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Summary

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.

Inlight of the revealed thermal degradation mechanism, the second section focuses on the
modification of the geopolymer gel system by co-activation of Class I 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 undetstand 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-(IN)-A-(S)-H and N-(C)-A-S-H type gel. A dense matrix
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Summary

consisting of geopolymer gel and Ca-enriched gel is achieved with 8 wt.% Na,O 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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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 '. Fire hazards in buildings can pose much critical tisk to
human beings and property, emphasizing the importance of fire safeguarding in buildings.
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Fig. 1.1 (a) Explosive spalling 2 and (b) physicochemical transformation in Portland cement concrete during
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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 *. 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 °. 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 %. In consequence, the structure and mechanical propetties 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 *'”. Besides, only 0.18 t
CO:; footprint is attributed out of 1t geopolymer, when compared with OPC (0.9t CO; out
of 1t OPC, 8% of global emissions) '°. Moreover, geopolymers possess supetior
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 ",
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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 KUhl in 1908 . It refers to the binder systems detived from solid silicate or
natural pozzolans, for instance, fly ash and ground granulated blast furnace slag (GGBS) *.
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 '° 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 "%, 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.

=)
o

o 5

Chemical attack Dissolution N-A-S-H precipitation. Gel 1
Si/Al=1],[Q*(4Al) and Q*(3AlL
|.SiQA1‘O“NaOH| [ 1,[Q*(4A1) Q'(3AD)]

e OVt
ho e o

Polymerization = N-A-S-H precipitation. Gel 2
[Si/A1=2],[Q*(3Al) and Q*(2AD)]

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, 1921 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 ». In addition, N-A-S-H gel contains significantly less chemical-physical sorbed waster

as compared to C-(A)-S-H gel ». 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 *.

a Geopolymer gel b C-(A)-S-H gel
(3D structure) (Linear chain structure)

SI0/AIO, Chain

Cao sheet

Si0,/AI0, Chain

o Interlayer Ca?*, Na*, and H,0

Si0/AlO, Chain
Cao sheet

Si0,/AIO, Chain

Fig. 1.3 Conceptual structure of (a) geopolymer gel 2 (b) C-(A)-S-H gel 2627,

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 untreacted
precursor *%; 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-Na,O-ALOs-SiO; binder is obtained. The presence of ready calcium
largely promotes the reaction rate, enabling improved mechanical strength with no need for
high temperature curing **?. 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 *; a
drastic strength loss until 600 °C due to the vulnerability of C-(A)-S-H gel ***'. 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 323130,

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., 7% 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 *. The reutilization of 1S is largely hindered by its high degree
of crystallinity and low Si/Al ratio due to the specific production procedures . Up to now,
neatly 80% of LS production in Europe is deposited in landfills **. In recent years, the joint
activation of LS with aluminosilicate sources has been proposed as an alternative approach
to recycling 1.S as SCM in producing hybrid geopolymers. For instance, Bignozzi et al. ** and
Papayianni et al. *’ 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 (Ci2A7), and tricalcium
aluminate (C;A). These phases and corresponding hydrates are relatively thermally stable,
which transforms to more stable compounds at high temperatures *'. 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 gegpolymer 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 *. 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 **.

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 *. 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 *. 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 .

Fiber

Crystalline
phase

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 *. 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.

Geapolymer/ 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



Introduction

geopolymer composites, namely normal/lightweight mortar and concrete, for wide-ranging
applications. As compared to OPC based conctrete, geopolymer concrete exhibits better high
temperature performance, concerning volumetric stability and mechanical strength, due to

the superior thermal stability of geopolymer gel *

. Nonetheless, in geopolymer composites,
the interfacial contact between geopolymer binder and aggregates would detetiorates owing
to the difference in thermal expansion with increasing temperature **°. 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 **'. 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

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

Gel development

(Precursor tailoring) ¢

Gel compatibility optimization of hybrid geopolymer
(Chapter 4)

Thermal degradation
behavior of geopolymer
based material
(Chapter 2)

Fiber-reinforced geopolymer composites
L (Chapter 5)

Structure optimization
—> (Physical design)

Self-compact lightweight geopolymer composites
(Chapter 6)

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 Na,O 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 I 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 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. 1i, KM. Kiima, H.].H. Brouwers, Q.1.. Yu, Degradation mechanism of hybrid fly ash/ slag based geopolymers

exposed to elevated temperatures, Cement and Concrete Research 151 (2022), 106649.
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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 . For this reason, geopolymers have received the most

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

13,55,56 57-59

including fire-resistant materials , thermal insulators , thermal energy storage
concretes . 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 . 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 ****%, 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 . 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 ***""%*, With the increasing addition of slag, AAFS blends exhibit

severer weight loss along with more cracks and deteriorations **®

. 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. " 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. ** reported the strength gain of AAFS blends before
400 °C is influenced by the further geopolymerization of unreacted fly ash. Pan et al. *
and Lee et al. *' 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 "7
But limited data are available concerning the cracking behavior of the AAFS blends under
high temperatures. Celikten et al. ’ 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. ” 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 I fly ash (FA) and ground granulated
blast furnace slag (GGBS). FA is commercially purchased from the Netherlands with an
average particle size (dso) of 21.09 um. GGBS with a ds) of approximately 19.38 um 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 (Si0,) and mullite (Al; 60Si1220455), hematite (Fe,Os3) and magnetite
(Fe;04) are detected. The GGBS shows several low intensity peaks that are related to
anhydrite (CaSOy) and calcite (CaCOs), with a broad amorphous hump between 30° and
40°. Sodium hydroxide pellets (analytical level) and sodium silicate solution (27.69 wt.%
Si0y, 8.39 wt.% NayO, and 63.9 wt.% H,O) are used for alkaline activator. Distilled water

is used to obtain a certain water/binder ratio.
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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
AbLOs 2523 13.21
CaO 5.27 41.67
MgO 1.05 8.57
Fex03 8.23 0.37
KO 2.01 0.42
SO; 0.56 2.64
TiO; 1.61 1.49
Other 0.62 1.07
LOI 242 1.15
Specific density (g/cm?) 2.30 2.93
Specific surface area (m?/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 Na,O% was kept at 5.6 wt.%, because these appeared
to be optimum values ". 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 Na,O 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 **%

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 prepated 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 X40 mm X160 mm) and cubic molds (100 mm X100 mm X100 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 ”°, and AAFS pastes were sealed and kept at room temperature (20.0
1+ 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 Thermogtravimetry/differential scanning calorimetry (TG/DSC) wete 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 ****?H676870.7680 T
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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.
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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
tempetatures. 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 a1 1.7901 A and K 2 1.7929 A).

Fourier transform infrared spectroscopy (F1-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’ with a

resolution of 1 cm™. The reference samples as well as heated samples were ground ptior
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to the FTIR analysis.
Thermagravimetry/ differential scanning calorimetry (TG/DSC)

Thermogravimetry/differential scanning calotrimetry (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.  was applied, as shown in Fig. 2.4. A surface area of 400 um

X400 um at a magnification of 2000X 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 **. The script for the crack characterization is written in MATLAB R2019a *.
High resolution 2D images at 2000X magnification (1024x1088 pixels) with an area of
134 um X134 pum 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 I was calculated by

Ly = @.1)

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

Vs

ad . o~

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 mmX15
mmX25 mm) to fit in the testing chamber (diameter of 35 mm). The porosity was

calculated according to
Porosity% = (1 -2) x 100% 2.2)
Ps

Where pg represents the skeleton density, pj 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 . 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 X100 mm X100 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

y=4
t

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 *

, 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.
Morteover, 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 Ca®* content
is insufficient to form crystalline C-S-H gel but replace Na' in geopolymertic gel to form
N-(C)-A-S-H hybrid gel ¥'.

1-Quartz b 1-Quartz
2-Mullite 2-Mullite
3-Hematite 3-Hematite
i 4-Magnetite
4-Magnetite 4
2 i 5-Nepheline
S=Nephailne 6-Akermanite
7-Gehlenite

T 1 T T v : 1 T
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
2 theta (degrees) 2 theta (degrees)

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)AISiOy) is
noticed at around 34° 2 theta in AAF, which is because of the partial crystallization of N-
A-S-H gel . Similarly, nepheline is observed in AAFS, confirming the presence of N-A-
S-H in hybrid binder. However, a minor majority of akermanite (Ca-MgSixO;) and
gehlenite (Ca,Al[AlSiOv]) are also detected in AAFS. This observation is highly associated
with the addition of slag *. 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.
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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™ in
GGBS as well as the band at 1040 cm™ 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™ is associated with the stretching vibrations of Si-O-Si
in quartz. In GGBS, the vibration band at 1420 cm™ 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™ is assigned to the asymmettic T-O

stretching vibrations.
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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™ to 1000 cm™ in
AAF, and further shifts to 980 cm™ 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™ is associated with the vibration from free
watet, while the H-O-H bending vibration band at 1640 cm™ 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™ to 960 cm™ 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 . 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 ©. In
addition, it should be noted that the absorption band at 3400 cm™ as well as the H-O-H
bending vibration band at 1640 cm™ 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™ - 850 cm™, which is consistent with the previous XRD results, confirming that
quattz phase is quite stable at all test temperatures, and only an alpha-beta transition of

quartz occurs at around 600 °C ¥,

Thermal analysis

DTG (%/min)

Weight (%)

88
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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

23



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

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 *, which
agrees with the FTIR results. Some insignificant weight loss peaks after 600 °C might be
because of the re-crystallization of hydration products *'. 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 **, while the second peak observed at around 150 °C can
represent the initial dehydration of hydrated aluminosilicate species "*”. 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 *. 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).

Stkeleton 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/cm’between 200 and 600 °C before a drop at
800 °C. The tise 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 *'. 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
54

densification of the matrix **. 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 **, which only serves as comparative
indices for the connectivity and pore capacity . Due to the fact that cracking has a strong
influence on pore throat size as well as pore connectivity *, 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 *".
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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) .
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
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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.
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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 ) *.
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 um 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);
AAES: (¢), (), (), ().

because of the synergetic effect of factors such as slag addition, w/b ratio, curing
condition %%, 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 ****. 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 untreacted
fly ash that contributes to a better inner particle bonding . On the other hand, partial
melting of aluminosilicate gel might occur at 800 °C within the system rich in sodium ”,
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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loss of miscanthus mortar.
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Fig. 2.14 (continued).

33















































































































































































































































































































































































































































































































































































































	Blank Page
	Blank Page

