 
fraction of  big aggregates in L-L as compared to L-3, which potentially introduces more 
pores. The porosity from the binder and aggregate are further calculated and summarized 
in Table 6.4. It is clear that a higher q value leads to a lower binder porosity but a higher 
aggregate porosity, and the unoptimized L-L samples have higher aggregate porosity. 
Moreover, it should be noted that the highest binder porosity of  20.44% is resulted in S-
3. It is ascribed to the poor workability in SAG due to the water absorption from the sand. 

 
Table 6.4 Calculated porosity of binder and aggregate in different mixes. 

Sample code φBind φAgg φTotal 

L-2 8.06 40.57 48.63 

L-3 2.49 50.3 52.79 

L-L 2.8 51.22 54.02 

S-3 20.44 4.11 24.55 
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Fig. 6.8 The density and porosity of samples. 

 

 
Fig. 6.9 Pore size distribution of geopolymer composites from Micro-CT scanning. 

The detailed pore structure of  geopolymer composite is investigated by microtomography 
technology (Micro-CT) as presented in Fig. 6.9. The calculated porosity is 14.0%, 22.4%, 
30.1%, and 7.6% for L-2, L-3, L-L, and S-3 respectively. Here, the calculated porosity is 
lower than the total porosity, resulting from the limited pore size detected range (˃6.6 μm) 
of  Micro-CT. In general, the variation trend correlates well with that of  total porosity in 
different composites, and the calculated results can be used as an indicator for 
understanding the influence of  different aggregates and packing designs on pore structure. 
The pore size distribution in LWAG shows a parabolic shape with the main peak, while 
the SAG has a widely distributed size of  pores. The pores detected in S-3 are mainly from 
the binder, which is related to the poor workability. In LWAG, with the q value change 
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from 0.2 to 0.3, the main peak shifts from 34.6 to 40.9 μm with an increased peak intensity 
and wider pore size range, resulting in a coarser pore structure. As compared to L-3, the 
L-L sample shows higher main peak intensity and higher fraction of  big pores/defects 
(larger than 100 μm), which explains its higher porosity as compared to L-3.

Water vapor properties  

 
Fig. 6.10 Water vapor transport in different samples as a function of time duration. 

 
Table 6.5 Water transport properties, water vapor transmission rate (WVTR), permeability (𝛿). 

Code Slope (g/h) 
WVTR 

(g/h m2) 
δ 

(m/s) 
L-2 0.00274 1.71 0.0078 

L-3 0.0025 1.56 0.0071 

L-L 0.00248 1.55 0.0071 

S-3 0.00151 0.94 0.0043 

 

Water vapor transport plays an important role in determining the thermal stability of  
building materials since it represents the ability to transfer water vapor from the body at 
high temperatures. The water vapor transmission along with time is shown in Fig. 6.10, 
and the transport properties are calculated and summarized in Table. 6.5. It can be seen 
that the introduction of  LWAs results in a much higher water vapor transport and 
permeability than that of  SAG owing to the higher porosity and pore openness. However, 
among LWAGs, it is interesting to notice that the water vapor transport, as well as 
permeability, are negatively related to the total porosity of  the composites. The L-3 and L-
L with the highest porosity show the lowest water vapor transmission and permeability. 
Because water vapor transport is mainly determined by pore connectivity, it is most likely 
the LWAs are largely composed of  closed/isolated pores. Thus, despite the high porosity, 
the higher incorporation of  LWAs has a minor or even negative influence on pore 
connectivity. In this case, a higher binder porosity with lower aggregate porosity in L-2 
results in better water transport properties as compared to L-3 and L-L. On the other hand, 
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the pore size distribution within samples also plays a vital role in determining water vapor 
transport. Huang et al. 270 concluded that large capillaries and microcracks have a greater 
impact on moisture transport rates than other pore components. As learned from Fig. 6.9, 
L-2 exhibits the highest percentage of  pore below 10 μm among LWAGs, which can be 
another cause for the promoted water transport property. Here, the superior water 
transport performance observed in LWAGs can offer better thermal stability over sand 
geopolymer composites by facilitating the thermally induced water vapor, and thus 
reducing the inner thermal stress, which will be discussed below. 

Mechanical strength 

The compressive strength of  designed samples is determined at the age of  7 and 28 days, 
and the results are shown in Fig. 6.11. As expected, the SAG exhibits the highest 
compressive strength from 7 to 28 days owing to its dense structure. For the LWAG, the 
optimized mixtures, namely L-2 and L-3, have a higher strength as compared to the 
unoptimized mixture. This is mainly due to the poor packing in L-L as evidenced by pore 
size distribution, proving the advantage of  packing design for LWAGs considering the 
mechanical strength. Moreover, L-2 shows a lower early compressive strength at 7 days 
while a higher compressive strength at a later age when compared to L-3. This should be 
due to the slow strength development of  the geopolymer binder, which is initially weaker 
than LWA. Therefore, the increasing content of  LWAs in L-3 further strengthens the 
matrix at an early age. While the binder gel takes the dominant role in the compressive 
behavior at a later age, thus L-2 sample shows the highest strength gain from 7 to 28 days. 

 

 
 

Fig. 6.11 Compressive strength of  sample at 7 and 28 days of  curing. 
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6.3.2 Heat transfer study 

Thermo-physical properties 

The thermal-physical properties, including thermal conductivity, thermal diffusion, and 
volumetric heat capacity are summarized in Table 6.6. All parameters are measured under 
constant pressure and volume. The volumetric heat capacity considers the role of  bulk 
density, which is preferable to differentiate the effect of  lightweight aggregates and normal 
sand on the heat gain within the composites. For simplification, the volumetric heat 
capacity is represented as heat capacity in the following discussion. 

Table 6.6 The thermal conductivity (λ), thermal diffusion (α), and volumetric heat capacity (Cp,v) of 
samples. 

 λ 
(W/mK) 

St dev α  
(mm2/s) 

St dev Cp,v 
(MJ/m3K) 

St dev 

L-2 0.2866 0.0036 0.2874 0.0148 0.9986 0.0375 

L-3 0.2769 0.0018 0.2443 0.0045 1.1337 0.0133 

L-L 0.2498 0.0036 0.2496 0.0072 1.0011 0.0147 

S-3 1.4010 0.0151 0.9332 0.0511 1.5043 0.0650 

The thermal conductivity of  prepared geopolymer composites with sand is significantly 
increased as compared to LWAs. This is primarily due to the high thermal conductivity of  
regular sand, which largely amplifies the overall thermal conductivity of  the geopolymer 
composite. For LWAG, it is noticed that a higher q value contributes to lower thermal 
conductivity. In addition, the unoptimized sample L-L exhibits a lower thermal 
conductivity as compared to L-3. It is because the poor packing in L-L introduces more 
large pores/voids in the matrix, further reducing the thermal conductivity. In addition to 
thermal conductivity, SAG also exhibits the highest thermal diffusion and volumetric heat 
capacity among all the developed composites due to its dense structure. Moreover, among 
LWAGs, it is noticed that the variation of  heat capacity and thermal diffusion is not linearly 
related to thermal conductivity or bulk density. This discrepancy might be because of  the 
specific pore structure by introducing LWAs. Hence, the obtained thermos-physical 
properties with specific pore structures are expected to impact the high temperature 
behavior of  geopolymer composites, which will be discussed below. 

Lastly, the thermal conductivity versus compressive strength is compared with previous 
literature in Fig. 6.12. In accordance with previous studies, the compressive strength of  
designed LWAGs is found to reduce along with the thermal conductivity. Moreover, it is 
noted that a higher mechanical strength is obtained in this study as compared to other 
lightweight geopolymers with similar thermal conductivity. It further proves that the 
optimized packing model contributes to a compact mixture with homogenously distributed 
LWAs, enabling a low thermal conductivity with decent compressive strength. 
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Fig. 6.12 The relationship between compressive strength and thermal conductivity as compared to other 
geopolymer-based lightweight materials 271–276. 

Temperature contour 

Numerical simulation is employed to study the heat transfer process within different 
composites as a function of  packing design and aggregate type. In the ‘CS’ model, the 
binder and aggregates are assigned individual main parameters, including bulk density, 
thermal conductivity, and heat capacity which are determined as mentioned in the testing 
method section and summarized in Table 6.7.  

Table 6.7 Main parameters of the heat transfer simulation. 

 

Sample Component ρb λ Cp,v 
  kg/m3 W/mK MJ/m3K 

L-2 

Composite 1210.0 0.2866 0.9986 

Aggregate 324.2 0.0698 0.2884 

Binder 1961.6 0.4702 1.6011 
     

L-3 

Composite 1100.0 0.2769 1.1337 

Aggregate 322.8 0.0698 0.2860 

Binder 2168.9 0.5171 2.2995 
     

L-L 

Composite 1090.0 0.2498 1.0011 

Aggregate 318.0 0.0698 0.2735 

Binder 2151.8 0.5133 2.0018 
     

S-3 

Composite 1990.0 1.4010 1.5043 

Aggregate 2082.0 0.2024 1.7281 

Binder 1758.0 0.4241 1.1966 



Understanding the thermal behavior of  geopolymeric composites designed by packing model 

163 
 

The simulated heat transfer through the L-2 composite as a function of  exposure time is 
extracted and shown as an example in Fig. 6.13a, and the temperature maps of  different 
composites at 100 min are compared in Fig. 6.13b. The external heating load is imposed 
on the perimeters of  the simulated models as per experimental setup corresponds to the 
Eq. (6.10), and a cyclic-shaped temperature distribution can be observed within all 
composites. In LWAG, the isothermal lines are unevenly distributed, and the isotherms are 
denser in the area close to the heating source than that in the core area. As compared to 
L-2, denser isothermal lines are presented in L-3 and L-L, indicating a higher LWA 
proportion leads to a larger temperature gradient within the matrix, while a slower 
temperature gain rate has resulted. Between L-3 and L-L, the isothermal lines in L-L appear 
relatively more irregular. This is due to the unoptimized packing of  L-L, causing a 
significant difference in thermal conductivity between the binder and aggregates (See 

Table 6.7). In comparison, the smaller difference in thermal conductivity between sand 
and geopolymer binder leads to a more evenly distributed isotherm line in S-3. 

Temperature variation 

The temperature gradients within different composites are compared in Fig. 6.14, and the 
simulated temperature change on the surface and at the core of  samples is provided in 
Appendix D (Fig. D2). For all samples, the temperature gradient increases first and then 
decreases while the heating temperature is constant. In general, the geopolymers with 
aggregates diffuse heat slower and show a higher temperature gradient than the standalone 
binder (Ref) under the same heating conditions. In terms of  the packing modulus, L-3 
shows the best thermal insulation performance. The dense binder with a relatively low 
LWA proportion in L-2 leads to a high thermal diffusivity with a small temperature 
gradient. As for the effect of  packing, despite its lower thermal conductivity, L-L exhibits 
a lower temperature difference as compared to L-3. It is because, the denser matrix 
obtained in L-3 contributes to a higher heat capacity with a lower thermal diffusivity, 
meaning a higher thermal inertia to be overcome in L-3 than in L-L. Moreover, it is 
expected that S-3 shows a smaller temperature gradient than L-3, because of  the higher 
thermal conductivity and faster heat diffusion of  sand than that of  LWAs. 

In summary, the types and packing of  aggregates have a combined effect on 
thermophysical parameters, which have a direct impact on the heat transfer properties of  
geopolymer composites. The high thermal conductivity and heat capacity of  sand result in 
a more even heat distribution with a small temperature gradient in SAG as compared to 
LWAGs. In terms of  LWAGs, the optimized packing contributes to a high heat capacity 
and low thermal conductivity, resulting in a low thermal diffusivity with a large temperature 
gradient. These observed heat transfer properties further influence the high temperature 
behaviors of  geopolymer composites, which is discussed in the next section.  
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Fig. 6.14 The temperature gradient within samples between the surface and core. 

6.3.3. High temperature behavior 

It has been well studied that the thermal behavior of  geopolymer binder under elevated 

temperatures is governed by major factors including further geopolymerization, gel 

dehydration, re-crystallization, and viscous sintering 20,22,277. Hence, this section mainly 

focuses on the interaction between aggregates and geopolymer binder under elevated 

temperatures, and its further influence on high temperature performance, such as thermal 

transport properties, microstructural change, volumetric stability, and thermal mechanical 

evolution.  

Thermal conductivity and microstructural transformation  

 

Fig. 6.15 Thermal conductivity after exposure to elevated temperatures. 
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The thermal conductivity of  the geopolymer composites after high temperature exposure 

is depicted in Fig. 6.15. The thermal conductivity of  the SAG sample keeps decreasing 

from 1.401 to 1.005 W/mK. LWAGs show a stable thermal conductivity before 600 ˚C, 

following a slightly increase up to 800 ˚C. The difference in thermal conductivity among 

LWAGs is insignificant, and the thermal conductivity after 800  ̊C exposure is proportional 

to the initial thermal conductivity. Pan et al. 51 reported the thermal conductivity of  FA 

based geopolymer paste during high temperature exposure as summarized in Fig. 6.15. In 

comparison, the initial thermal conductivity of  LWAGs is lower than FA based geopolymer 

paste, while that of  SAG is much higher, owing to the thermophysical properties of  

different aggregates as discussed in Section 6.3.2. Moreover, the thermal conductivity of  

LWAGs shows a similar but more stable tendency to FA geopolymer paste at high 

temperatures. Here, the difference between the presented and previous study should

mainly result from the aggregate incorporation. The incorporation of  LWAs promotes the 

microstructural stability and subsequently, minimizes the thermal conductivity variation at 

high temperatures. While the sand incorporation further intensifies the thermally induced 

microcracking, resulting in a continuous reduction in thermal conductivity. On the other 

hand, this discrepancy may be raised by the measurement technique. The thermal 

conductivity at high temperatures might be higher than that of  exposed geopolymer due 

to the presence of  thermal radiation upon exposure to heat 268.  

The thermally induced microstructure transformation between SAG and LWAG (L-3 and 

S-3) is compared in Fig. 6.16. Before being exposed to high temperature, spherical particles 

can be observed in both L-3 and S-3, representing the unreacted FA. A weak bond between 

sand and binder gel is noticed in S-3, while it is difficult to identify the ITZ between LWA 

and gel. At 200 ̊ C, both samples are relatively stable with minor cracks. Noteworthy, owing 

to the further geopolymerization of  the binder, the ITZ in S-3 is refined and becoming 

insignificant. From 200 to 600 ˚C, varying degrees of  microstructure degradation are 

detected due to the decomposition of  geopolymeric gel as well as the physical interaction 

between binder gel and aggregates. Two deterioration patterns are differentiated in L-3 and 

S-3: i) In S-3, drastic structural deterioration is noticed in geopolymer binder along sand 

aggregates, especially at 600 ˚C. It is known the sand experiences a volumetric expansion 

owing to α-β quartz transformation at around 573 ˚C 278. Simultaneously, the geopolymeric 

gel is prone to dehydrate and shrink at elevated temperatures 174. With the significant 

thermal incompatibility between geopolymer binder and sand, numerous cracks and voids 

are formed as observed in Fig. 6.16h. Moreover, sand and unreacted FA particles are 

increasingly separated from the binder gel, which further weakens the matrix bonding. ii) 

As for LWAGs, only minor cracks occur to the LWA body along the interface. Interestingly, 

as compared to S-3, the negative effect of  gel shrinkage is mitigated in L-3. This is due to 

the intrinsic weak mechanical property of  LWA. The aggregate body is inevitably damaged  
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Fig. 6.16 The microstructure of geopolymer composites exposed to high temperatures. 
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during the gel shrinking, while the thermal strain between binder gel and aggregates is 

reduced, thus largely retaining the binder's structural integrity. At 800 ˚C, owing to the 

viscous sintering and re-crystallization of  geopolymeric binder 234, the pores of  LWAs and 

cracks in L-3 are partially filled with gel, and the matrix is largely healed and densified. It 

further explains the rise in thermal conductivity at 800  ̊C as observed in Fig. 6.15. While 

voids between sand and binder gel are still visible in S-3 due to the severe structural 

deterioration.   

Volumetric stability 

The linear shrinkage, bulk density, and porosity transformation of  samples as a function 

of  temperature are presented in Fig. 6.17. In general, the thermal evolution of  volumetric 

properties in mixtures with different aggregate type exhibit varied trends. The SAG 

exhibits a minor linear shrinkage of  0.35% at 800 ˚C. Kong et al. 80 and Zhang et al. 249 

reported that geopolymer mortars with sand or basalt aggregates experience thermal 

expansion up to 800 ˚C, attributed to the thermal incompatibility between geopolymer 

binder and aggregates. Here, the observed good thermal volumetric stability can be 

assigned to the optimized sand aggregate packing, which serves as a reinforcing skeleton 

that can resist thermal deformation. In comparison, LWAGs undergo different degree of  

thermal shrinkage with the sharpest shrinkage occurs from 600 to 800 ˚C. This is because, 

on the one hand, the LWAs are relatively weak, and the thermal shrinkage of  binder gel 

plays a dominate role before 600 ˚C. On the other hand, as observed in Fig. 6.16i, the 

partial melting and viscous sintering of  binder at 800 ˚C fill the pores of  LWAs, which is 

the main cause of  the drastic shrinkage. More specifically, it is noticed that unoptimized 

LWAG as well as LWAG with a higher q value experiences less linear shrinkage. It can be 

deduced that a coarse pore structure with high porosity or large LWAs fraction is beneficial 

to alleviate the matrix thermal shrinkage. 

As shown in Fig. 6.17b and c, the evolution of  bulk density and porosity can be an 

indicator of  thermally induced microstructural change, such as crack formation and matrix 

densification. As compared to LWAGs, despite SAG showing the lowest linear shrinkage 

up to 800 ˚C, significant variations in bulk density as well as porosity are observed. The S-

3 shows an obvious reduction in bulk density with increased porosity at 100 ˚C. A similar 

trend was reported in geopolymer composites with fine pegmatite aggregates 279, indicating 

the crack formation induced by the drastic water evaporation. From 400 to 600 ˚C, there 

is a remarkable drop in bulk density accompanied by increased porosity in S-3. This can 

be attributed to the sand expansion, which is consistent with SEM results. Then, 

insignificant matrix densification is noticed at 800 ˚C, suggesting a diminished healing 

effect during viscous sintering. The LWAGs exhibit similar trends in bulk density as well  
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Fig. 6.17 The variation of (a) linear shrinkage, (b) density, and (c) porosity of geopolymer composites at 

different temperatures. 
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as porosity from 20 to 800 ˚C. Among these, the optimized mixture with a q value of  0.3 

shows the best stability before 600 ˚C. After 600 ˚C, all the LWAGs undergo significant 

matrix densification with reduced porosity, further proving the filling effect of  viscous gels. 

In general, the high stiffness of  sand with optimized packing provides decent macro 

stability at high temperatures. However, at the microstructural level, the conflicting thermal 

behavior among geopolymer binder and sand aggregates leads to severe microstructural 

deterioration. On the other hand, the incorporation of  LWAs helps to alleviate the thermal 

mismatch between paste and aggregates thanks to its high permeability and mechanical 

weakness, resulting in reduced microstructural deterioration.  

Residual compressive strength 

The mechanical strength variation as a function of  temperature is depicted in Fig. 6.18a. 

A noticeable difference in mechanical strength evolution is observed between SAG and 

LWAG. All composites show a different degree of  strength gain at 100 ˚C. Then, LWAGs 

exhibit a strength reduction till 600 ˚C, following a strength rise at 800 ˚C. While the 

compressive strength of  S-3 keeps dropping from 100 to 800 ˚C. Above all, the SAG 

sample shows the highest mechanical strength before 600 ˚C, while LWAGs have superior 

mechanical strength at 800 ˚C, especially for L-3.  

 

Fig. 6.18 (a) The compressive strength and (b) strength change ratio of composites at different 

temperatures. 

The thermal mechanical strength change ratio in different composites is further compared 

in Fig. 6.18b. It is known that the strength gain of  geopolymer binder at 100 ˚C is mainly 

because of  the further geopolymerization 206. As compared to the remarkable strength gain 

of  78.4% in SAG, LWAGs only exhibit a slight compressive strength gain. This is because 

in LWAGs, despite the further geopolymerization that refines the ITZ between binder and 
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aggregates, the poor mechanical property of  LWAs largely hinders the strength gain effect. 

It explains the higher strength gain in L-2 than L-3 due to its higher binder content. Whilst 

given the high stiffness of  sand aggregates, the positive effect of  further 

geopolymerization is more significant in SAG. After 100 ˚C, the strength evolution in 

geopolymers is mainly affected by two mechanisms, namely the 

dehydration/decomposition of  binder gel and the thermal interaction between binder gel 

and aggregates. In general, SAG experiences a more drastic strength deterioration 

compared to LWAGs from 100 to 800 ˚C. This is because, on the one hand, the dense 

matrix with low permeability (see Table 6.6) gives rise to thermal stress during water 

evaporation 68. On the other hand, as detected in SEM, the thermal mismatch among 

binder shrinkage and sand expansion after 400 ˚C remarkably damages the matrix with 

serious cracking and voids formation. In comparison, LWAGs undergo a moderate

strength loss till 400 ˚C, following a strength gain. As discussed above, the decreased 

strength loss in LWAGs is mainly thanks to the reduced thermal incompatibilities between 

binder gel and LWAs. In addition, the high permeability in LWAGs contributes to a lower 

water vapor pressure, hence weakening the matrix damage. Moreover, it is interesting that 

a higher q value enables a reduced strength loss rate, whilst a prolonged compressive 

strength loss period till 600 ˚C (L-3). This likely corresponds to the different heat transfer 

processes in L-2 and L-3. As discussed in Section 3.2, during the heating process, L-3 

exhibits a lower temperature gain rate than L-2, which would certainly alleviate the 

thermally induced damage. However, the large thermal gradient in L-3 might prolong the 

effects of  thermal deterioration. Beyond 600 ̊ C, strength gains of  2.6%, 28.4%, and 30.0% 

are noticed in L-2, L-3, and L-L, respectively, attributed to the viscous sintering. The 

sample with a larger q value exhibits a higher strength gain, which is contributed by the 

reduced matrix degradation that allows a superior healing effect. The L-3 and L-L show a 

relatively similar strength gain ratio due to the same gel/aggregate proportion, whilst the 

optimized matrix exhibits a higher residual strength. In S-3, the strength gain is hindered 

due to the drastic structural deterioration.  

In conclusion, the geopolymer composites with different aggregate types experience a 

varied strength evolution under elevated temperatures. As compared to SAG, a reduced 

strength loss from 100 to 400 ˚C and an obvious strength gain at 800 ˚C is observed in 

LWAGs, owing to the higher permeability, and lessened thermal incompatibility. In 

addition, a higher q value not only contributes to lower thermal-induced damage but also 

slows down the development of  strength deterioration. It should be related to its low 

binder gel/aggregate ratio and specific heat transfer properties during heating. 
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6.4 Conclusions 

This chapter introduces a novel theoretical approach toward the design of  high 

temperature resistant geopolymer composites based on packing optimization. The 

microstructural formation, as well as thermophysical properties of  the designed 

lightweight aggregate incorporated geopolymer (LWAG), are examined to compare with 

sand aggregate incorporated geopolymer (SAG). The role of  aggregate characteristics in 

determining the heat transfer process is numerically explored via heat transfer simulation. 

Ultimately, the interrelationships between the microstructural-thermophysical properties, 

heat transfer pattern, and high temperature performance are clarified. The following 

findings can be summarized: 

(1) By applying an optimized packing model, the incorporation of  lightweight aggregates 

(LWA) into geopolymer achieves a significantly high porosity ranging from 48.6% to 54.0% 

as compared to SAG of  24.6%. Among LWAGs, a higher distribution modulus results in 

a coarser pore structure. Accordingly, a high moisture permeability of  around 0.0078 m/s 

is obtained in LWAG as compared to SAG of  0.0043 m/s. Owing to the rough surface of  

LWA, the mechanical interlocking effect between LWA and geopolymeric binder 

contributes to a good binding and compact matrix, resulting in a comparable mechanical 

strength to that of SAG.  

(2) The type and packing design of  aggregates significantly affect the thermophysical 

parameters of  geopolymer composites, especially for thermal conductivity and heat 

capacity. The incorporation of  sand into geopolymer composite leads to a high thermal 

conductivity and heat capacity. In contrast, LWA enables a promising thermal insulation 

performance. The optimized packing further contributes to a well-packed matrix with high 

porosity, resulting in a high heat capacity and low thermal diffusivity. When decreasing the 

distribution modulus from 0.3 to 0.2, higher thermal conductivity and lower heat capacity 

are resulted due to the reduced aggregate proportion.  

(3) The thermal progression development of  geopolymer composites is largely influenced 

by the intrinsic property of  aggregates. The optimized packing of  sand in geopolymer 

largely resists the macro-deformation up to 800 ˚C. But severe microstructural 

deterioration and strength loss is noticed in SAG due to the drastic matrix incompatibility. 

In contrast, the incorporation of  LWAs results in less thermal destruction with better 

mechanical stability. However, it ultimately leads to significant shrinkage. Increasing the 

distribution modulus further alleviates the strength deterioration in LWAGs, attributed to 

the resulting microstructure and heat transfer pattern. 



Understanding the thermal behavior of  geopolymeric composites designed by packing model 

173 
 

(4) The distinct thermophysical properties of  LWAs and sand significantly vary the heat 

transfer pattern in geopolymer composites. Sand incorporation results in a fast heat 

transfer with even temperature distribution in geopolymer composite upon heating. In 

contrast, the low thermal conductivity of  LWAs impedes the inner heat transfer, hence 

generating a large temperature gradient within the composites. In addition, increasing the 

distribution modulus reduces the thermal diffusivity and temperature gain rate. It 

potentially slows down the development of  strength deterioration and eases the 

mechanical degradation in LWAGs at elevated temperatures. 

The results from this chapter build a picture of  the progressive evolution of  geopolymer 

composites under elevated temperatures, which offers new insights into the thermal 

degradation mechanism of  geopolymer-based mortar/concrete. The introduced design 

approach can serve as a framework for advancing high temperature resistant geopolymer 

composites. It shows potential for using geopolymers in large-scale applications like 

structural elements and tunnel linings that require heat/fire resistance. Nevertheless, this 

study primarily focuses on the post-heating behavior of  geopolymer composites. Future 

research concerning the in-situ thermal behavior characterization is imperative to achieve 

a more comprehensive grasp of  the thermal performance of  geopolymer composites. 
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Chapter 7 Conclusions and recommendations 

 

 

Conclusions and recommendations 

This thesis focuses on high temperature-resistant geopolymer-based materials, with the 

objective of  achieving economically and environmentally sustainable solutions. As the 

starting point, the thermal degradation mechanism of  geopolymer-based materials is 

thoroughly revealed by investigating the synergetic effect of  chemical transformation and 

physical change at elevated temperatures. Followingly, the thermal performance of  

geopolymer-based materials is effectively enhanced through the strategic integration of  

industrial by-products and waste materials. The major findings and corresponding 

recommendations for future research are shown below. 

7.1 Conclusions 

7.1.1 Thermal degradation mechanism of  geopolymer-based materials  

In an effort to clarify the thermal degradation mechanism of  geopolymer-based materials, 

the interaction between physical change and chemical transformation at elevated 

temperatures is investigated. From room temperature to 800  ̊ C, two different cracking 

patterns are detected in geopolymer-based materials: a) Long and narrow cracks formed 

along the interfacial transition zone at low temperatures because of  water evaporation. b) 

Evenly distributed and widened cracks occur at elevated temperatures owing to the 

dehydration and decomposition of  geopolymeric gel. In terms of  thermally induced 

chemical transformation, further geopolymerization before 200  ̊ C strengthens the gel 

skeleton and protects the matrix from spalling. From 200 to 600  ̊C, the decomposition of  

geopolymer gel accounts for the main inducer of  strength deterioration. After 600  ̊C, the 

viscous sintering and partial melting of  gel largely fill the pores and cracks. The mechanical 

strength evolution of  geopolymer-based material under elevated temperatures is not only 

influenced by crack formation but also by chemical transformation. In particular, further 

geopolymerization could compensate for the microstructural deterioration and enable a 

strength gain in the early stage, and the viscous sintering further densifies the matrix at 800 

 ̊C.  
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As compared to plain fly ash-based geopolymer, the dense matrix of  hybrid fly ash/GGBS 

geopolymer results in higher capillary pressure and poorer ability to accommodate thermal 

stress at high temperatures. On the other hand, the GGBS addition not only lessens the 

positive effect of  further geopolymerization but also negatively impacts the gel thermal 

stability. As a result, from 20 to 800  ̊C, a 41.04% strength loss is detected in hybrid fly 

ash/GGBS geopolymer as compared to a 150.25% strength gain in sole fly ash based-

geopolymer. The GGBS addition enables a superior mechanical strength in hybrid 

geopolymer without high temperature curing, while poor thermal stability is resulted due to 

the intrinsic properties of  GGBS.  

7.1.2 Gel development by precursor tailoring 

With the aim to improve both the initial properties and high-temperature stability of  

geopolymer-based materials, the composition and structure of  geopolymeric gel are 

purposefully modified by introducing ladle slag into Class F fly ash geopolymer. As a by-

product from the steelmaking industry, ladle slag promotes alkali activation degree, resulting 

in a higher content of  aluminosilicate hydrates. Within an alkaline system rich in soluble Si, 

the initially hydrated CAH phases from ladle slag absorb Si to form a more stable C-A-S-H 

gel, which hinders the conversion reaction between metastable and stable CAH phases. With 

the rapid reaction of  ladle slag, the product layer (C-A-(S)-H) largely limits Ca dissolution 

and diffusion. Hence, the geopolymerization is retained, with the formation of  a partial Ca 

uptake N-A-S-H gel. As a result, a co-existence of  C-(N)-A-(S)-H and N-(C)-A-S-H is 

obtained in hybrid ladle slag/fly ash geopolymer, and the compressive strength increases 

with ladle slag substitution from 0 to 15 wt.%. When exposed to elevated temperatures, the 

hybrid gel exhibits good thermal stability due to the retained geopolymeric gel. On the other 

hand, the specific pore system in hybrid ladle slag/fly ash geopolymer reduces the thermal 

stress and thus contributes to better pore stability. As a result, the residual compressive 

strength, as well as strength gain rate after 800 ˚C is increased along with ladle slag 

substitution. Nevertheless, increasing the ladle slag substitution leads to a higher mass loss 

and volumetric shrinkage due to severe dehydration and recrystallization of  hybrid binders 

at high temperatures. 

Furthermore, the compatibility between C-(N)-A-(S)-H and N-(C)-A-S-H gel plays a vital 

role in determining the initial properties and thermal performance of  hybrid ladle slag/fly 

ash geopolymer, which can be tailored by adjusting activator parameters. A high Na content 

promotes the development of  two isolated gels, achieving a low porosity and high 

mechanical strength as compared to a geopolymer gel-dominated system. Under elevated 

temperatures, the further geopolymerization and viscous sintering of  N-(C)-A-S-H gel 

densifies the matrix by healing the cracks and pores, posing a tendency for shrinking. While 
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the dense C-(N)-A-(S)-H gel with thermally induced crystalline phases exhibits certain 

resistance to thermal shrinkage. Ultimately, the competition between the two gels results in 

crack formation, low linear shrinkage, and insignificant compressive strength change after 

800  ̊C. 

7.1.3 Structure optimization by physical design 

Structural optimization, such as fiber or aggregate incorporation, is proposed as an efficient 

approach to optimize the thermal performance of  cementitious materials. In this thesis, the 

potential of  reutilizing mineral wool waste (MWW) as both co-precursor and fiber 

reinforcement in the production of  geopolymer composites is investigated. Under an 

alkaline environment, MWW shows certain geopolymerization reactivity, with 2-3 times 

higher Si and Al dissolution than Class F fly ash. The substitution of  Class F fly ash by 

MWW, especially in fine particle form, not only enhances the geopolymerization degree but 

also stimulates the Al uptake by N-A-S-H gel. As MWW dosage increases (0 to 12 wt.%), it 

densifies the gel pores but simultaneously increases porosity and lowers compressive 

strength due to greater macropore formation. The matrix with optimum MWW distribution 

largely mitigates the drying shrinkage and improves flexural performance. At elevated 

temperatures, the highly porous matrix with promoted flexibility effectively minimizes the 

matrix damage caused by thermal stress. Meanwhile, the partial melting of  mineral wool 

waste poses a healing effect on the matrix, resulting in a 98.5% increase in compressive 

strength after 800 ˚C. However, this process also leads to substantial thermal shrinkage after 

high temperature exposure.  

To reach a good balance between room temperature property and high temperature stability, 

lightweight aggregate is incorporated into ladle slag/fly ash geopolymer following a packing 

model. The optimized packing contributes to a compact matrix with well-packed lightweight 

aggregates, enabling a high porosity from 48.6% to 54.0% and comparable mechanical 

strength to normal sand-incorporated geopolymer (SAG). Moreover, the thermophysical 

parameters of  composites are significantly influenced by both aggregates’ properties and 

the packing pattern. As upon high temperature, the optimized lightweight aggregate 

incorporated geopolymer (LWAG) capacitates a low thermal diffusivity with a slow 

temperature gain rate. At the same time, the thermal mismatch within LWAG is alleviated 

thanks to the high permeability and mechanical weakness of  lightweight aggregates. Thus, a 

reduced microstructural deterioration with better mechanical stability is achieved in LWAG 

as compared to SAG. Nevertheless, it ultimately results in a significant volumetric shrinkage 

after 800 ˚C. Herein, increasing the distribution modulus to 0.3 in LWAG potentially 

decelerates the progression of  mechanical degradation and mitigates thermal-induced 

shrinkage, owing to the low binder gel/aggregate ratio and specific heat transfer pattern. 
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7.2 Recommendations  

Alkali-activated materials are identified as sustainable candidates to substitute traditional 

Portland cement, offering superior performance in many aspects. In this dissertation, several 

interrelated topics are explored, including thermal degradation mechanism, gel development, 

and structural optimization on high temperature resistant geopolymers. Nevertheless, as a 

promising component in the future construction industry, the practicability, economic 

advantages, and environmental impact of  geopolymer binders remain a topic of  ongoing 

examination. For future research, some general recommendations have surfaced during the 

course of  this dissertation: 

 To achieve an adequate activation, the production of  geopolymers typically necessitates 

an external heat curing. This thermal accommodation substantially impedes the 

widespread use and on-site applications of  geopolymers due to technical constraints and 

production expenses. Thus, innovative technologies are essential to avoid this process. 

One possible solution involves incorporating calcium sources to accelerate the rate of  

geopolymerization. Nevertheless, the Ca inclusion can impact the desired geopolymer 

properties, such as thermal stability, warranting careful consideration.     

 The usage of  alkaline activators represents another technological barrier to the large-

scale application of  geopolymer-based materials when taking environmental 

implications and production costs into consideration. Even though the applied activator 

alkalinity in the presented research is carefully regulated at a low level, further attempts 

are encouraged to explore more sustainable solutions that either utilize low/non-alkali 

activators or waste-based activators. An alternative approach is suggested to re-utilize 

mineral wool waste, as the silicate source for alkali activator synthesis. 

 The developed admixtures comprise industrial wastes and by-products, which potentially 

contain toxic/heavy metals, and organic compounds. It is imperative to conduct further 

research to ascertain their long-term environmental implications, for instance, the 

leaching behavior. Moreover, the manufacturing process of  Alkali-activated materials is 

more intricate when compared to traditional cementitious materials, which encompasses 

raw material processing, chemical additives, curing, etc. It is urgently needed to conduct 

a comprehensive life-cycle assessment of  the designed products, considering factors 

such as carbon emissions, energy consumption, and overall costs. 

Specific recommendations pertaining to this thesis are outlined below. 
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7.2.1 Thermal degradation mechanism of  geopolymer-based materials 

 In this thesis, the conceptual models are proposed to reveal the thermal degradation 

mechanism of  geopolymer-based materials. Notably, the proposed degradation model 

and mechanism can be robust as applied to a low slag-contained geopolymer ((C,N)-A-

S-H gel dominated) system, while the thermal degradation pattern may vary with high 

slag addition. The increasing slag addition in geopolymer would alter the phase 

composition and microstructure, hence influencing the thermal behavior, which 

deserves further investigation. 

 To optimize the thermal performance of  geopolymers, this thesis examines chemical 

tailoring and physical design to improve the gel stability and strengthen the structure at 

elevated temperatures. An alternative effort can be devoted to postponing the adverse 

impact of  degradation of  geopolymer-based materials, by enhancing the self-healing 

effect of  geopolymeric gel, such as further geopolymerization reaction. 

 In general, the thermal assessment for alkali-activated materials remains diverse, without 
a universally accepted protocol, in particular the applied heating rate varying from 1 to 
10 ˚C/min in previous studies. Hence, it is essential to establish a standardized protocol 
for thermal exposure tests, encompassing aspects like pre-treatment, sample size, heating 

rate, dwelling time, etc., to ensure generality and comparability of the assessments.  

7.2.2 Gel development by precursor tailoring 

 Weathered ladle slag is applied due to the fact that the majority of  ladle slag production 

in Europe is typically disposed of  in landfills or stored in yards. Material consistency can 

present challenges owing to the complexity of  the disposal environment, for instance, 

the season, weather, humidity, stacking age, etc. For widespread application, it is 

imperative to establish a standardized protocol for ladle slag processing to ensure 

consistent quality. On the other hand, there is abundant room for further improving the 

reactivity of  ladle slag by adjusting the processing procedure, such as the cooling method, 

and environmental humidity. With improved reactivity, the joint activation of  ladle slag 

with Class F fly ash holds the potential to eliminate the need for thermal curing.   

 The proposed thermal degradation model offers a comprehensive overview of  how gel 

compatibility affects the thermal behavior of  geopolymers. Followingly, the 

temperature-induced progressive evolution among co-existing geopolymeric gel and Ca-

enriched gel needs to be further understood.  

 This research proposes a promising route to design a hybrid geopolymer by modifying 

the compatibility of  geopolymeric gel and Ca-enriched gel. Strategies focused on 
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controlling the co-existence of  gels, such as precisely tailoring relative gel content and 

gel distribution, are encouraged to achieve a desired performance. 

7.2.3 Structure optimization by physical design 

 The potential of  reutilizing mineral wool waste as a co-precursor in the production of  

hybrid geopolymers is examined at low dosages. To maximize the valorization of  mineral 

wool waste in alkali-activated materials, forthcoming research should explore its 

incorporation at increased dosages while ensuring matrix homogeneity. It is suggested 

to either optimize the mixing technology by using an ultra-sonic blender or further adjust 

the rheology of  the mixtures. 

 The thermophysical parameters of  the designed composites are determined before and 

after thermal exposure in this thesis. Further exploration into the evolution of  

thermophysical parameters with increasing temperature is warranted to enhance the 

comprehensive understanding of  heat transfer within geopolymer composites. 

 Commercially available lightweight aggregates have demonstrated the capacity to 

enhance the thermal stability of  geopolymer-based material. To attain optimal economic 

and environmental value, it is recommended to substitute commercial lightweight 

aggregates with waste-based artificial aggregates, for instance, mineral wool waste-based 

aggregates. 
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Appendix B 

Table B1 The average chemical composition of phases calculated by PARC. 

Phase 
Oxide 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FexOy NiO 

C-(N)-A-S-H 2.21 1.06 22.10 22.79 1.66 1.43 0.39 44.63 - 0.83 1.59 1.30 

N-(C)-A-S-H 13.16 0.50 13.84 51.92 1.64 2.22 1.37 11.46 - - 3.90 - 

Mullite 2.19 1.05 29.33 53.72 1.46 1.43 2.59 1.82 1.36 - 5.05 - 

Quartz 1.73 0.19 2.07 88.97 1.95 2.47 - 0.43 0.30 - 1.89 - 

CAs, CAH 0.37 0.65 34.14 1.52 0.99 1.12 - 59.52 - 0.70 0.98 - 

FexOy - 1.24 2.62 1.47 1.05 0.19 0.06 0.49 0.20 1.31 91.38 - 

Periclase 1.22 79.18 6.42 2.47 0.00 0.00 0.85 0.85 0.03 2.58 6.39 - 

C2S 1.74 - 3.92 25.38 2.34 0.59 0.10 43.00 0.70 0.04 21.25 0.94 

 

 

Fig. B1 The variability between raw ladle slag collection from 2020 to 2022, (a) XRD patterns and (b) TGA-

DTG results. 

 

Fig. B2 Comparison between Micro-CT 2D images depending on density, a) Plain FA based geopolymer, b) 

LS/FA hybrid geopolymer. 
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Appendix C 

 

Fig. C1 XRD patterns of the specimens with different MWW substitutions (1-Quartz, 2-Mullite, 3-Hematite, 

4-Magnetite, 5-Iron, 6-C-S-H, 7-Rutile). 

 

Fig. C2 XRD patterns of the specimens with different MWW substitutions after 800 ˚C exposure (1-Quartz, 

2-Mullite, 3-Hematite, 4-Magnetite, 5-Iron, 6-Nepheline, 7-Diopside).  
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Appendix D 

 

Fig. D1 Validation of heat transfer simulation (a: BS model, b: CS model). 

 

Fig. D2 The temperature change of (a) the surface (0 mm) and (b) the core (20 mm) for different samples. 
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List of notations 

Abbreviations  
  
A&A Andreasen and Andersen 
AAF Alkali-activated fly ash  
AAFL Alkali-activated fly ash/ladle slag  
AAFS Alkali-activated fly ash/GGBS  
AAM Alkali-activated material 
BET Brunauer-Emmett-Teller 
BOFS Basic oxygen furnace slag  
BSE Backscattered electron  
C&D Construction and demolition 
C-(A)-S-H Calcium (aluminate) silicate hydrate  
CA Calcium aluminate  
CAC Calcium aluminate cement  
C-S-H Calcium silicate hydrate  
DSC Differential scanning calorimetry 
DTG Differential thermogravimetry 
EDS Energy-dispersive spectroscopy  
FA Class F fly ash  
FTIR Fourier transform infrared 
GGBS Ground granulated blast furnace slag  
GW Glass wool  
ICP-OES Inductively coupled plasma-optical emission spectrometry 
ITZ Interfacial transition zone  
LOI Loss on ignition 
LS Ladle slag  
LSM Least Squares Method  
LWA Lightweight aggregate  
LWAG Lightweight aggregate incorporated geopolymer 
Micro-CT Micro-computed tomography 
MIP Mercury intrusion porosimetry  
MWW Mineral wool waste 
N,C-A-S-H Sodium/calcium aluminosilicate hydrate  
N-A-S-H Sodium aluminate silicate hydrate  
NMR Nuclear Magnetic Resonance 
OPC Ordinary Portland Cement  
PARC PhAse Recognition and Characterization 
PP Polypropylene 
PSD Particle size distribution 
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PVA Polyvinyl alcohol 
RH Relative humidity 
RSS The sum of the squares of the residuals 
SAG Sand aggregate incorporated geopolymer 
SCC Self-compacting concrete  
SCM Supplementary cementitious materials  
SEM Scanning electron microscopy  
SW Stone wool  
TG Thermogravimetry  
TGA Thermal gravimetric analysis  
UHPC Ultra-high-performance concrete 
ULWC Ultra-lightweight concrete 
UPV Ultrasonic pulse velocity  
WVTR Water vapor transmission rate 
XRD X-ray diffractometry  
XRF X-ray fluorescence spectrometry  
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Nomenclatures  SI Unit Chapter 

    
ρs Specific density g/cm3 2 & 3 & 4 & 5 
SSA Specific surface area  m2/g 2 & 3 & 4 & 5 
LA Crack density µm/µm2 2 
L Cumulative crack length µm 2 
A Area  µm2 2 & 6 
ρb Bulk density g/cm3 2 & 3 & 4 & 5 
v Velocity m/s 2 
d Distance m 2 
t  Time s 2 & 6 
d50 Average particle size µm 2 & 3 & 4 & 5 
Ms Silicate modulus - 2 & 3 & 4 & 5 
ϕ Porosity % 2 & 3 & 4 & 5 
L50 Mean fiber length  µm 5 
Ø Diameter mm 5 
H Height mm 5 
Di Dissolution degree  mg/g 5 
Ei Normalized dissolution extent % 5 
Ci Element concentration mg/L 5 
V Volume L, cm3 5 & 6 
m Mass g 5 & 6 
Xi Element mass fraction % 5 
L0 Initial length mm 5 
Ln Length at specific ages mm 5 
Li Effective initial length  mm 5 
D Particle size  µm 6 
Th Thickness m 6 
δ Permeability m/s 6 
Δp Vapor pressure difference mm Hg  6 
λ Bulk thermal conductivity W/mK 6 

Cp,v  Volumetric heat capacity  MJ/m3K 6 
wt.% Weight percentage  % 6 
h Equivalent heat transfer coefficient  - 6 
Qin Heat source  - 6 
T Temperature ˚C 6 

α Thermal diffusion  mm2/s 6 
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Fire hazards in buildings constitute a substantial risk to both 
occupants and property, highlighting the significance of fire 
safety measures in construction practices. The poor high-
temperature stability and negative environmental impact of 
ordinary Portland cement have spurred the research on thermal-
resistant building materials for the future sustainable 
construction industry. In the past decades, geopolymers have 
received significant attention owing to their potential to serve as 
sustainable alternatives to traditional cementitious materials for 
high-temperature applications. While geopolymers exhibit 
promising thermal stability, major concerns arise due to issues 
such as resource competition, unsatisfactory mechanical 
performance, and limited applicability, greatly impeding their 
broader application. 
This dissertation focuses on geopolymer-based materials for 
high-temperature applications. The aim is to improve the 
performance of geopolymers by incorporating industrial 
residuals, achieving economically and environmentally 
sustainable solutions. Three interrelated topics are explored, 
evolving from mechanism understanding (Chapter 2) to gel 
development (Chapters 3-4) and performance optimization 
(Chapters 5-6). 
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