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Preface

As with all products worldwide, there is a high demand for components in the
automotive sector. In automotive technology, braking force and one of its
essential components, the brake pad, are indispensable safety mechanisms for
reducing or stopping the dynamic speeds of vehicles. Brake pads form a
composite structure with multiple materials as components. The braking system
is complemented by brake discs, the counter element to the brake pads. The
halting of the moving system is achieved through the opposing forces generated
by the friction between the two surfaces in contact. The presence of particles
detached from brake pads during friction has become increasingly important over
time. To reduce the chemicals polluting the atmosphere of our planet, the
materials in brake pads need to be selected to be more environmentally friendly
and nature-friendly. Therefore, using geopolimer material, an inorganic matrix,
instead of phenolic resin as the matrix in brake pads can be much more effective.
Not only is it environmentally friendly, but it also exhibits behavior that is both
frugal in the face of material wear in brake pads and prevents excessive heating
against the brake disc. Additionally, utilizing specific components with hydraulic
activity to enable the complete hardening of friction material in an alkaline
environment as an "alkali-activated™ inorganic binder can positively contribute to
both strength and friction properties in the development of new products. Thus,
it is observed that geopolimer-derived materials are particularly used as a binding
material in brake pads. The study provides insights into brake pads, materials,
geopolimer materials, and their use as a next-generation binder in brake pads.

Throughout the study, I extend my thanks to my beloved wife Semsi AKGUN,
who periodically came to check the progress of the book, my dear daughter Betiil
Asya, who occasionally visited me, and my valued friend Assistant Prof. Fethi
SERMET, who remarked that this study should not be prolonged.



1.Introduction

Brake pads and discs constitute a significant wear pair in automotive brake
systems. This duo is also commonly used in mechanical and industrial sectors
outside of automotive systems. Their primary function is to safely and quickly
stop a rotating system within safety limits [1]. Hence, developing new-generation
brake pad materials has been a focus of researchers in the last quarter-century,
continuously gaining prominence in studies [2, 3]. In fact, leading European
countries (France and Germany) are preparing significant legislation to reduce
emissions associated with this wear pair in brake systems [4]. The friction
composite materials that make up brake pads fundamentally consist of four main
material groups: binders, fillers, reinforcers, and friction modifiers [5, 6]. Binder
materials, which are crucial in pad friction materials, are generally known to be
made up of phenolic and rubber-based polymer composites [7]. Recently, there
has been significant research and evaluation into alternative materials to replace
phenoalic resin, which holds a major place among binder materials [8-11].

The effect of the binder in brake pad friction materials plays a significant role
in the friction characteristics of the entire structure. In a study on this subject, it
was mentioned that the addition of geopolymers in brake pad friction materials
reduces the amount of phenolic resin, which releases volatile organic compounds
when exposed to temperatures above 300°C [2, 9]. Another study emphasized
that geopolymers have better thermal properties than organic resins, which
typically decompose by oxidation starting from 400°C [12]. The use of
geopolymer-enhanced brake pads, a potential natural resource candidate in the
production of next-generation brake pads, is presented as having advantages in
terms of both reducing harmful dust particles released into the environment, thus
benefiting healthy respiration, and being less costly compared to standard
conventional brake pads [1]. It has been stated that geopolymer materials are used
not only as binders but also as fillers in brake pad friction composite materials [1,
9]. The preference for using geopolymers, inorganic polymers, in brake pads is
due to their excellent impact in maintaining mechanical properties as well as their
thermal and corrosion resistance [13]. Such geopolymers containing organic
fibers are known to create an excellent protective shield against fire [14-17]. They
are also known as materials that harden quickly and have superior durability
performance for rapid repair [18]. In the mechanical strength of geopolymer
materials, alkali cations present in their structure play an effective role, balancing
the negative charges associated with tetrahedral aluminate units that combine
with silicate units to form a three-dimensional structure. It is stated that these
balancing cations are alkali metal ions, and due to cost reasons, Na+ ions are more
commonly used. However, it has been underlined that the use of K+ ions is



possible to increase the strength of the product. This leads to the formation of
silicate oligomers preferred by the aluminate integrity, and improved hardening
and compressive strength compared to geopolymers synthesized using NaOH
[19, 20]. Furthermore, geopolymer matrices, which have a brittle structure, are
increasingly gaining mechanical strength with fiber additions in the composites
created [21, 22]. In the fire resistance of geopolymers, it has been mentioned that
those activated with potassium-containing alkali activators have better fire
resistance than those activated with sodium [23]. The fire resistance of
geopolymers lies in the more stable properties of the compounds formed by the
Si element in their structure with oxygen and other elements. It is stated that
geopolymer foam materials show good strength resistance up to 400°C and
continue to increase in strength beyond 800°C with increased heat. A similar
crystallization-strengthening effect is encountered in other studies [24, 25].
Similar to metakaolin-based geopolymers, there are several factors affecting the
thermal stability of fly ash-based geopolymers, such as the Si/Al ratio, type of
alkali, and structure of the fly ash. According to the studies, the fire resistance
depends on the source of the fly ash. For samples tested by heating at 1000°C, it
was stated that both Eraring and Tarong fly ashes contain higher mullite content
than Collie fly ash [25, 26]. As can be understood from these explanations,
geopolymers derived from fly ashes, in particular, exhibit high temperature
resistance.

The inclusion of various industrial wastes in the production of geopolymer
materials, such as fly ash, steel furnace slag, and brake pad waste, enhances their
appeal in terms of recycling. In this context, Bai et al. have created a metakaolin
(MK) based geopolymer material using these types of industrial wastes [27].
Additionally, recent concerns in the automotive industry regarding the health
hazards of copper in brake friction materials, particularly to aquatic life, have led
to efforts to replace copper with suitable alternative materials [28-30]. In this
scope, studies have shown that geopolymers are among the alternative materials
that can replace copper [9].

The existence of such studies will contribute significantly to a healthy, livable
atmosphere on Earth, while also reducing material and energy consumption and
benefiting the global economy.



2.Selection and Production Methods of Brake Friction Materials

2.1. Selection and Classification of Brake Friction Materials

The components of brake friction materials produced for the brake pads of
vehicles in the automotive sector for new generation or for the development of
existing ones are formed by combining 10 or more different raw materials and/or
materials [31-37]. In the studies of some researchers, it is stated that it can contain
a maximum of 18 materials in general, selected from a list of more than 2000 raw
materials, especially for the creation of brake friction composite materials and the
optimisation of their friction-wear behaviour [34-39]. Although brake pad friction
materials used in the automotive industry are generally composed of three main
matrices (metallic, semi-metallic/sintered and non-metallic) [11], ceramic [40]
and carbon composites [41]. Brake friction materials generally consist of 4
different component parts depending on mechanical strength and manufacturing
capability in order to fulfil the expected task. These are categorised as follows;
reinforcement and filler, abrasives, friction modifiers and binder [2, 31, 32, 36,
42-46]. Although the selection of brake friction materials in these sections is
usually based on good experience or trial and error applications, it involves tests
involving long-term and detailed research in determining a new formulation of
the composite to be formed [31, 33, 47]. For this purpose, each component in
brake pad friction materials is selected with different precision. '‘Binders' are used
to provide mechanical resistance and maintain pad integrity during use as well as
a thermally stable matrix, 'abrasives’ are used to increase the coefficient of
friction, improve wear resistance and control the formation of friction film, 'solid
lubricants' are used to counteract the effect of deposition at high temperatures and
stabilise the coefficient of friction, and 'reinforcements' are used to increase
mechanical strength [48-54]. Thus, the brake pads developed or manufactured
provide a sufficiently high coefficient of friction in contact with the metal disc.
At the same time, it is also aimed that the coefficient of friction of the brake disc
will not lose its performance at high temperatures and provide a constant
coefficient of friction with the surface of the brake disc [31, 33, 47].

In essence, the expected characteristics of friction materials for brake pads
include mechanical durability, appropriate thermal properties, a sufficient and
stable friction coefficient depending on a wide range of operating conditions
(including pressure, temperature, and environmental factors like dust, water, and
ice-melting agents), high wear resistance, and good compatibility with anti-
friction additives. Additionally, an ideal brake pad friction material is expected
to operate reliably without contamination and noise in various conditions such as
hot, cold, dry, or wet environments [9, 11, 55, 56]. Researchers developing
friction materials for brake pads and conducting studies in this field prefer



materials and the percentage values by weight in the created composition, as
presented in Table 2.1. The majority of friction materials for brake pads are
generally considered organic. This is because the matrix of complex composites
is formed by one or more organic polymers [9, 11].

Additionally, as a reinforcement material, both organic and inorganic fiber
materials are supported [57, 58]. The preference for widely used organic friction
materials is influenced by factors such as a simple preparation method, excellent
tribological resistance, and environmental friendliness [57]. The environmental
impact of brake pads in their operational use is profound. Brake pads release wear
residues and toxic substances into the atmosphere due to wear, leaving negative
traces on human health [58]. To reduce these negative effects, increasing the
percentage of organic or inorganic additives in the brake pad composition can be
considered beneficial for public health. The use of inorganic materials in brake
pad friction materials is similarly effective. For recently planned alternative friction
materials for brake pads, the use or preference of an inorganic "alkali-activated"
material binder, which can completely harden when exposed to an alkaline
environment (i.e., at high pH values), by leveraging the hydraulic activity of specific
components would be effective [54, 59-62]. Therefore, the recent focus on using
geopolymer materials provides incredible contributions to both human health
(reducing respiratory problems) and the environment (reducing potential natural
resource consumption and dust emissions into the atmosphere) [1].

Table 2.1. Materials used in brake pad friction materials and their average
proportional values

i 0,
Compo_slte Materials used or R&D FUEIElE .(/"Wt)
Material Studies Proportional
Components Values
Phenolic Resin % 7-25 [33, 37, 42’5516’ o1, 63-
Geopolymer % 0-7 [33, 37]
Condensed polynuclear o (1. )
aromatic resin (COPNA) % 0-30 [37, 50, 66-69]
: Sll_lcone modified phenolic %3 [37, 50, 70]
Binders (B) 1. resin i _
I;I(;f;ienrmopIastlc polyimide % 5-10 [37, 50, 71, 72]
Cashew net shell liquid 0 (.
(CNSL) % 0-10 [37, 64, 73]
Forest Products % 1-6 [37, 51, 65,74]
Thermoset resin % 10-40 [37, 74, 75]
NBR % 2.2-3 [11, 41, 65, 76]
SBR % 10 [77]




Reinforcements
and Fillers

Iron oxide % 0-8 [46, 78]
Black Iron % 0-5 [46, 78]
Zirconium Silicate (ZrSiOa)
Zirconium Oxide (Zr02) %36 [46, 78]
Aluminium Oxide (Al203) % 5-10 [79-81]
h-Boron Nitride % 0-10,5 [7, 33, 82, 83]
Boron Carbide (B4C) % 10-20 [82, 84-86]
Ulexite % 4-12 [80]
Borax % 4-12 [80]
Boron Oxide % 3-6 [78, 87]
Boron % 0,6-2 [88]
Graphite % 3-15 [7. 37, 469’0‘;8’ 64,89,
Metal Sulphide % 0.5-10 [6, 37, 46, 48]
Coke-carbon %5 [37, 51]
Potassium titenate %10-15 [36, 43, 44, 46]
Iron powder % 0-15 [73, 97]
MoS> %5 [46, 52, 63]
Metal % 0-20 [46, 48, 63, 91]
Carbon % 3-15 [46, 65, 82, 92]
Glass fibre % 5-30 [36, 43, 44, 46]
Kevlar % 0-30 [36, 43, 44, 46, 93]
Mineral, ceramic fibres % 4-10 [73, 76]
Palm kernel fibres o

) 0% 10-40 [73]
F%owcgggt shell or fibres or % 5.50 [66, 73, 94, 95]

0, -

Periwinkle Shell ¥ 40-60 [96]
Kaolin Mineral % 25-40 [97]
Ceramic % 3.5-20 [46, 80, 82, 97, 98]
Banana peel % 5-30 [73]
Egg shell % 3-18 [73]
Mika % 4,5-9 [6, 66]
Vermiculite % 0-10 [36, 43, 44, 46, 93]
Barium Sulphate, Barite % 6-50 [6, 7, 30, 46, 51, 90]
Calcium Carbonate % 10-15 [2,99]
Calcium Sulphate Crumbs % 5-15 [65]
Copper fibre, copper powder % 6-12 [30, 43, 46,80,100]
Brass fibre, Brass shavings % 4-15 [36, 43, 44, 46, 80]
Zinc % 0-8 [90]
Zircon % 5-6 [36, 43, 44, 46]




Aramid fibre % 0-30 [37, 46, 48, 65, 78]
Rock wool % 0-30 [37, 46, 48, 65, 78, 82]
Steel wool % 4-20 [37, 78, 96, 101, 102]
Twaron fibre, Lapinus fibre % 10 [63, 64, 93]
Rubber Powder % 2-4 [6]
Wollastonite % 6 [66, 70]

Fly Ash % 10-40 [89, 103, 104]
Cashew Shell powder % 5-10 [43, 44, 46]
Hazelnut shell %7 [6, 105]

The use of geopolymer additives in brake materials aims to reduce the amount
of phenolic resin, which releases volatile organic compounds (VOCs) when brake
pads are exposed to temperatures exceeding 300°C during their functions [9,
106]. In a study conducted on this matter, Akmal and colleagues evaluated the
effects of separately adding carbon fiber and sulfur to geopolymer-enhanced
brake pad composites. Although brake pads reinforced with carbon fiber
experienced a relatively slight decrease in the friction coefficient, it positively
improved their mechanical strength. On the other hand, those with sulfur
additives were noted to increase both the strength and friction coefficient.
Consequently, it has been suggested that geopolymer composites with carbon
fibers could serve as an alternative material to traditional brake blocks. This is
because geopolymer composites offer top-level advantages such as being more
cost-effective, lightweight, and heat-resistant compared to traditional brake
blocks [107]. Furthermore, opting for an inorganic matrix instead of traditional
organic-based binders not only benefits the high-temperature production process
of brake pads but also contributes to overall energy savings in the total embodied
energy of brake pads. This is achieved by considering both the production process
and raw material selection, leading to a significant reduction in concrete energy
consumption [54].

2.2. Production Methods of Brake Friction Materials

The initial process in producing the composite composition for brake pads is
carried out after determining the materials and proportional contributions to be
included in the content. Once these decisions are made, a mixing machine (such
as ball milling, mixer, high-energy mixer, or electric blender) is used to ensure
the macroscopic homogeneity of the materials. The mixing is performed within
an average specific speed range (120, 2000, 3000 rpm) and for an average specific
time (2-20 minutes) [41, 46, 63, 90, 93, 108].

In the subsequent step, the homogenized composite mixture is shaped into a
specific form through cold or hot pressing, depending on the preferred production



application. The choice of the pressing method is determined especially by the
type of material used and the resin type. Additionally, there is a processing
condition known as hot pressing following cold pressing. The average molding
pressures in cold pressing range between 80 bar and 150 bar, while for hot
pressing, pressures are applied between 80 bar and 183.67 bar. The pressing
processes for brake materials in molds are carried out within specific time frames.
Particularly in hot pressing, both temperature and the active process are observed.
In various studies, the temperature values during pressing ranged between 150°C
and 180°C, and the time applied varied between 6 minutes and 15 minutes.
Subsequently, the samples obtained from the pressing stage are subjected to firing
for sintering. This process involves applying different temperature regimes, and
the sintering of samples is performed at various temperature intervals. Therefore,
they exposed the samples to different time durations under various temperature
applications for the sintering process [7, 30, 63, 76, 77, 80, 93, 96, 98, 109, 110].

\

Ingredients of brake pad friction
composite powders

Binder / Abrasive and Lubricant
Reinforcement Fiber / Additive and Filler

Figure 2.1. Sequential Manufacturing Steps in the
Production Process of Brake Pads [111-127]



When examining studies conducted at different temperature stages, Mahale et
al. (2019) subjected their brake pad samples to treatment at two different
temperatures, namely 120°C and 160°C, for 2 hours and 5 hours, respectively.
Kosbe et al. (2020) conducted a study with four different temperature levels,
namely 150°C, 250°C, 450°C, and 550°C, applying the treatment for all at the
same duration of 30-minute intervals. Jeganmohan et al. (2020) performed a
curing process for brake pad samples at a constant temperature of 120°C for 6
hours. In their study, Cai et al. (2015) exposed their produced brake pad samples
to curing processes at five different temperature levels, namely 120°C, 140°C,
160°C, 180°C, and 200°C, with respective sintering times of 1 hour, 1 hour, 1
hour, 2 hours, and 1 hour. Singh et al. (2023) conducted a curing process for their
manufactured brake pads at a constant temperature of 170°C for 4 hours. Yang et
al. (2020) subjected their brake pad samples to a curing process at a constant
temperature of 150°C for 4 hours. Generally, after the samples are removed from
hot pressing, they are subjected to an average curing process at a constant
temperature of 150°C for 4 hours [2, 7, 41, 63, 65, 90, 93].



3. Geopolymers and Production of Geopolymer Additive Brake Friction
Materials

3.1. Geopolymers

The polymers known as geopolymers are mostly composed of
aluminosilicate-based inorganic polymers and are included in geochemically
derived polymers [128-131]. Geopolymers are also referred to as inorganic
polymer glass, alkali bonded ceramics and hydro-ceramics. [132]. The depth
under the name geopolymer that Davidovits deems appropriate is that the reaction
that occurs during the formation of geopolymer is similar to the polycondensation
(polymerization reaction) reaction of thermosetting (hardening on heating)
polymers [133]. Geopolymers are the ultimate products of a chemical process that
occurs through the combination of geological formations containing amorphous
aluminosilicate and powdered binders (such as ground granulated blast furnace
slag, waste materials like fly ash, and calcined kaolin clay, namely metakaolin)
in an alkaline environment (comprising sodium or potassium-based components,
such as potassium hydroxide and potassium silicate or a mixture of sodium
hydroxide and sodium silicate). In addition, it is indicated that ions such as Li+
and Ca+ can provide an alkaline environment or can be utilized in acidic
conditions, such as phosphoric acid and humic acid [18, 134-138]. In this process,
the progression of polymerization with the formation of Si-O-Al and Si-O-Si
covalent bonds in the chemical reaction in alkaline environment and thus the
development of 3-D polymer chain takes place. Additionally, the inclusion and
utilization of waste materials like fly ash and slag contribute to both recycling
and the reduction of greenhouse gas emissions [133, 135, 136, 139]. Figure 3.1
shows the impact of Si/Al molar ratio on alumina glycate chain alignments in the
formation of geopolymer form. According to Davidovits, who has carried out
detailed studies in the field of geopolymers, it was indicated that geopolymers are
polymeric three-dimensional slycon-oxygen-aluminium materials containing a
large number of amorphous and semi-crystalline phases [18]. In other words,
aluminosilicate materials used in geopolymer production in the presence of
alkaline environment produce a structure ranging from amorphous to semi-
crystalline by geopolymerisation reaction [140].
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Fig. 3.1. The impact of Si/Al molar ratio on the alumina-silicate chains in the
formation of geopolymer structure [141-142]

For geopolymers synthesised by tetrahedral polycondensation of SiO4 and
AlO4 in aqueous solution [18], it is emphasised that the negative charge of AlO4
tetrahedra should be balanced with the support of positive ions (Na+ and K+) in
the system in order to have a stable structure [18, 143, 144]. In the
geopolymerisation process, raw materials containing aluminosilicate dissolve in
alkaline solutions, leading to the formation of aluminate and silicate monomers.
These monomers are transformed into oligomers (small polymer group
containing much less monomer than polymers) and then into geopolymers. The
gradual process stages in which the geopolymerisation process is applied include
dissolution, reorganisation or reorganisation, condensation and polymerisation
processes. Dissolution and reorganisation form many oligomer forms. Oligomers
bond to form large polymer chains. When oligomers bind, they release water by
sharing an oxygen atom with OH groups. In this context, the stages of the
geopolymerization process are depicted in Figure 3.2 [138].
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In a comprehensive assessment, it is observed that the structural distinctions
and resulting characteristics of geopolymers are influenced by various factors,
not only during synthesis but also by the aluminosilicate material (type, surface
area, glassy phase content), alkali solution/aluminosilicate ratio, H.O/Na,O
molar ratio, water/solid material ratio, Na,O/SiO; ratio, SiO,/Al,Os ratio, alkali
metal cation type and concentration, curing type, and curing regimen
(temperature and application duration). These parameters are recognized as
influential factors shaping the properties of Geopolymers [144, 151, 152]. The
two groups of components, alkaline activators and aluminosilicates, which are
the basis for the synthesis of geopolymers are presented in table 3.1.

In the production of geopolymers, alkali activators are commonly utilized in
the forms of hydroxide and silicate solutions. Among these, potassium hydroxide
(KOH) and sodium hydroxide (NaOH) are extensively employed as alkali
hydroxide activators. Both potassium hydroxide and sodium hydroxide
contribute to the formation of the crystalline zeolite structure. Crystallization is
most prominent in the rapid utilization of sodium hydroxide. It is crucial to note
that the high corrosive nature of alkali hydroxide activation and the release of
high temperatures during dissolution (the temperature can rise up to 90°C with a
10 molar sodium hydroxide solution) underscore the importance of considering
its non-user-friendly aspects. Another disadvantage in alkali hydroxide solutions
is illustrated by the increased viscosity with rising molarity [153].



Table 3.1. Sources of aluminosilicate and alkaline activators [138, 153]

Aluminosilicate Source Alkaline Activators

= Fly Ash = Sodium hydroxide (NaOH)

= Blast furnace slag = Sodium silicate (Na2SiOs)

= Metakaolin = Potassium hydroxide (KOH)

* Red Mud = Potassium silicate (K2SiOg)

= Silica Fume = Calcium hydroxide (Ca(OH)2)

= Palm oil Ash = Other silicates (LiOH (Lithium Hydroxide), RoOH

= Rice paddy Ash (Rubidium Hydroxide) and CsOH (Cesium
Hydroxide))

Davidovits (2017) proposed the structural model shown in Figure 3.3 for
geopolymers produced using potassium alkali ion.
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Figure 3.3. Microstructure after geopolymerisation [129]

Alkali silicate solutions contain Na,O or K,O, combined with Si>O and water
mixtures. It should be noted that dissolved silica (silicon dioxide or SiO,) is
somewhat acidic. Silica can be exemplified as monomeric silica and behaves as
a weak acid under alkaline conditions. Therefore, the pH of the silicate activating
solution is buffered between 11-12. The viscosity of the alkali silicate activator
is known to increase with the Si/Na ratio. Sodium silicate is the most commonly
used silicate activator in the geopolymerization process [154].



Aluminosilicate-based materials, which are prominently featured as primary
components in the production of geopolymers, play a crucial role. As indicated
in Table 3.1, key materials used in production include fly ash, blast furnace slag,
metakaolin, red mud, silica fume, palm oil ash, and rice husk ash. Additionally,
the combination of volcanic tuff, kaolin, calcined minerals, and non-calcined
materials is also positioned as compatible materials within this category [155,
156]. There are 10 different classes of geopolymer materials, influenced by the
raw materials used and the Si/Al ratio in their composition. The contents of these
materials are presented in Table 3.2.

Table 3.2. Variations Among Different Classes of Geopolymer Materials [157]

1 Waterglass-based geopolymer, poly(siloxonate), soluble silicate, Si:Al=1:0

Kaolinite / Hydrosodalite-based geopolymer, poly(sialate) Si:Al=1:1
Metakaolin MK-750-based geopolymer, poly(sialate-siloxo) Si:Al=2:1
Calcium-based geopolymer, (Ca, K, Na)-sialate, Si:Al=1, 2, 3
Rock-based geopolymer, poly(sialate-multisiloxo) 1< Si:Al<5
Silica-based geopolymer, sialate link and siloxo link in poly(siloxonate)
Si:Al>5
Fly ash-based geopolymer
Ferro-sialate-based geopolymer
Phosphate-based geopolymer, AlIPOs-based geopolymer
10 Organic-mineral geopolymer

o g lwlN

||

It is stated that the aluminosilicates generally preferred in geopolymer
production are fly ash, ground blast furnace slag and metakaolin. Among these
aluminosilicate based materials, fly ash is a by-product of coal combustion
defined as pulverised fuel ash and is known to have a low calcium chemical
property. When evaluated mechanically, fly ash doped geopolymer materials,
which have high strength, are characterised to have a long fatigue life and low
cost due to their low permeability. When the chemical composition content of fly
ash doped geopolymers with Si/Al ratio = 2 is examined, silicon (Silicon: SiO,)
and aluminium oxide (Al.O3) values constitute 80% by mass. Iron oxide (Fe;O3)
ratios in fly ashes generally vary between 10% and 20% by weight, while the
presence of calcium oxide (CaO) is less than 5% by weight. The carbon content
is less than 2 wt% in the light of the design determination of the loss on
superheating. The use of fly ash also has a positive effect on land area
conservation, water reduction, energy consumption and dealing with
environmental problems such as greenhouse gas effects. The overall average size
and blain surface area of fly ash particles are 9um and 0.37 m2/g, respectively.
Thanks to this very small particle structure of fly ash, it increases the density of



geopolymer structured products and makes it effective to be resistant to freezing
[154].

Ground blast furnace slag (YFC), which is in the aluminosilicate family, is a
by-product like fly ash and is produced by burning iron ore, coke and limestone
mixtures for iron production at 1500°C. The composition of the slag taken from
the casting surface in molten form is approximately 40 % CaO (calcium oxide)
and 30%-40% SiO; (silicon dioxide). Furthermore, in geopolymer production,
the aluminium and silicon contained in the slag are activated by a mixture of
sodium silicate and sodium hydroxide solutions to produce a binder-like
geopolymer paste [154]. Due to its contribution to early hardening in geopolymer
production, it can offer the advantage of demoulding after about 1 hour. The
addition of calcium compounds has two main effects, the first effect is the
improvement of C-S-H or/and C-A-S-H formation and activation, and the second
is the effect of a calcium cation (Ca2+) acting as a charge stabilising cation [158].
Especially in geopolymer concretes, some advantages can be obtained when slag
is preferred over Portland cement. These advantages are high compressive
strength, resistance to high temperature and chemicals. The reason why YFC-
added geopolymer concrete is more advantageous against Portland cement
against high temperature is that more cracks may occur in Portland cement when
exposed to high temperature. As a result of the studies, it was observed that
geopolymer concretes maintained their compressive strength up to 400°C. The
reason for this is that the alumino silicate material formed by alkaline activators
used in geopolymer concretes shows better resistance to heat [159]. In a
conducted study, it has been noted that although the inclusion of slag significantly
enhances the mechanical performance of fly ash-based geopolymer mortars (with
compressive strength exceeding 100 MPa), it adversely affects their high-
temperature performance. Furthermore, control geopolymer mortars (produced
solely with fly ash) exhibit approximately 90% of their initial strength at 1000
°C, making them recommended for use in structural elements exposed to high
temperatures [160]. Lastly, among the raw materials, metakaolin, which is the
calcined form of the clay kaolinite, representing its dehydroxylated state, is an
effective and commonly used material as a pozzolanic reactive substance. The
advantage of using metakaolin in geopolymers lies in its ability to control the
Si/Al ratio, its white color, and high solubility in an alkaline solution. However,
using metakaolin as a source material in geopolymers is expensive because it
requires calcination at temperatures around 500°C - 700°C [155, 161].

Today, metakaolin serves as a commonly used binder in geopolymer concrete
and mortar due to its ability to rapidly gain strength and form a strong bonding
mechanism with alkali-activated solutions [162-164]. Davidovits extensively



investigated materials with pozzolanic characteristics for their binder properties
in geopolymer production. According to the results, metakaolin-slag-based
geopolymers are recognized as the best composites in terms of both
environmental friendliness and mechanical and durability performance [165,
166]. The dehydroxylated form of kaolinite is now referred to as MK-750. Here,
MK stands for metakaolinite, and 750 indicates the calcination temperature of
750°C [167]. Davidovits' patent (1982) focuses on the IV coordination number
of Al in dehydroxylated kaolinite. The significant aspect of Davidovits' (1978)
and Leonard's (1977) updated research on the structural analysis of
dehydroxylated clay minerals (kaolinite) using radial electron density distribution
and X-ray spectroscopy lies in the examination of the amorphous or weakly
crystallized phase of metakaolinite obtained at 600-800°C. The structure of
dehydroxylated kaolinite is illustrated in Figure 3.4 [167].
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Figure 3.4. Structure of dehydroxylated kaolinite [167]

Pelisser et al. examined the mechanical properties of metakaolin geopolymer
mortars in their study. Experiments were conducted to determine the elastic
modulus, hardness, compressive and flexural strength, flexural modulus, and
microstructural analysis. The results demonstrated that geopolymer mortars
outperformed Portland cement mortars in terms of strength properties and elastic
modulus. Additionally, both geopolymer and normal Portland cement mortars
exhibited similar micromechanical properties, but geopolymer mortars showed
better deformation capacity and tensile strength [168].

Rovnanik conducted experiments on the effect of curing temperature on the
hardening development of metakaolin-based geopolymer structures. The study
aimed to investigate the impact of curing temperature (10, 20, 40, 60, and 80°C)
and duration on compressive and flexural strength, pore distribution, and the
microstructure of alkali-activated metakaolin material. The research revealed a
relationship between increasing pore size and cumulative pore volume with rising



temperature, affecting the mechanical properties. Additionally, it was concluded
that monitoring the reaction process was possible through Infrared Spectroscopy
experiments [169].

Lahoti et al. evaluated the influence of Si/Al (molar ratio), water/binder (mass
ratio), Al/Na (molar ratio), and H20/Na20 (molar ratio) on the compressive
strength of metakaolin-based geopolymers. The research findings indicated that
the Si/Al ratio, followed by the Al/Na ratio, was the most significant parameter,
and unlike normal Portland cement, the water/binder ratio was not the most
critical factor affecting the strength of metakaolin-based geopolymers [170].

Zhang et al. conducted an experimental study on geopolymers binders
composed of a mixture of metakaolin and fly ash, specifically developed for fire
resistance applications. Flexural and compressive tests were conducted at room
temperature and after exposure to high temperatures. The development of an
optimal MK-FA mixture was possible based on mechanical properties and
thermogravimetric analysis results. A geopolimer based on MK-FA was
considered a potential alternative to traditional Portland cement in practical
construction categories [171].

3.2. The Practical Applications of Geopolymers

Over the past thirty years, diverse applications in various fields of technology,
encompassing geopolymers, have been proposed and utilized. The material
properties, along with the components involving their processing methods, have
shed light on potential applications in versatile areas and numerous industries,
offering high-level contributions. Geopolymers, with their minimal CO2
emissions, low energy consumption, low production costs, and rapid strength
gain, find applications in advanced construction materials, fire-resistant
materials, refractories, and stabilization of hazardous waste.

However, with the developed scientific foundation and research and
development support, their incorporation into alternative engineering fields is
surpassing their existing and proven characteristics. Their advanced mechanical,
thermal, and chemical properties, as well as potentially higher durability, make
them effective in various engineering applications. Geopolymers and their
derivatives, with superior performance advantages, have found their place in
engineering fields, primarily in construction but also in automotive, aerospace,
metallurgy, and the plastic industry. Geopolymer composites, showcasing
functional inclusiveness, serve in applications such as rapid setting and strength
gaining, making them materials used for fast repairs on airport runways, among
other purposes. Among other construction applications, the use of geopolymers
extends to the production of bricks, tiles, railway sleepers, box culverts, wall



panels, and prefabricated products like pipes. The common practice in these
products involves the use of particulate or short fiber binders. For low-tech
building applications, inexpensive organic fibers such as wool, flax, or paper can
be used in the production of geopolymer composites. Geopolymer composites
with organic fibers are inherently fire-resistant due to the inorganic geopolymer
matrix. Numerous studies indicate the use of geopolymer composites for mold
and tool materials, operating at high temperatures. Table 3.3 presents the
recommended areas of use for geopolymers based on the Si/Al ratio in various
fields [15-17, 172, 173].

Table 3.3. Recommended application areas for geopolymers
based on their Si/Al ratios [173]

Si/Al Application Areas of Geopolymers
1 In bricks, ceramics, and fire protection products
9 Low CO2 cement, concrete, and in the storage of radioactive
waste
3 Heat-resistant materials, glass fiber products
>3 Industrial products that provide sealing
20<Si/Al<35 Materials resistant to fire and heat

Geopolymer composite-derived materials combine good tolerance sensitivity
and the reproduction of surface details with lightweight; they are cost-effective,
easy to prepare and repair, and do not require high-temperature production
techniques, thus providing ease of on-site construction with rapid curing. Beyond
applications in the construction sector, they have been reported to be used in the
aerospace industry for the production of composite components and in the
refractory industry for metal casting [16-18], as well as in insulation and fire
protection for buildings [147]. Concerns about temperature or fire safety, when
there is resistance to the widespread use of organic polymer composites, lead to
the preference for fiber-reinforced composite panels. For this purpose, the
creation of flame-resistant smokeless interior linings for aircraft, successfully
implemented with geopolymer composite panels [18], or as heat shields in high-
performance race cars [17, 21], has been achieved.

With the evolving preference for geopolymer use, it has also found its place
in the automotive industry, particularly in a significant area such as brake pads.
The presence of environmentally harmful materials in brake pad materials has
been known for years, keeping research on this issue continually relevant. Brake
pads made with asbestos fibers, which can be harmful to the human population
and the environment, are known to turn into toxic dust during braking and be
released into the air with the wind. Because these toxic dust particles are believed



to contain many hazardous substances, they can potentially harm human
respiration and skin [1, 9, 130, 174). For eco-friendly brake materials, the
development of new-generation derivatives using geopolymer matrix and natural
fiber waste, which can replace phenolic resin and synthetic fibers, is being
pursued. Both the binding resin and reinforcement fibers are reported to
significantly contribute to the friction properties of the produced material [37,
175-178]. Additionally, standard traditional brake pads such as semi-metallic and
ceramic brake pads are quite expensive. Therefore, the use of geopolymer brake
pads is envisioned to reduce the production cost of brake pads in the automotive
industry [1].

3.3. Mechanical Properties of Geopolymer Materials

In the mechanical behavior of materials, loadings, temperature, and
interactions with the environment are functionally comprehensive. In many
practical problems, the combined effects of these control parameters are
evaluated. However, before attempting to understand the combined effects of
load and temperature or the effects of load and environment, the individual effects
of loads (elastic and plastic deformation) should be detailed and assessed.
Material response can also depend on the nature of the loading. When
deformation applied continuously increases over time (as in tensile testing),
reversible (elastic) deformation can occur at lower loads before
irreversible/plastic deformation begins at higher loads. Under reverse loading, the
material can also undergo a phenomenon known as "fatigue," which occurs even
at stresses below those required for bulk plastic deformation. Fatigue can lead to
destructive fractures if not anticipated in the design of most engineering
structures and components [179]. Thus, in determining the mechanical property
of the material, the change in all these parametric effects should be considered
for necessary designs and evaluations. Therefore, it can be said for geopolymers
as well that they are expected to have good durability in terms of mechanical
properties before being used in some engineering structures or products.

Research worldwide on geopolymers with composite content has revealed
extraordinary benefits in terms of mechanical strength, resistance to high
temperature, wear, water absorption, etc. [180]. In evaluating the mechanical
properties of geopolymers, the matrix structure and the general composite form
are considered in two separate ways. When looking at the mechanical properties
of the geopolymer matrix, it depends on the nature of alkali cations in the
structure as they balance the negative charge associated with tetrahedral
aluminate units combining with silicate units to form a three-dimensional
structure [17, 19, 20]. The mechanical properties of materials made with



geopolymers are influenced by the following parameters: (a) the ratio of alkali
activator solutions to source (precursor) materials (fly ash, metakaolin, etc.), (b)
the molarity of sodium hydroxide solution, (¢) the SS/SH ratio, which is also
dependent on the composition of SS, (d) curing temperature, (€) curing time, (f)
water content [141, 181]. When evaluating the reported mechanical
measurements, they are mostly based on comparison with cement. Here, the
assessment of the effect of compressive strength after varying curing times
becomes crucial. The source of aluminosilicate and reaction conditions
significantly affect the compressive strengths of geopolymers. This controls the
strength of the gel phase, the ratio of the gel phase to unreacted Al-Si particles,
the nature of the amorphous phase, the degree of crystallinity (or its absence), and
any surface reactions between the gel phase and unreacted particles [20, 182].

Ferone and colleagues conducted a study on the impact of the SiO2/Na-O ratio
on the mechanical properties and microstructure of metakaolin-based
geopolymer mortar. They prepared four geopolymer mixtures with various molar
ratios (SiO2/Na,0O). The curing time of the mixtures was seven days at room
temperature with 100% relative humidity. It was found that the Si/Al = 1.75 ratio
is a balanced ratio that improves the mechanical properties of the mixtures and
reduces shrinkage. Mixtures with high Si/Al ratios are more likely to experience
drying shrinkage issues due to high capillary water absorption resulting from the
evaporation of water. They also noted the presence of larger-sized pores in
samples with lower Si/Al ratios [183]. Therefore, the evaluation of the
mechanical strengths of alkali-activated materials depends on the design of the
applied mixture (Si/Al, Al/Na, water/Na ratio, etc.) and the reactivity degree of
the components [184].

Rodriguez and others [185] achieved optimum compressive strength with a
1.5 Si/Al ratio. The study observed that increasing the Si/Al ratio allowed for an
increase in compressive strength without any loss in strength, compared to lower
Na/Al ratios that significantly reduced strength when the Si/Al ratio exceeded
1.75. Subaer examined the effect of changing the Na/Al ratio on the visible
porosity of geopolymers and compared these results with compressive strength
results. They observed an inverse relationship between the two, implying that
porosity to some extent controls compressive strength since higher porosity
results in lower compressive strength. In this study, higher strength was obtained
at Si/Al = 1.5, and compressive strength values decreased afterward. The results
also indicated that an increase in Na content led to a decrease in compressive
strength in geopolymers. Yunsheng and colleagues [186] achieved a simple
compressive strength of 34.9 MPa with a Si/Al ratio of 2.75, Na/Al ratio of 1, and
H20/Na,0 ratio of 7.



Welter and MacKenzie investigated the mechanical properties of
dehydroxylated kaolinitic clay activated with sodium silicate and NaOH solution.
They found that a 50% reduction in NaOH content decreased both compressive
strength and elastic modulus [17].

The effects of curing conditions on the flexural and compressive strengths and
microstructures of metakaolin-based geopolymer were examined by Chen et al.
[187]. Samples were cured at different temperatures (20°C, 40°C, 60°C, 80°C,
and 100°C) and different curing times (24 hours, 72 hours, and 168 hours), with
50£5% relative humidity applied in the first 12 hours. The results showed that the
best compressive strength was achieved in samples cured at 60°C for 168 hours
because increasing the curing temperature accelerated the dissolution of
aluminosilicate, thereby accelerating gel formation. However, high curing
temperature resulted in a loss of moisture required to complete the
geopolymerization reaction. Additionally, Rovnanik [188] investigated the
effects of temperature and curing time on the mechanical properties of
metakaolin-based geopolymer samples at 1, 3, 7, and 28 days. The silicate
modulus of sodium silicate was 1.39. Samples were cured at different
temperatures (10°C, 20°C, 40°C, 60°C, and 80°C) for 4 hours and then stored at
room temperature (20°C) with 45% humidity. It was found that increasing the
curing temperature accelerated the structure formation in the early stages of the
reaction. However, rapid setting constraints prevented the mixture from
achieving a compact consistency. Conversely, samples cured at low temperatures
showed a delay in strength development, achieving the target strength at 28 days.
This was attributed to an increase in compressive strength with temperature due
to the increased geopolymerization products in the early stages. However, at later
ages, the quality of geopolymerization products becomes the dominant factor.
Geopolymer develops slowly at low temperatures and later exhibits better quality
in terms of porosity and compaction.

In Table 3.4, which essentially includes different components and ratios to
form the geopolymer composite structure, the impact of these components and
ratios on compressive strength is presented. In the analyzed studies, the Si/Al
ratio generally ranged from 1.5 to 2.45, with values close to 2 often resulting in
the highest compressive strengths. The Na/Al ratio varied between 0.75 and 1.2,
with 1.0 being the most commonly used ratio. The H20/Na20 ratio of 11 was
frequently employed by the majority of the authors. It should be noted that the
obtained mechanical strength indicators are also dependent on other parameters,
such as the source of aluminosilicates and the manufacturing method of
geopolymeric mixtures.



Table 3.4. Effect of Proportional Values in the Mixture on Mechanical
Strength [184]
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It has been reported that the alkali activation of metakaolin with sodium
silicate solution plus NaOH produces better compressive strength compared to
samples activated solely with NaOH [20]. Therefore, the compressive strengths
of geopolymer matrix materials cover a wide range, from 1 MPa for poorly
formed products of solid-state synthesis [196] to 26 MPa for sol-gel synthesized
geopolymers [197], and up to 110 MPa for a product synthesized from volatile
ash activated with sodium silicate and NaOH solution [198]. Under the same
conditions, geopolymerized metakaolin activated with NaOH has been reported
to have compressive strengths of 15 MPa, 35 MPa for volatile ash, and 70 MPa
for ground granulated blast furnace slag (GGBS). However, in another study, the
compressive strengths of geopolymers prepared from GGBS activated with
sodium silicate and NaOH were dependent on the concentration of NaOH,
reaching a maximum value of 45 MPa when 8 M NaOH was used. In a study
where metakaolin was added, a GGBS product activated with sodium silicate and
KOH reported higher compressive strength; the strength of this material is 79
MPa. Although there are numerous compressive strength values available for
geopolymer matrix materials, data becomes sparser when it comes to bending
strengths and elastic properties, which are more intriguing in the context of fiber-
reinforced composites [17, 199].

All geopolymers, being inorganic materials that demonstrate thermal stability,
have melting points and crystallization products depending on the chemical
composition of the raw material and the activating alkali used. According to the
phase diagram for the SiO,-Al,03-Na,O system, sodium geopolymers in this
system should crystallize as nepheline (NaAlSiO4) at approximately 1100°C,



even though the full crystallization temperature (and melting temperature)
depends on the composition [200]. When heated, the corresponding potassium
geopolymer forms crystalline leucite (KAISiO4), but it has been reported that the
melting point of the potassium geopolymer is unusually high, approximately
1300°C [201]. On the other hand, in another study, leucite (KAISi2Os) was found
to be the primary phase above 1100°C, with only a small amount of leucite
forming. Geopolymers based on metakaolin containing cesium were reported to
be more refractory than those containing sodium and potassium compounds, as
they crystallized pollucite (CsAISi206) upon gradual heating [202].
Formulations of volatile ash-based geopolymers with very high thermal
expansion in the 700-800°C temperature range have been reported to have weak
mechanical strength [203].

Geopolymers have been embraced as fire-resistant components in buildings
and vehicles due to their superior thermal properties compared to Portland cement
products. A 10 mm thick geopolymer panel synthesized from GGBS and KOH-
activated metakaolin withstood temperatures of 1100°C for over 30 minutes, and
the temperature increase on the opposite side was only 250°C [204]. The ability
of geopolymers to provide thermal protection to embedded carbon fiber
reinforcements has led to the use of these panels in the bodies of Formula 1 race
cars, where they could withstand temperatures above 700°C for more than 3 hours
[205].

The impact of slag on mechanical and microstructural properties has been
investigated by Soleimani et al. [206]. The study involved the substitution of
metakaolin with phosphorus slag at different weight percentages (10-100). The
SiO2/Al,03 molar ratio was 0.8, and the solid ratio (liquid/solid) was 0.53, with
curing performed at room temperature. The study concluded that the optimal
substitution rate of slag for metakaolin is 40% by weight, resulting in a 14.5%
increase in compressive strength at 28 days. The coexistence of both geopolymer
and C-A-S-H gels contributed to an enhancement in mechanical strength.
However, the study also observed a decrease in compressive strength due to the
precipitation of C-S-H within the first 7 days and the lower amount of formed
geopolymer gel.

Bernal et al. [207] investigated the thermal characterization of
metakaolin/slag-based geopolymers. The study employed different Si/Al molar
ratios and various slag/(slag + metakaolin) ratios. Curing was conducted at 60°C
with more than 90% relative humidity for 24 hours. Samples were exposed to
elevated temperatures (200, 400, 600, and 1000°C), and the remaining
compressive strength after thermal exposure was measured. Results indicated that
structural alterations in slag-enriched products compared to pure metakaolin



binders might require elevated temperatures. However, the unblended system
exhibited higher residual compressive strength after exposure to 1000°C due to
the reduction in alumina silicate glass resulting from the combination of
geopolymers and calcium C-S-H gel formation caused by the geopolymers'
reaction at 1000°C.

Despite offering numerous advantages, geopolymers are limited in
applications due to their brittle nature. To overcome this limitation, reinforcing
the matrix with fibers is a commonly preferred method due to its effectiveness
and cost efficiency [208].

In fiber-reinforced composites, fibers exhibit a restrictive effect before
cracking and mitigate brittleness through bridging capabilities after cracking
[209]. They alter fracture behavior, increase tensile and flexural strengths, and
significantly improve toughness properties [208]. Various researchers have
frequently used different fibers such as polypropylene, carbon, basalt, PVA,
glass, and steel to enhance the mechanical properties of geopolymers [17, 210].

Reinforcing fibers gradually take control of the mechanical properties of the
composite as the fiber content increases, while thermal properties are primarily
controlled by the matrix composition. Geopolymer matrices have demonstrated
successful protection against combustion when carbon fibers are used, allowing
the use of carbon fiber-reinforced composites in high-temperature oxidative
environments [205, 211]. In addition to the complications arising from the
variability in matrix compositions and processing parameters, comparing the
properties of these composites becomes more complex due to the lack of
standardized test methods and sample sizes used in various reported studies.
Significant differences in aspect ratios and absolute dimensions of samples,
especially in the open-depth ratios, can lead to dramatic changes in failure modes.
Moreover, insufficient explanation of fiber sizing and content in many old
publications (as well as in some new reports) hinders valid comparisons between
studies. Fiber sizing is particularly crucial since it significantly alters the failure
behavior of a composite. For this purpose, the fiber structure within a composite
can vary in normal, discrete or chopped forms, and unidirectional forms, leading
to variations in mechanical properties. The main advantage of discontinuous
fiber-reinforced composites is their relatively easy manufacturing and reasonable
improvement in mechanical properties [17].

Behera et al. [212] examined the properties of basalt microfibril geopolymers
when exposed to high temperatures (200°C, 400°C, and 800°C). Three different
proportions of basalt microfibrils were added to the geopolymer mixture (5%,
10%, and 15% by weight), and curing was carried out at room temperature (20°C)
for 28 days with a relative humidity of +£10%. Geopolymer with added basalt



microfibrils exhibited higher compressive strength than fiberless geopolymer.
The improvement in strength of fiber-reinforced samples was attributed to the
denser microstructure in the paste due to the effect of basalt microfibrils on the
strength development. However, an increase in temperature up to 200°C resulted
in enhanced strength due to the dehydration shrinkage of the geopolymer caused
by the evaporation of free water at 200°C. The study suggested that basalt
microfibril-enhanced geopolymers could be suitable for high-temperature
applications in thermal coatings.

Midhun et al. (2018) conducted a study on the fracture behavior of
geopolymers containing glass fibers. The research utilized a mixture consisting
of 70% Class F fly ash, 30% blast furnace slag, activated with an activator
solution with a sodium silicate/sodium hydroxide ratio of 2.5. Coarse aggregate
was granite, and fine aggregate was river sand. Geopolymer concretes were
produced, with one being a control mixture without fibers and eight fiber-
reinforced concretes containing alkali-resistant glass fibers of 6 or 13 mm length
at volumetric ratios of 0.1, 0.2, 0.3, and 0.4. Experiments were conducted on
notched specimens of dimensions 100x100x500 mm using a single-point bending
test setup in a displacement-controlled machine with a loading rate of 0.2
mm/minute. Fibers were added to the mix along with other materials, mixed using
a mixer, and flexural strengths were determined on specimens of size
100x100x500 mm using a two-point loading test setup. Notched specimens had
notch depth ratios of 0.1, 0.2, and 0.3. Researchers reported an increase in flexural
strengths in all fiber-reinforced samples, with increases ranging from 52.4% to
57.1% for concrete with 6 mm and 13 mm fibers, respectively. Additionally, an
increase in fiber content resulted in elevated displacements and fracture energies
for all notch depth ratios, with increases ranging from 15.2% to 48.9% at 7 days
and from 10.6% to 39.4% at 28 days. It was also reported that steel fiber addition
increased toughness values by 84.5%, 172.4%, and 263.8% at volumetric ratios
of 0.4, 0.8, and 1.2, respectively, while peak loads increased by 27.0%, 27.5%,
and 31.5%, respectively. Among the three types of fibers used, concrete produced
with polypropylene (PP) fibers exhibited the lowest strength results [213].
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Figure 3.5. Compressive strength of geopolymer mortars according to fibre
types and ratios [213]

Gao et al. (2017) investigated the effect of fiber length on the compressive
strength and flexural behavior of fiber-reinforced geopolymer composites. They
utilized Class F fly ash and blast furnace slag as aluminosilicate, a mixture of
sodium silicate and sodium hydroxide as the activator, sand with a maximum
particle size of 2 mm as fine aggregate, limestone powder as filler, and 6 and 13
mm steel fibers as reinforcement. Fibers were added to the fresh mix in different
combinations of fully long, fully short, and various ratios of the two, with
volumetric additions of 0.25, 0.50, 0.75, and 1.00. Curing was conducted at 20°C
and 95% relative humidity for 7 and 28 days. The produced 40x40x160 mm
mortar specimens underwent a three-point bending test with a loading speed of
0.1 mm/minute. The researchers found that using only short fibers resulted in up
to a 31.8% increase in flexural strength, although there was no change in the
fracture mode of the specimen, indicating a brittle failure similar to the fiber-free
mortar. In contrast, when long fibers were used, flexural strengths increased by
up to 58.5%. Moreover, at fiber contents of 0.50, 0.75, and 1.00, a transition to a
ductile failure mode was observed [214].

Chi et al. (2018) examined the flexural behavior of geopolymer composites
produced using chopped basalt fibers and carbon woven fabric. Plates of
composites were prepared using the hand lay-up method with different numbers
of layers and various fiber combinations. The composite formulation included
metakaolin, sodium silicate, and silica sand with a maximum particle size of 1.25
mm as the resin. The researchers highlighted significant effects of both
continuous and discontinuous fibers on flexural strength and toughness. An
image of the carbon woven fabric used in the study is shared in Figure 3.6 [215].



Figure 3.6. The application of carbon fiber weaving and
flexural strength testing [215]

Yan et al. (2016) investigated the mechanical properties and microstructures
of carbon felt-reinforced geopolymer composites produced using metakaolin
obtained by burning kaolin at 800°C for 2 hours and potassium silicate solution
as the resin. Carbon felt layers were used in different numbers, with total fiber
volumes of 0%, 2.5%, 4.0%, 5.0%, and 5.5%. The geopolymer slurry was
impregnated with carbon felt fibers, and the resulting layers were pressed,
followed by vacuum drying to prevent void formation. Subsequently, the samples
were cured at 60°C for 7 days and subjected to testing. The researchers reported
that the addition of carbon felt fibers increased both peak load and corresponding
displacements in the load-displacement curve. Depending on the fiber content,
they observed increases in flexural strengths ranging from 37.5% to 221.8% and
fracture toughness increases in the range of 67.7% to 309.7% [216].

Al-Mashhadani (2021) examined the flexural and compressive strengths of
geopolymer SIFCONSs produced with different fibers. The study utilized blast
furnace slag containing 40.6% SiO», 12.8% Al,Os, 1.1% Fe,03, and 35.6% CaO,
silica fume with 91.6% SiO2, a 12 M sodium hydroxide solution as the activator,
sodium silicate solution with 27.0% SiO, and 8.2% Na20O, river sand with a
maximum particle size of 2 mm as aggregate, and steel fibers with hooked ends
(30 mm length), crimped steel fibers (36 mm length), and plastic, nylon, and
synthetic twisted fibers (40-45 mm length) as reinforcement. Each type of fiber
was used to prepare an individual SIFCON. The study selected an activator
solution/binder ratio of 0.5, filler/binder ratio of 2.25, and a silica fume/slag ratio
of 1. After placing the fibers in the molds, the slurry was poured into the mold,
vibrated for compaction, and the specimens were cured for 28 days under ambient
conditions. For compressive strength testing, 50 mm cube specimens were used,
while 40x40x160 mm prismatic specimens were used for flexural strength.
According to the 28-day compressive and flexural strength test results, the



compressive strengths ranged approximately from 42 to 65 MPa, and flexural
strengths ranged approximately from 32 to 45 MPa. The study noted that the
SIFCON with hooked-end steel fibers exhibited the highest compressive and
flexural strengths, attributing this to fiber-matrix adhesion and the mechanical
properties of the fibers [217].

Lin et al. (2010) conducted an in-situ structural study to examine crack
development in samples. Short carbon fiber-reinforced geopolymer composites
have been utilized as refractory material for metal casting at temperatures
exceeding 1400°C [16, 218]. The ability of these composites to withstand high
temperatures and thermal shock has allowed their use for several casting cycles.
Microcracks were observed on the surface layer, but they did not significantly
affect the overall performance of the material [17].

Geopolymer composites containing alumina fibers were studied by Zhao et al.
(2007) and Foerster et al. (1995). The studies confirm that alumina fibers
significantly enhance the flexural strength of a geopolymer matrix. Particularly,
the ratio of alumina fibers in the content has a substantial effect on the maximum
flexural strength (almost over two-fold) when compared to the maximum flexural
strength of the composite matrix. The reported fracture behaviors exhibit
consistency, slight deviation from linearity, and a decrease in stress-strain curve
around the maximum stress. Heating to 800°C had little effect on the strength of
unreinforced geopolymer, but composites with short alumina fibers showed about
a 50% decrease in strength after this heat treatment. The combination of short
alumina fibers and steel mesh increased the strength and ductility of these
composites, preserving these properties even after exposure to high temperatures
[17, 219].

Geopolymer composites containing wollastonite (CaSiOs) microfibers [221],
organic PVA fibers [222, 223, 224], and polypropylene (PP) fibers [225, 226]
have also been investigated. In each case, the addition of a small amount of fibers
increased the strength and toughness of the composite. Lowry and Kriven (2010)
reported a maximum three-point flexural strength of approximately 18 MPa for
composites containing 2.5% by weight of 2 mm long PP fibers, representing a
tenfold increase in strength compared to the unreinforced metakaolin-based
matrix [17, 226].

3.4. Production of Geopolymer Additive Brake Friction Materials

The approaches derived or developed for the production of alternative friction
linings particularly rely on the use of an inorganic ‘alkali-activated' material
binder, which exploits the hydraulic activity of certain components capable of



complete hardening when exposed to an alkaline environment (such as high pH
values) [54].

Geopolymer materials play a varied role in brake pads, with their function
changing based on usage. Some studies refer to them as filling materials within
composite structures, while others utilize them as binders [54, 89].

To produce brake pads from geopolymer or composites, the raw materials of
geopolymer need to be adjusted initially. For the production of the geopolymer
matrix, chemicals such as non-ionized water (distilled), KOH (potassium
hydroxide), NaOH (sodium hydroxide), and Na.SiOs (sodium silicate) are used
to prepare the activating solution. Alkali activators can sometimes be used in
combinations. For example, Na.SiOs is used in combination with NaOH to
enhance the geopolymerization process [227]. As for aluminum-silicate sources,
suitable materials with content structures such as kaolin, metakaolin, fly ash,
ground blast furnace slag, silica fume, and red mud are preferred. Some of these
aluminum-silicates are natural products, while others are presented as products
resulting from industrial waste or recycling [154, 227]. The alkali activator
solution is then mixed with the prepared aluminum-silicate to ensure a
homogeneous mixture. A paste-like product is obtained from this mixture, which
is allowed to harden in ambient air for a specific period. Subsequently, the paste
placed in molds is cured for a designated time in an oven at a specified
temperature [227].

Up to this point, the manufacturing processes are generally identical to the
overall geopolymerization process and can be considered the first part of
production. The second part of the manufacturing process involves producing
geopolymer-reinforced brake pads. In this process, the contribution of the
geopolymer produced in the first part is ground into a powder form in a ball mill
and added to the other components forming the composite for brake pads. This
ensures a homogeneous mixture. The subsequent steps rely on production
practices specific to brake pad manufacturing, such as pressing and curing [1].
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