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humour and approach to life completely caught my heart, so pleaseskthit positivity at any point
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Florent, Marc, Hoss, Kate, Marina, Felix, Naomi, Zhihan, Xwaamnyu,Dlrao, Leila, Samuel, Ricardo,
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CHAPTER 1 INTRODUCTION

1.1 Background and motivation

There is currently an alarming trend concerning fires and theindafosesately, due to more and
more applications of synthetic materials, fires in buildings are ngechrare hazardous, and difficult
to control. Furthermore, the lack of uniformity in legal requirenegniisiting fire prevention in the
European Union exacerbateis thsue [1]. It is recognized that, especially irribggbuildings, it is
important to minimize the rate at which the fire spreads through the useahbostible cladding and
thermal insulation materials. Fortunately, there is a growingiimfgeegtotection and the development
of new technologies to reduce the impact on people's lives, healtheanirdhenent. As shown by
statistical data in 2020, abou#B0f all injuries caused by fineEuropean Unionccurred in buildings,
including as much as 6@in residential building®. Therefore, in the following years, an increase in
expenditure on investments related to passive fire protection in builéxmectiedFig. 1.1b)[3].
Concrete, gypsum, bricks, asbestos cement, stone, and: gdaamples of fire protection materials.
Coatings, mortar, sealants and fillers, sheets or boards refatasicgted materials, and others are the
most common forms of fire protection materials used in coiwir{8jt Moreover, in favour of the
development of the firesistant materials sector, we observe a tightening of the pddéigglardulations
regarding the approval of materials for use, also taking into account fire safety
In order to develop better fire protection materials that camesfire for asufficientlylong time and
produce less smoke when burnt, several mateldadsi companies are focused on technological solutions,
aimingat producing materials capable of withstanding high temperatueelsiaind toxic emissions gases
in contact with higlemperature decomposition.

Fig. 1.1a) Distribution of fire injuries by types in the 48 cosméjeesenting 1/6 of all countries in the
world (2020) [2b) Fire protection materials margeiwth forecast [3].
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An inorganic material with limitedat resistance is Portland Cement (OPC) concrete strwiiictes
unfortunately show mechanical strength loss at high tempendtigtesan impede rescue and evacuation
actions. High temperature causes concrete degradation at the dnicesascale, what is more, the
possibility of thermal spalling is a threat to the structure of the buildelbegsmay pose a threat to the
life and health of people staying nearby [4].
Geopolymer-based materials

In the 1950s, Glukhovskg] established a reaction model of solid aluminosilicate precursors
activated by alkali hydroxide and/or silicate solutions, which servethesrdteal foundation for the
development of alkali cements. While in 1972 Davifij\defined "geopolymers" as thdd¥mensional
aluminaesilicates produced by inorganic polycondensation. Geopolymeric binder, asatwe aiter
traditional Portland cement, possesses many interesting properties imigldsustainability and
intrinsically excellent thermal resistance property [7]. They also exhibit strong acel[8sisldreavy
metal immobilisation [#om waste materials utilised as a solid precursor for geopglhyimesis. The
capacity of geopolymers to maintain their strength even after being expigbettmperatures is their
principal feature. Additionally, because geopalgaierology can potentially have between 70% to 90%
lower CQ emissions than OPC [10], using them ascaorbustible building materials will benefit the
environment. Geopolymers are formed by reacting an alkaline soufioergathic precursors that
comprise alumina and silica. The process of bondingr8Q\IQ tetrahedra units to create a three
dimensional skeletal structure is known as geopolymerization [11].
The greatemperature endurance is demonstrated by the spatial stamcturegre especially by the
inorganic 3D framework. Due to its inorganic nature, it doesnitataenbustible vapours, hazardous
gases or smoke when exposed to high temperatures. It should be noted thatveliée geopolymers
do perform better than OP@ased materials when exposed to high temperatures, sevesaidadtty
be under control to achieve a good thermal response. These factlrshadype of raw material, its
chemical and mineralogical composition, an alkali cation, the silica, randuhes souraaf the silica.
Additionally tailoring the properties such as porosity, and aggregetpséildethermal compatibility is
of great importance [12].
Fly ash is a common solid precursor used in geopolymer manufdatutmgs high content of silica,
and alumina and low content of calcium. Furthermore, geopdhasensn fly ash have a low water
demand and a high porosity, allowing for a reduction in the negative impatets edxfaporation under
hightemperature conditions [13]. In addition, the continuous theimdaltgd fly ash particles fusion and
sinteringfurther increases the materials’ strefigth However, there are still unknowns about the link
between material properties for room temperature and increagedhtig® behaviour which affects

further material design optimization.
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Foamed composites

Open porosity, which allows water to pass through the material structure dur@dshead of
the abovenentioned material qualities that influence thermal responsivemresseiM due to the
presence of air voids, porous materials provide additional functiomadity su@erior thermal insulation
capabilitiefl5]. This feature is critical for the energy efficieheating of buildings, which accounts for
up to 40% of total energy consumption in the European Union [16]. Hence, porous ge@aolyraers
green alternative for organic materials iifle also providing sufficient thermal comfort. Thermal
conductivity for porous geopolymer foams ranges from 0.0886q\W./mK) [18] depending on the
base material and aeration method.

Foamed geopolymers have the potential to be used for not only therntianirsutlaalso
hygrothermal [19nd acoustic applications {223]. There are several methods for designing the pore
structure, including direct foaming, sacrificial filler metimad®g@ica methods, with direct foaming being
the most commonly applideid. 1.2 [23]. There are numerous foaming agents available today, including
aluminium powder [24], metallic Si [25], silica 2®hesilicon carbide [27], or hydrogen peroxig®fH
[28].

Fig. 1.2Schematic diagram of direct foamed geopolymer [28]BRoblowing agent; SA: surfactant.

In practice, foam stabilisers are also commonly used to rediace ®nsion, bubble rupture, and
coalescence [18], [28F a result, the system's stability is improved, allowing fer gadtol over
porosity and pore size distributi@mphiphilic compounds with hydrophilic heads and hydrophobic tails
are surfactants. Based on the composition of the head, theyifieel @assnionic, anionic, cationic, or
amphoteric. Surfactants can also be categorised based on thegunfigissnatural surfactants like egg
white [30]or olive oil [31], or commercial detergents [32]. The most prominent lyyaugper, are
synthetic surfactants, which are popular due to their good stabitipergigs. However, still many
challenges remain for foam geopolymers designglLg]ing scaling up effects, kwegn durability, and

composite interacting with other materials used in assemblies.
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Waste material utilization — mineral wool waste

The concern of waste generation and accorduttjzation has been known for many years and
is still the subject of numerous scientific studies. The amounteopreasiced globally is expected to
reach 2.2 hillion tonnes by 2025 [33]. Mineral wool(Wasi&/)is one of the waste streams that is gaining
ground among researchers and has been extensively studied irethgdass {3440]. Mineral wool
has been used as a material for the thermal insulation of buildingssorqgifiee early twentieth century
[41], and it now accounts for more than half of all insulation mateaikble on the market [42], [43]. As
a result, the expected amount of MWW from building renovationraatitida is expected to be 2.82
million tonnes by 2030 [43], thus it is of great importance tanfindptimize the solutions for MWW
utilization.

Mineral wool waste contaminates the environment during storabe,castls of landfilling rise year after
year [44]. Moreover, another negative aspect of MWW storaderigetfandfill capacity required due to
the low bulk density of MWW. Currently, several application amebs distinguished, such as solid
precursasfor the production of alkadictivated materials [45], wditle composites [46], gypshoards
[47], substitute for coarse and fine aggregates in the proddfict@merntased composites [48], a
precursor for foam glass synthesisdB&s an adsorbent [49], [30ffortunately, MWW reutilization
remains low due to its fibrous character and the heterogeneity of the phase compesdiog da the
production methodOne of the major problems, for instaradegn alkali activation approach is the large
amount of alkakctivator required, which leadstarge impact on the environmértrthermore, the
existence of organic resins in MWW, such as phenolic resin, polyesters, anelneefamradehyde,
may result in harmful volatile compounds if the reuse includésatipeareatmen{34].Yap et al.[43],

on the other hand, believe that the advances made in the field of rnglevabkte disposal are consistent
and promising and that in the near future the research should bedekpgodd the currently known

range.

1.2 Scope and objectives

Intending to design a geopolymer for féghperature applications, the focus is on three main
aspects. The first step is to establish the crucial factoisténatine thermal characteristics and propose
a potential solution for increasing the thermal properties of-Basesh geopolymer. The focus of the
second section is on widely studied porosity and how it affects thragrerfoof foamed composites in
both ambientand highkemperature conditions. Finally, the utilisation of waste matdmalsrt topic,
with a particular emphasis on the design of artificial aggaedatesir potential use in geopolymers for
hightemperature applications. These objectives are covered by the following topics:

Scope and objectives



Sliceous fly ash-based geopolymer for high-temperature application

A large number of experimental studies have identified-Bpseshgeopolymers as a possible
alternative to Portland Cement with improved thermal properties. Holweewgdle variation in the results
and inconsistency in the characterization of the solid precursor and geopwlymeted the
development of a guideline for fly-asked geopolymers for higmperature applications. This study
gives a detailed assessment of current research developheefitddof mix design. In addition, research
is being conducted on the higmperature behaviour of zeefiEopolymer composites based on fly ash.
Sodalite is synthesized from silicligush (according to EN 32 and the sodalisnriched geopolymer
has been investigated in terms of mineralogical and microstrucatimmsdrom plain geopolymer.
Additionallythe role of the crystalline addifivémproving geopolymer behaviour at high temperatures is
studied. Sodalite was synthesised from the same base materiaflisgisepughich was then evaluated
in terms of the role of the structure enhancer during heating ®1000

Foam composites- hygrothermal and high-temperature performance

Surfactant use in foamed composites is a common approach, bug thigieanount of surfactant
required to maintain adequate foam stability. As a result rfrésséed material pricesyironmental
impactand insufficient control over the generated pore structuresuafatant mixing system is
proposed. Given that the mixed surfactant system has lowee semnsion and interfacial tension than
single surfactants on the same substrate, the combination of tentdiffes of surfactants is thought
to demonstrate synergism or cooperative effects that camiaftestructures. The twsurfactant
component system improves the foaming efficiency and stability ofrgeppabtes. The effect of the
binary system on total porosity, pore size distribution, and openlpore,\as well as room temperature
characteristics, such as thermal, hygrothermal, and mechanicah,nswtatiuated. With the aim to
further improve room temperature properties, the addition of sitigalaerd its effect on hygrothermal
and acoustic performance is investigated. Finally, the potential ofypopmhigmer application at high
temperaturg(1100°C) is examined during esiee thermal exposure to reveal the role of open porosity
and the feasibility of the proposed material desighigistemperature protective material in the form of
panels.

Mineral wool waste-based aggregates for high-temperature application

Implementing higtemperature stable aggregates improves geopolgrtear thermal stability.
However, the majority of aggregates that are fairly popularmging@nmental concerns have not been
sufficiently or commonly characterized in terms of thermal propgrtiesas thermal expansion or the
maximum application temperature. These parameters are imponightémperature applications since
they allowto predict the nature of the interaction between geopolymer paste and aggregasssiltshich r
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in the preservation of the composite during-tegiperature exposure, as well asfposg / heating
properties like density, shrinkage, crack formation, csimpreand flexural strength. As the
aforementioned environmental aspects are specifically relaieciabaggregates, which are often based
on industriabyproducts owaste materials, this research assessedaiikaied artificial aggregates based
on mineral wool waste. The preparation parameters, as well astdiramie and higltemperature
properties, arestablished. Moreovehet aggregates are tested osmall scale in a fly asased
geopolymer, and their mortar behaviocotispared tesand aggregates and further discussed.

1.3 Outline of the thesis

Fig. 1.30utline of the thesis.

Figure 1.3 depicts thmutline of tlis thesis.InChapter 2the methods used for analysing and
characterising materials are descriielguidelines for fly ablased geopolymer synthesis to improve
hightemperature resistance are present€tidpter 3 The synthesis of crystalline sodisljpeesented
in Chapter 4and the influence of sodaleriched fly ashased geopolymer on higimperature
propertiesis discussed. At high temperatures, the role of the crygihbise as a reinforcing
agent/backbone is investigated further. Geopolymer foamed compositesrbagcoal fly ash are
designed and evaluated in the following three chapters. The rol€faftaosmix in tailoring porosity,
forming opermore systems, and influencing pore size distrilmitisstussed ©hapter 5 Furthermore,
room temperature properties that are strongly influenced bwrpbitecture, such as hygrothermal
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performance of mechanical strength, are elaborated. Theststiadynd dynamic evaluation of
hygrothermal performance allowed for the evaluation of material belmacimuparison to market
materialsChapter 6is a continuation of previous research in which the best performarscehogen
based on the proportion of open pores vs. total porosity. Two solid presmassed, namely siliceous
fly ash and biocoal fly ash, and the composites are enriched withogjétamaenounts of 10% and 20%,
respectively. The primary goal is to assess the effecthaditerial and volume substitution on the pore
architecture and thermal and sound insulation properties of porousitesmipothe following chapter
(Chapter 7, two mixes created @hapter 5are used to perform a esiele higitemperature test. The
composites with similar total porosity but different open pore coatensubjected tocreased
temperature aofip to 1100 ° C, and the discussion focuses on the impact oftareperofile depth
related changes in porosity and mineralogical compd3itapier 8discussethe possibility of using
mineral wool waste to create artificial aggregates fteriggrature applications. The effect of the curing
regime and alkali cation on the room and thermal properties is indeFtigdtermore, two selected
samples are used in a silicdlyusshbased geopolymer and exposed to 4DQ6 provide insight into
the role of thermally stable aggregates as matrix reinfgecitsgaminimise the negative effect of thermal
shrinkage. Finally, i@hapter 9 the most important conclusions from the presented research

summarised, as well as proposals for the future research direction antaroptiesented.
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CHAPTER 2 ANALYTICAL AND CHARACTERIZATION
METHODS

This chapter provides an overview of the methods used to charasteniegarials, such as silicdlyus

ash, biocoal fly ash, and mineral wool waste, as well as the end pemhadgner composites and
artificial aggregates. To provide comprehensive material charactegzatiaingroups of properties are
distinguished, namely physicllemical, microstructural, thermal, acoustic and mechanicas. analys
Furthermore, under controlled laboratory conditions, this work investiggrtathermal properties and
thermal stability by exposing geopolymers to high temperatures anchgevideetativeumidity. These
procedures are also mentioned and described in this chapter. Firalbifitmakechniques used to

characterizthe granular materigégygregateaye briefly described.

2.1 Physical properties

Bulk density and total pore volume fraction

The bulk density is calculated by dividing the mass of the santbée,gbpmetric volume
measured using an electronic height gauge. For each mix, mirimaassrements are conducted to

provide reliable results. The total pore voluaoton is calculated from

Viota= 1- ulk (2.1)

porefree

where poretreeiS the specific density on the crushed/powder material obtained via heliuretgycnom

(Accupyc 1330, Micromeritics, Norcross,.GA)

Particle size distribution

Malvern Mastersizer 2000 is used to determine the pagidistsibution of the powder precursors, which

is then computed using Mie thef{]. The analysis is possible by assuming that the particles are
homogeneous and knowing the optical properties of the examined maditeligpeasant {@ropanol

and/or demineralized watevyhile the sample is being dosed, ultrasound is useddgla®erate the

particles, and the suspension is stirred for 1 minute to eliminate possible air bubbles.
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Darcian gas permeability

The gas permeability test is conducted ooytlraricasamples with the size 30 x 503wt
from the core of the specimens. The pshaped specimen is secured by employing a rubber gasket and
a gasket holder in an inflatable sleeve to avoid a gas (airhdtyyses the sample and the gasket. By
applying the air pressure on one side of the test specimen and nthasgamflow rate on the other

side, the permeability of the samples can be determined by applying Darcy’s law.

P= —:Q (2.2)

Where P is the pressure drapeasured usirgnmanometer (Pa),is the dynamic viscosity of a fluid (air
1.85 105 (kg/ (m 9)) at 20°C), A and L represent the area of esestion(7.07 104 m?) and length of the
samplg0.05 m), Q is a flogm3/ s) and p is measured Darcy’s permeability.

2.2 Microstructure evaluation methods

Micro-computed tomography (UCT)

Using Xray tomography, properties including closed pores, distribution ofipmrare
determined, and 3D reconstruction can be made. The measurenpenferared with a uCT scanner
(uCT 100, Scanco Medical, Switzerland). The core part of the twe pampi& in the shape of prism
size 20 x 20 x 50 mmmre used. Each prism is analysed at three different heightd®remesentative
results. A voltage of 70 kV and a current of 200 mAwaadelength of4 Ware used for the structure
analysis. An aluminium filter of 0.5 mm is applied, and the 3D projeaties are created by combining
705 slices which resulted in a 3.52 mm thickness of the covjpagitsize is determined as 5 um and
the integration time was 220 ms giving the@salution of the reconstructed image matrix (2048 px/cm).
Using a dedicated Scanco Medical Evaluation program v6.6 the distsfiocenations performed and
the data are gathered in a 3D model of the sample [52]. Teenehtiened transformation, which
consists of filling the empty spaces of the solid component and sepdratinthe matrix, is applied
after the initial identification and separation of the pores from the depsémer matrix and contrast
optimization.The threshold is chosen visually in the middle of the histogramFpeaksearch with
similar samples, a fixed threshold is dsed.result, the pores and their volume in the VOI (volume of
interest) constrained by the specified contour are determined aftertificaide of all pores on the
surface and inside the prescribed contour [53]. To offer a quarkatmination of pore size distribution,
the resulting pore size data are recorded as a histbgeawpen porosity and its visualization are
calculated from uCT after the separation of the pores. Identiéschpeexamined for connection to the
outer contour and between each pore, as well as their volume. To [ovidaaBzation, the

disconnected pores are separated from the linked pores and displayed in the matrix contour.
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Mercury intrusion porosimetry (MIP)

Specimens in size of & are extracted from the sampled, immersed in isopropanol and
subsequently dried in a desiccator. The measurements areedowmsingt an AutoPore IV Series

Porosimeter. The applied contact angle of mercury wasmd30e surface tension was 0.485 N/m [54].

Scanning electron microscopy (SEM-EDX)

SEM analyses are performed by using a Phenom ProX scanning eleosocopmiaith a BSE
detector. Micrographs are recorded at 10.00 kV, while the EDsfsasady 15 kV. The specimens are
placed on carbon tape and sputtered with gold (Emitech K550X sputt@ucteie60 mA, coating time
30 s).

2.3 Elemental and mineral composition of material

X-ray fluorescence spectroscopy (XRF)

The chemical composition is determined by using the Omnian approach to theakiiy
spectra. The samples are prepared using the fused beads prndgedumgplves combining the powder
sample with the borate flux and eetting agent to create a glass disc of diameter. The sample is
further heated at 1066 for 24 minutes. Prior to the glassy disc preparation sthom ligmition (LOI) is
determined on the powder sample by heating it up te.0DRe decomposition of organic compounds,
carbonates, and salts is responsible for the mass change throughout tpeckeatinghe LOI value is
then utilised to recalculate the data acquired by XRF.

Phase assemblage (X-Ray Diffraction (XRD))

The phase analyses of samples both at room temperature and after expegain elevated
temperatures (up to 114@L) are performed usiXRD measurements. Powder samples are backloaded in
the sample holders and measured with a Bruker D4 equippad.yviEye detector. The range ef 10
80 ° (2) is measured with a 0.02 ° step size using al@oQualitative analysis is carried out with X'Pert
HighScorePlus 2.2 (PANalytical), while quantitatiay Miffraction analysis (QXDA) with Rietveld
refinement is conducted by the software Topas Academic v5.1.pSiiden is used as an internal
standard. The crystal structures with ICSD numbers are provided individuhllghiapar.

High-temperature In-situ XRD

The powders are milled in XRiIl McCrone (RETSCH) and applied as a thin layer on a platinum
strip. The strip function as the sample heater by applying a voltage anatuesnigemonitored and

controlled with a typ® thermocouple welded at the back of the Bligh-temperature isitu XRD is
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used to determine the mineralogical transformation at high tereparptto' 100€C. The insitu XRD
method is performed by usiag X'Pert Pro PANalytical diffractometer Caay tube in thettheta
geometry equipped with an And@aar HTK2000 heating sta@erundum is used as an external standard.
Samples were measured within the rang@e 20 using a step size of 0.039%d a time per step of
40.9s.

Inductively coupled plasma — Optical emission spectrometry (ICP-OES)

The content of reactive Si and Al of biocoal fly ash is quantifid@MDES (Spectroblue ICP
OES Sysmex). The obtained solutions are filtered with a 0.2 um RFRBdilacidified with ultrapure
HNOs.

2.4 Thermal analysis

Thermal conductivity

The thermal conductivity is measured with a heat transferrafiSi@d4ET model 2104),
according to the standards ASTM D 5930. The analyzer applies a ohgzmmiement method to
determine simultaneously the volumetric heat capaci/{J)(and the thermal conductivity (W/(m-K))
of materials with a measurement time of abdift in. The measurement is based on the analysis of the
temperature response of the tested sample to heat flow invghilsdbe heat flow is indudadelectrical
heatingof a resistor heater inserted into the probe which is in direattasitiiathe test sample. The
instrument is equipped with three probes with different thermal condowagsurement ranges of 8.04
0.3, 0.32.0 and 2:45.0 W/(m-K) with an accuracy of 5 % of reading plus 0.001 W)(rthe
temperature during the testing is constant at around 2hBe average thermal conductivity of three test

specimens is calculated as the final thermal conductivity of the composite.

Thermogravimetric analysis

The thermal behaviour of specimens is evaluated using an Sipitdfladalyzer (Netzsch
Instruments). The measurement is carried out from AW at a heating rate of 10 °C/minan
nitrogen atmosphere with a flow of 20 ml/min. For the DSC analysisnatidieasurements are included
with a variety of heating rates from 5 to 20 °C/min in ordeortfirm the glass transition temperatures.

The alumina crucibles are used and the average samE20nag.

Isothermal Calorimetry
The isothermal calorimetry analysis is carried out using an isotalemnatter (TAM Air,

Thermometrid-channelusing ampoules with 125 mL volume. The heat release during the first 7 days of
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hydration is monitored at a constant temperature of 20 °C. Waiedér(w/b) ratio of 0.23 was
employed. A certain amount of solid ingredients is first fmixednd with the alkali activator in the
ampoule for 1 minute to create a homogeneous paste, which is thdiatétymeaded into the

calorimeter.

Volume change

The volumetric changes are measured on the prisms before axplosftiee €0 high temperature,
expressed in percentage. The values are an average eftsuesnments per mix and temperature setting
using a digital calliper to find the length, width, and height of each prism and calatédteciene.

Medium pressure structural integrity- Refractoriness under load

The refractoriness under load test (RUL) is performed on two @alispkimens (diameter= 50
mm, height 50 mm) under the desired mechanical load (0.5 MPa&nddei$ heated at a constant rate
in accordance with the testing standard EN I1SO 1893:2pQ8leDotes the specimen's maximum

expansion in the percentage of its initial length.

2.5 Acoustic properties

Acoustic absorption

The impedance tube method is used to conduct the sound absorptmiltestrated iRig.
2.1 The hardened cylinder composite samples with a dimension of a heigimafril a diameter of 40
mm are tested. According to Li et al.[55], the minimum thickreepsroius material should normally be
no less than 1/4 wavelength in order to absorb all incident sound (2DQ@Rm). The measuring
technique is that a loudspeaker on one side of the tube generates a plane wave, whichusr&aels t
tube before being reflected by the material. The composite altezfieitted wave, and the sound
absorption coefficient of the samples may be measured byngdheatesulting standing wave. The wave
is recorded at six distinct points within the tube.

Fig. 2.1.Measurement of acoustic absorption of porous congosite
Also, the average values of the coefficient of absorption aleediior each sample, which is defined as
the area under the absorption curves normalized over thadyeiqumge and determined as shown in the
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equation below, wherei$§ the lower frequency at 100 Hz anid the upper frequency at 2500 Hz,
according to ASTM C38456]:
1

f
med= ir- f12 (f)df (2.4)

where neds themedianvalue of the coefficient of absorption, and f is the frequency at a certain range.

2.6 Mechanical properties

Compressive and flexural strength

Following EN196L [57], samples of 40 x 40 x 160%ane used to determine flexural strength
at 7, 28 days, and aftegthiemperature exposufdthoughgandard EN194. applies for testing mortars,
the protocol is shown to provide reliable results when applied to the pastnsps stated in EN 197,
therefore it is adopted without modificatibm calculate the average strength, at least three spe@mens a
tested at each age. To determine compressive strengtharoples sf 40 x 40 x 40 ndrare used in
accordance with EN196[57]. The final strength of the composite is calculated as the stvenragh of
six test specimens.

2.7 Fresh state properties

Setting time

The setting time is measured with a Vicat Needle apparatiingtodturopean Standard NEN
EN 1963 [58]. The test method is adjusted to the formulation of #igated mix design. The test
procedure considgperiodically inserting a standard needle into a cementitious material andi@nalysing
particular resistance to penetration to establish the initial and final setting time.

2.8 Material exposure to various conditions

Climate chamber conditioning- hygrothermal performance

The test procedure followed the guidelines stated in ISO 1257158)18Ee measurement is
carried out in a climate chamber with an accuracy tempefr@t€and an accuracy humidity of 0.5
%. The samples are dried at 4D%n a drying oven until a constant mass (mass change < 0.1%). The
climate chamber's specimens are originally preconditioned at theetedbreest stated humidity level
(25 %, 40 %, 50 %, 65 %, 80 %) at a constant temperature of 23 °C. Tharsmonpdestently weighed
until they are in equilibrium with their surroundamgsthe mass change between two measurements 24 h
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apart is less than 0.1 %. The possible water uptakdifferent humidity is calculated based on the weight
difference between the mass of the sample dried &t 16%) and the sample exposed to different
humidity at 23C (m).

= MMy 1009 2.3)

.-
Mo
High-temperature exposure

The samples are placed in a muffle furnace at room tem@erdtueated up to the temperatures
400, 600, 800 or 106D respectively at a heating rate ofZ1in and exposed at specific temperatures
for 1 hour. The samples are then removed from the furnace and cooled in theGiit at 20

2.9 Characterization of aggregates

Basic properties of aggregates

By following the guidelines of ASTM G02860], three basic parameters of the artificial aggragat
evaluated, namely:

Water absorptiois defined as the increase in aggregate mass caused byesaieg #lce pores of the
particles during a certain time.

The particle density, (kg/m3) defines as thevendry mass of aggregate per unit volume of aggregate
particles, including permeable and impermeable pores but excluding spaces betesen part

The apparent density(kg/m3) isthe mass per unit volume of the impermeable portion of the sggrega
particles.

The volume fraction of the open porosity that is interconnected is calculatedsai61gilow

Vopen= 1-2 (2.5)

a

Where ,corresponds to the bulk density of the aggregate graimefads to the apparent specific density
which defines the mass of a volume of the impermeable portion of a materiatiaemptatature.
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Single crushing strength

According to [62], the single crushing strength of aggregates is perfogreedrushing testing
apparatusecording the failure load (P) and the diameter of the aggregatiepfdsented as an average
value per batch and calculated as follows [63]:

_ 2.8*P
- *y2

(2.6)

Grain shape analysis

The images of various aggregates fractions, are procesaedlysetl with the free image
processing software ImageJ to evaluate the regulardiy ehépe by circularity factor. Circulé@lyis
defined as

_4s
C=3 2.7)

where S denotes grain area and P denotes grain perimeter [64], [65].

High-temperature stability of aggregates

Contour microscopy is used to determine the thermal expansion/stofrdggegates during
heating up to 106C. The pictures are taken with the stepQ@hd analysed by using ImageJ. For both
types of aggregates, 5 grains are analysed and per eaehc@ flefes on the obtained photographs are
selected to observe the changes.

Fig. 2.2 Setup for higtemperature contour microscopy analysis.
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CHAPTER 3 THERMAL AND FIRE RESISTANCE OF
SILICEOUS FLY ASH-BASED GEOPOLYMERS

This chapter provides a comprehensive summagadfhitpogress cesicerning mix design, curing and their effe
on the thermal and fire resistance of siliceous fly ash tpethgolyinierarizdy of characteristics, the performance ¢
siliceous fly ash is recommended to be assessed in berses.oflits nefhotimegpof different alkali sources and their
effects on thermal resistance are discussed, shaowibgsibdtaotitagsrs contribute to better performances. B
applying Factsage calculations, the role of mindralegentdtimgctamperature and phase format®n as well as th
mechanisms behind the initial strength increasd gefipohandrasduring heating are discussed. Moreover, tl
evolution of material properties during high-tempendtthre kepgsuresreeter pore interconnectivity to avoid damag
such as spalling are reviewed. Finally, recommendatitigstion8ietfeepiovised.

The results presented in this chapter are pubiistrezifollowing article:

K.M. Klima, K. Schollbach, H.J.H. Brouwers, and QuL“Thermal and fire resistance of Class F fly agh dpageolymers\
review Constr. Build. Mater., vol. 323, p. 126529, (2022).
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3.1 Introduction

Increasingattentionis being paid to the issueof fire resistancef building materialsand the
associateshfetyaspectayhichareespeciallynotivatedoy the numerousiresin residentiabuildingsand
publicinfrastructureAccording to the platform FSHBire SafeEurope), 2 million fires are reported in
Europe each year and more importantly, 90% of them occur in bilitigsttributed to the increased
use of flammable materials. Ordinary Portland Cement (OPC) bas¢el, edtiteeworldwide production
of 25 billiontons in 2018 [66], has great reteemperature performance, but its structure is weakened
remarkably by the action of fire. Explosive spalling in dense concretelsssenssl in the temperature
range of 300 to 45C [67]and the loss of loaghrrying capacity occurs if the temperature is higher than
400°C due to the decomposition of portlandite [68], which causes irreversibtalsthastges.

Recent studies [69]1]demonstrated that geopolymers, an alternative to Portland cemanttpbptes

fire behaviour. Research on the aspect of fire resistance origimaRevidovits' work on modern fire
retardant materials [72], as a response to the catastrophic fires invoieinig plesice in 194®73. A
major advantage of geopolymers is their strestgihing ability after higamperature exposure.
Moreover, applying geopolymers as ecoombustible construction material would have a positive impact
on the environment because their €@issions are up to 80% lower than OPC [67]. Geopolymers, often
described as argjpalling materials [73], are produced from the reaction ofliesoalic& with inorganic
precursors containing alumina and silica [74]. The reaction is called geofiotyragpizeess by which
SiQy and AlQ tetrahedaare combined to form a thrdnensional framework structufle inorganic

3D framework provides geopolymers with excellent thermal stakildy that generate toxic fumes
during a fire, enabling their higimperature application such asrégéstant coatings, thermal insulation
layers and wall panels [68].

In recent years, geopolymers for téghperature applications have been widely investigated owing to the
growing awareness of the importance of passive fire protection ofaildistructures, as well as the
demand for costffective and environmentally friendly construction materia[{8275Research shows
that the performance of fly ashsed geopolymers is strongly affected by numerous factorshyqeh as
of alkali reagent [83], curing conditions [83], silica modylusdi@sity [85], phase composition [86],
volumetric changes [83fd thermal compatibility of the components [80]. However, many aesult
considered conflicting atitere is still no clear consensus about mix designs as well aslififlciens
concerning fire performance. Lahoti et al.c@8posed a comprehensive review on the fire performance
of geopolymers but it primarily focused on the degradation of geopalyatar high temperatsrst
different scales fromicro, meseto macre, while the significance of influential factors mentioned above
was not addressed in detail. Further, various solid precurs@it agsactivatorgiere covered which
makes it fairly difficult to derive trends or mechanisms for certain speaiédals. Understanding how

to alter geopolymer mixesth single fly ash is vital but there is a lack of compreheudiyevkich
underlines the most critical aspects of the geopolymer mix designteanpaghture applicat®rit has
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been investigated that not all fl-lbased geopolymer formulations have strong thermal stability. Rickard
et al. [86], [89hvestigated fly ash samples from different origins that provide vérithipigrature
performance, implying that single system fipas#d needs to be thoroughly investigated in terms of
hightemperature resistance for designing good performing geopolymer bas#y aveltatale fly ash,

both in a single or blended mixEserefore, a new comprehensive review with the focus on timsse ite
may help in understanding the interdependence of factors, the sensitéevig@bolymer system to the
action of high temperature and fire pravide insight on the mix design for such applications.

Inthis chapter,deview fly ash geopolyrrefated works and summarize relationships between parameters
that define the initial composition, optimal preparation conditions and tttecekpéaviour at elevated
temperatures, to obtain a guideline for fly ash geopolymerstenipghature applicat®rApart from
highlighting the unique properties of fly ash geopolymers fdefmigerature applications, perspectives

on features that could be enhanced, and areas of research still need to beeeafsorprbaided.
3.2 Factors affecting geopolymer properties

3.2.1 Fly ash reactivity

The focus of this reviewdticeoudly ash(Fig. 3.1)as the starting material of the geopolymers
(Table 3.1) Siliceoudly ash is primarily amorphous, but also contains some crystafiese quith as
quartz, mullite, iron oxides, lime and periclase [90], [91].

Table 3.1 Summary of siliceouty ash chemical composition ranges characterized worldwide
(approximate values based on [92]).

% Chemical composition

SiO, Al0O; Fe0O3 CaO KO MgO SOs TiO, Na,O P,0Os MnO LOI

3070 1550 1-30 <10.0 <40 <40 <200 <30 <20 <200 <05 <20

Fig. 3.1Typical SEM of fly ash including fly ash precipitators ansptemnes.
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Its reactivity in an alkaline environment is strongly relateddontent of the vitreous (amorphous) phase
and its composition. Higher content of the vitreous phase results in a fasten actid/a higher degree
of reactivity [93]. However, it should also be noted thatatte/eephase is not entirely associated with
the amorphous phase of ash. For instance, some refractory phases are not re@ctiisolmonsidered
part of the fly ash amorphous phase. The crystalline compongyt&allg nosreactive. A content of
reactive silica between 40 to 50 % by mass is crucial [94], asosrthefasactive ADs However, this
content can vary quite considerably, because the composition ofsijfasivéry variable and so is the
ratio between amorphous and crystalline phases. This variability makes tio difficplre results from
different studies because the amount of reactive oxides detaragiined. The chemical bulk composition
(for example determined by XRF) that is often given contains no informatibhaab the oxides are
bound. This missing information is likely the reason for some conflictitsgmetbe literature. There are
existing methods which determine fly ash reactivity such as mehsuhiegt trelease and calcium
hydroxide consumption ahigh pH environment [958} the method proposed by Pietersend9@he
dissolution of fly ash in sodium hydroxide at different temps2@u48°C. It can be stated that chemical
composition does not reflect reactivity. It is influenced byaiteenaitioned crystalline and refractory
amorghous phase contribution in the overall composition, particle size andygéometerity) of the
particles. Measuring the bulk chemical composition of fly ash hdfafeeadissolution and combining

it with the mass loss during dissolution would at least offer sosistern insight into the amount of
reactive oxides present and the subsequent composidactioin products. An alternative approach was
proposed by Fernanddmenez et al. [97], who stated that chemical analysis withudnydra€id,
Rietveld refinement and nuclear magnetic resonance can be comlzhiedecaareasonably precise
quantification of the vitreous phase materials in fly ash. Reeanthrd88}egarding the potential
reactivity of flyashfor geopolymer designing showed that by combining fly ash dissolutidriNaQ®6

at 80 °C and treatment of the residue by HCI solution, the total arhmeattive Si/Al molar ratio can
be reliably determined. This research underlined the main differenee $#Aleatio for bulk fly ash
obtained via XRF (1.63), amorphous based on XRD (3.75) and veabta@H/HCI treatmen{2.65
2.98). Observations revealed a substantial reliance of theomethdtdsime of dissolution or solution
alkalinity; moreover, refractory phases may exist among the amoopiparsent, which, despite their
amorphous structures (XRD), are not reactive. In order pacethe findings obtained and use them for
further study, we recommend that any research-ashftyeopolymers should be focused on the reactive
portion of the ash.

3.2.2 Si/Al ratio

The ratio of reactive silica and alumina plays one of the masamnmdes in geopolymerization
reactions. For example, quartz and mullite increase the ratiol af 8ifAbulk composition, however,
they do not contribute in the context of alkali activation due torifstalline character [11], as mentioned
above.The Si/Al ratio determines the thermal expansion of geopolymers;hemeal tstability is
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observed with an increased Si/Al due to the swelling ofishiccondary phases [86][99]. Further, the
origin of silica and alumina plays an important role. For instance, ressemtéddog Rickard et al. [86]
showed that increasing the reactive Si/Al molar ratio from 1.15 And 2.8 and 3.0 respectively by
adding extra silicate solution causes greater expansion and lowestéhdityalf the samples and also
the reduction of residual compressive strength after expogereittafge portion of the excessive silicon
added via solution does not react to form geopolymeric gel and the etz Ekely to swell at high
temperaturgthat cause strength loss after firing [86]. Provis el ekj8ned this phenomenon in kigh
silica activating solution by the low amount of silicate monomers, wééshstaw dissolution of fly ash
particles, leading to lower amounts of Al in the geopolymeric gel and ethereéor rates of
geopolymerization. The low degree of geopolymeric gelirddmgscauses rapid thermal expansion.
However, increasing the Si/Al ratio with more silica fume, which somaimers, can improve
compressive strength. Noteworthy, this contribution is not limitedetnical improvement; it also
possesses the function of a microstructure refinement [1G]srbgll amount of walistributed
nanoparticles acting as a matrix compaction agent. Rodriguez et al. [101], whbtgatethesigle of
nanomaterial (hanosilica) in the formation of the microstructilyeashbased geopolymer, stated that
when a commercially available silicate solution was replaced with nardesil§ea microstructure with
reduced porosity and permeability was obtained, which is directly coorleatedwater demand. By
enriching one mixture wighwt.% silica fume it was possible to improve strength perforovandbe
entire temperature range significgmtiple 3.2 [102]. Shaikh et al. [1@88]}died the impact of nanosilica
(NS) and fine silica fume (SF) on geopolymer specimens at eleymeatues. They reported that
geopolymers containing 2% and 10% of NS and SF respectively dgendiitgevhich is considered a
desirable higtemperature phase in refractory materials [104]. Adtalogger mass loss, volumetric
shrinkage and greater residual strength were observed atgegittees [103]. Moreover, as some latest
studies found, an alternative and mordresally source of silica, waste glass powder, shows desirable
performances. It enhanced not only the fresh state characseristinsm temperature performance but
also the higitemperature related to the melting of waste glass, whicvemgine geopolymer gel's
integrity [105], [106].

Table 3.2Compressive strength of cooled geopolymers based on fly ashhafengegature exposures
[102].

Mix detail Compressive Strength (MPa)
80°C 6000C 800°C 1000C
Fly ash + NaOH/Na ,SiOs 36.7 41.8 12.8 8.3
Fly ash +8wt% SF+ 67.6 70.1 34.2 313

NaOH/(Na ,0)y SiO;
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It is noteworthy, that the Si/Al ratio also determines the initial téompertthe gel crystallization process
during elevated temperature curing, the higher th#AISI: ratio, the higher the temperature of
crystallization. The process of crystal formation can be harrifal g@bility of the material due to
volumetric contraction associated with crystallisation [10&@% #s® observed that a higher Si/Al ratio
causes a lower water demand, higher density and lower porosity during the produd&opofytirer,
which contributes to higher compressive strength and modulus ofye]468¢{110].Krivenko and
Kovalchuk [111%tated that a SHAI ,O; ratio in the geopolymer bulk composition between 2 and 4
provides the material with good mechanical performance and helpsfaithatien of more thermally
stable crystalline phases (such as hydroxysodalite or zeolite R) ihasmdiugeopolymer aigin
temperature, however, this can only serve as a generalhutebofnd the actual amounts of reactive

alumina and silica should be considered, as mentioned in Section 2.1.

Fig. 3.2Strength gain/loss in the temperature range 20 to@0f@6asured at room temperature for different

SiO/Al 20sweight ratisbased on XRF (fly ash) and with the addition of silicateafitivator solution (paste)

I [122]; N[113]; 111 [124]; IV [115]; V [103]; VI [116]; JT]; VI [117]; 1X%XI [118]; X1l [119]; XIII [117]; XIV
[102]; XX VI [120].

Figure 3.2shows examples of the bulk XRF 540,03 of fly ash and paste together with the strength
gain/loss at high temperatsiréhe yellow colour represents the ranges where, as the teeneatthe
strength increased in comparison to the strength measure@ aivBéreas the green colour represents
the materials whose strength decreased after thermal expasbrepwd be partially related to the
percentage of added silica in the form of activator solution €s8&fAl ,0s in Figure 3.2. It is
observed that silica from the solution does not exhibit a clear patterretation when taking into
consideration the percentage enrichment of the fly ashes. As atersuiibjmlp the reactive component
of the ash is of significant interest as only this information casefldeaitink future research to other

authors' recommendations for geopolymeric paste design.
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3.2.3 Alkali reagent

The alkaline modulus SIM ;O (M = K, Na) describes the ratio between the content of silica
and alkalis added as a hydroxide (MOH) and silicate so{ivtials $iCy). It was previously mentioned
(Section 3.2.2) that an excessive silicate content hinders sforotat®on by inhibiting the
geopolymerization reaction [121]. High concentrations of MOpt@ade more hydroxyl groups to
initiate geopolymerization reactions and promote gel formation [12&]JinBdba potassiurased
activatorsome discrepancies in values can be observed, for instande 3i®@/katO of 1.88 (kon=
8 M, =1.33 g/cnd) exhibited the highest residual strength at albEfrelevated temperature treatment
up to 800°C, while Sindhunata et al. [123}ed that the begérforming specimens used the modulus
ratio of 1.4Table 3.3presents these inconsistencies. It displays the silica modeiisasashe alkali
cation and the major observations at elevated temperatuiegestigations that compared the thermal
reactions of geopolymers with different activators (K or Na) gtavigealitative examination of the
function of the alkali cation in thermal efficiency by reducing thendeflo€ variations in fly ash
composition [124], [128ased offable 3.3 it can be observed that when the potadsasad solution
was used, there was a bdtightemperature performance because there was less fracioentent
observed and thermal shrinkage. Furthermore, the massiymnltigchetween silica modulus values
(from 1.0 to 1.88) and comparable findings make it difficultetondee which value is the best. The
objective, however, should be to determine the reactive componerftyofshen order to calculate
overall mix ratios, such as Si/Al, Al/M @Na, K) and HO/M ;0. Indeed, values obtained using
comparable approaches can provide a broad picture of the best fitibadorperature applications.

Table 3.3 Literature on molar SiM 20 ratio for fly astbased geopolymer for higgmperature response

tests.
SiO/M 20  Ref. Activator Type T Observations
(molar (°C)
ratio)*

1.00 [126] Potassium Concrete 700 A slight increase in the strength of geopolymer is seen at
300°C, which is probably attributed to the sintering
reaction of usreacted fly ash particles in geopolymers.
Higher splitting tensile strength of geopolymer than
OPC in all temperature range froniv28°C

1.14 [71] Sodium Concrete 750 The main reason for substantial degradation is

dehydration above 300
Recommendation: changing alkali type or optimizing
mix design to reduce the influence of dehydration on

the degradation propagation
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SiO/M 20
(molar

ratio)*

Ref. Activator

Type T
(°C)

Observations

1.15

[127] Sodium

Concrete 800

No cracking was observe®@® °C.

Geopolymer concrete gains strength beyontid00e

to densification

1.16

[114] Sodium

Concrete 1000

Faster heat transfer in geopolymeric samples than in
OPC was observed, as well as better resistance to

cracking of geopolymer up to 1€D0

1.20

[13]  Potassiursodium

Paste 800

Fly askbased geopolymer showed better performance
than metakaolibased with the same gi® ;0 (no

cracking occurs).

1.24

[115] Sodium

Concrete 1000

Better performance of geopolymer than OPC both
when airand wateguenching applied.

1.26

[128] Sodium

Mortar 800

The further geopolymerization and sintering of the
matrix cause a strength increase. This effect counteracts
another simultaneously occurring phenomenon, namely

aggregates incompatibilities

1.30

[125] Sodium
Sodium/potassium

potassium

Paste 800

The softening temperature of the geopolymer was
determined only by the cation used and the higher was
obtained for potassium K(8@)> Na(6106C)> Na/K
(5700C)

1.42

[129] Potassiursodium

Concrete 800

Investigated molar ratio was 0.63 to 1.42
(N&SiOJ/KOH mass ratio 0.5 to 2.5) in which ratio
equals 1.42 (2.5) performed the best.

1.43

[124] Sodium

Composite 1100

Timber coating. Specimens exhibit good fire resistance,
however, Kbased exhibits fewer cracks after €100
than Nabased.

1.43

[130] Sodium

Paste 800

Fly ash activated by #ased solution. The investigated
mass ratios N8iO/NaOH were 2.0, 2.5, and 3.0. At
room temperature, the better mechanical performance
showed a sample with 2.5 (a0 = 1.35), but at
hightemperatures up to 8@D better results were
obtained for the mass ratio 3.0 (B@.0 = 1.44)
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SiOJ/M ;0  Ref. Activator Type T Observations

(molar (°C)
ratio)*
1.44 [131] Sodium Paste 800 Blast furnacslag and fly ash blended in a weight ratio
of 1:1 which cause the formation efNJ-A-S-H
Strength development until 4@ crystallization of the
gel at 600C causes strength decrease and shifting
porosity towards big size pores
1.88 [124] Potassium Composite 1100 Lower shrinkage and thermal conductivity of potassium
based than Nhased;
1.88 [130] Potassium Paste 800 Paste with mass ratieHO/KOH 3.0 (SIOJ/K 0 =

1.88) shows the highest residual strength. Fewer cracks,
lower volumetric shrinkage and mass loss than Na
based.

*Mass ratios MOH/M 2SiOsrecalculated on the assumption that density equals:
D Nao sw) =1.28 g/cm3; DnaoH 10m) = 1.33 g/cmMBD(naoH 14m) =1.5 g/cm3 Dkon7my=1.29 g/cm3 Do sm)=1.33 glcm?3

Geopolymeric gel formation is dependent on the present cation$1@32]The initial strength of
potassiurbased geopolymers is lower than those activated by sodiloedd@4é potassium leads to the
formation of more porous gels [134], however potassised geopolymer performance is compensated
by better higltemperature behaviodihe use of potassium hydroxide also results in a $efttiygy time,
however, it also leads to a higher rate of fly ash dissolution andralimsoriporation in the gel matrix
[133], [135]. This occurs because potassium is incorporatedahimthesilicate framework faster than
sodium due to lower charge density that is directly connected togh@otatomic radius. Furthermore,
sodium has a stronger interaction with its first hydration shell thaiupotd&s hydration sphere
contains strongly bound 6®Imolecules, whereas for tie number is ranging from 5 to 10 [136]. Water
molecules formed during the condensation of aluminosilicates will bedrhimsfetine hydration spheres
of potassium/sodium ions. From the point of energetic contributi@aclothydration shell, it is more
favourable for Na ions to adsorb released water mskratifior K to be associated with oligomers [137].
The potassiurhased geopolymers exhibit better thermomechanical propertieshéettal stability
[138], lower mass loss and lower volumetric shrinkagéhfir?4heir sodium counterparts at elevated
temperatures [103]. Bakharev [189rted that geopolymers prepared wspwassium activator had
higher compressive strength after fire exposure aC8mpared to their initial strength, while the
specimens based on-blantaining activator deteriorated rapidly above@@hich was related to the
crystallisation of Neldspars and a significant increase in pore size. Petassgdnaluminosilicate gels
have a higher temperature of decomposition than sodium ones, which leaptaeis,0/SiO, system

is more suitable for fire resistance applications [11]. The dsitiom@d lower temperatures for a Na
based system is caused by the higher diffusion coefficient of sodium at higtutesfi®9], [140]. Pan
and Sanjayan [12&)ncluded that the softening temperatugetémperature at which the reversible
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transition in amorphous regions from a solid into a viscous state takes plac#)edaghedt value for
K-based geopolymer (8@) and the lowest value for mixed cation type Na/KoG)Qvhile it was 610

oC for Na. The authors suggested that the mechanism determining tloerhistsimilar to the one that
occurs in the “D-T structure in glass and applies to both sole and mixed alkali cations. Sodium
aluminosilicate glass has a lower softening temperature than pglassjand mixed alkali catigtes

K) cause a further decrease in the softening temperature [14pedificseffect can be explained by the
smaller atomic radius of sodium compared to potassium. Theosfiorg, forms stronger bonds with
oxygen, resulting in a stronger inductive effect4®@ Nands when compared to® bonds, and the
stronger inductive effect results in lower strength at highré¢mnee [125]. Furthermore, Barbosa and
MacKenzie [14Z}ated that kbased geopolymers melt only at 2@0nd theithermal stability is related

to the partial recrystallization to feldspars. In aluminosilicatassytbie presence of sodium reduces the
melting temperature of the entire system by the formationtaflicryphases such as®2SiQ (Tiiquidus

= 874°C), NaO SiG; (Tiquisus= 1089°C) or albite N# Al;036SiQ (Tiquisus= 1108°C). Potassium
activation in low alumina systems (< 10%) also reduces the melting tempenatgempblymer due to

the formation of high silica potassium silicates, &sdkO 4SiQ and KO SiG, with a melting
temperature of 7€ and 976C respectively. However, the content of alumina above 10% results in the
formation of phases such as leuci® Kl:O0s 4SiQ (Tiquiaus= 1693°C) with a higher melting point.
Overall, the use of-Kased activator is advantageous fasfiypbased geopolymers owing to its beneficial
impact on higtemperature performance, including more stable phase formatioentjié strolution

and reduced mass loss and shrinkage.

3.2.4 Role of water

The properties of geopolymers are strongly determined by the amouser af e initial
solution and the content and type of residual water, such as entrapped inftamewmark pores [143].
Some researchers stated that the water content has moreeimifiugre microstructure and strength
developmenthan the chemical composition of the geopolymer gel{[¥&] Water is the medium for
OH- anions that dissolve fly ash particles and hydrotysendISi+ ions. High alkalinity is required to
initiate raw material dissolution and geopolymeric gel formatiorinflbarfces the reaction rate [146].
After the geopolymerization reaction, the water stays in the poresicalptpound water or gets
incorporated into the geopolymer network as chemically bound water. Th®tughteht causes lower
strength by creating larger pores [&4d] increasing pore volume which also increases the shrinkage
occurring at high temperatures [89]. However, water decreaggertittion of ions by enhancing
dissociation, which enhances and accelerates their transport/mdvertrertnore, an increase in the
concentration of ions in the solution can be seen when ions become more48pbileyd, when OH
ions concentration in the system is high enough, more water cae ihereate of the dissolution and
hydrolysis reactions through:
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. . H> M
-SkO-Si + H,0 2-SFOH @.1)
| I
| | OH" |
-Al-O0-Al- + H,0 2-Al-OH 8.2
I |
| on- | |
-StO-Al- + H,0 -SiOH+-Al-OH @.3)

This is beneficial for improving geopolymerization reaction efficiencyhmitsaine time, the water
hinders polycondensation kinetically [149]. Barbosa and Mackenaisd bB8Erved that a higher water
content increases the amount of unbound sodium that can migrate tiatkeoser time. It undergoes
atmospheric carbonation, formingGl@s; that undergoes a melting process after reachingCL®Y],
forming a glaze.

3.2.5 Curing regime

Different curing regimes can be applied to obtain geopolymer wiffegooshance at room and
high temperatures. Heatred geopolymers in general are characterized by high compesssilrelstr
drying shrinkage and moderately low creep [114], because the higher termoeeatsedhe dissolution
of the aluminosilicate source, thus increasing the polycondensation esat gel formation.
Additionally, greater polycondensation shortens the setting time of the specimens.

The most typical temperature range for the initial hours (upara} of curing is 5880°C, followed by
room temperature curing. The initial 48 hours are crucial for geapyiore reactions. Many
investigations have reported that a curing temperatur®sfG0L51[154]and a curing duration of 24
hours is optimal. The prolonged exposure or exposure to higher tengisratyseofitable since there
was no significant improvement in compressive strength at tempbegtonels6QC [155]. Sindhunata
et al. [123demonstrated that temperatures over 5@romote geopolymerization by raisthg
geopolymer's final Si / Al ratio and increasing the system reaCtbily 8.4, suggesting that
geopolymerization is first and foremost reliant on the curing temgdiaking into consideration the
costs associated with energy, increasing the heating durationtéret@® Bdurs results in ordyl0 %
gain in strength [156], while additional heating up to 72 hoursineautiegligible improvement in
strength, according to [151].
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Table 3.4 Differences in final Si/Al ratios of the geopolymeric gel d&fa@8Ad material cured at elevated

temperatures based on the same fly ash [123].

Curing time Curing Final
(h) temperature ¢C) Si/Al
24 50 1.66
48 50 1.64
24 75 1.75

Curing at lower temperature (~8) conditions for up to 3 days before applyingteigperature curing

has been shown to be particularly effective for achieving higherssthemgthe specimens cured directly

at 60°C (Table 3.5 [155]. These results need further investigatiarever, it seems an initially slow
dissolution of aluminosilicate species during ambient temperature cldihg cmneficial for further
temperaturénduced condensation. Nevertheless, it has to be mentioned thiealtgahie necessity of
curing at elevated temperagiraits the possibility of wide industrial application of fly ash geopolymers

as fireresistant material to the precast geopolymer concrete.

Table 3.5.Geopolymer strength variations astlemperature curing is used prior to exposure @& 60
curing [155]SampléA (NaOH molarity 14M), samplg BM).

Compressive strength variation (100% refers to the material ditig cured at

60°C)
Low temperature curing A (%) B (%)
1 day 139 122
2 days 146 130
3 days 155 133
4 days 155 134
5 days 154 135

3.3 The influence of minor elements on the geopolymeric microstructure

3.3.1 Calcium

In sliceoudly ash (CaO < 10 wt. %, EN 193, calcium is present in the form of calcium silicate
and aluminosilicate glasses [157]. It is believed th#itquamiity of reactive calcium improves the early
and late age properties of fly-baked geopolymer cured at room temperature[l88] Calcium plays
the role of a promotor of reaction anebxisting (€5-H) phase formation in the geopolymer matrix [161],
so adding reactive calcium to silicélyuash can be beneficial. Calcium provides nucleation points for
dissolved species and improves strength. As a result of theeesaloctum, at high temperasusenall
amounts of various @earing minerals are formed, such as gehlenite, anorthitdastonite [162].
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Dombrowski et al. [113judied the influence of calcium content on filbashd geopolymers. The fly
ash initially contained 2.8 wt.% CaO and the samples were modifieddoljtithve of 8 wt.% calcium
hydroxide, which provided better material performance both at room atehtgghature than nen
modified samples. They had much higher strength after 28 daysraatldbiestirinkage upon heating to
1050°C. However, more than 8 wt.% of Ca(@d¢creased the softening temperature \ptagh a crucial
rolein hightemperature behaviour [113]. In general, the addition of daycitoride is more effective
than the addition of free lime, which is related to the uncomplegtidmydf CaO in the alkaline medium
to form Ca(OHy[163][164].

3.3.2 lron

Originally, iron occurs in the fly ash as hematite and magnetite, parthnas<ateisurrounded
by a sintered glass phase. However, the dominant part of iron d@tisrin the irebearing glass, as
cenosphere and microsphefggure 3.3, in the form of ions RPeand Fé+ [165]and as particles of

superparamagnetic spinel structure such as hercynite [166].

Fig. 3.3Ferrospheres (red) present in the ash as well as ietsgeapped in the spherical structure (yellow).

It has been stated that the iron present in raw fly ash isanadnbhous [167], [168hd the total iron
content varies in a wide range from 1 to 28%l¢ 3.3. A common phenomenon observed in fly ash
based geopolymers is colour change at high temperatuieméialy related to the oxidation of iron
from Fe+ to Fe+ [114], and in particular, a dark red colour appears due to treethéoemation of
hematite [166]. An interesting phenomenon occurs aboveC6@Men the viscous sintering of
aluminosilicates takes place, the-feighus glasses undergo melting and the amorphous iron, which can
be captured in the ash spheres, can be exposed to the atmosphedergadoxidation reactions.
Furthermore, the formation of crystalline phases occurs durimydh&on of unstable maghemite

( FeOs) to hematite FeOs3) [167], [170], and this new crystalline product tends tadgtomerates and
causes expansion at high temperatures, resulting in strength loss.
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3.3.3 Magnesium

Magnesium, like calcium, can form magnesimtaining silicate hydrates -
(M@S0200H)s  (H20)19) in alkalactivated materials. Its influence is generally low in-fhasesh
geopolymers due to low concentratidiable 3.3, but it needs to be considered when external MgO is
added either directly or in the form of GGBFS. Typical GGBFS contain§ aliobt of magnesia and
it leads to the formation of hydrotaldike phases (MA@l.O;10H0). Concerning the effect of
magnesium on the thermal stability of geopolymers, the researup etf&. [17apout highmagnesium
nickel slag incorporation can be referred. Slag obtained from the fHyurgioatgrocess leads to the
formation of NA-(M)-SH gel that mitigates the structure degradation effecthaftelemperature
exposure. MA-(M)-SH gel reduces the evaporation of free and physically bound watenadigidite
amount of water is significantly lower than that 4A-$H gel. The composition and structure
modification by Mg cause an increase in the sintering temperaturgebfThe obtained magnesium
silicate phases improve the thermal volumetric stability as af nesliiced thermal shrinkage. Drying
shrinkage was also reduced by-mghnesium nickel slag incorporation from 0.8% to 1.6% for ansolutio
with modulus Me1.4. Nevertheless, as Jin et al. @mphasized, the impact on the material performance
depends on the form in which magnesium occurs. However, there isfitimsnformation related
to the microstructure development eANM)-SH gel behaviour at high temperaguBae to this fact,
this topic requires further investigation.

3.4 Zeolites

Zeolites, a new crystalline phase present in the geopolymerestweterrecognized as the
secondary reaction products during the geopolymerization processsnienéfig works [173[L76].
The type and content of zeolite are conditional on the raw materialitompgse of alkali activator
and curing conditions [177]. From the mechanical point of view, tme@mseeolites is unfavourable
for the geopolymer performance, because zeolites are crystalhosibbates with a variable Si/Al ratio
that form a highlgorous framework structure. However, it is possible to obtaiopudygeersupported
zeolite material which possesses high compressive strength @ad158]M This effect is driven mainly
by slow zeolite nucleation that enhances the development of strofigatigatabntacts between zeolites
and the primary gel phases [177], [179], [180].

Thermally stable zeolites, botisita and esitu synthesized, can enhance-tagiperature performance
[169]and durability. Materials that include 2.5 to 10 wt.% of dikelifgoducts showed good fire
behaviour [111]. The thermodynamic stability of zeolites depends dm stremggh of the € and Al

O bonds and the stability is enhanced with a higher aluminium contefhfLBddcess of heating causes
damage to the-8i-Si bonds, especially in the pores and channels of zeolites. Howeteenpleigtiure
exposure may also be advantageous,Sih&h and O atoms of the framework can approach the cations
by bending and stretching. The electrostatic and van der Waals fonmcesrioge repellent as the distance
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between the cations and the framework atoms decreases, paigihgdfie bonds' propensity to break
under bending and stretch[ti§2]. Another aspect is related to the volumetric stability afszdating
heating. The thermal expansion coefficient of zeolites is reportedrtarkalbily negative, betwe@10
6K-land 26.1106 K-1[183]. Moreover, zeolites have micropores and geopolymers araesapdyous
[184], indicating that combining them in a composite may favourablthedjese size distribution of
the matrix [185]. Sturm et al. [186], by investigatingpart geopolymezeolite composite, underlined
its different behaviour at high temperatures. The rapid shohgageolymers without zeolites up to 400
oC is caused mainly by the evaporation of structural Migte.4), while the performance of composites
containing zeolite composite obviously differs. Up teC7@0e shrinkage is almost linear aitlaximum
value of ca.-3% in this temperature range. When compared to geopolymer zeittitegKig. 3.5, the
difference in behaviour is due to the nature of water in compisite,has a more zeolitic character.
Since the release of zeolitic water occurs at temperaturethaigtie boiling point of water [187], less
severe shrinkage is expected at the temperature rang20@PQ0han in normodified FAgeopolymer.
However, extensive shrinkage occurring aboveC780caused by the structural breakdown of zeolite
crystals. In the discussed case, thealmvmediunsilica specimens underwent phase change, resulting in
the formation of nepheline polymorphs and carnelijeitghasg[186].

3.5 Temperature-induced reactions: mechanism and products

3.5.1 Temperature-controlled geopolymerization

After mixing fly ash with the activatarhigh rate of dissolution is observed due to the high
concentration of alkali and silicates. This step is followedrcleation and gel growth process. Elevated
temperature curing (as discussed in Section 3.2.5) incredissslthi®n of aluminosilicate species and
promotes the formation of geopolymeric gel due to polycondensatimmsed&ince the alkalis get
incorporated into the network structure the concentration of avalkaiee ions decreases; thus, the
reaction is slowed down. The dissolution and polycondensation still occur lmwweatrate until
equilibrium is reached. After the geopolymer has set, the reactios) spesd idown [123].
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3.5.2 High-temperature behaviour — reactions and performance

Fig. 3.4Compressive strength, Porosity, Thermal deformation asitbegasf fly ashased geopolymer based on
literatureafter hightemperature exposure (cooled). A [131]; B [104]; C [BBB]DE [116]; F [139]; G [113]; H
[189]; 1[167]; J [86], K [169].

Fig. 3.4shows the properties of several different fpased geopolymers depending on temperature. In
comparison with OPC, fly abhsed geopolymers become stronger with increasing temper&bud68 up
°C, which is attributed to the densificafionoreased gab-space ratio). At temperatures above 400 °C,
decomposition is detected, and the porosity starts to risejrsgdfggisthese phenomena are interrelated.
The crucial temperature range for thermal shrinkage is placegD@bO\duie to the sintering which also
affectghe porosity of the composite. An increase in the porosity srhjgdraturgcan be also observed
due to thermal cracks formation. In order to make a cleatheéeschematic diagrdfig( 3.5 was created
and divided into 5 sections where changes in the performance are visualized.
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Fig. 3.5Schematic diagram of fly dmtsed geopolymer performance at high temperatuiardie show the

most significant temperature ranges for each parameter.

Ist stepbelow 20QC: Evaporation of physically adsorbed water in the microporousrstfii67]. Free
water release causes mass loss and density to decreasécaMpehfarmance is improved by
temperaturénduced densificatidfilling free space and voids).

2nd step 200- 400°C: high rate of contraction as a result of slow removal of chemiaadlyuader, the
shrinkage of the pores and partial pore collapse due to large capillary stathda6@te energy of the
geopolymeric gel. Densification of the structure and fly ash pausicdiedurther contribute to strength
development. As reported in [190], flykzested geopolymers can reach 158% of initial strengttr@t 300
of the reference strength at room temperature. Moreoveitypdesseases due to the filling of voids and
space by geopolymeric gel.

34 step400- 600°C: low rate of shrinkage due to slow dehydroxylation, for instance, dihigirafylat
amorphous iron hydroxides and formation of hematite [167], [191]

2FeOOH FeOs+ 2H0 @4)

4h step600—800°C: further increase of shrinkage due to the viscous sintehiag@bpolymeric matrix

[69]. Continuous oxidation of exposed iron oxides captured in unreacted $gheres and
recrystallization cause weakness of the structure. Poooségeedue to the sintering process. Formation
of macropores and thermal cracking takes place.

5ih step800- 1000°C: continuous viscous sintering that causese dramatic porosity decrease, thermal
shrinkage and further homogenisation of the miitwxprocess of gel crystallization takes place, causing

33
Thermal and fire resistance of siliceous fipastd geopolymers



a strength decrease as a consequence of the nucleationvoptieesas in the geopolymeric network and

the formation of new pores.

3.5.3 Thermally-induced phase formation: Feldspar and feldspathoid

Commonly occurring felspars in geopolymers are alkali feldspatsyiziearbg various chemical
compositions or solid solutions. Orthoclase and albite are two exasydesdifferentiation, since their
structures may include varying amounts of sodium or potassisntiagoio their (Na and K) excessive
replacement of each other. The majority of feldspars found in geopalgnteclinic and have smaller
cations (Ng K+, C&*) in the structure. Feldspars are known to undergo variousdisateer or
displacive phase transitions [192]. The temperature of crystalleggaeiots on the alkali content in the
system and the composition of solid precursors [11]. During thg bégeopolymers, naguilibrium
melt will take place and new crystalline phases are formed. Agpénattee rises, so does the rate of
SiG diffusion into the reaction zone. Subsequently, the thermal breakdownoofstiaéle crystalline
structure and sintering of the matrix, which is rich inasi A}Os particles and metal ions from raw
material and activator solution, begin the primary reaction p&iileaying the creation of feldspar, the
system remains stable until the temperature reaches the meltidgpaiding to Carabba et al. [108],
the crystallization of therastable nepheline ((Na,K)Algj@nd plagioclase ((Na,@&5i)Os) phase at
800°C can positively influence the Higimperature performance by reducing the thermal conductivity of
the geopolymer paste; plagioclase is a poor heat conductand1i®@] nepheline reduces the thermal
diffusion of geopolymer due to the increased volume fraction ROBF{tthermore, Alehyenhal. [195]
stated that the presence of sodaamtained feldspar (albite) can help to maintain mechanical performance
during higtemperature exposure and its formation in geopolymer matrix af 286 confirmed by
another research [81]. Therefore, fully understanding the thermailegropéatdspars allows for further
geopolymer modification, such as adding different feldspars tehdbélgeal geopolymer, which can be
beneficial for higtemperature application and durability, as shown by Kumar and Mayengbam [196].
The production of feldspathoid (leucite) in potasgzimgeopolymer is mdstely induced by the lack
of SiG in the reaction zone and by(Ksite saturation. For fly ashsed geopolymeric samples,
temperatures between &8DcC are important when the change of the porosity and pore size distribution
occurs. These changes are mostly related to the glass ttanggoature and viscoelastic behaviour of
the solids [86], [125], [188], meanwhile in sealitimated system crystallization of the nepheline and
plagioclase phases from amorphous gel takes place [108].1B7&nd [Duxson [145)bserved that
crystallizationccurring during the heating improved the compressive strength ofispeEiva suggested
phase formation mechanism is suitable for both potassium andaddiated geopolymers. However,
the temperature of the phase formations would be conditional oadleetigator. Regarding the phase

changes, it can be summarized:
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*  600900°C: low silica crystals feldspathoid group (nephelirsy$héan), kaliophilite {&§stem)).
* 9001200°C: highsilica feldspars (labradorite yatem), leuci{&-system)).

* Above 1300C: redistribution of phases based on thermodynamic stability (melting).

3.5.4 The influences of the geopolymer mix composition greimperatateneltin

The main component in a geopolymer matrix is the geopolymeric gel witfetherunreacted
raw materials. The chemical composition of gels determines thetemfigrgture and therefore the
thermal stability of the entire geopolymer at high temperatures. Themidgiw@ilations can be used
to predict this behaviour, as teactions during heating are complex and hard to determine in g&a beca
most of the phases involved are amorplags3.6shows some calculations that were carried out with
FactSage to illustrate the effect of the chemical compositiomueeltthg temperature of a geopolymer.
Table 3.6shows the starting composition that was used, which is based oetNhzdrl5]. Only two
oxides were varied at a time to achieve the elementahoatiosighile the rest were kept fixed. The ratios
were chosen to represent typical values found in geopolymers [21391.11]7 3], [198].

Table 3.6 The initial composition of the geopolymer used for the calculationsiskayv 3.6 (based
on Nazari et al. [115]).

Component SiO Al,O3 FeOs3 CaO Na:0 K20

Composition (mass%) 53.93 23.04 11.25 3.87 7.28 0.63

The melting temperature is defined as the temperature wiaesh tedt disappeared during cooling from
a starting temperature of 15001t should be noted that volatiles were excluded from the calcumdtion a
that FactSage thermodynamic calculationsfEd®sed on phase equilibria. Geopolymer systems are not
in equilibrium unless they are heated very slowly, which is ustiadlycase. The resultsHg. 3.6are
therefore only meant as a qualitative overview of the influence ofammjuiesition on the melting
temperature of geopolymafghen the influence of sodium and potassium activation is compared, it ¢
be observed that potassium generally results in higher melting temperasosisithactivation, which

is consistent with other experimental results [125]. An interebir@beof the Si@K O system is
observed, namely up to a SO0 molar ratio of 11.6 for the same number of moles ef{@&@mol),

the optimal value of 0 is 0.12 mol; a further increase i® Kauses a decrease in the initial value of the
melting temperature. For the last two,8i@0 data points 13.8 and 15.9 mol, the amouni@fi&kkept
(0.08 mol) and the amount of Si®increased from 0.9 to 1.23 mol, which is also disadvantagéeus for
initial melting temperature. In general, the type and amount of activator haveshmfimeatze on the
resulting melting temperature and should be carefully adjusted whargdhsignix. Variations in the
SiG/Ca0, SiQ/Al ;03 and Si@Fe:0s3 ratios have much more limited effects.
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Fig. 3.6 The effect of molar ratio on the initial melting point of@polymer using FactSage thermodynamic
calculations. Not&ig. 3.6bbased on K activator, whlesa, c, d, eare based on Na. (Composition shown in
Table 3.5.

3.6 Microstructure evolution under elevated temperature

3.6.1 Pore structure

The pore structure is formed during the gel formation and the hesdgitp the evaporation of
the water accumulated in the pores and chafigl3.5. The pores connectivity enables the water
transport through the matrix and thus reduces spalling at high terapeha the other case, the high
stress in the pore walls during the transfer of unbound water tb@upese to collapse and the
development of shrinkage cracking. During the gel formation, tipotasgare filled and the & Al-

network (chains and branches) is formed, this porous structuradialy anesoporous character [123].
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Wide pores that are not filled are macropores that can occuryratiibdsed geopolymers which are
cured at medium temperature (~50 °C), while pores greater tham 200 found in geopolymers
produced in a loweactive system, for example, when geopolymer is cured athi@mtjsemperature.
Fly askbased geopolymers are characterized by a higher contentsfempaties when compared to
metakaolirbased material'gble 3.7 [13].

Table 3.7 Comparison of the pore size percentage of the geopolymers based on metakaakh and f

room temperature after 1 year [13].

IUPAC classification Metakaolin geopolymer (%) Fly ash geopolymer (%)
Micropores (<1.25 nm) 0.5 24.6
Mesopores (1.2525 nm) 94.2 713
Macropores (255000 nm) 1.8 2.6
Air voids/cracks (500850 0000 nm) 35 1.5

During the formation of geopolymeric gel, the voids and space are$illgighgrin the generation of
mesopores and the decrease of macropores. Pores largef tham 28 obtained when the curing
temperature is too low (e.g. below@P or the activation is based only on hydroxide solution [123].
Sindhunata et al. [128%rived the relation between HD,O ratio of alkali solution and porosity.
Increasing the Sy 2O ratio from 0.79 to 2.0 causes an increase in mesopore valsugace area.
More mesopores demonstrate a higher rate of geopolymer gel fofangimassiuractivated fly ash,
1.4 is considered the optimal ratio. Samples with a ratio lower4tr@mtain larger particles of
aluminosilicate gel, thus a higher porosity of the material is ofis28}.ethe pore volum&able 3.9

and pore size distribution of geopolymers based on fly ash also diffen blaseadkali cation.-Kased
material shows a wider range of pore diameter than the sodium coulterpaatmore significant
structural disorder which results in the presence of largerailitateminosilicate species in the matrix
[200].

Table 3.8 Cumulative mercury intrusion volunfighree types of geopolymer after various temperature

exposuref83].
Total mercury intrusion volume (ml/g)
T (°C) Na-based Na/K-based K-based
25 0.232 0.231 0.212
500 0.253 0.252 0.212
900 0.166 0.208 0.223
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Sodiumbased and mixed alkali systeevealed a total pore volume and pore size rise related to the
development of cracks, whilebEsed remained stable. The cumulative number of pores found in samples
was marginally decreased in the order of Na>NaK after exposdde® @While cumulative pores in K
based were slightly increased. Regarding pore size, it was dizeav@)@C both k- and Nabase
geopolymer show pore size increase, mainly duectad¢ke formations, however, the total pore volume

is significantly reduced for sodibased systems while it barely changes intihedd systeandthose
differences can be related to the sintering phase densification.

3.6.2 Fire induced spalling

The gel microstructure and pore morphology, as indicated in the mebsmasion, affect the
potential of highhemperature spalling [201], [202], which is the primary ctnesenaflyinduced material
deterioration. Ozawa and Shaikh [75] confirmed the enhanced spalling resistance sfithaség a
geopolymer compared to both the cerbased mix and the skagriched blends. When exposed to high
temperatures, all of the specimens degraded severely, hogv&/drased system only showed micro
cracking. Furthermore, as compared to other mixturdsadel geopolymer mortar showed no abrupt
increase and no following rapid fall in vapour pressure. The blends and siysfienidhad maximum
fracture depths of 40 mm and O mm, respectively. Accordingitmipresearch, a blended system based
on fly ash enriched with slag has a lower proportion of large and mediuyngapiian the matrix [203],
which directly affects the likelihood of spalling, as this phenomenon dudnog excessive
heating/contact with fire when the water vapour moves towasthepart of the material. Because of
the lower temperature in the core sample, the water vapoussesndameate a layer, which limits further
transit of water vapour, resulting in high vapour pressure.heningréased water content trapped in the
structure and the more packed structure indicated abdke arain reasons why the blended system,
despite the geopolymer structure, did not demonstrate superior spalling.resistance
Other investigations have corroborated the good stability of-tieopélymer structures [204], inicigd
Sarker and McBeath [2@B]d Colangelo et al. [206], who also validated both the stratabiitg in
heating cycles and the lack of spalling after exposure to a tempesaind 100€C. As noted in the
preceding section, porosity, and more specifically combined open piagsitg, critical roie the
enhanced spalling resistance of flycastaining composite [20d@mpared to OP®ased. However,
there is still a lack of thorough understanding of the subject, which regh&eagsessment.

3.7 The evolution of physical and structural properties in terms of density

The quantitative analysis of the bulk density gives informagiatimgghe thermally induced changes
that take place during firing. The bulk density change duringsfaB®pciated with the mass loss and
volumetric shrinkage of the sample as well as the porosity cHamgasple density variation is caused
mainly by two effects [208]:

38
The evolution of physical and structural properties in tédeasity



» Density reduction due to mass reduction (loss of free and chédmigadlywater and loosely
packed matrix) (up to 460).

» Density increase attributed to the sintering of aluminosilicateseimpleeature range of 660
850°C.

These density changes are also associated with changes in stiggpgthddafter contact with fire.
However, when looking at the materials not in the direction of bulk dectsigtifin, but the density of
the skeleton, it is important to notice the positive influence of detsification at the temperature of
5000C as a consequence of the continuity of geopolymerization reahbta@nsduces the improvement
in structural strength. Then the geopolymer skeleton densificatisnascauesult tfie melting of the
matrix, the melting process induces crack healing, which contitautestter strength after exposure
above 500C. Such variations can be more or less visible depending on the astigats shown by
Lahoti et al. [83hat densification is noticeable according to the K <NaK <Na.iffipties that K

geopolymer is lepsone to densification than its sodium counterpart.

3.7.1 Mass loss

The mass loss of a geopolymer during heating causes the detesfdiaionaterial, mitigation of
the mass loss is therefore desirable. It occurs a$ of mguificant loss of free and pore water up to 250
oC [114], [209], and further up to 80Gue to the polymerization reaction of free hydroxyl greOps T
(T = Si, Al) €g. (3.9) [133]. Above 30@ thedecomposition of met&H groups compounds also takes
place [210]:

e Acids: MO H+ (Si(IV), Ti(IV), Fe(ll))
» Basics: M+HO hydroxide (Na, Ca (II), K, Mg (Il))
* Neutral: MOH hydroxy! (Al (I1), Mn (111))

The most crucial range regarding mass loss is between 20c@navBb is responsible for about 80%

of total weight loss that is attributed to the loss of adsorbed neateasitar removed from geopolymeric

gel [167], [191]. Further mass loss is related to therelatse during gel condensation and its
polymerization [69], [190]. Above #D0condensation of silanol and aluminol groups on the geopolymeric

gel and water removal ocur

T-OH +HO-T T-O-T +H,0 @85

Kovarik et al. [21Hhowed that the temperature range from 800 toc@i@0characterized by a stable

mass [212nd the decomposition of geopolymers at a temperature of abo@ KO68used mainly by
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the melting procesBetter results are obtained if the activator is based oriupotesther than that
sodium [102]. Potassithased geopolymer contains mainly pore water and water present dsra hydrat
shell present in the structure cations which is released upGdP4AE).

3.7.2 Thermal shrinkage

Thermal shrinkage is a phenomenon in which a sample is subject to se@kahgas due to
temperature exposure. Also, local temperature differences ampie ar differences between the
temperature and the surroundings can cause cracks formatitrerié shrinkage is determined by
several parameters, for instance, raw material, typgatbaend curing regime [89], [103], [114]. The
crucial temperature range for thermal shrinkage is beG0emmd2356C, in particular, due to the water
evaporation and pores collapsind above 60 when the sintering process occurs. Those volumetric
instabilities cause cracks formation and shape deformationsehesgpoéwhich precludes the use of the
material as the structural element forrdisestance purposes. The first step in minimizing the occurrence
of this negative phenomenon is to adjust the composition of the paste, boathsiroftahe
chemical/mineralogical composition ensuringteigiperature stability (high melting temperature) as well
as the pore structure allowing the-epplosive water evaporation during heating. From the chemical point
of view, magnesium silicate [2488 bound calcium have the ability to reduce thermal contraction.
Furthermore, the common treatment to minimize thermal caonrecthe use of thermally stable fillers
and the minimization of water contained in the geopolymeric structurelettiensef fillers and
aggregates is driven by their properties such as moisture sorpifiersi@ce area, melting points and
compatibility to the matrix thermal expansion coefficient. The proper selebgdillef can substantially
reduce thermal shrinkage by up to 60% at 1000 °C as repafiglkly et al. [87]. The phenomenon of
shrinkage reduction by filler application can be explained by the hydrogen bond @orrteiiter's
surface that influences the content of water releasad8¥k restraint effects.

3.8 Fillers, fibres and Aggregates

Fillers and aggregates are very important for fire performance. Thepadsisigtable for high
temperature applications should have high thermal stability thehigblesr similar to the geopolymer
paste. They may also undergo a thermal reaction that can positierteittilel matrix by improving
strength through sintering or bonding with the matrix. Furthermizrexitemely important that their
thermal expansion/shrinkage is similar to that of the geopolymer itsetl &@amples of the use of
various aggregates, along witthtbenal reaction of concrete, are presented Bedble (3.9. It provides

a picture of the negative and positive effects of aggregates and filleendedifflesure temperatures.
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Table 3.9 Influences of aggregates on thlightemperature performance of geopolybaesed

composites.
Aggregates/ Exposure
Ref. Observations
Fillers Temp (°C)
[126] Graded gravel and sand 700 The bond degradation above @00

Quiartz: higher strength, poor thermal propertigh thermal
expansion, greater strength loss.
[711  Quartz and expanded clay 750
Expanded clay: low strength value at room temperaturavand lo

thermal expansion

Rubber tire fibres.

[1271  Crushed basalt and river 800 The hairline cracks in rubberized geopolymer concrete 86@ve 6
sand
Strength determined by thermal incompatibility between matrix and
[128] Sand 800
aggregates.
Crushed basalt and slag 800 Used basalt or slag aggregates aaedaction of strength after
[129]
aggregate temperature exposure.
) 1000 At 1000°C the tensioisgenerated by the differential expansion
[114] Crushed granite .
between the geopolymer matrix and the aggregates.
Better performance of geopolymer than OPC both whemdir
[115] Sand and gravel 1000 waterquenching applied. Cracking appearing in both OPC and

geopolymer concrete at 1000

3.8.1 Fillers (maximum grain size of 125 um) and fibres

By applying fillers and fibres it is possible to reduce internal tensioe anop#gation of
microcracks, which helps to improve the strength of the materiak Woie, the incorporation of fibres
can stabilize thermal expansion and promote the retention of mechangthl atrtemperatures up to
1000°C [107]. The key role of fillers and fibres plays to control thetlespansion of geopolymer are
their thermal expansion coefficient in the target temperaturénifeover, fillers lead to a shrinkage
reduction and strength improvement during the curing of the geopolpmdendth of the fibre
determines its reinforcement capacity [214]. For instancenRaldrRadford [214ked nanofillers such
as silicon carbon whiskers and stated that at high tempd@tges nanofillers perform better than their
shorter counterparts. The authors [2ligpestethat the length of a nanofiller should be higher than at
least twice the sum of particle size andpaiicle distance in a geopolymer network. AboveC3Ete
toughness of the geopolymer linearly depends on the length of the nahiofifiersuggested that the
sample failure is mainly caused by the tensile failure of nangébtbe interfacial separation. Rahman
and Radford [214tated that the weak interface between filler and matrix isfaretteack energy
dissipation. Bernal et al. [19fdposed 15 vol. % of filler particles (milled refractory bvietene particle
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size 203.2 ym) and 1.0 vol. % fibres (alusilinazirconia fibre 3.5um, length-2Bmm) to maintain the
compressive strength at high temperature and reduce volconétaiction. Furthermore, studies on the
addition of 2% of nand@’iO [215]have shown that the additive has favourable benefits, systoamgn
strength at room temperature by increasing the solubilityasfdsA$+ from fly ash, as well as minimizing
thermal degradation of geopolymer. Incorporation of 15 vol. % smaltkipdticles, characterized by
low thermal expansion, provides better performance both at room and higitueeripan unreinforced
or with 10 vol. % incorporation. Higher content of filler particles shows a higher degrescedching

in the geopolymer matrix after higmperature exposure whiofluences the residual strength of the
samples. Furthermore, it was observed that 10 vol. % of mibetbrgfbricks do not influence the
ductility but increase its mechanical performance at high tempbyatteatinga hurdle on the cracks
propagation path [107]. Carbon and basalt fibres have also shown pesuii$24]. However, carbon
fibres perform better because of their greater thermal condaxtil/itygher heat diffusion which can
facilitate heat transport. It is noteworthy that the application cftautitia fibre (TE&so0°c= 6.5x 106

K-1) in fly ash based geopolymer (10 vol. %) leads to both compressive and @egthiahgirovement

in comparison to the control sample, playing the role of the structuteimbakollastonite reacts with
the geopolymer matrix, promoting a dense microstructure and thropgbvidas high compressive and
flexural strength. The filler's surface reactions are possitiesddace defects and high surface energy.
Wollastonitesurface reaction influences also the performance after firingsals @ which at 100C

the sample gains strength by 156% compared to the sample at rooatuiemphrs significant change
was accompanied with relatively low thermal shrinkage and mass loss [87].

3.8.2 Aggregates (minimum grain size of 125 pm)

The properties of geopolymers (e.g. residual compressive)sirerggtbngly related to the nature
of the applied aggregates. The aggregates should be stableeaualive@ior alternatively, show positive
reactivity at high temperatures. They need to possess afostnobéxpansion compatible with the paste
and high strength at high temperaturéckard et al. [7&howed that quartz aggregates are not suitable
for hightemperature application due to their rapid high thermal expansiorGt\ién the- phase
transition takes place. Sarker [20ferved a decrease in strength of up to 65% attributed to the
incompatibility between the thermal expansion between river sand agr&faf8$) and the
geopolymer paste (1.6%).

Particles such as ceramic spheres have good thermal stabilityrekd geropolymeric material more
stable during fire exposure. However, aggregates with a highyasgcitass milled refractory brick are
preferred, because they show a strong interaction betweeamdatggregate that results in good load

transfer of the material [107].

Temperaturénduced strength decrease in a geopolymer concrete in the tempegatlretween 400
and 600C is generally caused by the incompatibility of aggregates and matrix, deloydrergiion

42
Fillers, fibres and Aggregates



and dehydration. It can be concluded that the size, geometry angtysioad properties of aggregates

greatly affect the concrete behaviour during the fire.

3.9 Future directions

Apart from the abovdiscussed topics, a humber of new directions that have been developed in

recent years require special consideration in the future.
Coupling effects of environmental and thermal Iyaxarghucabdippo

The continuation of idepth research on the effect of weathering on the propertiesasifitaent
geopolymers on fly ash bases is highly recommended. This researébr glodiag the potential
production and application of the composite (tunnel protection, building prtetigotion). For instance,
there is no reliable information on the 1o properties of these materials, whether and how-fly ash
based geopolymers lose their thermal antsistant properties. Thus, more research should focus o
the analysis of parameters ofri@®istant materials after longer periods than the standard B8sidgs,
most of the current research suggests thheBéd geopolymers have favourable characteristics, although
most studies focus on sole heat exposure. Thedieve that further research into whether material
rehabilitation or replacement is necessary after long composite exyssres also a worthwhile
consideration. Furthermorstudy of external factors, such as moisture content [207], atmospheric
precipitation, or chemical attack cycles, such as hydrocarbor?fl6j@md their impact on high
temperature properties is of great need.

Blended systems

As mentioned in the introduction, this review focuses on pure-Bgsgzhsystems, however,
blended systems can offer an improvement of soldladedl geopolymer pastes, especially considering
the slow reaction rate of the latter under ambient conditions. Howhearjtwomes to mixing, the
resulting hybrid gel composition should be taken into account, as it nipfub®heom temperature
performance bugive pooremightiemperature performance compared to a purbaB&d mix. For
instance, the thermal transition of th&-&H and NA-SH gel mixture based on coal combustioasiy
should be thoroughly elaborated, and the resultant phases maytbeanabde their influence on
geopolymer behaviour at high temperatures. Furthermore, the microstroktiive ef a geopolymeric
gel supported by magnesiumAMI-S-H) has not been systematically presented to assess its impact on
the hightemperature performance of geopolymers includimggMgrecursor. Recent studies Iséaasvn
that it is feasible to increaselfased geopolymer higgmperaturperformancéy blending it with other
materials, such as dolomite [2t#hetakaolin [122], to achieve this goal. Thus, further inicrstgal
use of other industrialdpyoducts and wastes in blenasild be recommended, such as various slags (e.g.
zinc or ferronickel slag), which can either improve material paramnetens temperature without
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compromising temperature resistance or enhanceefmgérature resistance by introducing new

crystalline and amorphous phases.

Geopolymer foam concrete (GFC)

GFC is made by introducing large voids into geopolymer slurrioby f@aming methods [79],
[218], [219]. By decreasing themmzhanical stresses at fgghperature, they exhibit improved
performance. Based on kmowledge and observations, this trend has emerged more promitiently in
field of fire protection of geopolymers basedilm®ousfly ash in recent years [15]. Owing to the very
porous structure of GFC, they possess low thermal conductivitth@hks to the decreased heat flow,
these composites can perform protective functions as passiatdatop/thermal barriers. Additional
studies, such as on rheology and its alteration, will be requiredrimildlbdon of porous boards/panels
or sprayapplied materials. However, this topic suffers from lack ofesf§itidy of durability, lifetime
assessment and research in relation to an upscaling process amshapglisathe case for standard
geopolymers. Additionally, more attention should be paid into the insulation mapacitgment via
standard heating regimes, such as ISO 834, as well as shrinkage behatwenntalrexgosure.

Alternative applications

Fly ash geopolymers have good thermal characteristics, as dethamgtris chapter. Besides
serving as passive fire protection, the interesting use #f-bixsdtl composite’s features, sudtighs
heat capacignddensityjs creating a lowost alternative to conventional molten sthR storage for
high temperatures thermal energy storage [220]. Thidrpeesents the indirect use of superior thermal
characteristic&nother alternative application is utilizingda8ed geopolymer as a superior alternative
binder for OPC concrete in rigid airbase pavesf{Bgirgood resistance to heat and chemical attack.
Such considerations on the usage of fiybasdd geopolymer properties at elevated temperatures,

according to the authors, may expand the field of application.
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3.10 Concluding remarks

This chapersummarizes the comprehensive studies conducted during the last régeadieg

sliceousfly ash geopolymers forghitemperature and firapplications. The important factors such as

phasemineral composition, melting point, volume stability and zeolites dosagavaaezed that would

contribute toward the synergy of thermal stability and strength develdmdallowing conclusions

are drawn from this study:

The phase composition of fly ash differs from other commonly usedrealicsqrs, such as
GGBFS or metakaolin layhigler crystalline content. The research on the suitability-lof$etl
geopolymer for higtemperature applicatishould be based on the reactive phases of fly ash.
The phase composition of activated fly ash reveals that partaciaiEhous phase and the
crystalline phases behave inertly. Due to that, designing a rigduatisewetonducted research

is difficult to perforndue to discrepancies in the characteristics of fly ash andivisyreEis
analysis would influence the material on the design level by enrichinguteewitiixssilica,
alumina, and calcium source and calculating silica modulus and sikfiiciomtant. Specifying
the suitable S¥M -0 ratio due to inconsistency in presented results is not currently possible.
One factor affecting material stability is the initial melting teonper&ihermodynamic
calculations of the sensitivity of the flylzaded system reveal that the temperature of melting is
mostly affected by the type and amount of alkali in the system|uemeénéf the variations of
SiO/MO ratios (where, M = Al, Fe, Ca) on the initial melting teatyrer can be negligible.
Nevertheless, the form (vitreous, crystalline) in which 8@ Alilmor elements (Ca, Fe and Mg)
occurs has a fundamental role wadly reactivity and thermally induced phase transformations.
The proposed diagram showing the behaviour of fiyeagtolymer during temperature exposure
differs from geopolymers based on other precursors and the obsecaatimmmade on the basis
of this. The phenomenon of the strength increase of flpaastl geopolymers at high
temperaturein the first stage of heating (up to 400 is attributed to thermally stimulated
densification. Moreover, it is important to stabilize contraction amlttracks formation in
the ranges 20800°C and 60@00°C to provide higltemperaturstable fly ash geopolymer.
Volumetric and strength stability at high temperatures can be imprapptying aggregates,
and fibres, such as wollastonite or carbon fibres. In that caberri@ stability and thermal
expansion coefficient should be comparable with the matrix.

Despite the range in which the zeolites improve the thermal propengesoofiposite (2.5 to 10
wt. %), it is believed that the influence of zeolite on fire resdtilt ash geopolymer cannot be
unanimously evaluated due to the properties that vary among thgraaplifehe type of zeolite,
the temperature of nucleation and structure breakdown detésmahe &s a higlemperature

backbone of the composite.
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Further study is needed in several areas, including the durability-@nchlpagormance of fly
ashbased composites, as well as systematic research on thediireere$ily ashased mixes
with other wastes and-pyoducts. It is also worth mentioning that changing the microstructure
of foamed composites and exploiting their promising thermal respansalireaof applications

other than passive fire prevention may be accomplished.

Concluding remarks



CHAPTER 4 ENHANCING THE THERMAL
PERFORMANCE OF SILICEOUS FLY ASH-
BASED GEOPOLYMER BY SODALITE

In this chapter, the study of the effect of enriakifly tsh silitesynthetic sodalite phase to enhance the thern
properties of the formed geopolymer is perfootagicalreshamygs$, compositional changes, r@isitsgtions in po
high-temperature gel behaviour, and the effect défEodadiierofitiee material after thermal exposure up to 100C
oC are investigated by a multiple-analytical approaate Redwdtdindi& wt. % of the sodalite phase enhances
considerably high-temperature performance byfarndatimg, piEsding anorthoclase, wollastonite, and leucite
Besides, the sodium-bearing sodalite phases lowerdtdraggeatitmrmsiting to the formation of a mixed K-Na
glass phase. Moreover, thermal shrinkage at higlstbsipatélyeasdiced by the addition of sodalite, suggestir
its function as a skeletal reinforcement.

The results presented in this chapter are published indivnfplarticle:

K.M. Klima, K. Schollbach, H.J.H. Brouwers, and Q.L. Kohdncing the thermal performance of Class F fipaasshl
geopolymer by sodalit€onstr. Build. Mater., vol. 314, p. 125574, (2022).
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4.1 Introduction

The aluminosilicate gel contributes essentially towards ttentpghature performance. However,
geopolymers also release physically and chemically bound water atesfmextgdres, which can
destabilize the material structure and cause thermal shnmikagack formation [221]. Besides, the
vapour pressure produced by bothpghgsically and chemically absorbed water within the matrix will
attempt to escape at elevated tempesalimes, the level of thermailyluced damage is highly dependent
on the pore structure of the material. Moreover, the teseaducted by Ozawa and Shaikhdi&jved
that pure fly ashased geopolymer did not exhibit the abingsease in vapour pressure reported in
cemertbased and fly ash/stagsed materials, causspglling and cracks, which may also demonstrate
the advantageous utilization of fly ash in the synthesis of geopltékingrinto account the enormous
influence of the microstructure on geopolymer thermal degradatioreséarch focusing on the
improvement of the matrix in order to address these issues is of great@ignifica

Currently, different approaches have been taken to minimize shboplkayiching geopolymer with
different fillers [87], [107], [177], [214], [222}etisas, to change the microstructure by optimizing the
pore structure. Direct foaming [24], [27], [219], @Z3crificial filler [27], [224], [2aE two methods

for generating highly porous geopolymers. Those methods are;dffegtver, a substantial decrease in
material strength is observed across the entire tempearragereas well as increased shrinkage induced by
viscous flow at above 6@D [23]. Several recent studies focus on hybrid geopolymershdureutique
room and highemperature performance. This hybrid form of geopolymers can beegrdguc
incorporating organic compounds, such as organic resin [226], or igorgpoimds, such as highly
crystalline zeolites [177]. The latter approach provides an atgathtito alter the pore structure of
geopolymer composite.

Zeolites have been reported for various applications such as the aaddrpton metals for disposal
[177], [227], as a geopolymer precl22&], [229br as a filler to improve strength performance [230].
Zeolites are aluminosilicates with an open tetrahedral framewor&sthist in considerable open
micropores in the structure and allows ion exchange and reversible delyligagaharacteristics could
provide geopolymers with defined pathways that make dehydratioated édenperatures possible

without causing structural damage.

Several zeolites are known to maintain their crystal struelleratgd temperatures, for example, those
with a sodalite, analcime, or faujasite framework [231]. Amangeblées, sodalite {MISIQ)eX2),
where M is a cation (e.g.;-N@&*) and X is an anion (e.g., €l OH")) is the most promising candidate,
due to its high temperature [231], [2B2] high alkaline stability [238breover, the synthesis proposed
by Franus et al. [23dJows for the reproducible sodalite synthesisdhospousfly ash, which can also
serve as a solid precursor for geopolytdergever, there is little information about the-téghperature

behaviour of the zeolites themselves. For instance, its path ofrtratishs, the ability to undergo
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4.2

amorphization, recrystallization, and dealumination during thérchalsd dehydroxylation [227], [235],

and its large volumetric phase changes have not been systematically studied.

The main objective of this article is to evaluate whetlséu esodalite enrichment can influence the
performance of fly adtmased geopolymer at high temperature the associated behaviour related to the
phase composition and microstructure alteration. Fidilgussed the hydrothermal synthesis of sodalite
from fly ash, as well as the identification of its structure andagiwaranalysis of the resulting product
using the Rietveld refinement method. The synthesized sodalitenadsli¢ldeto the geopolymer paste
and the quantitative phase analysis was performed to investigattutiom of the phase composition
after hightemperature exposure, the stability of sodalite in the geopolyrnixeandits influence on the
formation of new phases. Besides, thermal analyd3S@3wvas employed to monitor the reactions as
well as melting atevated temperatar&loreover, the effects of sodalite on the evolution of the strength,
pore structure, as well as gel morphology undetehigierature conditions, were investigated. The
investigation revealed that sodalite can play two roles in geopwiyrotrdow (up to 606C) and high
temperature (>600C) environments. At low temperasrattributed to its porous structure, in
combination with the pores in geopolymers, effective paths candzeforezgcaping water, which helps
to reduce or avoid water vapour presisuhgced thermal spalling damages. In terms of high temperatures,
above 600C, sodalite would act as a backbone for amorphous geopolymer gelguidhioth@rwise

lose stability due to thermal shrinkage and melting.

Methodology

4.2.1 Material and reagents

In this studysiliceous fhashsiliceouss used as the solid precursor both for zeolite synthesis and
geopolymer preparation. Sodium hydroxide pellets and sodium chloride solotigre(8 used (Sigma
Aldrich Chemie, analytical purity). The composition of flysadbtermined by -Kay fluorescence
spectrometry (XRF; PANalytical Epsilon 3jused beadd éble 4.1).

Table 4.1.0xide Composition of flgsh

Component SiQ@ AlLO; FeO; CaO MgO KO POs TiO, SO SrO Other LOI
oxides
Amount (%) 51.30 26.92 7.61 520 110 146 060 143 0.34 0.17 0.25 3.62

The Si/Al molar ratio based on XRF and XRD analysis s¢iveglotential reactivity of the analyzed

system, an interesting phenomenon related to a similar value dftiit#étween amorphous content
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and XRF measurement. It is assumed in this study that an ampagrh@iconsidered a reactive part of

the rawmaterial Table 4.2.

Table 4.2.Fly ash reactivity based on amorphous Si/Al content.

Moles of Si per 100 g of  Moles of Al per 100g of . .
Si/Al molar ratio

FA FA
Total content (XRF) 0.85 0.53 1.60
Crystalline content (XRD) 0.20 0.13 1.60
Amorphous content 0.66 0.40 1.6

4.2.2 Procedure of sodalite synthesis and its characterization

The synthesis of sodaliseperformed by mixing 60 g of fly agth 0.8 | of sodium hydroxide
solution (=5 mol/l) and 0.5 | of sodium chloride solutiop£& mol/l). This methodology is based on
Franus et al. [234], which, by the authors, is considered to béhenmadt practical ways to obtain the
sodalite phase from fly ash. The syntles@ried out using a round bottom flask (volume 2 litres) with a
reflux condenser to avoid evaporation and keep a constasiblgplid ratio (L/S). The slurig mixed
constantly using a magnetic stirrer with temperature control. kgagifigrmed on the heating plate with
anoil bath. The synthesis conditions include 22 hours of stirring ati@terage# 105C after which the
solids are separated by filtration and driede&t 6@ 3 days.

Table 4.3.0xide Composition of the reaction procafter solidiquid separation.

Component SiQ@ AlO; NaxO FeO; CaO ClI MgO TiO, SO; P.Os KO Others LOI*

Amount 518 256 143 69 54 13 12 15 03 02 01 03 125

(% by mass)

*LOI at 1000°C

Table 4.3shows the composition of the oxides and a significant reduction of siiceiscohserved due

to the partial dissolution of soluble Si in NaOH solution, whichsresaltlower Si@Al ;03 ratio.
Furthermore, the presence of sodium and chloride is associatbe vétdction environmeiiiig 4.1
shows the reaction product where sodalite formed clusters githfgdon the fly ash spherical patrticles,
and the formation of these aggregates has been observed native [[836], [237]. To determine the
crystallite size of sodalite, the TOPAS 5.2 Bruker software iSQRA& dalculates crystallite size based
on peak shape (Lorentz/Gaussian convokimigt profile). The crystal is estimated to be 48 nm in size
and the BET surface aig24.15 rélg. The pore width with the range > 3.5 nm and the mean pore width
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is established at 14.6 nm which dsfswdaliterich material as mestacroporous with a significant
contribution of pores size 4 nm as visiblidn4.2 The broad pore size distribution between 4 and 100

nm is in agreement with previous studies regarding sodalite crystals[287iH2313].

Fig. 4.1.SEM ofahydrothermal reaction product.

Fig. 4.2 SEM and BET analysis of sodalite crystals synthesizdly fism

Fig. 4.3shows the XRD patterns sliceoudly ash and sodalitech product. The phase composition of

fly ash reveslamajority of amorphous phase (78.1 wt. %) and typical crystallisespihsas quartz,
mullite, and iron oxides with a minor content of additional phases (se® TabkppendixA). The
diffractogram of the sodaliieh product shows that the synthesis was indeed successful and that sodalite
is the main component (36.3 wt. Bgteworthy, the ash has not undergone any additional treatments to
remove impurities. The sodalite phase includes both chlorosodalite ().&ndthydroxysodalite (5.8

wt. %) which is a typical phenomenon of hydrothermal synthesis. It shouldibredéehat the term
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sodalite in this study describes a mixture of elaiodchydroxygodalite. The crystal structures with ICSD

numbers are listed Trable 4.4

Table 4.4 List of XRD patterns used in qualitative and quantitativeisaneilys ICSD number.

Phase name Formula ICSD
number
Quartz SiG 27831
Mullite Al 83Si 064,85 43298
Magnetite FeO4 31156
Hematite FeOs 15840
Maghemite -FeOs3 87121
Sodalite Sodalite Nag (AlsSk)024Ch 98807
group Hydroxysodalite Nag(SAls029(OH)o(H:0)2 412496
Leucite KAlo.96Sb.00s 9826
Anorthoclase Ko.33Nao.667Al SEOs 31180
Halite potassian Ko.099Nao.900€! 28947
Anatase TiO2 63711
Periclase MgO 26958
Wollastonite-1A CaSiQ 23567
Pyrrhotite Fer'S 42491
Calcite CaCQ 40107
Nepheline NagKAI4SkO16 26007
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Fig. 4.3.XRD diffractograms of the fly ash and material afteotigdmal synthesis: sodatith product.
Legend:’( -Sodalite; @ quartz; M- Mullite; I—Iron (l11) oxide, *Sodalite); (detailed phase analysis shown in

Table A.{AppendixA)).

IR spectroscopy has been used to identify the structuresyfttiesized sodaliféy. 4.4shows the FT
IR spectrum with the characteristic absorption bands highlighted, whithalioaterial to be classified
as aluminosilicate sodalite based on the standard building stnittuosenfirming the formation of

chlorosodalite [240].

Fig. 4.4.FT-IR of sodaliteenriched material. Region | represgiffl-O-Si) ~ 957 cr; region Il s (Al-O-Si)
~650-750 ctand (O-T-O) ~ 460400 cnt. (T= Si, Al).
4.2.3 Mix design and sample preparation

The alkaline solution for the geopolymaspvepared by mixing potassium hydroxide pellets

(VWR Life Science, reagent grade) and potassium silicate solutio {&v81&, SiQ20.8 %, 72.8 %
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4.3

H>O by mass) to obtain a $iK -0 ratio of 1.4. The selection of the silica modulus was based orspreviou
research [123].

The sample composition is presentethivie 4.5 The amount of zeolite added, 3.5 wt. % and 5 wt. %,
are based on work by Krivenko and Kovalchuk [111], who observed that thetratdites between

2.5 and 10 wt. % performs well under ‘gghperature conditions. Prior to the application, the sodalite
was pramixed with deionized waterawoid problems with workability due to the ‘wgker adsorption
[241].

Mixing the fly ash with a potassibased activator for 3 minutes was preceded bynairmute mixing of

the dry fly ash for homogenization. Then zeolite slurry was atlueétésh paste. This blend was mixed
for a further two minutes to obtain a homogeneous mixture with the digpehged sodalite. The
prepared pastes were cast into moulds with the dimensions o*4490mnm x 160 mm. The samples
were first sealed and cured at ambient temperature for 2424@Jasxd then cured at an elevated
temperature of 60 °C for 24 hours in the climate chambr R84) to facilitate geopolymeric reaction
[155]. Next, the samples were sealed in plastic foil and stored at room terapgf#ertesting time.

The hightemperature exposuras performed in the muffle furnace. The samples were placed in a room
temperature oven and heated to the predetermined temperaturenigettog 48.000°C at a heating
rateof 10°C/min for 1 hour. After then, the samples were taken out and toaled

Table 4.5.The specific composition ratios of geopolymer pastes.

Sodalite-rich material

Fly ash wt.
Sample Y 0 Water/Binder* K20/Binder SiO/K 20
% In Pure sodalite
total
G-FA 100 - - 0.17 55 1.4
G-S1 90.4 9.6 3.5 0.23 55 1.4
G-S2 86.3 13.7 5.0 0.29 55 1.4

“includes water used for yireatment of sodaligch material

Results and discussion

4.3.1 Phase characterization

The phase analyses of both synthetic zeolites and geopolymer befitee laigtemperature
exposure were performed by XRD measurenkémtd.5shows the diffractograms of the FA geopolymer
containing 3.5 and 5.0 wt. % of sodalite in comparison with soe@lgeopolymer before heating. All 3
samples were cured for 28 days. As can be seen, the additiafitefreas very little influence on the
crystalline structures-$2 paste is characterized by a lower content of the amorphous pheisé@«6.7
compared to the reference pastEAG82.3 wt. %; however, the general composition stayed sitilar wi
the only exception of the presence of sodalite for samplea®l G52.
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Fig. 4.5 XRD diffractograms of nemodified geopolymer paste-F@&) and with sodalitenrichment (€51 and
G-S2) after 28 days, Legend: Quartz, M- Mullite, 1-Iron (Ill) oxide, *Sodalite; (detailed phase analysis shown
in AppendixA).

Fig. 4.6.XRD diffractograms of geopolymer pastes hitgremperature exposures with marked only new
appeared phases and sodalite. Legend: 1.Sodalite; 2eHtreuditite; 3* overlapping peak of mullite and leucite;

4.Anorthoclase; 5.Wollastonite; 6.Nepheline.
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To investigate the composition of pastes, the phases were iderdifiedntified by QXRD. At
ambient temperature, mostly amorphous phases are formezsudtsod fly ash particle dissolution and
geopolymer gel formation. It can be observed that the synthesilieedpdadz is relatively atasistant
[233]; the initial content of sodalite 3.5 and 5 vgtoy slightly reduced to 2.6 and 3.9 wt. %, respectively.
The maximum dissolved amount after 28 days is 25.7 %, obviousiyhienveompared to the results
reported by Baykara et al. [2d8p observed that the zeolite (mordeditsolution varied from 30 to 60
wt. %.The same curing method has been applied, mamiety at 60C for 24 hoursThis confirms the
relatively high stability of sodalite synthesized in this study iralk&iigle environment.

Fig. 4.7. XRD quantification of main phases in geopolymeric coep@i&-A; b)GS1; c)GS2

To understand the evolution of crystalline phases, specimens obfiolyenge pastes were initially cured
at 60°C and finally stored at room temperature until the age of8rdheated at 400, 600, 800 and
1000 °CFig. 4.6depicts a qualitative analysis of the findings, whégeds7 illustrates a quantitative
explanation of the findings, including amorphous content variation. The ahalysie prepared
specimens revealed that the addition of sodalite infitleaqehase formation in geopolymer at-high
temperaturekrig. 4.6 demonstrates the maximum temperature of the measurementhisodhidds
identified. LastlfFig. 4.6 presents new thermaihduced crystalline phases, such as wollastonite, leucite,
anorthoclase, nepheline or hematite. The maximum temperatursogialkies could still be identifisd

at 800°C, which is similar to the findings of Bardez et al. T244d]s due to the fact that changes in the
range up to 90€ are expected; however, the temperature measuremefOs@pdBesot allow for

the precise determination of the temperature at which sodalite is no longéeride{&.

To better comprehend the nature of the aforementioned changes, algtaplition of the XRD
Rietveld refinement was credtéid. 4.7).In both G-S1 Fig. 4.7b and GS2 Fig. 4.79, the amount of
crystalline phase dittrease, such as hematite, anorthoclase and leucite wittofhibeisemperature,

while GFA undergoeamorphization at above 88D which can be related to the melting process that
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lowessthe stability of the matrix. In the soddliée sampleydecrease in the amorphous phase up to 800
oC (77.6 wt. % vs. 82.3 wt. ¥6)observed due to the crystallization of hematite and nepheline. At
temperatures above 9@ the amorphous content increasgain (80.4 wt. %and the mullite content
decrease3he reduction of mullite conterdn be related to the reaction of mullite to form anorthoclase.
In the sodalite samples, on the other hand, a continuous decrease in the arhaggsoolsserved due

to the crystallisation of wollastonite, anorthoclase, nepheline and leucite.

The crystalline phases that have been identified in the -sodiglited samples are wollastonite and two
feldspars anorthoclase and leucite. During the hydrothermal readfyoasbf with NaOH, calcium
appears to have been released and enriched the binder phase [@4blcdimunbearing phasese
identified in geopolymers but calcieinniched gel in the presence of chlorides dokance the
wollastonite formation [246]. Wollastonite can be originally identified (<1.0 wt. &@hifiZ47and the
analysed fly ash cons&hé wt. % of wollastonite phase. However, in the geopolymer com@eSites
and GS2 wollastonite kdormed after thermal exposure at above @D02.3 wt. % and 2.8 wt. %
respectively, which can be explained by the presence of chloride froendemdatiposition that can
influence wollastonite formation by lowering its crystallization templeoatu®80 to 706C [245], [247].
Chloride ions can influence the interaction between silica and calcium presemdtiixtand direct the
formation of wollastonite. In this temperature range, the amorplous calicates undergaelting,
which makethe matrix more homogenous, thus the calciumaienseHdistributed in the matrix and
could react with chloride providing the crystallization of wollastoniteA[@Ag]with the increase in the
amount of sodalite from 3.5 to 5 wt. % in the initial composition, @asedn the amount of wollastonite

at 800°C, 2.3 and 2.8 wt. %, respectiielgbserved, while the reference sttbe same wollastonite
content (1.0 wt. %).

In the geopolymer sample ofS3 and G52, the formation of anorthocla@eéa K)AISiOg) and a minor
amount of leucite (KAI®)es) are driven by the sodalite decomposition. Anorthoclase is a potasgium
sodiumbearing feldspar whose presence is linked to both the potsssauhactivator and the sodium
rich product of the hydrothermal reactidouiya et al. [248&ported that potassiboontaining minerals
such as anorthoclase are easily embedded in molten silicata fitvertedniperature range of -BlD°C

via dehydration and recrystallization. The quantified amount caretsgecbto the initial amount of
sodalite in the specimens. Leucite, the additional fisl$paned as a result of sodalite decomposition by
the reaction of O with free Si@coming from the sodalite. The amount of free silica and exposure
temperature direct the content of leucite [250].

Furthermore, a small amount of haditelso formed due to the dissolution of sodalite and the presence of
potassium ions in the glass phase. An interesting phenomenon is retgibdlitte crystallization at
above 806C. Based on previous research [251], [2B2¢éxibected that the amount of nepheline would
increase as a result of the sodalite decomposition, however,udyttieddlite promotéise formation

of two thermally stable phases such as anorthoclase (6.6-82)%r@ wollastonite (2.8 wt. ¥450).
Moreover, the highest amount of nepheline at®@i@etected in the reference (0.7 wt. %) wkié G
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and GS2 posss®.4 wt. % and 0.13 wt. % respectively. Notewizrthg formation of the nepheline
phase which is associated with a volume expansion as shown by Sfjeinipargicularly in the range
650 to 750 °C, which can cause volumetric instability and forofiatiacks[253]254]. Thus, it can be
assumed that sodalite improved the thermal stability of thebpgetomoting the formation of more
stable phases. Nepheline formation may result from the disintegratiiieofbove 60€C from 10.4

wt. % to 5.9 wt. % for the reference material, due tedbgan of this phase with the surrounding matrix
[119]. In every sample irrespectivihefsodalite enrichmethie amount of quartz and anatase remained
stable. Moreover, the increased content of iron sx@@lained bihe dehydroxylation of amorphous
iron oxides and the formation of hematite initiated abowe€4067], [191].

4.3.2 Thermogravimetric analyses (TG-DSC)

Fig. 4.8 TG curves of the composites after 28 days of cliiagable presents the mass loss in the specific
temperature range (note: curv8&Gand G52 overlapd)) loss of chemically bourjd3&t2r slow halite and chlorine
decomposition and dehydroxylation associated wisie ¢antrosadelitderich material

The TG resultsHig. 4.8 shovs that the geopolymer $a continuous mass loss at elevated
temperature, and the cumulative mass loss atC100G-FA, G-S1, and &52is 6.14, 6.71, and 7.36 %,
respectively. Each sample st&imilar mass loss at temperatures ranging from 40 °C @ @@91td the
loss of thavatercontained in the gel structure. Moreover, the initial dehydrdtiaivated aluminosilicate
species and polycondensation agaibove 100 °C [69]. Above 3@) the mass loss attributed to the
release of chemically bound water and the decomposition édrhefadups from sodalite [210]. The
increase of the gradual weight loss between 300 °C andHig04@) (s related to sodalite enrichment
and is associated with dehydroxylation of the chemically bound group ofhgdicoyl and
polymerization [256]. For sodaéteiched pastes, the shift of the weight loss to a higher tereperae
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(3081000 °C)s associated with the dehydration of the sodalite structure aasfieertration of sodalite
to other aluminosilicates. Note that, hydrothermally synthesized chliteasmttains a small amount of
hydroxysodalite, as indicated in XRD analysis, and this phase unadtigpbestep dehydration and
dehydroxylation [186]. Hydroxysodalite phase iretieaseass loss up to 700 °C and incsedtethe
increased sodalite addition. Above 700 °C the mass loss can betadsighed dehydroxylation of
sodalite structure and chlorine volatiles until complete decomposition of #llisenyisase.

Fig. 4.9 DSC curves and glass transition determination afrtides combined with DTG curves (dotied).
Grey area indicated the endothermic peak detecteti matzrial.

DSC Fig. 4.9 is applied to present the reactions that took place during the tegezdttee range. The

DSC curve provided information about the simultaneousrystllization and amorphization of the
structures. The general observation of the DSC irrespedlieesofialite addition revealed a significant
peak at around 15C, whichis attributed to the gel decomposition. The observed peak shift between

samples indicatéhe differences between water molecules binding with the matrix structures.

In the hump of glass transitidfig. 4.9grey area), the peak foiIS& and G52 is shifted slightly towards
lower temperature which suggesbie decomposition of sodalite that affects the glass transition
temperature. As a decomposition product, the amorphoussghasehed by chlorine and sodium present

in the sodalite structure. The sodium oxide wisichcorporated into the glass phase ftiner
temperature of softening and further influetieeformation of anorthoclase and the chloride deteymine
wollastonite and halite formation, as discussed in the XRD anatysisbédt concluded that sodalite
embedded in the matrix influenitke glass composition and its melting temperature, mostly by the

enriching system wigtodium ions.
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4.3.3 Scanning electron microscopy and optical microscope

The microscopic observations were carried out to further otheerféect of sodalite addition
on the geopolymer composite. At room temperature, the geopolyrixesppaassimilar; the additional
spherical particleshig. 4.10G-S2 may be sourced from the gesiction material from the hydrothermal
process, as seerrig. 4.1The agglomerates formed by sodalite crystals (& de® would influence

the composite porosity.

Fig. 4.10 SEM micrographs of geopolymer pastes at room temperature.

Further thermaltinduced desficaion at 400°C cause the phenomenon of decomposed sodalite
embedding in a geopolymer gel, which could positively affect the homogenizatinataik and increase
the strength in this temperature range. [78], [128poEkible phenomenon of coating the sodalite surface
with geopolymer might additionally limit the access to the pores that distihthéssodalitenriched
material. Furthermore, the stability of sodalite crystals in theafii@t higitemperature exposure at 800
oC is confirmedFKig. 4.1). As mentioned in the various analyses, temperature abe@ed@fiis the
region of initiation of sodalite decomposition, but its durability can be hefireechnge of 86@00°C,
allowing crystallites to be detected in both SEM and XRD analyses.

Fig. 4.11 Sample €52 at various temperatures. The red rectangle was witirlsedialite crystals (identification
confirmed by EDS analysis).
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After exposure to 100C (Fig. 4.13, the geopolymer gel shewlear pores and channels and besome
more homogeneous and smoother due to viscous sinteRAgud@asessa less porous structure with a
predominance of closed pores, while-BlGnd G52 itis possible to identify pareoids, and channels.
Furthermore, a clear difference in the colour of the refa@mpde's outer and inner patdbserved by

the optical microscope. The observed reduced porosiFAf@mpared to &1 and &2, or the
presence of closed pores, ind&atense melting and loss of material stability in the direction from the
surface to the central part of the sample, resulting in limited oxidatiesses in its interior and the

characteristic blueish area suggested a reduction environment.

Fig. 4.12.SEM micrographs and optical microscope pictures of gaepqgstes after exposure to 100
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4.3.4 Mercury intrusion porosimetry

Fig. 4.13.Cumulative pore volume derived from Mercury Intrusiaosioetry of the pastes after high

temperature exposure.

Fig. 4.14 Differential pore size distribution in the pastes aftettdmgberature exposure.

The cumulative porosity and pore size distribution reuiiisesented iRigs. 4.13and4.14
respectivelyThe cumulative porosity confsrthe hypothesis that the addition of sodalids e an
increase in pore voluraéter hightemperature, whidk associated with the mesacroporous sodalite,
as revealed by BETFi¢. 4.2, as well as the formation of sodalite agglomeFiges4(1) which
additionally influens¢he pore volume [257]. In both sampleS1Gand G52 at 20C, the presence of
sodaliteis confirmed via an obvious peak shift towards a smaller pdreb$izem),which identifie
mesopores coming from sodafithh materialKig. s4.9. Besides, the higher peak feB%Bagreswith
the higher amount of sodalite addition. Furthermore, aCA®@ peak around 19 ri;mobserved for
samples 651 and G52 that was not observed ifF&, whichis in agreement with sodalite crystals with
a dominant spectrum of porosity between 12 and 22 nm [234]. Mdheoirerease in pore throat size
after exposure to 40Q may be due to overlapping processes; the sediigied system $a smaller
pore size than the pure potasshased system [83]. Besides, up to the temparbt@@°C, fly ash
particles react in a series of reactions, sticking to the spdddite, and embedding them in an increasingly
homogeneous geopolymer structure, as observed in SEM analyssieSirsiyan increase in the
cumulative volumis observed which resulted from the formation of connections bgmesnand
opening closed pores [83]. The poreisidearacterized by a wider range of pores that corregptirel
potassiurbased activation [139], whereas mesopaggsitgnarily due to the voids in the geopolymeric
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gel structurdzurthermore, the pore size (above 50 nm) could be related to the gaps betwtshflynrea
ash particles, regardless of the sample type. Moreover, asiniianef pore size distributios also
observed up to 60C due to the thermaligfluenced processes, where the cumulative pore volume and
the pore size increase via small size ctiagkspening of closed pores, improving the interconnectivity
and pore throat [258jrespective athe sodalitaddition, more prominent changes at82®e observed

when the peak in a small regoflattened and the curve shiftwards large pores, whihb the result

of crystallization and thermally induced macropores forntdtimever, it should be emphasized that
differences exist in the porous structure, despite therabotiened similarities. For sodediteiched
pastes, the phase composition at high tempesratademore specifically, the formation of anorthoclase,
nepheline, and leucite might partially influence the reduction of thertistity and the reduction of pore
size. An additional roie played by the melting phenomenon, with the initiations determined by the DSC
analysis. Although the sodatitaitaining materia characterized by a lower glass transition temperature,
whichis also reflected in the reduced cumulative pore volk®2ea®d less significantly irSG Fig.

4.13, the sodalitenhanced system does suffer so much porosity degradation in thet800°C range.

At 1000°C, a distinct direction of microstructure transition between referenc&arsvisible.

Furthermore, between 800 and 1@0sodalitenriched specimens show continuous pore size increase
with an insignificant change in small size pores up to 5 pm. épattdtthe macropores peakshifted
towards larger pore size due to the conjoining of existisigdjgpres. Above 88D, GFA starsto lose
thermal stability, which becabe most prominent after exposure to 18D0Dramatical structure
densification above 800C isdue to the liquid formation, which indisale loss of thermal stability of

the geopolymer (porosity reduced from 44 to 13 %) [139], ishichagreement with the XRD
quantification analysis, SEM, and optical microscope observationsiifitéssigprosity decreasenot
observed in sodalitmriched samples, which supported the finding of improved performance of sodalite

geopolymer composite at high temperature

4.3.5 Mechanical performance and volumetric deformation

Fig. 4.15 Compressive strength evolution and volumetric deformattmgdopolymer specimens at different
temperatures.
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The compressive strength and volumetric change of the sampldiferféert temperature
exposuresre shown irFig. 4.15 It can be seen that the reference samples $tigihner compressive
strength as a result of lower porosity compared to sedaliééning samplesi¢. 4.13)However, higher
volumetric stabilitys shown in sam@es-S1 and &2 thanks to the sodalite enrichment. In the
temperature range from 20 to 800all the analyzed samples show a similar trend. The noticeable increase
in strength after exposure to 4@is attributed to the matrix densification, which also gasult
comparable volumetric deformation because of condensation reattiehgydroxyl groups [258], [259].

At 600°C, strength reductida observed as a result of two simultaneously coexisting phenomena, namely
porosity increase and crystallization, whithfavour of the reduction of the amorphous part of the gel
(Fig. 4.7). At 80(°C, a further strength increésseen in &1 and &2, whichisdriven by the sodalite
decomposition, pore volume maintaineeS(} or decreased-&2), and formation of new crystalline
products, such as anorthoclase and wollastonite. At the same time, as ad® ianth DSC analyses,

a temperature of around ?@is the point at which glass transition is more significant in meatifigles.

The glass formation and cooling residfporosity decrease at 8@anda strength increase by particle
binding effect. A minor influence can be also related to the formatmmmtbbclase, whose small particles
filled the small pores improving mechanical performance and wollastoaiterfiprwhichs confirmed

as the promoter of mechanical strength by improving the tensile pr@6&iiésl [geopolymer specimens
show further shrinkage evolution due to the structure densifié&fiofL91], which howevisr more
prominent in the noenriched specimen. The considerable rise in shrinkage observed betaren 800
1000°C in GFA is due to the continued viscous sintering, which eamsesdramatic porosity decrease,
thermal shrinkage, but also continuous homogenization of the math@rfare, GS1 and G52
modified samples have a higher proportion of crystalline fhigsé<'§, which, as observed by Vickers

et al. [86], act as 'intrinsic fillers' and may contribute tcagferildduction. At 1000, G-FA has a large
proportion of amorphous phase, making it more susceptible to nveltiteg kin et al. [26@bserved a
dramatic shrinkage of a highly amorphous metakasta geopolymer at elevated temperatures, implying
that an amorphous geopolymer structure reinforced by thermally resistalst is beneficial for the
volumetric thermal stability of the composite.

Viscous sintering at high temperataféected the macropores formation, volumetric shrinkage, and
strength increase. At 400, regardless of the sodalite addition, all specamerbaracterized by
volumetric shrinkage in tmange of 1.5 % that resuftom the degradation of the geopolymer gel.
Afterward, the shrinkage of-GA in the range of 400 to 10@Dtendto be linear. One of the reasons
for this phenomenois the melting process, whiskalso responsible for a significant decrease in porosity
at 1000 °C. The overall sodatiteiched materials show less shrinkage over the entire tempTgéure
However, attention should be paid to changes in individual temperaturenduitgesn be noted that
sodalite playaspecial role up to a temperature of 800 °C, visiabsociated with its decomposition.
Although the temperature at which the decomposition sigledut 700 °C, taking into account the
guantitative distribution,ig observed that between 600 and 800 °C the percentage of soddliba reduc
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(0.8 wt. % for G52)is lower than that between 800 and 1000 °C (2.9 wt. %) @ has been therefore
also possible to deduce a significant decrease in the volup$® dfeGveen 800 and 1000 °C. This
contractionis also affected by the change in the composition of the vitreous nhdtsesadium
enrichment. The noticeable lower shrinkadae to the different compositions of the crystalline phases,
the crystallization of which may reduce the negative effbetsraflting. The lower degree of degradation
may also confirm the different porosity of the composite aftesuego 1000 °C and, more precisely,
the less noticeable reduction of the cumulative pore volurm®lain@ GS2 compared to-GA.

In addition, after the compressive strength measuremeestthiag material residues were polished to
show differences in the appearance of theseoien ig. 4.15. It should be noted that the size of the
polished specimens doex reflect the actual size of the composite due to the testnature of the
strength tesThe crossections show the difference in the colour of the central part@RAewhile

the core parts of the-61, GS2, and outer part of-FEA havea characteristic brovanange colour. This
colourisdue to the presence of iron oxide that undemadation to hematite. The inner part eF&

in black and grey indicatks lack of oxygen and the reduced conditions inside the materisduA® re
the meltindFig.4.19, the collapsing pores and the connections between them preveoteceaiefing

the sample and casskermaldinduced transformations in the oxydeficient environment. Therefore,
this observation configrthat enrichment with sodaliteshe beneficial effect on the reduction of

volumetric shrinkage, especially up to the temperaturec@f. 800

4.4 Conclusions

The present study investigates enriching geopolymer matrix with thardalikalinestable
crystalline particleto improve its higitemperature properties. Thissearch leads to a better
understanding dhe thermal behaviour of-situ synthesized zeolite in geopolymer matrix, its influence
on phase composition, porosity evolution and volumetric changes. Baseibtairted results, the main
conclusions are drawn as follows:

» Sodalite addition influences the gel composition and thus thenmigihature stability. Between
the reference material and the sample with 5 % of sodalite adwdittemgerature of the glass
transition was lowered from 718.3 to 69@. T his phenomenon was affected by the alkali ions
which primarily define the liquefaction point, namely the melting poipbtagsium

aluminosilicate glass is greater than that of potasxiium mixed glass.

» After being exposed to high temperatures, the semhalitbed paste's mineralogical phase
composition differs from that of the plain geopolymer. Wollastorbte,teermal anorthoclase
and a small amount of leucite are all clearly seen to form, while@éphédd seen to form in

unmodified geopolymers. These differences are more significant enspsithnd wt. % sodalite
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addition and are attributed to the slow disintegration of sodalite «& 806 the greater
decomposition observed between 800 ande@C000

The mesoporous nature of the raw material rich in sodalite contoiltikeimcreased content of
mesopores of geopolymer paste which reduces the deterioratingalstimpact of water
evaporation that passes through the material during heating.

The synthesized sodakteriched material plays the role of a skeleton that facilitatessipertra
of evaporable water and significantly counteracts the harmfuloéfiedtsnetric deterioration
by up to 800C (e.g. from 6 wt. % for nenodified to 1.5 wt. % for specimen enriched by 5 wt.
% of sodalite).

The different strength evolution of geopolymer without and with sodalitefresua different
path of porosity evolution between 400 and°808nd different phase compositi@n high
temperature The formation of new higemperature stable crystalline from the sodaliiehed
matrix, such as anorthoclase and wollastonite which are embeddedatrixhat elevated
temperature positively influensethe strength performance of cooled geopolymer after
temperature exposure.

Conclusions



CHAPTER 5 SYNERGISTIC EFFECT OF SURFACTANTS
IN POROUS GEOPOLYMER: TAILORING
PORE SIZE AND PORE CONNECTIVITY

With the growing interest in foamed geopolymer miamuféctueasingrdemand for tailoring these composites’ po
structures. The binary system of two surfactantstpfferseahawssiitgl foam formation efficiency and stability in
geopolymer paste, however, their effects aswodt Wedl imfidence of binary system blendgam giass form

and distribution in fly ash-based geopolymer matrix is investygtsticaeftetiisingy evaluated. The results show
that combining a nonionic surfactant with anionic Sodibate&MESYIIBugmses open porosity, whereas cationic
Cetyltrimethylammonium Bromide (CTAB) promotesnthef ddesdopmeres, improving thermal insulating,
hygrothermal and mechanical performance. dargsvero aeseribe the creation of pores imtheegresence of
micelles is proposed, as well as the benefit of employirgsteinedisadiatdanzing porous composites.

The results presented in this chapter are published in the folldiglag a

K.M. Klima, C.H.A. Koh, H.J.H. Brouwers, and Q.L. Yu, “Sigtiergffect of surfactants in porous geopolymer: Taifmieg
size and pore connectiVitgem. Concr. Compos., vol. 134, p. 104774, (2022).
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5.1 Introduction

Porosity is a significant parametenaferiad characterized by low density and low thermal conductivity
which are crucial for designing, for instance, protective materinighfiemperature applications.
However, the distribution of pore size anddharacter of pores, i.e. the proportion of open pores,
establish a material's suitability for particular applications. Jesisitznt composites exposed to high
temperatures, it is advantageous to have an open pore dtratfaoditates the transport of water vapour
through the material, which significantly minimizes the risk of md@guzacks formation, propagation
and spalling [12]. Materials for thermal insulation applications tereatdiffiquirements regarding the
pore structure. The pores are desirably closed becausengne¢heagipen porosity increases gas
permeability, including air, which is a heat transfer medium. Ponolatsmubents, as indicated by Cao
et al. [262], should consist of a significant number of parksaéscavities, channels, or interstices) with
the proper size that are interconnected with each other to allownthevawe to propagate inside the
material. Furthermore, water has a great effect on thkysioal properties, the amount of adsorbed
water affects the deterioration process of the material and dinitsisiygsrior insulating effectiveness.
In light of the foregoing, it is clear that porous mater@lasad in a variety of industries, but their
morphology has a considerable impact on their performance. Thus pore size andyctailwetiyiare

of great importance for different applications.

Among various methods, the application of chemical foaming agentsusilizieé)\nowever, controlling
the pore morphology is critical when employing a chemical foaming metihedprésious research
indicates, when utilizing foaming agents such as Al, D-ppéte controlling and tailoring is difficult,
both in terms of size and pore cavities formation{263]. It has been observed that adding surfactants
can positively influence the performance of the created foaral §ges of surfactants have been applied
in geopolymers, such as Tween 80 [263], Sika Lightcret4],03d@fm Dodecyl Sulfate (SDS) [266],
Triton X-100 [267], Sodium Lauryl Sulphate (SLS)d2p8)teins [30], [269]. It is proven that by adding
foaming agents and stabilizing agents to the geopolymer slpayodheg in the hardened geopolymer
can be increased [265], [270], [271]. Further, it is revealed tigingythva surfactant and foaming agent
concentration, the pore size and size distribution can be adjustét¢2&8hples foamed with hydrogen
peroxide and surfactant showed more uniformity in the pore size distébaipared to the samples
foamed by sole #,. An additional benefit is the optimized control of porosity when combiag H
and surfactant [264].

In terms of density reduction, SLS foam has been consideredsheifective than proteinased foams
[268]. Two nofionic surfactants that are widely applied in geopolymers are Tx0raXd Tween 80.
Strozi Cilla et al. [26dcovered that an increase in the amount of surfactant (frd¥n t& witwt.%) to

a metakaolibased geopolymer leads to an increase in open porosity for both TameleFr6n X100.
Tween 80 forms smaller pores in the geopolymer than Trit®9, Xhus contributing to a higher
compressive strength of the material. Bai et alr§2é3fched the effect of®b and Tween 80 on the
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porosity and compressive strength of geopolymer foam. The positiieimtezbgeen kD, and Tween

80 was observed, which led to highly interconnected pores, good mecbpeitias, low density and
low thermal conductivity [263]. However, contradicting observetivasnoted by Petlitckaia and
Poulesquen [272], who reported that both Tritd®Xand Tween 80 create heterogeneously distributed
pores in the structure with low strength.

Noteworthy, norionic surfactant, such as Tritor180 in combination with ionic surfactants shows better
foamability [273]. Despite its remarkable fimaming characteristics, the system based solely onthe non
ionic Triton %100 has issues regarding foam durability [274]. A similar prohléoamvistability has
been observed with the useanfonic surfactant, an anionic Sodium Dodecyl Sulfate (SDS), which is a
weltknown surfactant applied in geopolymers. SDS can be used batbiliairrgsagent arafoaming

agent [275], [276]. However, using solely SDS as a foamingsagisrit an unstable foam, despite its
strong foaming ability [275], [276]. Nevertheless, the useatiohic surfactants, such as
Cetyltrimethylammonium Bromide (CTAB), in foams is known to gdaar&amability but loRggrm
stability [275], [27@&ven more than neponic surfactants [272]. Thus, the utilization of surfactants is
potentially a promising technique employed in the manufacture of foapodthtgrs. Nevertheless, one
problem is its insufficient foam formation efficiency or foam irtgtahilithermore, another disadvantage

is that a relatively large amount of surfactant has to betadddin highly porous material without
providing good pore connectivity.

Considering the fact that the mixed surfactant system displaygsittagerand interfacial tension on the
same medium than individual surfactants, it is assumed that the womifimao different types of
surfactant exhibits synefgy7]and can also tailor microstructures [&i@in and Arda [278nphasized

the solution's unique features based on the blend-afmomnd ionic surfactants. Different foamability,
foam stability, surface tension, surface viscosity, cagtacbabble size, and microemulsion stability may
be observed when compared to the solution based on individual ssirikatnvbrthy, it is possible to
combine surfactants to either obtain a set of desired featedisce the amount of stabilizing substances
used which would reduce the cost and environmental impact of the produced composite.

The abovenentioned properties of mixed surfactants have altreayapplied in seveaabas, such as
Enhanced Oil Recovery (EOR) [279]. However, the beneficial dffebtsdsurfactant systems on pore
formation in geopolymers have not yet been investigated. Based ioletice #vat mixing is beneficial

in other fields and these ofasingle surfactant system is utilized in foamed composites, it is hypothesized
that mixing ionic with neionic surfactant can improve the performance both at room and high
temperaturge with the focus on total pore volume, pore size distribution and pore tigdpnec
Furthermore, the hygrothermal and mechanical performance are elabooatied to provide a

recommendation towards surfactant mix determining pore structurgoatahital application.

This research focuses on designing a biocoal -thasesh geopolymer for room and heghperature
applicatiog, with HO; as a foaming agent and different surfactant combinations as engtapéizt.
Moreover, this study specifically aims to investigate the effieetrgfsurfactant systems on porosity and
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pore connectivity. Two commonly used nonionic surfactants T+it6@ xnd Tween 60, as well as ionic
SDS and CTAB, are studied in this research, with the focus on pphelogyr determined by
microcomputed tomography, mercumgrusion porosimetry and gas permeability, as well as the
mechanical, thermal and hygrothermal performance at a hoomtttited environment coupled with the
theoretical calculation of tirdependent heat and moisture transport.

5.2 Materials and methods

5.2.1 Flyash

Fig. 5.1.Particle size distribution of the biocoal fly ash.

The raw material used in this research was biocoalB¥A¥ha byproduct of power generation
using coal and biomdsp to 40%psfuel. Biocoal fly ash has a similar chemical compostiticeasis
fly ash, nevertheless with a higher silica content and relateealuavinium content [92], moreover this
material contains a higher amount of calTatle 5.). A laser particle size analyzer (Mastersizer 2000,
Malvern Instruments) was used to determine the particle tsiizetidis of the biocoal fly ash, which is
depicted irfFig. 5.1.The threegoint specifications of particle size distribution is as $otlew 2.89 um,
dso=19.68 um and.691.41 um.

Table 5.1: Oxide composition of fly ash obtained via XRF measurement (in %).

SiO; Al203 CaO FeOs3 MgO K20 SO; TiO2 P05 MnO Other LOI
51.66 18.50 9.62 8.72 2.27 3.68 1.09 1.01 0.82 0.24 0.38 2.01

5.2.2 Alkali activator, foaming agent and surfactants
In this study, an alkaline solution was preparea wsilica modulus of molar 0.0 1.4 and

5.5wt.% of K:O on dry solid precursday combining potassium hydroxide pellets (VWR Life Science,
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reagent grade) and potassium silicate solution (WEBIGYK SiQ 20.8%, 72.8% 1 by mass). Before
being used for geopolymer synthesis, the solution obtained wasakiated for 24 h to rdac
equilibrium.

Table 5.2:Characteristics of the surfactants applied in this study (data taken from.provider)

Chemical names and Linear formula and CMC
Name used . Trade name  HLB value*
category molecular weight (mmol/L -5**
Sodium Dodecyl Sulfate CH3(CH,)110SOsNa
SDS o SDS 40.0 8.2
(anionic) M.W.= 288.38
Cetyltrimethylammonium CHz(CHy)1sN(Br)(CHs)s
CTAB . o CTAB 21.4 0.96
Bromide (cationic) M.W.= 364.48
Polyethylene Glycol
y_ v y CsHeO10
T60 Sorbitan  Monostearate Tween 60 14.9 0.0167
M.W.= 606.8

(nontionic)

Octylphenol  Ethylene CidH220(C:MzH40)n
T100 Oxide Condensate (non M.W. = 625 Triton X-100 135 0.24

ionic)

*The hydrophilic-lipophilic balance; ** Critical Micelles Concrentation

As a foaming agent, hydrogen peroxide (30%-8idgnh, Germany) was uggdble 5.9. Furthermore,
four various types of surfactants were used to studfotmability and foam stability in geopolymeric
slurries, including anionic, cationic, and nonionic surfactants. Two nonionias,rfageen 60 and
Triton X-100 were purchased from VWR Chemicals. Sodium Dodecyl S8#apei(ity, Sigraaldrich,
Germany) was selected as an anionic surfactant, while CTABg®&édrich, Germany) is a cationic
surfactant. The properties of the used surfactants are preséated f12

5.2.3 Foamability and foam stability

A fundamental test method was used to evaluate theoéffleetmixed surfactant system on
foamability and stability, with the details referred to Huang @gh@Pedersen et al. [281]. Deionized
water was combined with the surfactant at a mass raiiamnd Wvas shaken for 1 mirugagalaboratory
shakerThe same weight ratios of nonionic to ionic surfactant were utiliseedtigate surfactant
interactions in both the aqueous solution and the paste, and theseatecpi@able 5.5 The height of
the formed foam was determined after 10 seconds and 15 usimgt@scylinder (250 ml). The above test
was conducted twice for each mixture and the results are sfable B.3 The results indicate that the
mixed surfactant systems generate more foam with improved, stdiidlitycan be observed explicitly
after 15 min. However, it should be emphasized that this tgsbeidgs insight into the synergy between
two surfactants in an agueous solution. When mixed with both Fidhaxid Tween 60, the SDS system
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has the highest value of foam height among the analysed systafter dét seconds (22 cm and 23 cm)
and after 15 minutes (14 cm and 15 cm). The interaction of tfexgarss with one another affects foam
formation and stability, either positively or negatively when interacticergistic or antagonistic,
respectively. The synergy can be attributed to nonideal mixingnetfiecégygregates, resulting in Critical
Micelle Concentrations (CMC) and interfacial tensions that are sigridiwantlgan theoretical values
based on the characteristics of the unmixed surfactants alor aPdB@24scribed this to the nonionic
agent in those mixed surfactant monolayers that improved Hililekthe liquid film, which prevented

the fracture of the foams.

Table 5.3 Mass fraction of nonionic surfactant in total surfactant mbirewith the foam height of

single surfactants and cosurfactant mixes measured after 10 secondmata$.15 m

Single surfactant Cosurfactants
Non-ionic lonic Mix
Triton Tween T100 T100 T60 T60
SDS CTAB
X-100 60 +SDS +CTAB +SDS +CTAB
mnoniuniv/m mix-surf - - - - 0.51 0.61 0.45 0.43

10s (cm) 20.0 16.0 21.0 10.1 22.0 17.0 23.0 12.0
15min (cm) 5.0 6.0 10.0 6.5 14.0 13.5 15.0 9.5

Noteworthy, the CMC of nonionic surfactants is usually two ofdaegnitude lowef @ble 5.9 than

that of the corresponding anionic surfactant of the same alkyl chhianentite presence of nonionic
surfactants in mixed monolayers enhances the stability of the foanthfibertain synergy. The
corresponding surfactant combinations in the mixtures and their imetzti®been extensively studied
[278], [283], [284]. Blla [285khowed that mixed systems with TritehG® both with SDS and CTAB
show synergy surface tension reduction efficiency and mixed micelle formatiorrnfrangh&aiad et

al. [2865howed that a low CTAB concentration with the dominafd®6fshows better foaming ability.
Based on these findings, it can be assumed that the molecules ofdotdintsuin the mixture attract
each other to produce mixed micelles with different charactdvéstitiset micelle of a single surfactant.
In addition, admixing an ionic surfactant with aiooic type results in a lower minimum concentration
of ionic surfactants. In broader terms, this indicates thaelessl is required to trigger micelle creation.
Referring to the results Trable 5.3 theblends can be ranked according to their highest foaming and
stabilizing abilities in the following order: T60SDS> T100SDS> T100CTABYABALt is worth
noting that the cosurfactant system considerably improves the foatatsriatapility, as shown after 15
minutes Table 5.3. However, micelles behaviour in an aqueous solution may diffeedpotymger
slurry. A geopolymer paste is considered a mix of differentltepangasolid particles which additionally
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influence those surfactants interactions. For instance, saitsdera@n electrostatic repulsion between
the hydrophilic group which makes the surfactant more hydrophoblé&a@dsdo the aggregation of
monomers at lower concentrations, thus lowering the CMC of the system [287].

5.2.4 Mix proportion and sample preparation

Table 5.4 Mix proportion of geopolymers (normalized to 100 wt.%).

K2SiOs Triton  Tween SIOAAI 205 H20/FA
BFA i KOH H0 H0: CTAB SDS
solution X-100 60 (mol/mol)  (wt./wt.)
T100SDS 723  17.1 31 66 05 0.2 - - 0.2 5.1 0.27
T100CTAB 729 172 31 60 05 0.2 - 0.005 - 5.1 0.26
T60SDS 724  17.1 31 66 05 - 0.1 - 0.2 5.1 0.27
T60CTAB 73.0 17.2 31 60 05 - 0.1 0.005 - 5.1 0.26

Table 5.4shows the mix composition of four geopolymers investigated in thnt wame The
amount of raw material, activator solution, and foaming axgkapivconstant. The geopolymer pastes
were prepared by mixing fly ash with the activator solution in a Hlifpentnbxer. The produced paste
was then mixed with the foaming agent, and the resulting misusérred at 150 rpm for 6 minutes,
before casting into the moulds 40xx 160 mi and 100 x 100 x 100 mrAfter 24 hours, the samples
were demolded, wrapped in plastic foil and heatede@tf6b 4 hours before further curing at room
temperature.
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5.3 Results

5.3.1 Raw material characterization and activation

Table 5.5 Phase quantification via Rietveld refinement of(&Fér shows in the brackets) (%).

a Q Q

S v o & , Eg g g & 52 o 93

s g = g £ 2 s & © 8 § 5 S g

5 3 2 g 3 s e 9 5 = ES 8 g

g I g8 = o 8 £ <

ICSD 83849 66451 22505 90486 662 85807 9863 15471 83025 40544 24276

83.9 5.79 3.65 1.95 1.08 1.09 0.70 0.59 0.49 0.28 0.25 0.15
(0.32) (0.09) (0.15) (0.11) (0.05) (0.11) (0.08) (0.08) (0.06) (0.09) (0.06) (0.04)

The XRD analysi@able 5.5)reveals that the biocoal fly ash is highly amorphous (85%). Thus,
the approach suggested by Sanalkumar et alaf98%ed to assess the reactive molar Si/Al ratio of the
raw material. 200 ml of NaOH (10M) and 7.5¢g of biocoal fly astmixedeand stirred at 8G for two
hours. Subsequently, the inductively coupled plasma atomic emissaatepetCPOES) analysis of
the filtrate was performed. Additionally, the liquid filtrate waexalsined by IGBES after the solid
residue from NaOH treatment (2g) had been mixed with 500 miadHigric acid (32%) for three hours.
The sum of the eluted silicon and aluminium obtained vi@aESRvas applied to determine the reactive
Si/Al ratio. InTable 5.6 the comparison of the Si/Al ratio obtained by the various method apitlied in
study is presented. Based on the obtained results, the reactive Si/Al ratio is 2.93.

Table 5.8 Fly ash reactivity based on amorphous Si/Al content.

Moles of Si per 100 g of ~ Moles of Al per 100g of . .
Si/Al molar ratio

FA FA
Total content (XRF) 0.86 0.36 2.38
Crystalline content (XRD) 0.11 0.05 2.20
Amorphous content 0.5 0.31 2.42
Extraction 0.44 0.5 2.93

The setting time of alkalctivated material is highly related to the reaction temperahakjrecsease

the temperature shortens the time significantly. The initial anskefiimg time measured for alkali
activated biocoal fly ashroom temperatuneas16 min and 48 min, respectively. The aktliated
BCFA shows strongly exothermic reactiétig. 5.2a) which in consequence reduces the setting time.
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The observed exothermic peak corresponds to the wetting, dispoadiipitation, which appeared
within the first hour. Due to the relatively low reactivity cighesample at ambient temperature, after
the dissolution peak, the line tends flatten to zero heat flow. Thedhgenomenon might be owing
to the slow rate of reaction. As found by Nath et al. [288}hflyeopolymerization is a process in which
the reaction proceeds for a longer duration with low heat evolution after preckigago2ty.

Fig. 5.2 Isothermal calorimetric response of biocoal fly asblgeap pastes at 20 °C a) normalized heat flow,
and b) normalized cumulative heat.

Noteworthy, the evolution of a minor amount of fyfas been observed through ion chromatography
analysis. The gas released within the first 10 minutes waslda@n aqueous solution which was then
analyzed for Nkt ions. NH can be found as molecules adsorbed on the surface of ash patrticles, forming
chemical bonds at active sites, and also as an ammonium salt(phag#g and bisulphates) that adheres
to grain ash [289]. Moreover, the presence of fre€Thinle 5.5)and the addition of alkali accelerates
the NHsrelease. Furthermore, the production&® is confirmed by XRLFig. 5.3presents the XRD
results of raw material and reaction products after 30 nofiratéisatior(Fig. 5.29. The primary finding

is the consumption of calcium oxide and ammonium sulphate (shown toynhénkig. 5.3 and the
appearance of a new potassium sulphate phase, as a result aflalighctivator solution that contains
KOH. The above XRD analysis of geopolymer reaction products suppantiniye bf calorimetry and

a potential explanation of the flash setting of the matrix.

75
Synergistic effect of surfactants in porous geopolwit@ing pore size and pore connectivity



S . Biocoal fly ash

After aétiva{ion (30min)
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26 (deg)
Fig. 5.3.XRD diffractograms of raw material and reaction prodticinarked only the most significant phases.
LegendQ Quartz;M Mullite;l Iron oxide,L Lime;Sammonium sulfaté Arcanite.

Nevertheless, it should be highlighted that for the analysed porou# iedieneficial to have a short
setting time, which provides less time for bubble collapse to occur and the inflherssdtiofgt time on
the Ostwald ripening and pore collapse can be minimized. In manytsaudis of nucleating agents
that accelerate the setting and reduce the extent of air bubbleisodiepsenended [264].

5.3.2 Density and total porosity

The composites produced with a souadintity of a foaming and stabilising ageiti¢ 5.9 by
the aeration process were characterised in terms of aéfieiémeye Thus, the overall porosity and bulk
density of the collected porous geopolymers are depi€igd 4 These values show that the three
chosen blends have comparable porosity. TEOCTAB, on the other harsijtifisantly lower porosity
(e.g. 11.9% less than T100SDS). Comparing the foaming inform@abie i5.3 with the obtained
porosity, it can be seen that the observed heights after 15 mimlit@sre precisely the approximate
values of the foam heights between T100SDS, T100CTAB, an& T&98@Il as the significantly lower
value for TEOCTAB, are in agreement. One probable explanation foAB88@iRt, due to the relatively
high surface tensions of the cosurfactant, it is not feasibleetsénthe surface area to facilitate foam
production, resulting in poor foamability [278], [284], [290], [291].
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Fig. 5.4.Total porosity and bulk density of porous geopolynségspa

It can be observed that both Aonic surfactants (T100 and Tween 60) combined with anionic surfactant
SDS produce a more porous structure characterized by a low bulk density ~9.thg&B8DS shows
good foamability properties. Korat et al. [RifEstigated fly agfased geopolymer in which one type had
similar content of hydrogen peroxide (0.5%) and SDS 1%. The obtaingddersirosity were 1.08
g/cms3 and 24.2%, respectively. In our case, the addition of 0.1%ef &Oor 0.2% of Triton-X00
together with SDS (0.2%) results in a material with obvioweiglénsity (0.7 g/cthand higher porosity
(~69%). Another researf2v2]utilizing the same foaming agenid}) and surfactant (CTAB) achieved

a similar density of 0.6 g/gmvhich, however, applied a much higher concentration of CTAB (0.05% vs
0.005%) than in this study. Furthermore, Xu et a].d&8fliced a comparable composite density using
2.5% HOz, but the pore structure was optimized using 3&4aAd 2.85% SDS. Increasing the amount
of foaming agent to 1% and using 3% SDS resulted in a similaofior®Xy/cni [293], indicating that

the mixed system contributes to reducing the amount of foamingrabsumfactant used while achieving

similar values of density and volume of pores.

5.3.3 Open porosity

The influence of the esurfactant mix on the formation of pore cavities is analysed in the following
section based on the abaligcussed total porosity value. The evaluation is carried out basgadh t
analysis. Firstly, image processing is performed by using anllIR6REsanco Medical AG, Switzerland)
to determine the open pores. The procedure is descrifethninChapter 2 The potential for fluid
(e.g. water vapour) movement through the structure igexvatiaxamine principally porosity using a
MUCT and measurirthe gas permeability and mercury intrusion porosimetry for the volume of apen pore
and distribution of porgize respectively.

The pore separation demonstrakeg. (5.5 that in all of the pastes based on nonionic surfactant and
cationic CTAB, the closed pores are more prominent, which is nmomgeptdn T60CTAB, where the
open pores account for 32.4 vol. %. It is evident that the sawithlesmilar total porosity, namely
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T100CTAB, T100SDS, and T60SB®g.( 5.5, are distinguished by a different value of open porosity,
which is driven by the used surfactant.

Fig. 5.5.Visualization of the specimens with marked closed pores.

Alteration is noted in the overall volume of the pores, their sizéistaibdtion in the structure, i.e. the
distances between the pores, depending on the mix of surfactantswititizedigh porosity, a wide
range of pore diameters, and dense packing of the bubbles,betwiden the pores might develop,
defining the open porositgection 5.4.lis devoted to revealing the mechanism that promotes the
development of two different types of pore structures undaethése that morphology is mositliyen

by the type of used ionic surfactant in the mix. It is presumed &ktontaining mixtures have a higher
paste viscosity [272], [294], which is due to substantBla@Eérption on fly ash particles. This strong
interaction influences the diagiid interface, providing a rigid film that hinders the passage tfvgas be
bubbles, resulting in an observable thickerbetleerpores, and reducing the chances of the pores
coming close enough to be able to create an opening in their wall and build a d@@@gction

Lu and Qin [295valuated the porosity development of a figesient mix and discovered that, despite
getting a similar value of total porosity (~70%), the volume of opemaarsubstantially lower (37%)
than those in our study (48% for T60SDS and 53% T100SDSBgrrare, Strozi Cilla et al. [267]
reported similar open porosity, but with a greater quantity ofssirfgtéant added to the geopolymer
slurry: with 2 wt.% of Triton-X00 or Tween 80 added, they achieped porosities of 50% and 54%,
respectively.
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The findings of the uCT evaluation are supported by the measyrexdngadbility coefficient. The high
material permeability implies good fluid movement through the pores. For péghttess applications,
as described above, it is desired to minimize the damage by anac&padling caused by the transport
of water vapour through the structure. The highest value (8116 0.83 D) was obtained for
T100SDS, which has the greatest value of open pore volume. TR@OGTAOSDS were distinguished
by relatively lower permeability coefficient values (3%7m@0.38 D) and 4.1x%@ m2 (0.42 D),
respectively). The results are in agreement with open porosityatesitisthe mix based on T60CTAB
the permeability was established as 2:8 #2(0.29 D). These values fall within the classified gel casting
foams' permeability betwe&613 and 16 m2 [296]. Airflow in porous materials is a volumetric
phenomenon thas largely dependent on pore size, thus with decreasing solid voliomedsaeell as
increasing pore size, Darcian permeability increases. The poreilsigmlief TL00SDS and T60SDS
is shifted towards a bigger size than T100CTAB, thus cahgjhgraair permeability. Therefore, it is
concluded that an improved permeability of the composite is resufiptyimg amorionic surfactants,
both Triton X100 or Tween 60, together in combination with SDS.

Fig. 5.6.0pen porosity vs total porosity of designed composdesttzar foamed geopolymers. A[293];
B[31]; C[297]; D[30]; E[298]; F:this study; G[299].

In order to assess the efficiency of the proposed method, thedoteauies were then compared with

the literature, which also preséimé method of obtaining foamed geopolymers with the use of surfactants
such as SDS, oll, or proteiffg. 5.6depicts the relationship between the total and open porosity. Bai et
al. [31presented intriguing results in which the volume of open pores potosity ratio is close to 1:

1 as foaming agents;@4 (3%) and olive oil were us&@n et al. [293]bserved a high ratio of open
porosity to total porosity (86.9 vol%) using SDS (3%) #{BP6) that can be compared to the present
T100SDS result, which has a much lower fraction of foamingag&)t as well as total surfactant
content. As can be seeffrig. 5.63 as porosity increases, the air bubbles are packed more cldsely toget
thus increasing the probability of open cavities formation. For the tositypmnge close to the
composites T100SDS, T100CTAB, and T60SDBEigs&6b), it can be seen that the obtained results are
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promising in terms of the content of open porosity in total poresitelaas the amount of utilised
surfactant. Noteworthy, the total porosity and open cavitiesroétbeal should be chosen based on its
intended application. Further, it should be taken into account that as poreaggsnthe compressive

strengthof the material decreases [300].

5.3.4 Pore size distribution

Aside from total and open porosity, the distribution of pore size inuttterres determines the
strength or hydrothermal properties of the composites, as welhbiittheo generate pore cavities due
to their way of packing in the matrix. Attention should be paid to aimaisporesand mesopores in
order to track variations in the pore structure of the resultimpsioes. The uHCT measurement covers
the macropores, which are the main product of the chemical aerdu#ostiefcture, while the MIP was

used to examine the pore nature between 5 nm and 5um.

5.35 uCT

The pore characteristics are determined by using uCT on the semmi@ésx @0 x 50 nm#¥n This
analysis helps to understand the composite microstructure, theepanel sheir distribution in 3D. To
focus on the details of the pores of geopolymers created as a result of the promioatdesiation, the
observed values are presenté&dgn5.7. The pore distribution is generated by combining total pores and
pores determined by pCT, with a detection limit of 5 um. Based ogréipdse it is clear that CTAB
based systems favour isized pores, whereas SDS provides the majority of pores above P& um
pores above 200 um overall for TL00SDS and T60SDS comprise accortign®&0.6% in the
normalized total porosity, while for TLOOCTAB and T60CTAB 28@%4a83% respectively. In both
CTAB-based systems, regardless of the type of nonionic surfattajotjtg of pores between-300
um, as well as the higher contribution of pores betws®prh is observed.

It can be observed that Tween 60 directs the formation eamalbres (< 5um) more effectively than
Triton X-100 (2825%in the total pore range). Moreover, when T60CTAB and T60SEBrgared, it

is clear that Tween 60 creates small pore sizes, whichasatdento the effect derived by pure CTAB.
Both Tween 60 and CTAB surfactants boost the formation ofpames| reducing the possibility of

Ostwald ripening and merging air bubbles.
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Fig. 5.7. Pore size distribution of the porous specimens iarge 5.0 um.

The existence of pores in specific ranges has different impacferomapee such as heat conductivity
and water suction. Srrdithmeter closed pores contribute to smaller thermal conductivitpnsiousdly
partially open small pores will increase water transport in the mstreriélise, whereas large pores
increase the probability of open porosity and the contribution of poriemadittie total heat transfer
balance should not be omitted [301].

53.6 MIP

Further, to analyze the nature of the pores smaller than 5 pmny inémnesion porosimetry (MIP)
analysis was performed. Despite the different nature of theemesicompared to uCT and the values
obtained by the two methods, the trend among the four specimensais@ddiable 5.7.also shows
the calculated values obtained through the uCT route and the poroséy alstbulk porosity. However,
due to the variety of throat Sznd "ink bottle" effects, MIP measurements may misallocateeahe por
diameters, assigning them to sizes lower than the real ones [302].
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Fig. 5.8.Pore size distribution within the range 096 obtained via MIP method.

Pores between 0.005 and 1.0 pm present in the geopolymerizatiomgndaictassified as gel pores (<
0.01 um) and capillary pores (6.01um) [303]. The four analysed samples conastaoigar contribution

of pores (0.003..0 pm) due to the geopolymeric gel structure of the comgasitesrmore, T60CTAB

is characterized by a greater content of both-0.08%nd 0.05.0 um pores, which confirms the
hypothesis of the formation of pores below 5 um, determined by the eodsieoih Tween 60 and
CTAB. The influence of CTAB on the formation of smaller size jporbe @lso observed in TLOOCTAB.

Table 5.7 Overview of porosity values (open/closed) by different methods.

T100SDS T100CTAB T60SDS T60CTAB

Total porosity 69.3 69.0 69.3 57.4

UCT open pores >5 uym 53.2 43.6 47.9 32.4
(vol.%)

MIP open pores <5 pm 19.6 235 20.5 23.7

UCT closed pores >5 um 1.6 2.7 3.3 194

5.3.7 Hygrothermal performance: Steady-state

Several material parameters, such as bulk density, porosity,ctivedoivity, and vapour
permeability play a significant role in hygrothermal performance evaluitiand3fe properties of the
resulting composites differ from one anothégs( 5.4; 5.5 As the humidity in the atmosphere rises,
materials become partly saturated with water, negatively impactingdonductivity [305]. Noteworthy,
the size, tortuosity, and type (closed/open) of pores are cnweitritransport through porous structures
[306]. The permeability and diffusion coefficients rise as panusppre size increase. Therefore, the
water vapour adsorption capacity is monitored for three out ofiikes due to their similar total porosity
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(~69%), providing an insight into the influence of pore size and pore igggr@cthe hygrothermal
behaviour of foamed geopolynteg(5.9. It is well established that with the increased total potesity, t
water adsorption increases. The sole transport mechanism at verysleapRbr transfer. The number
of layers of water molecules on the surface grows as air humidity risely anthfirsize pores are filled
and then connected bigger pores are occupied with a single la@erAsf ¢emonstrated by Kato et al.
[307], with an increase of open porosity water adsorption rise can be expected.

Fig. 5.9 Water uptake depends on the controlled relative huimitig/climate chamber.

It can be stated that among the three samples (T100SDS, T@@SDR)0OCTAB,) characterized by a
total porosity of ~69 vol.%, the T60SDS sample has the highgstipn of small pores below 5 pum
(Fig. 5.7), and up to 10% greater than the T100SDS sample, whoseegortly ditled with wateWhen

the relative humidity reaches 40%, water may be present in bathS0wath) and big pores (> 50 nm)
[308], and then the key role open porosity plays on permeability can led absasignificant increase
between RH 40% and 50% in T100SDS. It is in agreement with the obsédtvethessuombined with
the open porosity, which rises in the sequence T100SDS> T60SDS> T100CFBB.heg0the largest
degree of water content at RH 40%, while at higher percenthgesidify, a stronger influence of
permeability and open porosity on the passage of water vapour intdrithes noserved. This
phenomenon can explain the minor difference between T100SDS and T60SDS at higher humidity
High pore connectivity, and hence high gas permeability, is inversely propotbomaisity, which
influences the fluid flow rate [309]. As a result, fluid (n®)istoww is more hindered in the sample
characterized by low gas permeability, for example, TLI00OCTAB compghee@®Bsbased mixes.
Additionally, the connection between pores above 5 pm in TLOOCTAB is limited, adl ilhksgab.5

and a considerable number of ssia#l isolated pores densely packed in the structure is observed.
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Furthermore, more connectivity paths can be created by indteasimg of the pores [310]. When
compared to composites with a predominance of small pores, the poceesiges the ability of media
to pass more fluid through a porous matrix [311]. The sample T60SDS sehees@terial with a high
proportion of pores smaller than 5 |Fig(5.7), high pore volume connectivity and permeability, all of
which play a crucial role in low humidity environments (RH=E%§6%(9.

Thermal properties are critical for thermal insulating -oedistant materials. It is known that the heat
conductivity of porous materials is affected by a variety of factaidition to overall pore volume, the
pore size distribution, homogeneityd opening level of pore cells also have an impact [301], [312],
nevertheless, the thermal conductivity of the solid matrix andtotitypare the two dominant factors
[313]. Porous materials with excellent thermal insulation propectiesaterized by closed pores, which
limit the heat flow of gases, and therefore TLOOCTAB sample, althiough having a similar total
porosity as SDBased samplgsig. 5.4), has a smaller percentage of open poregjtys(5. The lowest
amount of overall porosity determines the maximum value of thermal confrciGOCTAB.

Total porosity and matrix conductivity show the largest influenke effective thermal conductivity,
which is the reason for the minor change between samples T60SCEDST20000CTAB ( : 0.009

0.02 W/mK). However, the densely packed isolated pores above 5 prthddfgteer performance of
T100CTAB than T60SDS. Chen et al. [Sthd¢d that for the same porosity, the smaller the pothesize,
greater the number of pores, and the lower the heat trafisiemaf. T60SDS has a larger content of
pores above 500 pm (8.9 vol.%) than T100SDS (3.3 vol.%) and TR QD€dlA%), resulting in improved
heat transmission and increased thermal conductivity.

Table 5.8 Thermal conductivity of the foamed geopolymehe dry state% RH).

Groups T100SDS T100CTAB T60SDS T60CTAB
0.116 0.104 0.125 0.146
(Wi(m -K)) +0.002 +0.003 +0.001 +0.001

Conditioning composites at varying humidity levels allowed us to @sseblstheir sorption capacity
but also their steadyate thermal conductivity at a particular moisture coRtgn6.10depicts the
obtained experimental values of effective thermal conductivitydaeffeireexposure to a controlled
humidity chamber, where the values at 0% Rtdkae fromTable 5.8asin the dry state. By using the
Memmert climate chamber, it was possible to digitally controhagtidéication and dehumidification
and maintaira constant temperature. The selected sample set is first exposebweshselected
humidity range (25% RH) and then exposed until the highest valueH}88%eRched. Consequently,
materials' ability to adsorb moisture varies and their therraatasfigtics in a saturated condition differ
significantly Kig. 5.10).T60SDS and T100SDS exhibit poorer thermal insulating capabilities (higher
lambda) over the whole range of moisture content due to their greateofojpeneporedHg. 5.5 and
higher initial thermal conductivity value in a dry Jtalie(5.7.
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Fig. 5.10 Effective thermal conductivity as a function of relatiredity.

5.3.8 Hygrothermal performance: Transient state

Hygrothermal performance of each geopolymer comisokitéher investigated using validated
software (WUFI® (Heat and Humidity transient)). The compmsiedelled as a singdger wall with a
thickness of 4cm, anditeterial propertiese extracted from the experimental data discussed in previous
sections. Transient boundary conditea@smposed on the model; the exterior clileatet based on the
climatic profile of Eindhoverfri@y. 5.1], and the interior climai® set as per EN 13788 with humidity
class 3. The modslthen simulated for a duration of five years. The tempeeaitireg for each month
is the arithmetic mean of all the days in a given month, while thmeisahe standard deviation from
the mean value.

The transient heat and moisture transport processes are solvepldry leeat transport and
moisture transport differential equatif3is].

HT_ T p
and
w _ w P
e Sal WDW__X +_X - (5_2)

respectively, where,i3 the liquid transport coefficient, H the enth@fkg), h the evaporation enthalpy
of water(J/kg), p the water vapour partial pres¢bey, w the water contefaf), the water vapour
diffusion coefficient in afm?/s), T the temperatur), the thermal conductivif/mK), the vapour
diffusion resistance factor, the density of watdkg/m3) and the relative humidity RH. The input
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parameters for material properties, boundary conditions and initial corsbtiotesaolve the equation
5.1and5.2are listed in Appendix B (Table B.1).

In the moisture transport modety( (5.2), the moisture storage (eénd term) is directly linked to the
water vapour adsorption capabilities, and the moisture tranghshiafnd term) contains both the liquid
transport and vapour diffusion terms. The pore size and porerstinfitence the moisture transport
property of a porous material, which can be represented by itprioygrities, i.e. porosity and water
vapour diffusion resistance factor. In addition, the variation ofectoratitions, particularly exterior
climate strongly affects its hygrothermal performance. By inaltrdingjent boundary condition, a more
realistic simulation of the hygric processes of the geopolymer @snpasitbe assessed, and the
simulation results (transient moisture content and thermal tsamsifusalue)) can be further evaluated
against the pore structure.

Fig. 5.11Temperature and relative humidity profiles for simwatddor conditions.

Fig. 5.12depicts the monthly averaged water content inside the geopolymer cothposghout a
simulated year. Lower water content for the TLO0CTAB compasiterved in the range of 2.7% and
4.8%, in comparison to T60SDS and T100SDS where higher water amntdnitsned. These simulated
results have verified the proposition from the earlier experimamhtal.etuclosed pores in a composite
will reduce its water uptake capability, which coincides with T10@@tABas a lower water content
under ambient climatic conditions with its higher closed pores strugtinermore, all three developed
geopolymers have a consistent course in their water content thrabghear, with only slight
fluctuations represented in the form of deviation bdiig.i.12 These stable trends show these three
selected composites are effective in transporting water vapolrfuther suggests that they can be
potentially used to regulate the surrounding humidity fluctuations when ubessamiay.
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Fig. 5.12 The moisture content of geopolymers section inftlyeds under one climate condition. With marked
min and max values of water content reported in ea¢h.mon

The transient thermal transmittatidiof the composites during the heating period (October to March)
are summarized Fig. 5.13 Additionally, the thermal transmittance at 80% relative humidiacifior e
composite are included in the same plot, represented by dash tigfesefaice purpose. Due to their
aforementioned ability to easily absorb and desorb water vapour fromothedisgr air, all three
geopolymers exhibit good thermal insulation performance and did not surpass theimi8dyo
threshold. Their simulated transient thermal transmittance is alserireagwith the assumption derived
from the thermal conductivity experimental study, with TLOOCTABtheibgtter insulating material,
followed by T100SDS and T60SDS.

For comparison purpasetwo commonly used commercial building materials are included in the
simulation, namely gypsum plaster and cement lime ptaktagve similar applications as the developed
geopolymers. A noticeable pattern can be straightaway obsenfad.fEo8 where a larger range of
thermal transmittance is gained by both commercial materialsmnajtin part of their heating period
suffering thermal transmittance worse than their value &bty threshold. This is differing from
the better and steadier thermal performance of the developed gespdlymmain plausible cause is
that the geopolymers haadetter ability to regulate changes in relative humidity than thes plaste
(AppendixB, Figs. B.3, B.4). Another lesser element in play may be deematar vapour diffusion
resistance factor (u) of investigated materials, where the gexsploéwra a lower p value in comparison
to gypsum and cement lime plasters, i.e. the lower p geopolyelesshragistance in preventing moisture
transport throughout the material and consequently minimize ti@dskmulating higher water content
inside the substrate.
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Fig. 5.13.Transient Wralue of the designed porous materials compared ¢ortwaercially available

products under one selected climate profile

5.3.9 Compressive strength

In order to preserve their mechanical stability and integrityaclikated foams need sufficient
mechanical strength. However, as already noted, a flash setting has been observetigatitve ihaes
has a detrimental impact on material strength growth over time anderghskxyv strength values are
seen for all mixes. Overall, the obtained results suggesietiggopolymer matrix and pore shape
determine the mechanical strength and the structural stability ohplesites was influenced by pore
size, distribution and celhll thicknesses.

It should also be noted that an increase in the median pore diamatdetnasental impact on the
composite's strength. The pore distribution plots of TLOOCTABAAT AB demonstrate a shift towards
lower values (< 2Q@n) than the SDBased systems, thus a higher fraction of pores with a dimtweter
200 pm mitigates the porous structure's negative impact oessinepstrengtigble 5.9. With the
same pore volume, the sample with larger pores has lower sieeogtterved in the T60SDS and
T100SDSTable 5.9. Regarding the pore connectivity, as stated by Ji et ghof@s0maller than 200
pm have a reduced possibility of collapsing due to their greater dstanoe finother when distributed
in the same volume as pores of larger diameter provide ailessdteg backbone, contributing to the
increased strength of composites.

Table 5.9 Collectediata on porosity, pore size, and compressive strength.

. (0] Bulk
Pores <200 ym  Pores >200 Compressive pen U

porosity density

(vol.%) pum (vol.%) strength (MPa) (v0l.%) (kg/m 3)
T60SDS 343 35.0 1.38 47.9 727
T100CTAB 53.0 16.0 251 43.6 733
T100SDS 304 38.9 1.16 53.2 726
T60CTAB 49.2 8.24 3.67 324 1007
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Fig. 5.14plots the compressive strength versus porosity of foam geopotgahefsom various materials
[316]. The fittingurve has been developed using the Ryshkevich modeh$@t7gn Fiset et al. [298]. It
demonstrates that the relationship between compressive stmdngtinogity may be predicted at the
porosity above 75 vol.% (region Il), and large variations aretbedovirer porosity region ¢35 vol.%

a region I). In region |, pore size distribution is more tengahan total porosity in the evolution of
mechanical resistance. A narrow and small pore size distribution improves the meébienarateef
the composite, as emphasise Ji et al. [310]. Above thigegiugell), total porosity increases due to
increased volume occupation by air/gas phase, resulting in a decrease in totalsafitbordatak. As a
result of the insufficient solid volume fraction, the overall mechanical stresgjtmifl decreases.
According to Zhang and Wang [318], it is better to predict mecharicatgrece using pore volume
above 100 um rather than total porosity, since there are rostantal variations in mechanical
performance. Comparing the obtained results with the literature italzsetved that the material is
characterized by relatively low compressive strength, which is méintlyedlesv raw material reactivity
and high content of large air voids and relatively high open pbigshysy. Dhasindrakrishna et al. [15]
proposed that curing at higher temperatures may be used ¢e itherearly age strength, and the findings
revealed that compressive strength of foamed geopolymer saengieshattmperature can reach up to

3.5 times that of the equivalent unexposed geopolymer samples.

Fig. 5.14 Compressive strength vs porosity of various geopdbames. A[293]; B[31]; C[297]; D[30]; E[298];
F:this study; Others:[223], [300], [B82]7]
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5.4 Discussion

5.4.1 Mechanism governing pore structure alteration

Surfactant adsorption has been seen not only on{igughmterface but also on the ligsadid
contact. Adsorption on the surface of solid particles happensudisad edectrostatic interaction for ionic
surfactants [32&nd through hydrogen bonds for fionic surfactants. The schematic diagram of the
proposed mechanism is presentdeign 5.15.Geopolymer paste can be considered as a matrix loaded
with solid particles, polyvalent ions, and negatively charged solid aarécatesult of a very alkaline
environmentThe DLVO theory of colloid stability can be used to explain the stability dftdéshn
terms of the interaction between electrical forces between gaficles and attractive dispersion forces.
The presence of charged colloidal particles in an electrolyte salggsretzctrostatic interactions that
affect the pasteehavior. A particle's charge may come from surfactants, adsorbeddsssciated
charge group3he negatively charged surface of the ash particles absorbs the catitarit auaféigh
pH (CTAB) [329]. The interaction between the surfactant moledbk ©anface of the air bubble and
the charged particle will result in high bubble surface stabdiliting the possibility of coalescence{330]
[332]. The scenario is different for anionic surfactan8DS is not as strongly attracted to negatively
charged particles; nonetheless, the existence gbanititie ions, such as calcium, can act as a bridge
between the negatively charged solid and the surfactant nfeipcauley; To conclude, SDS interactions
are substantially weaker than cationic CTAB interactions, whick tmpattility to adhere bubbles or
appear in extremely close contact, while maintaining greater stiffiedgguédvapour boundary than in
non-enriched air bubbles, which promotes the formation of pore cavities.

The nonionic surfactant is another component of a binary system (Tween 60 and T0@prB¢cause
they are noionic, these surfactants do not adsorb strongly on charged sunfaceduces the unwanted
loss of surfactant access at the 4igliitl interface while increasing surfactant availability at the liquid
vapour interface to saturate that surface [333}idNansurfactants exhibit the lack of characteristics
required for appropriate air bubble stabilization, resulting in coarseringlescence. However, in a
binary system with ionic surfactants;inait Triton %100 or Tween 60 can boost the solubility of ionic
surfactants in the binary (cosurfactant) system and diministictBariactant's tendency to adsorb at the
interface solitlquid interface [333]. In the case of $B/8aining systems, a synergistadsorption is
proposed, in which a marginajetsorption occurs on negatively charged surfaces of mixed marelles e
though SDS alone would not adsorb [334]. Moreover, the interactioenbataaionic SDS and
polyvalent cations increases at higher pH, thus a bridging effesnt Hetwnegatively charged surface and
SDS via cation can be observed.(5.19 [335], [336]. Although, as explained above for the CTAB
scenario, this interaction may contribute to the improved stabilizatiobudfbles in aniontontained
mixtures. However, interaction in a mixed system cat@nanic entails poorer interactions with
negatively charged particles in a solution containing a cationic CTAB aasthwe potential of links
between air bubbles close enough to form cavities.
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Fig. 5.15Interaction mechanism between air bubbles stabilizefebgndibinary surfactants mix and fly ash
particles governing pore connectivity.
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Moreover, because of the synbegween the surfactants used and the lower Critical Micelle Caoeentrat
(CMGnix) value compared to pure ionic surfactant, the micelles formed in datgéescan be tightly
packed in the structure, and the described properties of disjoining messent excessive aggregation
and bubble rupturi@37]. When the thin liquid film evaporates, connections betweenetheand small
cavities irthe thin walls separating the bubbles, may form in both systems based on CTAB and SDS. This
phenomenon is owing to a decrease in surface tension caused by more migmatoicaunfactant to

the surface layer and a reduction in electrostatiemétion between head groups in the ionic surfactant
(Fig. 5.15. Additionally, the variation in the pore size can be expectedtltriifferent hydrophilic
group structures [338]. Furthermore, the surfactant, whiids dogeer surface tension, is responsible for
creating finer air bubbles [339]. This explains why Tween 60 résuks pore sizes (a high fraction of
pores less than 5 um) in both T6OCTAB and T60ED.H(7).

5.4.2 Potential application areas driven by pore size and connectivity

Based on the present results, it is feasible to constisictofhmorphological traits, and more
specifically, the potential of various application ddas.5.10depicts the primary pore morphological
traits that suggest the potential for usage in areas igthtesperature, fire protection, and thermal and
acoustic insulators. Materials with a predominantly closed poedsityesrthermal insulators than open
structures attributed to the facilitated flow of heat througresg8AD].Therefore, the TLOOCTAB with
the lowest thermal conductivity coefficient value can be chosen as a thesioal ins

The composites used in this work are made of a solid aluminosilicate wkedét provides high
temperature stability [12]. In addition to the beneficial effectse afhemical and mineralogical
composition, the role of opg@ore structure in minimizing thermal shrinkage and cracks formiitgm at
temperatur is significant, as indicated by Bell and Kriven [84d] Sarazin et al. [342]. The
aforementioned fire resistance can be achieved by structures withdioetivity and wetbnnected
pores, reducing the pore pressure both during heating and waéebyedeaporation, as well as during
extinguishing / cooling the heated structure from high temper@ige$100C). Assuming that the
greater the open porosity and gas permeability, the lower tti@'snabdlity to degrade under the pore
pressure caused by moisture migration and temperature diffextaredswith the greatest open porosity
and moisture absorption were proposed (T100SDS, T60@i28)the water in the porous structure is
heated to a high temperature, a highly endothermic process occusisgiticecmaterial's fire resistance
[343]. As a result of this reaction, gaseous waten@yster) is created, which is then transferred through
the porous structure to colder regions where it condensesua@tiensdescribed above illustrates the
combined influence of hygrothermal performance and pore structure on fireeesist

Furthermore, geopolymeased foams have the potential to be employed as acoustic Saveesas.
studies were focused on the acoustic characteristics ebeiresd alkatctivated materials [21], [22],
[26], [344], [345]. Pecefio et al. [S#idd that the materials with larger total porosity absorb sound better

because the sound penetrates their matrixes and dissipatasithenergy. Moreover, open pores
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generate continuous pathways between the interior and outside ofidlemmagi®, resulting in enhanced

permeability and good souadasorption capacity.

Table 5.10 Summary of pore morphology and possible application of geopolymer foams.

T100SDS T100CTAB T60SDS T60CTAB
Highly-porous
Highly-porous Highly-porous High content of pores Low total pore volume
Pore Majority of pores  pores above 500 pm not below 5pm High content of pores
morphology téetween 20?00 t“m observed Openpore structure below 5pm
perrpore structure Low connectivity Open porositystrength ~ System of closed pores
balance
. Hightemperature Hightemperature
Potential - - } . - .
. Fireprotection Thermal insulation Fireprotection N/A
application . ) . .
Acoustic insulation Acoustic insulation

Hence, two composites with the highest total porosity anghopewolume are additionally proposed for
sound absorption application. Each of these solutions aims to demonstrate how w¢ poagsiiyeto

the needs of the application by utilizing adeédirmined mix of surfactants based on a similarly constituted
geopolymer matrix. However, more research on the subject &lregagcertain the materials' viability
for the suggested purpodaghe following chapter, the sounds absorption capacity of oneseleitted
mixed is examined and ihapter 7, the hightemperature response of the three porous composites is
evaluated.

5.5 Conclusions

Thischapterims to propose an economical method of developing porous gespeitynaetailored
pore structure. The synergetic effect betweeionamand ionic surfactants is revealed and its influences
on the porosity, pore size distribution, pore connectivity, compressigéhsand potential thermal
insulation are discussed. The amount of utilized surfactantsrésdhigh is greatly decreased in this
research while maintaining a similar porosity compared to existing literatstedyr demonstrates that
a combination of neionic with ionic isn effective technique in the design of foamed materials. The
following detailed conclusions have resulted from this study:

» The interactions of ionic surfactants with particles improve the stabilibubbégs. Because of
the negative charge of the patticle surface in the alkaline environment, stronger swsatithnt
particle attractions are seen for the cationic surfactanidesced by a higher proportion of
closed pores arallack of air voids above 500 pum. These interactions are diminished by th
incorporation of nonionic surfactants, and the electrostatic repulsiom tedagegroups is
reduced, increasing the potential of open porosity development and risisgriactiant
molecules availability to stabilize air bubbles.
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In comparison to ionic surfactants, lowering the CMC of the combined sodutitsnimemore
densely packed bubbles. It helps to create pore cavities by délwesdistagce between bubbles.
In addition, lowering CMC causes composites to have a high porosity (70 vah&)hahoes
thermal insulation but diminishes mechanical performance.

Cationiecontained systems favour small pores formation, whereas anienis sygply the
majority of pores larger than 200 um. A majority of voids bet®260 fm, as well as a larger
proportion of pores betweerbd pum, are found in both catichizsed systems, independent of
the kind of nonionic surfactant used.

The geopolymer is superior at controlling the moisture content insideettid pwhpared to
commercial reference gypsum plaster. Thanks to its greaterenstisage function at lower
relative humidity, the geopolymer has a stronger humidity bufféity¢pamoderate changes in
the relative humidity of surrounding air. The variation in its efféaiveal transmittance
throughout the year is reduced by regulating its moisture cbidecdmposite with the largest
proportion of closed porosity (nonionic+cationic) shows the best thermahmpeidtirmance.
The relationship between compressiength and porosity may be predicteghatosity above
75 vol.%using the Ryshkevich model. In the lower porosity region, pore siagidistis more
important than total porosity in the evolution of mechanical resiStameraterials obtainéd
this investigation aoharacterized by relatively low compressive strength, which is reaimly du
the low raw material reactivity and high content of large air \bidtagimely high open porosity.
Two SDShased composites with the highest total porosity andpopenvolume are
recommended for use in sound absorption, fire resistance, ateimipigtature applications,
while a CTABbased composite with the highest clpsed content and high total porosity is

recommended as a thermal insulation material.

Conclusions



CHAPTER 6 EFFECT OF SILICA AEROGEL ON
THERMAL INSULATION AND ACOUSTIC
ABSORPTION OF GEOPOLYMER FOAM
COMPOSITES

Silica aerogel features superthermal insulation wamtl absmmlifiansdhe application of silica aerogel in building
materials for energy saving has been investigateer rélcentje idbaerogel on geopolymer foaly render is rare
studied although it can be crucial. In this researcta|svemdatwonadéurme replacements of silicali@erogel are app
to improve the thermal insulation and acoustic abaagetidrhperfmrostructure is investigated in-depth with micre
CT and optical microscopy. The geopolymer iozrodbdlsealsh and enriched with 10 vol.% silicasis considered
an optimal mix design. The material reaches a thigyntdl Caddudti(d), an average acoustic absorption
coefficient of 0.51 with a bulk density of 746.4rkgltfThis study is essential to enlightécatlaetoepebf sil
particles in geopolymer foam render, focusing on a l@rodesadelefutilisag its full benefit.

The results presented in this chapter are partially shiherfollowing article:

Y.X. Chen, K. M. Klima, H.J.H. Brouwers, and Q.L. Fifiett of silica aerogel on thermal insulation and acousstiptidmnof
geopolymer foam composites: The role of aerogel particlésizeos. Part B Eng., vol. 242, p. 110048, (2022).
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6.1 Introduction

Due to the overall growing awareness of sustainability and quality of lifetrtreticnrsector's
energy efficiency and the comfort of the indoor living environmentdti@reaglot of attention [347]
[349]. In wealthy nations, the construction industry accourdsefol0% of total energy and £O
emissions [350]. For the time being, several nations haveeimgddemeasures to reduce heat loss via
building assemblies [5]. Furthermore, the functionalization of insnédérigls is critical [351], [352], for
example, enhancing acoustic absorption performance to improve thesopfitheanterior environment
and minimize noise pollution from daily[B&3H355]. As a result, there is a pressing need to create novel
highperformance insulating lightweight materials [356], [357].

Silica aerogel [358], [38% supeinsulating inorganic material made out of a 3D network of crosslinking
silica nanoparticles and 95% to 99% air. Because of its largg @addsitv solid thermal conductivity,
silica aerogel has a very low effective thermal conductivity, typicallyreandir@l2 to 0.018 W/(iK)

[360], [361]. Due to the brittleness and le@skability of silica aerogels, commercial silica aerogels are
always generated as powders or particles [362]. To enakdatiggyaslvit is frequently mixed into other
matrices, such as fibreglass mats or other lightweighaln#B63]365]. As shown ifable 6.1 several
studies on the inclusion of silica aerogel in construction materials rdwéegreaonducted. Ng et al.
[366] produced higiperformance aerogel concrete with a bulk density of 1300 &udna thermal
conductivity of 0-0.5 W/(mK), respectively. The concrete has a low-teabénder ratio of 0.20 to 0.25

and a 50 % to 70 % silica aerogel replacement ratio with sandl. Ta@#@reated a conventional cement
mortar with a 60% aerogel replacement ratio that has a comptessgte of 8.3 MPa and thermal
conductivity of 0.26 W/(rK). Julio et al. [36Bfoduced lightweight aerogel aggregate concrete with a 100
% silica aerogel to sand replacement ratio, yielding concretdowitthermal conductivity of 0.085
W/(m K) but a compressive strength of just 0.41 MPa. Seo ef] atui@éd the silica aerogel utilized in
fly ash/slag geopolymer concrete at concentrations rangindp®oto Z25%. Thermal conductivity, on
the other hand, is rather high, at 0.8 WK(mzZhu et al. [370poked at the inclusion of silica aerogel
cemenbased mortars and coatings. With a compressive strength MP4.. it has lowhermal
conductivity (0.17 W/(rK)).

Specifically, silica aerogels are utilized to substitute-weigtl aggregate in order to minimize heat
conductivity and increase insulating characteristics. Howegenctharation of silica aerogel is rather
high, implying that the resultant materials are expensive and diffemiintthe actual world. Finding a
clever way to employ silica aerogel and selectingHezate lightweight construction material for silica
aerogel to permit its ulirgsulating capability is therefore critical.

An optimization may be made to alleviate the difficulties, either bgdaive quantity of silica aerogel
utilized or by employing a km@nductive poroumatrix. Furthermore, substituting the Portland cement
based matrix with a geopolymer with improved thermal charactenisties uwsed to optimize the
composite mixture and retain adequate thermal and acoustic performance.
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Table 6.1 Comparison of lightweight insulating concrete with the addition of silica aerogel.

Authors Raw materials w/b AG RR/PS BD (g/cmd) CS (MPa) (WI/(m K)) Literature
Ng, et CEM, quartz fines, 0.2 0-80%
0.82.3 5-150 0.32.3 [366]
al. SF, AG, SP 0.25 0.01~4 mm
Ng, et CEM, quartz fines, 60-70%
0.2 ~ 519 0.120.53 [371]
al. SF, sand, AG, SP 0.01~4 mm
Tao, et CEM, SF, sand, SP 0-60%
0.4 1.00198 8.360 0.261.86 [367]
al. and AG. 2~4mm
Julio, et 0.66
| CEM, AG, surfactant 100% 0.2180.412 ~ 0.0860.098 [368]
al.
Seo, et FA, slag, activator,
25/50/75% 1.281.53 1328 0.91.8 [369]
al. AG
Zhu, et CEM, SF, SP, Sand, 33~67%
0.74~1.55  1.4~13.0 0.170.40 [370]
al. AG 1.24 mm

Note: AGaerogel, CEMement, SKilica fume, SBuperplasticizer, RBplacement ratio, PSiarticle size, BBulk density,

CScompressive strength, fiermal conductivity

Thermal insulating renders are one option, with thermal conductivitiyg tggscihan 0.2 W/(iK) and
densities comparable to ultralightweight concrete [372]. Despitdyite abdulate, cement used in the
production of ultralightweight concrete, has a significant negative impaatronironment, particularly

in terms of greenhouse gas emissions [373]. Geopolymer foarrs remmgential solution in terms of
decreasing C@ootprint and cost. Fly aftased geopolymer [29,30] is a promising alternative construction
material that is made by activating an aluminosilicate souras,figuabh, with a strongly alkaline silicate
solution (MOH and (N®)x-SiO. M=Na, K) [258], [374]. Because of the bonds formed [B#5jossible

to achieve good dgtitemperature resistance, which is improved further by usirgsaiybased
activator rather than a sodibased activator [139]. Moreover, the use of industpabdycts in
geopolymer features low energy consumption and is environmentally fsrendling enhanced

sustainability from material manufacture to construction opgBa6dn377].

Apart from the environmental aspect, the geopolymer alsooimising binder for thermal insulation
applicatios due to its relatively low heat conductivity [378]. However, vagthiedmcan be uséa

further reduce the thermal conductivity coefficient of a sole geego®g®d matrix. Thus, to attain the
required effects, the material must be enriched with a phase with a much lower thecthatycdi

as silica aerogeluang et a[379]demonstrated that combining geopolymer with silica aerogel may provide
low thermal conductivity and sufficient sample mechanical properties, démpiser possibility of

manufacturing an aerogel/geopolymer composite for insulation applications.
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Another route for obtaining a material with a lovierto introduce air as the low thermal conductivity
phaseresulting in a foam composite [15], [342], [380]. Chemicalgdaagants or mechanical foaming
techniques may be utilized to form the porous structure of geafoymeoncrete, all of which provide
a significant number of pores inside the geopolymer matrik388JL[However, depending on the desired
pore structure, several approaches may be more suited. Whes itoconemical aeration, hydrogen
peroxide (HO>) is the most cosfffective and simple to use [264], [265], [384]. Surfactant $peaifidit
mixing ability, on the other hand, can be employed to reduce total critilesl coiceentration (CMC),
resulting in a greater number of micelles formed and improved foam stabiligntas m€bapter 5

An increase in - concentration alone may cause air bubbles to escape and chinep prgmoting

the formation of large air gaps tlomter mechanical strength [263]. The number of bubbles reduces but
their dimension grows as the quantity of the foaming agent iRG8%edlithough increasing the quantity
of surfactants can assist to alleviate the negative consegjuthisggenomenon, research has shown
that too much surfactant has a negative influence on comprteseyth $385]. Moreover, reduced
surfactant concentrations reduce the overall volume of linked pores, loweringbsorjstion.

Furthermore, the high water absorption of extremely porous conaeteaiter of concern [386].
Different heat transfer behaviour across the building envelope might lbebyasisaking and drying
porous building materials [387]. It is acknowledged that silica eautsth@crease the hygrothermal
properties in insulation renderings [388], however, the effede@ndifaw material interactomith

silica aerogel used for the same manufacturing route has stidiedryet. Also, the acoustic absorption
of plain foam concrete is relatively low, due to the low pore interaotyn@ith no multiscale pore size

in the matrix. As a result, more thermal insulation and acoustptiabse required, but moisture
transport through the foam concrete is reduEee.use of silica aerogel is believed to improve the
material's porosity while simultaneously maintaining a wide vauoegydiémeters and reducing bubble
coalescence.

The influence of raw material on the thermal insulating and acbsetjati@n performance of a
geopolymer foam aerogempositewith the addition of a low dosage silica aerogel (10 vol % and 20 vol
%) is investigated in this work. Optical microscopy and a-Gfictest are used to analyze the
microstructure of geopolymer foam aerogel composite. The thamthattieity test and the acoustic
impedance tube method are used to evaluate the porous composite performance.
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6.2 Materials and methodology

6.2.1 Starting materials

Cabot provided four different types of silica aerogel: IC31020)@33120, and LA1000. The
particle size and translucency of the silica aerogels varieakti€leesizes of 1IC3100, IC3110, IC3120,
and LA1000, respectively, a02um, 10000 pm, 100200 ym, and 7800 um. The particle size
distribution of silica aerogel is displayéfign6.1 (a),as well as the cussf the mix employed in this
investigation, whids estimated using sievidgmixture of four different silica aerogel materials is used
to achieve a broad particle size distribution oft82plotted distribution of SA+fly ash partidieg.6.1
(b) bluecurve) was presented with the optimal curve using optimal palckilagechfrom a modified
A&A model.

Fig. 6.1 (a) morphology of four types of silica aerogBlaihicle size distribution of fly ash and silica aerogel
(c)water contact angle of IC3100.

Table 6.2.Physical properties of the four types of silica aerogel.

Groups Particle size* ( m) SSA (n/g) Pore size (nm) BD (g/cm 3)* * (W/(m -K))
1C3100 2~40 699 14.0 0.120.15 0.012
IC3110 100~700 688 125 0.120.15 0.012
1C3120 100~1200 694 13.1 0.120.15 0.012
LA1000 700~4000 683 124 0.120.15 0.018

*Data provided by Cabot. SSfecific surface area; BD: Bulk densitiermal conductivity
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The silica modulus afiolar SIG/K 20 1.4 and 5.5 W& K;O on dry fly astwere reached by mixing
potassium hydroxide pellets (VWR life science, reagent grade) and ilieatsusolutions for the
manufacture of geopolymer matrix (WHED B %, SiQ@20.8 %, 72.8 # by mass). Before applying for
geopolymer preparation, tiegpeepared activator solution was kept for 24 hours to estahbllgiriam.

As a chemical foaming agent, hydrogen peroxide (30 %ARigai Germany) was used in conjunction
with the surfactant mix solution, Aonic Triton X100 (VWR chemicals), and anionic sodium dodecyl
sulfates (SDS) (98 % purity, Sigdagich, Germany). The solid precursors for geopolymer production in
this study were coal combustion fly ash (Vliegasunie) and bicastal(¥iegasunie). Thekide and

mineral compositions, as welpatential reactivitare presented @hapter 4and5 [389].

6.2.2 Methodology
Preparation of the geopolymer foam aerogel concrete

The mix design of the paste is showreinle 6.3 The detailed preparation description is as follows:
(1) Dry components homogenization
The dry components (fly ash and silica aerogel) were mixitrentéobart mixer until homogenized

(60s) at a low mixing speed to avoid silica aerogel breakage. The indoor aceiddimmstemperature
of 23 °C and relative humidity of 35%.

(2) Slurry preparation

Homogenized powder and the activator solution were stirred and mixed evenly at Idde)xpeed (3
guarantee that there are no powdery remains on the bottom anfiteEesixer, mixing was stopped

and the bowl was scraped manually. Furthermore, the slurry was mixed at fiogl66szmnds.
(3) Foaming

A foaming ingredient, hydrogen peroxide (30%), was introduced while rfoxirgpaed, followed
by two prepared surfactants, Sodium Dodecyl Sulphate and Tri6nAfter adding the surfactants, the
rotation speed was raised, and the paste was stirrecefmr@3Ehe sameontrolled indoor conditions
23 °C and relative humidity of 3agply.

(4) Casting and hardening

The compositesere cast into moulds of 40x40x1603f00x100x100 mAand cylindrical moulds
H:50 mm r:40 mm. All samples were sealed with a plastic film and cured far 24280, RH 35%.
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(5) Demoulding and curing

After 24 hours the samples were demolded, wrapped in a plastic filmdafod 2drbours at 60 °C
in the oven.

(6) Ageng

After the elevated temperature curing, specimens were starfeditfar 26 days at room temperature
(23 °C) and relative humidity of 35% + 5%

Table 6.3Recipe of geopolymer foam aerogel comp@&sit@?3).

Groups FA BFA  Activator HP SDS T100 1C3100 IC3110 IC3120 LA1000

AG-0 1172 421.9 7.9 3.5 2.6 -
AG-10 1055 379.7 7.1 3.1 2.3 0.67 1.67 2.87 3.67
AG-20 938 337.5 6.3 2.8 21 1.33 3.34 5.74 7.34
BG-0 1172 421.9 7.9 35 2.6 -
BG-10 1055 379.7 7.1 3.1 2.3 0.67 1.67 2.87 3.67
BG-20 938 337.5 6.3 2.8 21 1.33 3.34 5.74 7.34

Note: FAsiliceoudly ash; BF/iocoal fly ash; HPlydrogen peroxide; SEE®»dium dodecyl sulphate; TI0@on
X 100; Aerogel volume percentage 10 means 10%, 2Q2@roap% aerogel was added.

6.3 Results and discussions

6.3.1 Physical and mechanical properties of composite

The bulk density, skeleton density, porosity, and compressive strgmgseated iTable 6.4
It can be observed that the dry bulk density is related to #ye ddsierogel. The more silica aerogel in
the fresh paste, the lighter the pastéeuilThis is due to the silica aerogel particles occupying some of the
solid parts in the fresh padflmreover, the key finding is that geopolymers made from biocoal flyeash hav
alargempore volume than siliceous fly ash, resulting in a lower bulk dessigtelvorthy that the lowest
density is achieved for the /8 and B&0 samples, in which therogel content reaches 20% of the
total volume of the paste. Therefore, it can be stated thdtlitieneof silica aerogel could result in the
formation of more voids that are provided by the aerogels.
The skeleton density is related to the inherent properties ofvtimeataerials. The skeleton density
measured by the pycnometer is almost the same for all specimersdwhiththe fact that all the raw
materials used are fly ash and silica aerogel. Therefore,ttredskaddty is in the range of 2279 kg/m
to 2330 kg/m, with very small deviations.
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The porosity is calculated according to the dry bulk density anah slesisity. As presentedTiable
6.4.The lowest porosity is 62.3 %, obtained from the plaid g€dpolymer foam concrete. An intriguing
phenomenon is that the porosity of the material b 40d 20% for both materials acmmparable,
although the starting porosity of the biocoal matrix was greatem#aned itChapter § in the instance

of biocoal, a flash setting was observed, which decreased the setfimngenade buoyancy escape
difficult.

In the presence of surfactants, the hydrophobic silica aertgelspaill tend to b the noraqueous
phase, which in this case is the gas phase (air) in the psri® thydrophobic solid particles (silica
aerogel) remain attached to thevaier contact surface [390]. Furthermore, the hydrophoadti@rttr
[391]due to the van der Waals forces in awatierair system [3982]ill enhance this activity. As a result,
the molecules can cluster in theantaining pores. According to Wang et al. [393], hydrophobic particles
stay in contact with the air bubble for a long period. As a ressllictheerogel particles are likely to
remain irclose contact with the air bubble, and once the paste reaches the initimhsettiegarticles
are entrapped in the structure, making the further moverpanidés impossible. This mechanism could
explain why big particles are found close to the pores, reinforcingittaiesand playing the role of the
skeleton of the gas phase (air) trapped in the liquid phaseApasteyvn by Chen et f44]the most
porous structure can be achieved by the addition of large grain size silica aerdgdbsaleeific, the
7004000 pm silica aerogel has the best pore generation.

It is also possible that the hydrophobic tail of a surfactant can teqmoed on the surface of a silica
aerogel, which could potentially reduce the surfactant's abidityilimestir bubbles. This is because the
hydrophobic tail of a surfactant is repelled by the hydrophobic sutfecaeebgel, causing it to become
trapped on the surface. The trapped surfactant molecules maybleotdeteract with the air bubbles
as effectively, leading to a reduction in the surfactant's abthtyiltoe them. It is worth noting that the
effectiveness of a surfactant in stabilizing air bubbles can alk@beeith by a variety of other factors,
such as the surface tension of the liquid, the size and shiapeiofbubbles, and the nature of the
surfactant itself. Although the hydrophobic surface of a silical @emghe hydrophobic tail of a
surfactant may not be attracted to one another, the surfactaniesatan still become trapped on the
surface of the aerogel due to van der Waals forct®e case of a hydrophobic surfactant and a
hydrophobic surface, the van der Waals forces may be the atilyesfitraes present between the two,
and they may be sufficient to cause the surfactant molecule to become trapprdfangh

The compressive strength at 28 days is preseniadblen 6.4 The reference sample AGhas a
compressive strength of 2.52 MPa, and the significantly loweh stfé3@0 is partially related to the
flash setting and also higher total porosity thaf.AGth the addition of silica aerogel, the samples show
lowerstrength as expected, which is attributed to the low strenijtta@fesogel (1000 kPa) [361]. This
result can be explained by the total porosity as discussed above.
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Table 6.4Bulk density, skeleton density, total porosity and strength of the specimens.

. . . Compressive
Groups Bulk density Skeleton density ~ Total Porosity strength 28d
(kg/m 3) (kg/m 3) (%) (MPa)

AG-0 873.0+3.6 2312+0.9 62.25+0.20 2.52+0.10
AG-10 770.5+3.6 2330+7.1 66.94+0.26 1.60+0.07
AG-20 715.3+2.9 2315+1.0 69.10+0.14 1.45+0.03
BG-0 780.1+1.9 2318+5.2 67.19+0.31 1.82+0.20
BG-10 746.4+2.2 2306+1.3 67.63+0.12 1.54+0.23
BG-20 694.7£2.7 2279+2.9 69.52+0.09 1.40+0.14

As expected, the 20% dosage aerogel samy@@ B&3 the lowest strength, however, due to the porous
structure, it could have a better insulation performance. Angibelriaghe weak bonding between the
paste and the filler (silica aerogel partiold® BG10 sample which possesses similar pore vdlumes

BG-0, but lower mechanical performance.

6.3.2 Microstructural analysis: Micro-CT

The software IPLFE v1.16 (Scanco Medical AG, Switzerland) ito umealyze the pore
distribution of the developed composites on a 3D slice view. The pixey iisteglsited to the density of
the object, making it possible to separate the surrounding air, aind@ieiogel particles from the denser
matrix. However, the density difference between air and silich iaesogal, making the distinction

between air and aerogel rather difficult.

A distance transformation is applied {@##th enables the collection of the data in the 3D visualisation
form in a 3D model of the sample. The empty region surroundgepgh@ymer is turned into a solid by
filling. Following the identification of all pores on the surface and inside the prescribed cquoes, the
are coloured differently depending on the size of the examined pole/fitidt camgenerate a 3D

pore shape visualization in all geopolymer renderings using the data gatiieredyiroh both the
distribution and size of the poré%g( 6.2. Noteworthy, during this investigation, il covers the
pores above 10m which provides limitations related to small size pores. The pore size is diviged into t
groups related to the silica aerogel particles used in ordéngos/aeations between sampleble 6.5.

The porosity below the detection threshold (10 um) is calculatetti@ipiogsity estimated by the uCT

and pycnometer technique.
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Fig. 6.2 Isolated air voids and silica aerogel particles system.

The goal of the porosity distribution analysis is to check how silgel particles affect the pore size
distribution of the porous composite. The size of the silica geactyges is used to establish the
prescribed intervals to observe their possible impact on the pore size, which is atsthelatesknce

of these particles in the matMalfle 6.5. Empty gaps with a restricted range of sizes are undesirable
because they influence the material's acoustic and strengtérigtiena The size and distribution of pores

in the materials are depictedFig. 6.2 where the order of magnitude has been standardized in the form
of a colour scale, allowing émmparisomf the matrices obtained.

The first observation concerns the considerably smaller pore diaB&teyaimples compared to AG
samplesTable 6.5, which may be related to the setting time, which is clearly shdutetwethe observed
flash setting, resulting in a significantly reduced amount of pores aboveorofgueddo AG samples.

The introduction of particles with a size of up to 4000 um into teensyguses an increase in the
proportion of pores exceeding 700 um (IC3120, LA1000). In AG satiefe is a higher number of
pores below 10 um and above 700 um, whereas BG has shifted eoraagetbf 2300 um. The porosity
values obtained for all six samples av®8@; however, the size distribution varies, which is mostly driven
by the properties of fresh paste, which affects bubble coalesce and/or bubble splitting [331]

The open porosity calculated from pCT is presentd@lile 6.6 Open porosity is important in
determining acoustic absorption and hygrothermal performance. The opiyn iporeases with
increasing particle size and concentration.
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Table 6.5 Pore size distribution retrieved by pCT and total porosity measurement.

Pore volume in the range (um)

Overall porosity (%) <10 [10,50) [50,100) [100,700] >700
AG-0 62.3 24.5 11 0.5 23.0 131
AG-10 66.9 20.3 15 1.2 24.0 19.9
AG-20 69.1 23.0 17 1.6 25.9 16.9
BG-0 67.2 11.9 2.0 4.0 459 34
BG-10 67.6 8.1 24 4.4 52.4 6.9
BG-20 69.5 9.6 2.7 5.9 44.2 7.1

During the pore separation process, the resulting void spaerangireed for connection to identify
individual objects, and their volume, as well as conn¢g2ivifyhe entire group based on biocoal fly ash
has a higher degree of open porosity, resulting in superior acoustimipsoerties. It is influenced by
the pore size distribution which resimtmore bubblgacked structures which enable the formation of
pore cavities. Furthermore, it can be shown that the rise in the wblopen pores increases with the
increase in volumetric replacement by silica aerogel in each gidGpamnd.BG. This implies the
presence of silica aerogel particles near the bubbles, resultifogriration of a bridge between the two

bubbles, which during pCT analysis is consideagubasconnection.

Table 6.6 Open porosity of porous materials calculated from pCT.

Sample code AG-0 AG-10 AG-20 BG-0 BG-10 BG-20

Open porosity
36.6 44.4 47.1 54.1 58.0 59.4
vol.%

6.3.3 Thermal conductivity of composites

The thermal properties of the composites with different silica akremgeare presented in
Table 6.7.The reference sample shows the highest thermal conductivity of/Qr1 K3 Woteworthy,
the entire group of biocoal fly dssed composites are characterized by lower conductivity value due to
the higher total porosity and possibly, lower conductivity of timeatawal, namely biocoal dish and
siliceoudly ash.
On the other hand, the 20% silica aerogeRP@Ghows the best thermal insulation, reaching 0.135
W/(m K) and 0.101 W/(nK) for BG-20. This indicates the incorporation of more silica aerogel can
decrease the thermal conductivity as expected. The silica agsagsblelas an insulating filler with-ultra
low thermal conductivity in the geopolymer matrix, thus reducing the toemativity of the samples.
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Sincesilica aerogel particles are solid particles, they prevent theuptedtdransfer of heat, which
reduces the effective thermal conductivity of the designed cosnpusitelaying the role of closed pore
in the system. It is important to note that the aerogel does not appear toohed alaser or dissolved
in the activator, both of which would have lessened this Mffestver, silica aerogel particles can create
more inteyparticle pores in the geopolymer matrix. The thermal insulafiosely related to the total
porosity of the foam geopolymer. As can be referied &dle 6.4 the total porosity for AG is lower
than BGO, thus this factor can influence the thermal properties, lzsdeass transported through the
solid, i.e. less solid conductivity is contributed to the total effective thermaivitynofutte material.
Overall, the thermal conductivity is reduced with the increasing capoeottisitica aerogel, thanks to
the superior thermal insulation of silica aerogel. Therefore gérevidiume replacement (20 vol.%)
particle size of aerogel in biocoallmsed geopolymer can even function better as a thermal inkgator,
to the creation of more interparticle pores, increased total parabiyso the optimized distribution and
stability of the pores in the matrix.

Table 6.7 Thermal conductivity of the composite.

Groups AG-0 AG-10 AG-20 BG-0 BG-10 BG-20

(Wi(m K)) 0.173 0.152 0.135 0.116 0.111 0.101

The thermal conductivity versus the density and compressigthstezsus the thermal conductivity of
building materials with the addition of silica aerogel particles are sfigwd3a) and(b), respectively.
Compared with the composites prepared in this study, other mattriaitica aerogel have higher
thermal conductivities. The UHPC aerogel concrete obtains similal theduativity, but the silica
aerogel loading is much higher, replacing 70% of the natural aggeegatsbased aerogel foam
concrete has a lower density, showing a linear trend as the sillcoaagsgmcreased from 20% to 70%.
The thermal conductivity decreases from 0.164 to 0.07K)/@ement aerogel render shows a higher
thermal conductivity at the same density range as compositike KD (aerogeéhcorporated concrete)
obtains higher density because coarse aggregate is used, Bhearitigead as well. Alkatitivated fly
ash/slag concrete with silica aerogel has an even higher thermal copmidaictAMi€, mainly because the
used sand is much more conductive compared to the replaced aerogel. Cement aeroggimydnas

a higher density and thermal conductivity. It is noteworthy that thesienrhas the lowest thermal

conductivity in the specific density range compared to other-amragearated samples.
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Fig. 6.3 (a) Thermal conductivity vs density (b) Compressivgtistverthermal conductivity of compositéts
other aerogehcorporated building materials[394]; B: [368]; C: [367]; D:[369]; E: [395]; F: [373%7E:

The comparison of compressive strength with other agrogrplorated materials is showifriig. 6.3

(b). It is noteworthy that the compressive strength of specimens is only slighthatoWEIRC aerogel
concrete. This is mainly because the UHPC recipe has a very kevbiater ratio of 0.20 to 0.25 and

a better packing of the mixtures. For other materials with thieradtlilica aerogel, the compressive
strength is lower, which is attributed to the higher loading ofsiliggel to 50%, resulting in a lower
strength. For the porous geopolymers, the aerogel loading is only 10%, whilergifl leaer thermal
conductivity. Therefore, the optimized geopolymer foam matrix plays an tmplertarhe less silica
aerogel in the matrix, the fewer defdwmtsinterface of materials could have, thus leading to higher
compressive strength.

6.3.4 Water uptake and the effect on thermal conductivity

The water uptake of the samples at 80% humidity environment chamber artoitstieéfienal
conductivity is shown Irig. 6.4 The water uptake of the reference sampi@é B@he highest, reaching
7.69%. This higher water uptake causes a significant rissmah toaductivity, which shows a rise to
0.162 W/(mK), increasing by 39.7% compared to the sample under 100% dry soiditicem be
observed, the silica aerogel incorporated samples show lower wateEsjeteiedly, the difference is
visible for BG) and BG10 samples, characterized by similar porosity, hawewesiter uptake was 7.7%
and 6.0%, respectivelyd. 6.4). This is attributed to the hydrophobic nature of silica aerobelvasrs
the water contact angle imaggiin 6.1 (c)

Different concentrations of silica aerogel show a different leeduofion in the water uptake of the
composite. Despite its high total porosity, the samples containing 20 silica aerogel improve
hygrothermal parameters significantly when conditioned at 80% reldtiitg.the material ba low

initial coefficient of heat conductiviiyg. 6.4 (a)may be used to analyze the negative effect of water on
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the degradation of thermal insulation qualities by taking into considesstartayy value the effective
thermal conductivity particular for a certain composite. The untdeaffacts of exposing the porous
composite to high humidity conditions were decreased by enrichingahemgg mix with 20 % of silica
aerogel

The biocoabased samples show lower initial thermal conductivity, however, higlptaketeompared

to siliceousfly ashbased. Noteworthy, regarding the thermal conductivity valueshuaftielity
conditioning, the BG samples do perform better even under very humid emtiroonditios
Noteworthy, for sample B@) an increase of thermal conductivity under 80% humidity is only 0.130
W/(m K). Therefore, it is concluded that more silica aerogel dos&jkave a significant positive effect
on lowering the thermal conductiwitya highhumidity environment. Along with the higher water content
and effective moistutensporting while maintaining good thermal insulation performance;tmsedal
porous geopolymers can act as moisture indoor regulators.

It can be observed the mixing particles could have a positive dffedtygrothermal performance than
the narrowed distribution particles. With a wide range of silicd partiges, the packing of the silica
aerogel becomes better and thus more channels for water traresgudcked by aerogels. It is
demonstrated the addition of randomly distributed grajplaetieles can enhance the tortuosity and
decrease the chloride transport in both concrete and mortar §8967],Hj8refore, a 10 vol% replacement
by silica aerogel could improve the tortuosity, as can bedéfijetie BGLO where the wide particle size
strategy also performs better in this case thantIB@&e case of RH80, it demonstrates the significance
of silica aerogel particles in water transport retardation. @iemcefsample B& which has a similar
total porosity and lower oppore volume, has a lower resistance to water sorption tiEh BG

When comparinmaterials with various pore size distributibablé 6.9, the phenomena of enhanced
moisture sorption through capillary suction is demonstrated. ThisthmpBesall pores are filled initially,
and as the air humidity rises, larger pores are filled withreevelalers of wat§398]. In the transfer

a negligible role plthe pores above 700 um, thus the higher content of pores aboize tiniAS
samples does not cause the higher moisture content. Moreaveneéised permeability of the composite,
which can be measured using the open porosity fiatle 6.9, intensifies this effect, thus causing
higher moisture matrix penetration for biocoal fibased materials. The hygrothermal parameters are
thus defined by the overlaying of three phenomena, namely the total porestyycture and superior

characteristics of silica aerogel.
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Fig. 6.4 Thermal conductivitiy dry conditiosand at 80% humidignd masture content related to open porosity

6.3.5 Acoustic absorption

The acoustic absorption coefficient of the porous materials with difesages of silica aerogel
andaverage values of the coefficient of absorptia ¢f the materials are presentelfigy 6.5 The
reference samples AlGand BGO present a relatively low acoustic absorption efficiency, namely 0.12 and
0.37. The maximum absorption for-@®Gccurs at 719 Hz with a coefficient of 0.37, and fab 8%85
Hz reaching 0.54, which is typical for foamed concrete, whosecgfiicie the range of 01530.50 over
the frequency of 1000 Hz [399]. Noteworthy, samples enriched with silica aerogel] the
maximum value of sound absorption coefficignt 0.60- 0.77). With a 10% aerogel dosage, both AG
10 and BGLO present higher acoustic absorption performance than the plain gesEolgnibe
increases to 0.41 (Al®) and 0.50 (BG0). For the fly adhased system, the increase in silica aerogel
dosage to 20% has a significant effect on the acoustic absoipigoeefif AG20, achieving the highest

of 0.51. However, for biocdahsed composites, the increase is minor. Noteworthy, using biasbal fly
can result in covering more range of sound frequency thus moreasobrdeffectively absorbed, both
in plain material, as well as with 10% and 20% silica aerogel enrichment.
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Fig. 6.5(a,b,c): Acoustic absorption of geopolymers bastffesent raw matergdnd with different dosage

(d):Average values of the coefficient of absorptighdf the samples.

Detailed studies on the acoustic absorption of foam concretetigedyredse. Compared to other kinds
of foam concrete, the sound absorption of the samples in this kigtigrisand the range of coefficient
above 0.5 is wider, from around 500 Hz to 2500 Hz. The rise in acoustic alosoitgtlmn attributed to
the higher open porosity and the inherent acoustic absorption ofrsiljiea As shown ifiable 6.8 the
acoustic absorption of other foam concretes presents differestatalifferent frequencies. The foam
concrete can be prepared with different methods, for instarfoapeel concrete and aerated autoclaved
concrete. Zhang et al. [2fyestigated the acoustibsorption of fly ash/slag geopolymer-fpeam
concrete, which has a maximum coefficient of 0.8, but withreaxrery absorption peak at¥80 Hz.
Neithalath et al. [40piepared foamed concrete samples and presented absorption caeffiwerstisge

of 0.20 to 0.30 with a bulk density of-200kg/m3. However, the foam concrete prepared had a closed
pore network, mitigating the sound propagation and leading to reduced swptidraf¥herefore, it is
also important to optimize the processing parameters, for instanpéntheamount of foaming agent
and surfactant, to make foam concrete with a much higher open fithesdiyoustic absorption property
is desired.
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Table 6.8 Acoustic absorption of different kinds of foam concrete.

Maximum sound Peak frequency Density

Foam concretes . . Literature
absorption coefficient (Hz) (kg/m 3)
Foam geopolymer .
. 0.79 450700 706800 This study
concrete with aerogel
Geopolymer foam
0.8 40150 6001200 [21]
concrete
Aeratedautoclaved
concrete 0.120.36 - 2506500 [401]
Foamed cellular
0.20.3 - 400700 [400]

concrete

6.3.6 Potential applications

Thanks to the interesting properties of silica aerogel mentioned edyooignter foam aerogel
renders can be applied in certain kinds of field applications and for the retlaatioon footprint in
buildings, for instance, it can be applied for building refurbishment tnesgye Feurthermore, because
of the excellent sound absorption, hygrothermal properties and relatieest dwe to the use of low
percentage aerogel, geopolymer foam aerogel render could be agpliediabaorber in theatoe as
an interlayer for house insulation in a humid area and become cenpétiivmarket. Therefore, the
geopolymer foam aerogel renders were investigated in termgiofawbtieermal performance and were
compared to those of plain aeragebrporated renders.

The developed material with optimal performance can reach a veryusith azsorption performance
compared to other materiads shown irSection 6.3.5 Previous studies showed that, concerning
conventional aerogel plasters,abeustic absorption of composite in this study increased6b0%6
(with only 10 % volume of aerogel), allowing a significant increaselialssmrption coefficient. The
sound absorption coefficient at normal incidence was measured for a Onpletbfckness and was
compared to a conventional aerogel plaster. The composite shovasdettee performance: the peak
of absorption is 0.78 at about 505 Hz, compared to a value of abdéait &ference conventional plasters.

Finally, the hygrothermalerformance of the composite was investigated: it can be considered a

multifunctional retrofit solution, especially for historic residential buildingsharidity areas.

6.4 Conclusions

The main objective of this study is to investigate the influetiee rafv material and volumetric
replacement by silica aerogel on the thermal and acoustic perfofnfeaoeed geopolymers. It is

revealed that within a low dosage of aerogel (10 vol%), geopolymeachaa very low thermal
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conductivity while still possessing relatively excellent strength. é?arsmeét as thermal conductivity,

acoustic absorption and hygrothermal performance of conapesite main focus of this study., and the

following are its essential components:

112

Both biocoal and silicediisash provide high porosity of materiali8®0l%), howevedue to

the difference in ash characteristics, fresh state propertiéierace thus affecting pore size
distribution. The observed flash setting decreases the mechamigti sir biocodbased
composites, while the altered pore structure stigfeglis hygrothermal and acoustic insulation
properties.

The total porosity of the geopolymer foam aerogel render is incritasbe wilica aerogel
replacement. Moreover, the microstructure analysis indicateSAighptacement introdsce
more mediuntarge particles of silica aerogel thus affecting calculated opign gtwsmaller
silica aerogel can be spread in the solid network of the geopolymewtrikgthe large silica
aerogel can be positioned between the pores, thus providing additional pore bridging.

The hydrophobic tail of a surfactant may become trapped on the s@réasilica aerogel,
potentially reducing the surfactant's ability to stabilise air bubbles, and henderhaf 4Aditr

20 vol.% silica aerogel did not substantially improve the compositestistiasacte

The acoustic absorption of geopolymer foam aerogel render is mucthéigtier plain foam
geopolymer render, which is contributethéynore open porosity in composite, and the inherent
sound absorption property of silica aerogel itself. Bmased composite with 10 vol% is
suggested as an optimal mix proportion for acoustic insulation.

The thermal insulation property of composite is improved with the addgiliiceaderogel. The
thermal conductivity is firstly related to the total porositwilidaeaerogel act as a thermal barrier
in the matrix. The interfacial thermal resistance related to aerogel padidiasiliated. In the
case of thermal insulation, improved performance for bfycaah was observed, and better
behaviour of the composite for 20 vol% was predicted, although this deptredapplication
requirements. 10% of tadditive provides for a suitable thermal conductivity coefficiept of
0.11 W/mK and rusos= 0.14 W/mK, and it is selected due to the minor improvement when the
enrichment is 20 vol.%.

The hygrothermal behaviour is significantly improved compared to the plain geopolyme
demonstrated by the lower water uptake and thermal conductivitxdtereeto an 80%
humidity environment. higher positive impact was observed at a replacement ratevohzddo
enriched the composite with a wide range of particle sizes of silica aerogel ngevidpaaticles
hasa bigger influence, due to the more hydrophobic surface areatartddbity created that
increase the moisture resistance of the composite.

Conclusions



CHAPTER 7 HIGH-TEMPERATURE EXPOSURE OF
POROUS COMPOSITE: ROLE OF PORE
CONNECTIVITY AND PORE SIZE
DISTRIBUTION

This chapter presents a more in-depth examination ofdihecinditaeneadf open pores and pore size
distribution on the evolution of the material's microstructpositiod ghesg bagh-temperature exposure, as well
as the influence on the temperature profile withimitigeanetside keating. The findings demonstrated the cruci
role that moisture plays in the development and propagation of ttracksrgrusppeonitbter higher proportion of
open pores by demonstrating much less degradatiostréingthelatiorship was discovered between the genera
fractures and the variance in mineralogical compasittensager ihésal composition. Lastly, at high temperatures
the size and pore shape factor has a vital influence in reguéapnofitaértehgppoatus composite.

The results presented in this chapter are indluttee following article:

K.M. Klima, C.H.A. Koh, J.C.O. Zepper, H.J.H. Brouwas(aL. Yu, “Highitemperature response of porous geopolymer
role of open porosity” (in preparation).)
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7.1 Introduction

The fireresistant materials must be able to withstand accidental rapid teenaésatior a certain period

of time [402]. To reduce the risk of concrete spalling bidstegoration, higtemperatureesistant
coatings are used. Recent researchlllBhas shown that alkalttivated materials, an alternative to
Portland cement and ceramics, have improved fire behaviouachikatied foams (AAFs) are one of the
most promisingnaterials, with various applications methsédsorbents, catalysts, and thermal/acoustic
insulators. The great thermal resistance of AAF has been regmetdly. Inorganic foams [466¢
suitable for application as fiesistant materials because of their excellent mechanical properties and
resistance to the thermally induced deterioration [12], and swificiere stability [407]. The inorganic
structure based on the aluminosilicates structure contributes te@firmnesistance and durability under
hightemperature conditions [130]. Instead of strength degradation like Portlahdyeemelymers can
improve their mechanical characteristics up to 680 °C [12&¢dklat al. [268inphasised the advantages
of employing foamed alkattivated materials over aerated concrete since the tempesetiangce is
increased to 110C, no autoclaving is required, and industriptdglucts are used instead of Portland
cement. In a recent investigation, a 2 cm thick flpetsikaolifbased geopolymer sample was heated to
1100 °C for three hours, during which the backside tempevatuneaintained below 250 °C, and the
foam skeleton did not collapse but instead retained its integritiA{®@i8jer, fewer experimental data
were addressing the thermal performance and fire resistaaneedfalkakctivated materials. Moreover,
several studies highlighted the importance of-mpenstructures in limiting thermal shrinkage and
fracture development [79], [341], [342], [408], H€Qjrding to these findings, a structure with high
porosity and an open pore structure with a low thermal conductiyitp\dde a good thermal response.
Open cavities reduce internal pressure and increase toleranceraburengb@ck during fire initiation
and extinguishment.

Closed porosity and small pores, on the other hand, determine betaritisefation properties [314].

As aresult, there is no definitive answer as to which structprefésable for higtemperature
applicatioa Moreover, it is unclear how much the material's response tentpghatures will change
while maintaining the same total porosity and varying the volume of openheoséress associated with
thermal exposure has already been demonstrated to be relatedatusplogt tproperties (porosity,
permeability), which determine the bugdf pore pressures [410], hence porous permeable materials are
preferred to realize the aforementioned criteria. Mindeguiaddtlhido highlighted that concrete
transport quality (permeability, porosity, water content, andursirudgterioration) appears to be
particularly crucial among the basic variables that might explain the spalling phenomena

Zhang et al. [412mphasised the suitability of geopolymer porous composites in providiogt fine

and thermalesistant sealants due to their-fiammability, low thermal conductivity, and superior thermal
resistance. Furthermore, a morddpth study regarding the damage behaviour of geopolymer foams in
hightemperature environments and thermal stress was proposed. AddRenaihal et al. [413]
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emphasised the insufficiency of literature data on functional propertiesrantetactions with porous
composites, and they advocdmdmore extensive research into these issues. Notablygritiergse
influencing the usability of porous materials were identified, water content, heatigorashacfracture
resistance. Dhasindrakrishna et al. fighlighted the advantage of open pore structure and its role as
dehydration channels, which improve structural integrity when expodeet teimgeratures by releasing
excess vapour pressure. However, the presence of watesaneelled pore networks can be favourable
since the material can reach equilibrium temperature after thatdehylateau, resulting in better
thermal insulation performance and a longer time when serving faoprodecording to Gluth et al.
[415], the comparably high permeability of geopolymer concretesegrevaiarial spalling at high
temperatures, resulting in less degradation and a lower depth impacted byr¢emperatu

Our previous resear¢Bhapter § has shown that the surfactant type in a cosurfactant nif¢ote a
porosity, pore size distribution, and pore cavity formdtl®]. It was revealed that cati@muntained
systems encourage the production of small pores, whereas areéomécpgygstde the majority of pores
greater than 200 um. Furthermore, stronger surfactahparticle attractions are detected in the alkaline
environment for the cationic surfactant, as shown by a higher propodiosedfpores than in SDS
contained composites. Assuming that the bigger the open porosity @erthgability, the lesser the
material's ability to degrade, materials based on andtimic dodecydulphate and nonionic Triton- X
100 were proposed for hitgmperature application. However, no experimental work has been done to
confirm whether the composite structure with a higher proportion @ gloses and the same overall
porosity would suffer more during higmperature exposure. Therefore, this study aims to filbtree a
discussed gap to provide alépth understanding of the figsistant behaviour of porous composites
and discuss in detail the role of oper pores and permeability in ensioie@tliesulating and protective
material at high temperatures. To determine whether higher gavipigrmveuld indeed provide better
thermal protection, two materials with the same total porosity amcbaticemposition butifferent open
pore volumes weigvestigated.

The composites were subjected to high temperatures(up ¢€)lih0gne direction to study changes in
overall porosity, the volume of open pores, crack formation, aadpmgosition. The teslso provide
data on the temperature profile within the material during theCléggosure. The results are tinged

to simulate the temperature profile for the examined composjiesdict more material behaviour
scenarios when different heating conditions are applied. The simulatiostrdézs the material's
potential thermal response under standardised conditions and allowssfogtagsbshaviour of the
presented composite when compared to other investigated or commtertadd fioa highiemperature
applications. The current study provides irdightthe thermal response of composite exposesidme
heat source to evaluate pore structure alteration, cracksoforfuCT) and their interdependence with
the thermallnduced mineralogical phase evolution (QXRD) at high temperatuiesestigation has
shown that open porosity does play a cnititalin serving as a protective material forthigperature
applications, with its pore architecture enabling to limit the negative impact of e pres
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7.2 Methodology

7.2.1 Material characterization

Biocoal fly ash, a{pyoduct of coabiomass caombustion, was employed as the solid precursor
for the geopolymers' desi@able 7.1shows the results of the elemental composition analysed bfy XRF
the new batch of biocoal fly ash. Silica is the dominant efgthenthe ash composition, also the high
amount of alumina can contribute to the good thermal performance aintpesite [417]. The
incorporation of biomass in the fuel causes a rise in calcium content, which rasesadiehas shown,
impacts the setting time [416]. The molar ratio of reactiv&l 8 2.91, calculated based on the extraction
method with a concentrated base solution (10M NaOH) and HCI (32%).

Table 7.1.0xide composition of fly ash obtained via XRF measurement.

SiOz Al203 CaO FeOs MgO K20 SO; TiO» P05 MnO Other LOI

51.48 20.21 9.65 7.11 2.64 3.76 0.66 1.01 0.81 0.34 0.31 2.01

7.2.2 Mix proportion and sample preparation

Based on the prior researChépter 5, two mix designs have been chosen fortligherature
testing. The choice was led by very similar total porosity valdemliheesame neonic surfactant, but
with varied pore size distribution and open porosity fractions. Thigtsensare expectemhave a major
influence on higkemperature resistance.

7.2.3 High-temperature exposure test

Oneside hightemperature exposure test was performed on samples of 15
x 15 x 6 cr¥at the age of 28 days. The thickness of the material was guided
by EN 19921-2 in which the minimum wall thickness of a-load

bearing wall is 60 mm for standard fire resistance EI30. Thesfurntice

was preheated up to 8@D and one side of the sample was placed in a
muffle furnace and walls insulated to minimize the heat transfer t
direction. The sample was heated up to €10t a heating rate of 2
oC/min to mimic the temperature profile according to the Cellulose fire
scenario (ISO 834). In total 10 thermocouples, type K were pthoged w

the samples at the depths of 1 cm, 2.5 cm and 6 cm frosatbé surface

to monitor the temperature rise in the composite. The dateomgneiously monitored and logged every
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1 second throughout the fire test. Afterwards, the sample wasddrom the furnace and quenched in

the air.

7.3 Results and discussion

7.3.1 Thermal and physical properties of the material.

Heat transport through a solid material is primarily governedbhikitiensity, thermal
conductivity and specific heat capacity. Since air has a lower thadowtivity than a solid phase,
incorporating pores into a material is en effective methedutce its thermabnductivity. In addition,
at ambient temperature, a porous material with a dominantly closettymoes kas a lower thermal
conductivity in comparison to mainly opened pores [340]. In this study, s THEOCTABand
T100SDShave a similar total porosity at around 69%, with Sample T10&MRSa higher open pores
structure Table 7.2.

Table 7.2 Basic parameters of the compo§iespter 5.

T100CTAB T100SDS
Bulk density (kg/m 3) 733 726
Specific heat capacity (J/kg*K) 730 730
Thermal conductivity 20(W/m K) 0.104 0.116
Gas permeability (n#) 3.75*1013 8.191013
open (>5 pm) (vol.%) 43.6 53.2
totat-20(V0l.%) 69.0 69.3
<5 17.7 16.4
5-50 7.8 2.4
Porfn‘é‘;"(‘ms)":ttggghe 50-200 27.4 115
200-500 16.0 36.6
>500 0.0 2.3

This makes Sample T100CTABbetter heatesistant material for ambient temperature application.
However, as shown by Pelissari et al. [418], for the congwmideserized by the same total porosity and
thermal conductivity of the solid skeleton, the pore size distribution pléical role in defining the
effective conductivity of the composite at-téghperature conditions. Moreover, Smith et al. J&0&t

that the influencef pore size in heat radiation at high temperatures increases wétttrthation of
pores above 100 um and can be established via Loeb’s expression of gwgrivaleconductivity due

to radiation across the pore.

117
High-temperature exposure of porous composite: role o€ponectivity and pore size distribution



radT) =4 dT (7.1)

where is the emissivity,is the StefaBoltzmann constarft.380649 x 1@3J/K), d is the pore size (m)

in the heat flow direction ands the shape factor. Submicron and lpoges both have a detrimental
impact on higltemperature resistance because they are ineffective ahglispdient healable 7.4
reveals a comparable number of pores below 5 um for both TE@GTA 100SDS; however, the
T100SDSomposite has a higher fraction of pores above 200 um in thz¢otédtsibution, hence it
might be inefficient in dissipating radiant heat within the compositibarduently less effective in
impeding heat transfer in comparison to Sample TL00CTAB.

Another factor is the presence of water [411], #tdits both positive and negative roles in the high
temperature performance of the material.tt@none hand, since water is present, the heat energy
consumed by evaporation and condensation of water slows down thattesnjperease within the
material structure. Pore channel constrictions and bottlenecksoeffée other hand, can have a
significant impact on transport behaviour. Water vapour collides withehvegtisrduring heating, and in
the absence apen cavities, this movement is hindered. The analysed samples teeecorgent in
the range of 2.02.3 wt.% under normal ambiepnditions (20°C, 50% relative humidity RHIB]. It is
therefore postulated that lower internal stress associated teiitentrapment in closed pores in the
T100SDSsample can be expected during the heating process, due to theghrerchalue of gas

permeability and open pore volume above 5 yum.

7.3.2 Deformation properties at high temperatures

Fig 7.1Refractoriness Under Load of the porous sartipées0.9MPa, cylidrical sample h= 50mm, r=50mm).
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Refractoriness under load (RUL)(method descrilsgtthipter 9 is a measure of the material resistance
to deformation when heated to a high temperature under loading. Thecalepbeformance of a
composite is closely related to its chemical composition and micrestBath samples shrank from 100

to 200 °C as free pore water is released and the THOSISis characterized by a higher water content
(Table 7.4. As a result, more shrinkage can be expected up@ aad the more pores of mediand
largesize T100SD8&ight be more prone to volume decrease duringemigierature exposure [419].
Further volume expansion can be attributed to a dehydroxylation anocéss transition of quartz,
formation of hematite and other thermiljuced crystalline phases. According to Fayyad et al. [420],
porosity has a significant impact on refractoriness under load, &xrth&tide point occurs at a higher
temperature indenser matrix than &less dense matrix., which could explain the stability loss at around
600°C for both composite&ig. 7.1. Excess activating solution or silica, as proposed by Pro{@9Fkt al.
can cause low mechanical strength, indicating that the extra soluinedidlt in the formation of a
viable geopolymer binder, but rather in the formation of expandinggelicites test results shown in
Section 5.3.8 dfhapter 5confirm the significantly low compressive strength of both T100SDS and
T100CTAB.

7.3.3 One-side high-temperature exposure: temperature profile

In order to evaluate the abovementioned thermal behaviour of twrtpasites and understand
the effects of pore connectivity and gas permeability in maintaining strudtital inteside elevated
temperature exposure test (up to 1400was performed on two selected composites. The high
temperature test results are presentEdyir7.2 The temperature profile at the different depths of the
specimensind in the furnace was monitored and recorded. The mate®ajsregenditioned under
ambient conditions (20°C and 50% RH) to reflect an actual built environment.

Fig. 7.2 Temperature profile recorded inside the furnacetwdbouple S and within the composite by

thermocouple type K.
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The results show a higher temperature rise in sample T100C€dARarison to sample T100SD8er

the same heating boundary conditions. This is contradicting to theiassbatparger pore sizes provide
a better medium for heat transfer in a material, in thisSeesple T100SD#th a higher fraction of
pores above 200 um. This implies that pore connectivity is playing sigmticant role. Sample
T100CTABcomposite with a lower open porosity of 43.6 vol.% and gas permadabitiy<1013 m2,
microcracks and cracks are formed due to internal stesatad with water entrapment in closed pores,
which cause material degradation and accelteatédhnsfer. Meanwhgample T100SDS, with an open
porosity of 53.2 vol.% and gas permeabfligy19 1013m?, can withstand rapid temperature rises while
diminishing the pore pressure effect by allowing unhindered movement cdpeaterThis formation

of cracks was further validated by th@y)tomography measurement (next section).

The Sample T100SD@s a higher initial thermal conductivity value, which causes terfgseature
increase within the composite in the first 10 minutes of the cmhdast. However, for Sample
T100CTAB, a distinct flat temperature plateau at 100°C obadweed within the first I8 minutes,
which is coincided with the water vapourization process. The releaséédatecteased the overall
kinetic energy of the vapour trapped inside the closed pores irimstfaaine, induced significant stress
to the pore structures, and subsequently formed cracks and microdrexcttewitaterial. In contrast to
Sample T100CTAB, the temperature curves for the T18a8p& do not exhibit a similar flat plateau,
indicating no signs of degradation or crack formation. This confirms tHatipastinat material with
higher pores connectivity, i.e. Sample T100SDS, is moreitemabiéaining its pore structures dugng
heating process.

Once the water is released through evaporation, Sample T1G(@EA&ced a steeper temperature
increment compared to Sample T100SDS, suggesting those newlydckudthee altered its thermal
properties. Ba et al. [42d}estigated the role of cracking on heat propagations and showed that the
influence is significant. The air present in the cracks has seesrhigher thermal diffusivity than the
solid skeleton material, thus increasing the temperature withackise As a result, the temperature in
the area of the fracture is higher than in the composite duangrdresfer at the same depth.
Notwithstanding, the heat transfer mechanism of these crackgpésatde to the pores, where the
radiation increase with crack size. An equivalent thermal conductitotyadii@ion across the cracks
therefore can be applied using the s .1) The term d is modified to the crack size (or combination
of crack and pore) in the heat flow direction. Another term ftwape is further adjusted, i.e2/3
assumes an average spherical pore ®22]Jaeration method, namely direct foaming, supports the
assumption of the spherical character of the pore within the confjiasitéroduced and stabilised pores
are formed from spherical air bubbles. For cracksnésabto be increased to the range of 2/3 and 1 to
account for the more elongated shape of the cracks. Fughatidty of usingq. (7.1)o represent the
heat transfer process of a porous material undert@imiggrature heating process, together with treating
cracks as pores, will be further confirmed in sectidestBbinghe modelling study.
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7.3.4 Cracks detection and pore size distribution

After the higitemperature exposure, the composite was cutdetttiinetre sections, where the
fragment towards the heating source (oven) was labell€ddisstans were performed in the central part
of each centimetre to reduce the influence of sample preparationmicrds&ucture evaluation. The
first six segments were analyzed using microcomputed tomography @liS&rve possible cracks and
their evolution. The first six segments were analyzed using micreddompography (LCT) to observe
possible cracks and their evolution in the macroscopic scale, namely above 6.6 um.

Fig. 7.3Binary image of each section of the samples T1@SO3I00CTABbtained via microCT.

Fig. 7.3 depicts the visual representation of the six analysed sections ombtgh $400SD&nd
T100CTAB. For the uCT analysis, each section, from S1 tos&fsad 705 slices. The first observation
concerns the difference in pore size between samples T10@ITABIOSDS, which results from the
usedbinary cosurfactants. The catierocionic system (T100CTAB) supports the formation and
stabilization of smaller bubbles, while in the amamionic systenthe bubbles are in the range of-200
500 pm and voids are above 500 ablé 7.2. The sample T100CTABs a higher proportion of smaller
and closed pores, together with numerous cracks, particulalyirst three centimetres (C1, C2, C3)
(Fig. 7.3; there are also a few cracks connecting the pore®ilothia§ segments (C5, C6). The relatively
thin wall between pores (pore wall) was damaged due to the mwnee.pFes material T100SDS,
particularly in the S1 segment, the formation of connections/caacke observed, but it was not as
damaging to the material as in sample TL00CTAB, and the ahsiysggquent sections revealed no
significant cracks during the water's migration towards the cooler side.

It is critical to understand the defect formation as well as thedhraehanism. When the temperature
is constant, the pressure formed by water evaporation in the pdnescomposite is inversely
proportional to the pore volume, according to the ideal gassiaming the same volume of w423].
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The composite permeability is critical in determining pore pressure iretfe¢ susjected to fire. The
more permeable the sample, the lower the peak vapour pi¥#suextended fire exposure, the peak
pressure in the pores rises and goes from the surfacedatthepart of the material [424]. Thus, it is
possible to observe more cracks in C5 and C6. After the pernieabitiyensated for the effects of heat
damage, such as (micro)cracks, the peak vapour pressymerestisereduced. The pressure zone moves
towards the cooler side with the increased exposure time and the dupatsomefor both samples was
the same as the porosity of the composite volume. As dhresdte influence is vapour permeability and
initial water content. Assuming that the microcracks fornafidsif the steam pressure is high enough,
the microcracks expand quickly. When this damage developgothaliffusion coefficient increases
dramatically, causing the pressure to fall. Based on the Ipatfheétved crack in the TL00CT#dBnple

and negligible cracks in TL00SDS, it is possible to state thap@wotisecomposites £69 vol.%), the

gas permeability of 3.75-18 n#is sufficient in minimizing the damaging effects of pore pressure during
rapid heating of the composite.

In the next step, by applying the pore separation operation (redower afensity) from the areas of
larger density (skeleton), a graph of the pore size distribution of T1G0WTABOSD®%as generated,

as shown respectivelyHigs. 7.4 Sample T100CTARvealed the presence of air gaps larger than 500
pm even up to a fifth centimetre within the structure. High temperature haslar|yastitung impact in

the area of two centimetres, where a rise in the contribution of bigger air voidsrveab@bisg to the
creation of cracks, the joining of pores, and the generation obidewinvthe 560000 um range.
Compared to the neexposed sample T100CTAB, the shift of pore size distribatze .9 towards
big-size pores is significant. As discussed above the water vapmarimgtowards the colder side, thus
causing the formation of cracks, mostly within the first thedens of the T1L00CTA&SmpleAt the

same time, the formed cracks lowered the pore pressuresahe tdamages are less significant in further
sections (C4 to C6). A distinadlfferent trend has been noted in sample T100SDS, where no significant
presence of air gaps larger than 1 mm was noticed. Only insibeti®1, there was a shift in the
distribution of the pores observed from the range e3A0Qm to 4000 um, whereas the pore structure
does not show any major deformations and is similar to the next aegmetire from the second
centimetre, indicating better stability of the structure.
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Fig. 7.4 Pore size distribution obtained via pCT (voxel size 6df pamplea) TLOOCTAENd b) T100SDS.

According to Edouard et al. [425], the pressure drop redurctwviiicreased pore diameter for a given
porosity. The obtained Darcy permeability shows that the permigdimléysely related to pressure drop
and a lower pressure drop was indeed observed in sample Tth@ABDR 00CTAB. FronTable 7.2
andFig. 7.4 it is also clear that a wider distribution range of pores and higherafdigger size pores
are present in T100SDS. As a result, larger pore sizesupeeica solution for higtemperature
applications, compared to the composite with the same total porosity. Howeviet hie dteqai in mind
that alarger content of air voids causes a higher sensitivity of the teystechanical damage than
materials with smalsize pores.

7.4 Open porosity and proposed mechanism

The open porosity was assessed using HCT. The detected poresamkdtien between them
were defined and their volume was quantified, as sh&wn 5 The results confirm the significant
changes in the microstructure and the formation of cracks withinahe amposite's front sections C1
(open pore volume increases from 43.8 to 52.9 vol %) and23&(46). For sample T100SDS, a minor
increase within the first section is observed (52.5 to 54.1 kold#éyer, a rather consistent volume of
open pores is noteNoteworthy, fly ash particles can possibly be fused and dengifiédC. Because
of the aforementioned densification, the open porosity is reducedfowliié composite oscillates
between 48.8nd 52.9 vol. %.
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Fig. 7.50pen porosity derived from pCT and schematic diagramcksdormation within the
composites. At the end of the test the temperatuas &oowT 1=1100C; T2 1100cTAs=936°C, T
11005056 15C; Tat100cTAE= 7 73C, T31100505430°C; Ts.1100cTAE=300C, Ts5.110050520PC.

The zones presentedHiy. 7.5represent three regions in which the general phenomena can be explained,
as follows:

Zone | Heat transfer is slowed down for the first 18 minutes due rgy emmmsumption during the
evaporation process. Moreover, becalis€ »-T1 is high, the quick temperature rise causes rapid moisture
transport towards zone Il. Cracks are highly likely to form.

Zone Il: Phenomena in this zone are strongly related to the permeabiditynafdrial and the current
water content. Further moisture movement and the formation of an accununatiorttze TLO0CTAB
cause crack propagation. The greater the number of cracks, thefagtrttansfer within the material.
This effect in TL00SDIS mitigated by the high permeability, and further undisrupted mibasture
towards colder sizes is observed. Additional moisture removal from the topystacei®f thenaterial

can take place. Due to the high temperature, @@ &, matrix densification, pore collapse, and the
closing of open cavities may occur.

Zone lll has a lower temperature gradient Ts -T4 than zones | and Il. Permeability facilitates the
transfer of air and moisture through the structure. The pores are fillegterithapour, and air at room
temperature. The pressure within the closed/poonigected pores differs from the atmospheric pressure
during slow heating (provided by Igvand has an additional impact on the pore structure, increasing the
likelihood of further crack formation (sample T100CFA&1d & section) to reduce the pressure drop.

Continuous moisture transfer and condensation occur.
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7.5 Evolution of phasecomposition

Continuing the analysis from the previous section, the separatiadl seat®ns were subjected to
quantitative XRD analysis. The formation of thermally induced crysteiiee in the composite can be
considered a factor in the formation of cracks and volumetiilitystAs a result, the material's degraded
surface structure allowed heat to penetrate deep into ¢éhlmedusing further crystallisatfog. 7.6
depicts the quantitative results of the phase compdEit®five indicators of high temperature, namely
mineralogical phases for evaluating-teigiperature behaviour as a function of distance from the heat
source have been presented and investigated. In both composites,-tevopkigihiure phases were
discovered, namely feldspar and augite.

Feldspars are likely formed from the amorphous phase and the ameldspafs increases with the
increased temperature. Sample T10@8D&ins fewer feldspars than sample T100CTAB, due to the
lower temperature reached within the composite T100SDS. Feldspal farened in the first four
segments of TL00SB&8mples, as showrFiy. 7.6 whereas they are also formed in the fifth segment of
sample T100CTAB. It is assumed that feldspars are formedémfmevatures due to the presence of
water and rapid heating conditions which was sufficient to provide felspars crystalbkdd@8][42
Within four centimetres from the exposed side, augite was algerddscwhich is pyroxene with the
formulaof Ca(Mg,Fe)®Ds. The presence of augite is observed in deeper layers of both TARDSDS
T100CTABmaterials; however, a reduction in the amount of augite in thedirséctions of the
T100CTABsample is worth noting. This can be possibly explained by crystallizatisnridnetly the
difficulty of pyroxene nucleation [1]. This difficulty may be redateeitiigh cooling rate that may hinder
the development of augite crystals, as shown by Kinzler and @@jveTli existence of cracks,
particularly in the first two centimetres, expedited cooling afteattréal was removed from the furnace,
resulting in a decrease in the amount of augite in these zonegeMioréhe T100SDxBmple already in
the fifth centimetre, the augite is not detected, henoetitcisided that at this depth the temperature of
T100SDSvas lower than TLOOCTAB. The presence and content of hematitgyhadhite are correlated
with each other. The higher the temperature of the exposed geetioghér the hematite content and
the lower the maghemite content. Even though both phases assFa@npmlymorphs (i.e. hematite is
-FeOs and maghemite isFe0s3), it is known that during the heat exposure, the loss of H+ idves in t
maghemite crystal lattice caused it to transform to hematite [430].
After hightemperature exposure, the phase composition of the T18a8p& changed slightly.
Individual phase fluctuations are smaller than in TL00CTAB, inde&sgtingaterial degradation due to
high temperature and lower temperature at individual depths o6 epritimetres. This demonstrates
superior insulating characteristics at high temperatures. Tlitatiyganariations between the samples
were primarily induced by the altered pore structure and directlybbgakttown of the TLO0CTAB
sample's top layer, which allowed more heat to penetrate the caanpadsitéate phase crystallization.
Temperaturénduced phase variation between the two samples is visible withtrfitleesgstions (5¢m),
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indicating that microstructure changes at temperatures 0p 46, hamely (micro)crack formation
resulted in higher temperatures in the material's deeper lasiegsttoamally induced crystallisation. As
a result, the changes in phase composition caused further degrattiatioratefrial. However, as shown
in Fig. 7.2 thermal expansion is observed around@8die to the nucleation phenomenon, which may
cause the formation of microcracks. However, isti@ugth and dense materials, the strain energy is
insufficient to propagate the nucleated microcracks to the érrrgtnuncture [431]. As a result, structural
degradation caused by pore pressure caused the majority ofghe fwank enhancing heat transfer in
the compositd 100CTABand inducing the nucleation of the kighperature phases. In terms of after
fire use of porous composites, the presence of newly forntedireeyphases, such as Hagtbility
feldspars or pyroxene, might well reinforce the structure of the porousitmambimprove its thermal
performance of the T100SB&mple.
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Fig. 7.6Phase quantification in the function of distance frotnetdiing source (furnace).

7.6 Heat transfer model validation

The temperature profile for both samples was modelled using the Cdtiuodibs 5.6 software
to validate the use efy. (7.1)to represent the heat transfer process of a porous mateeed high-
temperature heating proc88se model is further used to validatehypothesithat cracks can be treated
as equivalent to pores using the same equation for hdat sty The input parameters for material
properties, boundary conditions and initial conditions used to solve égRatietisted in Appendix C
(Table C.1)To model the heat transfer process, the following equation is used
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G =+u T+ (-4 T)=Q .2)

where T is the temperature of the sarfif)le «« is the effective thermal conductiyity/m K), is the
bulk densityfkg/m3), G, is the specific heat capa¢itfkgK), Q is the heat sour¢®/m2) and u is the
velocity vector of translational motion/s). The sample is modelled as-dingensional, with the heat
transfer one directionally from the heat source to the ambient eewirémmough the member. Heat is
transferred from fire to the member by convection and radiation, which canitbedd®gen equivalent

heat transfer coefficient h, and the heat source can be described using the follibaring equa
g = h(Text—T) (7.3)

where Tx is the temperature in the fire environment (furnace). The sasepléddeat to the ambient
environment by convection at a lower temperature, which however isedbbyimatiation at a higher

temperature [432]. It is therefore only sutfaembient radiation is modelled using the following equation
Go = (Tamb4 - T4) (.4)

where Tmpis the ambient temperature. For the overall heat transfer eaqepti@nl)representing an
equivalent temperatuiependent thermal conductivity due to radiatigff) is applied on top of the
measured thermal conductivity of the samples at room tempegatuiehus, the effective thermal

conductivity e of the geopolymeran be expressed as
eff(T) = cond*t rao(T) (7.5)

where o(T) is calculated usieg. (7.1).Parameters=2/3 and d=0.5mnare applied to represent the
average pores in both samples, and the measured pore esis€Vig.iFor sample T100CTAB, the
cracks are treated as p@per early postulation, with pore size (including crack) upta &t51 cm,

up to 0.9 mm for the next3m based on uCT daFag 7.4), and the rest of the mean pore size remains
at 0.5 mmTo account for the more elongated shape of cracks in Sample TROF&dtar was modified
from 2/3 to 3/4 and 4/5 at 2.5cm and 1cm respectively.

To focus on the higtemperature response of the samples, the sample is modelladiag dxnyat the

dry condition with an initial temperature of 100 °C, and will be wsedidate the corresponding

experimental data after 100 °C where vapour has been evaporateel §eomple. By transforming the
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initial condition, the model can now be solved using the heat trandfen equér.2)without bringing

in the moisture transfer and phase change equations.

The results of the simulation together with the experimental dedfidation purposes are presented in
Fig. 7.7. The temperature results of this simulation based on the dd¢scsiéted above match the
experimental data, with an average deviation of £+12.7, +108lard87.9 °C for TL00SHSm,
T100SDL.5cm, TI00CTABcm and T100CTAB.5cm respectively, validating the usg.of7.1)and

eg. (7.5)to describe the heat transfer process of a porous material undempature, as well as
treating cracks as pores in the heat transfer study.

Fig. 7.7 Temperature curve obtain via simulation (dash line) artdrexgal data (solid line).

7.7 Example of application

The designed composite can be used asdistant sheathing boards for a wall assembly such as a
concrete wall. To show the advantage of applying such composite systemallISample T100SBS
selected and simulated usiog(7.2) under the condition thaine surface is exposed to fire as per
Eurocode EN1991-2 requirement. To reflect the intended application, an assembly of 2dpesiteo
T100SD®oard combined with an arbitrary 25 cm of a concrete wall is modelled. The concitgds proper
are based on requirements stated in EN1-292nd the T100SOS8operties are as per the validated
model in the previous section.

The boundary conditions are modelled with a convective heaafluxfiyx usingq. (7.3) and surface
to-ambient radiation.cps outflux as perq. (7.4) where T (°C) is the gas temperature in the fire
compartment based on the standard fire tempetiatereurve [433], i.e.

Text = 20+345 log(8t+1) (7.6)
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where t is the time in minutes. The coefficient of heat tragsfenvection h is set as 25W/ ) [433].

For outflux, Tmbis the ambient temperature, taken as 20 °C. The obtained results areFsgow8.in

Fig. 7.8 Temperature profile within the assembly porous comfusitzrete.

The temperature was calculated at various depths, with 2eingnthe temperature on the concrete
surface at the composite T100®DScrete interface. The temperature curves obtained shoisthat t
material meets the fire insulation criteria of the European standard BNWBEB determines the time
during which the material performs a protective role without a suddaatiemmhange and for which
the temperature of the unexposed wall to rise by 180°C at any point. The mod&limg3&&minutes
reveal that the temperature on the unexposed side of the cmaaiedel 48.«C, which is significantly
lower than 186C. Furthermore, the experimental section demonstrates thatethial ohid not degrade
within 130 minutes of the test and during the exposure frora 800°C, demonstrating its excellent
fire-insulating qualities under extreme temperature conditions (ElIS@leitog the time when the
temperature at the interface between composite T1@d8@8ncrete surface reaches°C8Based on

EN 1350%2.

To compare the behaviour of sample T1008DSother materials in similar applicaiansingle layer

of 5 cm thick material was modelled using material parameterscpiresemiéerature for an example of
autoclaved concrete [4241d another geopolymer fofd85], and the temperature was calculated at a
depth of 2.5 cm. The results are showkign7.9aand the parameters of the materials can be found in
AppendixC (Table C.2). Overall, the simulated-r@Blute test showed that the sample T100SDS
performed well, with the lowest temperature reached at @rparable to aerated concrete with an 81%
porosity. The shape of the curve above 400 ° C reflects tbEpole size in radiative heat transfer at
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high temperatures. The rapid temperature rise above 400S€hed in geofoam samples (Al, A2, and
A3), which may be due to the larger mean pore size value than in Bl@D&D&ed concrete.

Fig. 7.9bshows the results after taking into account the isolation requirertientiae at which the
reading at a given point will not exceed 180 °C. Among the three geopolymer fé&ns3pdtudied,
specimen A3 with the lowest porositie smallest mean pore diameter value, but similar thermal
conductivity, exhibits the best performance, namely the longest prtitaeti83.4 minBased on the
insulation criterion, the sample T1008Diperforms aerated concrete (16.3 min) and is comparable to
other similar geopolymer foam from the literature (25.9 min).

Fig. 7.9a) Temperature curve of the single composite (thickBess) T100SD&xposed to ISO 834 and
compared with literature A1, A2, A3 [435]; B [434]; bagrayrom figure 9a with the marked time of reaching
180°C.

7.8 Conclusions

The goal of this study is to examine the influence of open pastgjze distribution, and gas
permeability on porous composite response tetdnigberature exposure and the resulting structural
damage. Overall, the study concluded that high permeability and openppovatitybetter thermal
stability under high temperasjia terms of material deterioration and degree of thermal protection than
a potentially better thermal insulator with a higher content of closedTiw effect of orsided high
temperature exposure on porosity and phase change, crack formatieir,rafelin heat transfer within
composites is discussed. Finally, following the 1SO 834 fsearam®o, a simulation of the wall assembly
was performed in which the investigated material plays a protéetagainst high temperatures. The
following are the key findings:

. The influence of open pores dominated the phenomena of increased heat transmission due to the
integrity of the pore structure. Low pore connectivity inguwe structural deformation due to the

detrimental effect of water vapour movement across the piootisrs. A more permeable sample can
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slow the rate of temperature rise and pore pressure inesedsegrin a slower temperature incrazse

given depth.

. Even though two composites have the same initial chemical composhitemégature
exposure reveals variances between them. These variationsedreragaarily by changes in pore
structure, but also indirectly by the disintegration of the topfltlyermore disintegrated sample, which
allowed more heat to penetrate the composite and trigger phaliisatipst The newly formed crystalline
phases ie feldspars (microcline, anorthoclase), augite and hmamatite.used to determine the
temperature at a given depth.

. The presence of cracks above 100 pm has a significant impact iva hediaflow at high
temperatures, as evidenced by the higher achieved tempeaatapthadf 2.5 cm for the more degraded
sample (773 °C) than for the more permeable sample (430 °C).

. The effect of material deterioration on the heat transfer procbesleanribed by approximating
cracks as pores and employing Loeb's equation. Pore shapefagtmygrom 2/3 to 1 can mimic the
elongated shape of formed cracks. The formed cracks inttreamedber of open pores detected within
the composite. Noteworthy, this model closely matches the experimental results.

. An example chnapplication was demonstrated. TheShick panel attached to the concrete
wall meets the integrity and insulation condition for 93 cm during the simulat4 figc8rve. When

a single layer of porous material is compared to other geopolymer fgaoiawea concrete, it provides
very good insulation over a long period (38). At a depth of 2&m, it reaches 18C after 25 minutes,
which is comparable to the results of other foam geopolymers.
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CHAPTER 8 AN ALTERNATIVE ROUTE TO UTILIZE
MINERAL WOOL WASTE: ALKALI
ACTIVATED-ARTIFICIAL AGGREGATES
WITH IMPROVED HIGH-TEMPERATURE
PROPERTIES

In this chapter, an alternative utilization route for Mineral Wogl &8 astoliiflprécursor for artificial aggregate
manufacturing is proposed. The process parameteexiiveltidm{N\alla K) and curing regime, are investigated.
Room and high-temperatur€ji@dacterizations are performed, both on the sole aggregatiesiand when incor
geopolymer composite. The results reveal that pitr@miogtiegime at room temperature for 3 days, artificial
aggregates with particle density ranging from 1960aioc2Q98 kigdgnstrength of 7.0 to 7.9 MPa can be obtained.
The behaviour of aggregates is strongly related to theTak@lischisadygaivator with high viscosity resulted in
a more irregular grain shape with lower particle desrsighiagdstosvgith as compared to K-activated aggregate
High crystallinity is observed in K-activated aggretiatdberenadiatnbility. The alkali-activated artificial aggregate:
show a geopolymer-like behaviour in geopolyrhétcoampabiitss to higher strength developirsamtcbver norm
aggregate.

The results presented in this chapter are included in thénfpléoticle:

K.M. Klima, Y. Luo, H.J.H. Brouwers, and Q.L. Yu, “Anratese route taitilize mineral wool waste: alkali activatéficial
aggregates with improved Higimperature properties” (in preparation)
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8.1 Introduction

Nowadays, as the construction infrastructure develops rapidiyl{4¢&@ent produced in 2021), the
need for aggregate materials is signifidacrtdasing since aggregates account-#fr 8of the volume
of concrete [436]. The increased demand for natural aggregstssowaexploitation of natural
resources, hence many countries have been forced to tightsoutoig policies [43% avoid
irreversible topographic changes. With the high aggregate demanddsdpiphjtegrowing interests are
raised in artificial aggregates (AA).tyhisof aggregate is often prepared by combining powdered material
with water or alkaline activator solution, the particles are bondbe@rtdgea granulation process,
following a hardening process with varied curing regimes, suchted @ewerature sintering, eold
bonding, accelerated carbonation and alkali activaticH4438B]In the last decades, the utilization of
waste materials, such as recycled concrete, furnace bottd&B&s), @ fly ash as raw material in making
AA is a subject of growing interest, which not only equips the obtaingthAiferent characteristics
but also helps to tackle the disposal problem with waste and ifgugtddlcts [442], [443]. It is of
great importance to investigate alternative waste streamsufactuee artificial aggregates from a

sustainable development consideration.

As one of the most utilized insulation materials for building energy ¢mmseniaeral wool is applied
either as thermal insulation [4ddhcoustic material [44B]the shape of slabs, mats, or loose material
placed into wall cavities [446]. A large amount of mineral wool(M@Aé) is formed during the
manufacturing, construction and demolition operations. The MWW productioope ®es estimated

to be 3 million tons by 2020hich is expected to further grow[34]. Its low density, low stiffness and poor
compressibility lead to severe disposal problems from the aspectsohtexits, transportation, costs,
and its stability in landfills [447], [448]. There have been swmfkao recycle MWW to reproduce
ceramic products [449], [450], fibre boards/panels [47]] PB¥51lreutilize it as fibre
reinforcement/supplementary cementitious material in cbamst composites [48], [452], [453].
Unfortunately, due to its fibrous nature and the inconsistency of thieatiphase composition
depending on the manufacturing process, the reutilization of MWW tem484. Recently, Yliniemi

et al. and Kinnunen et al. [45], [4B#6]suggested reutilizing MWW as a precursor foradkatted
materials due to its favourable chemical, and mineralogical composition surfabeglarea for alkali
activation. In alkadictivated MWW, the reaction product assemblage is mainly dependetypencthe
mineral wool and activating solution chemistry, with aluminosilicateshgslrite dominating phase.
Among those, a promising mechanical performance is achieved, showimgsaigeratrength of up to
30.0 MPa for sole MWAAAsed alkadictivated material and 12.8 MPa for MWW/fly ash geopolymer
composites. Nevertheless, one of the main drawbacks in theb&Ba&t\binder is that a huge amount of
alkalactivator is needed, which leads to the environmental issue. In #uelpi@sence of organic resin
in MWW such as phenolic resin, polyesters, and melaeadermaldehyde may cause toxic volatile
substances the reuitilization includes heating or chemical treatment [34]T 5fihdings discussed

above provide great potential to reutilize MWW as raw matergtsfifoal aggregate manufacturing.
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Owing to its typicgireparation technology, on the one hdrepelletizing process can largely reduce the
necessary moisture content thus lowering the alkali activatmnddeOn the other hand, the
heating/curingprocess can not only burn off the resingd8ilso immobilized heavy metals [458]. Hence,
this technology offers an alternative and morériendly route for the valorization of MWW in large
quantities. Howevethe design of artificial aggregate solely based on M\&/Wbt been previously
reported, and the possibility of reutilizing fibrous MWW in the proaeskiafy artificial aggregates via
alkali activation is unclear yet.

In addition, as an edvendly alternative binder to ordinary Portland cement (OPC),dlactikated
binder is known to exhibit promising higmperature resistance over @iR€ed materials [459].
Nevertheless, little information is available on makintehigierature resistant artificial aggregates based
on alkakactivated materials. Up to now, lightweight aggregate (LWA)dstiesemmonly used for high
temperature resistance, such as pumice, perlite, vermipaiteled perlite and clay, etc. {4462].
However, the intrinsically high co$tLWA's due to the specific fabrication process as well as their
insufficient mechanical strength because of the porous starggeiserestrict their largeale application.
Moreover,the inclusion of these aggregates in -alitalated binderalways results ia declineof
mechanical strength due to the different thermal expansion behavieemn getpolymer and aggregates
during hightemperature exposure [88], [112]. In this caseaatkalted MWW aggregates could be a
promising alternative to commercial lightweight aggregatese loecthes one handjven its mineral
composition and manufacturing method, MWW equips itself with goodltsbility [463], on the other
hand, the MWWased binder after alkali activation has promisintghiglerature resistance and exhibits
similar thermal behaviour to other al&kefivated binderblevertheless, there is a lack of comprehensive
understanding ofe thermal behaviour of artificial aggregates when they asgléggogh temperatures,

as well as the interreaction between-atitalated artificial aggregates and either cement or geopolymer
systems.

The goal of this work is to design akketivated aggregates based on MWW and determine their
performance at both room and high temperatures (up toQOd® achieve this, the roleatiali cation
(Na or K), and curing regime were reviearedrecommendatiswere established based on the material
performanceA significantly lower curing temperature of 8B applied as compared to that normally
used in the manufacture (around 1200 °C) to remove organandesiprove thermal stability. Basic
room temperature properties including grain shape analysis, water alpsotpiexdensity, and crushing
strength of the obtain aggregate materials were determined. Thenaiigraanalysis, contour
microscopy, and-situ hightemperature XRD were ugedestablish the suitability of aggregates for high
temperature applications and predict their behaviour when applied in theteomastyy, the
manufactured aggregates are further incorporated into thectlkatd binder (geopolymer), and their
performance at room temperature and after exposure C189 been investigated and compared with
commonlyused sand aggregates. This study demaimtaufficient mechanical characteristics and
bonding behaviour of the artificially fabricated aggregates, astheeltréical role of alkali in high
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temperature response. The findings propose a guideline for fustirehresvards a potential reutilization
strategy for MWW.

8.2 Experimental design

8.2.1 Raw materials

In this experiment, mineral wool waste (MWW) was employedaag thaterial. The waste was
provided byRockwool, consisting of the waste material from the fine processiogisrat! final
products. It is a light material watbured organic binder. The obtained MWW was processed using a disc
mill (Retsch Vibratory Disc mill RS200) to reach the required particleesjzati€le size distribution of
raw materials was assessed using a laser particle siz¢Mastgesizer 2000, Malvern Instruments), as
shown inFig. 8.1

Fig. 8.1Particle size distribution of waste material and thereigredentation of MWW after milling.
The average particle sizg)(df MWW was 20.2 pm. The chemical composition was measuige® u

ray fluorescence spectrometry (XRF) (PANalytical Epsilad #)edoss on ignition was calculated using

the mass difference after firind. @00 °C.

Table 8.1 Chemical composition of mineral wool wastesiliceouly ash (FA).
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Content
(%)
SiO,
Al,O3
CaO
FeOs
K20
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TiO»
V205
Cr03
MnO
Others
LOI
Si/Al
(mol/mol )

=
©
N

MWW 376 175 196 99 78 13 03 19 01 01 0.4 0.2 35

FA 545 215 61 91 13 28 04 13 - - - 0.9 2.0

The chemical composition as well as the loss on ignition of MWW is shiale iB.1 TGA of raw
material was carried out in an air environment between 30 andWwib@ %ep of 20 °C/min, arkig.
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8.2depicts the TETG results with a brief description of temperanateced events. The purpose of
TGA was to clarify the thermal stability of MWW and establisiniheum sintering temperature required
to remove the contained organic binder. Recent developments in agiggatagroduction have shown
that sintering consumes energy at temperatures beyon@.1D8€ TGA results supportedligni et

al. [464Fonfirmed that the combustion of the binder and other organic hydrophobic sutestatteds

in weight loss up to 800 °C. Thus, this study proposed a@ &Kali activation process that is-cost
effective, practical, easy to use, and environmentally benignpased¢dm the traditionartificial
aggregate production process.

Alkali activating solution was prepared using NaOH and KOH (gehelgtical level of 99 wt.%),
commercial sodium silicate solution (8.4%N2a7.7% Si@ 63.9% HO), and potassium silicate (8%
K20, 20.8% Si@ 72.8% HO). Activator solutions were tailored to provide the same silica mbdi)lus (
and fixed oxide content of 6%M® (where M=Na, Kjpased on dry solid calculated as molar equivalent,
and distilled water was employed in preparing the solution.

Fig. 8.2TG-DTG results of raw MWW. 1) Water release presentsizihg agent and at the surface [464];
2) 240 °C loss of volatiles frone organic binder and dust binding oil in the sample; 3) oxafatize
pyrolysis residué®m binder [465]; 4) the binder evaporaaio®50 °C [465]; 5) the oxidation ofFe

Fe*[466].

The amorphous character of the initial material was disclosed throughasBBnalysid. 8.3. Trace
amounts of crystalline phases were detsotddas quartz and calcite, in agreement with Pavlin et al. [467].
Furthermorethe presence of iramas confirmed, which occumsadivalent state owing to the reducing
conditions of material production. The presence of aluminosilicates (magndspotassium) is the
consequence of the basic composition of stone wool fibre, which is manufactuaedsfuminosilicate

rock mixture (usually basalfye fly ash characterization can be fou@hapter 4section 4.2.
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Fig. 8.3XRD diffractograms of raw material. Legend: Q: Quartzife; Ru Calcite; K: Potassium
aluminium silicatfK1 2Al1 255b.7404); F: Ferrite; M: Magnesium Aluminium Silicate (Piggd.( SiQ)s).

8.2.2 Moativation for the selected utilization method

A partial life cycle assessmentA8&1is performed to motivate the choice of utilisation techniquey namel
the MWWbased paste (binder) and artificial aggregate design. When comparedi&sigindsintered
aggregates technology has reduced embodied energy. It shouldohedntbat the global warming
potential of aggregates in this study is evaluated at 0.22 Kggy€a&nhd geopolymer binder at 0.34 kg
CO2e kgl including the carbon in substracts and manufacturing ehabotyy §.2. The energy
consumption for sintering/curing of geopolymer has been determined exiadlsinThe large difference
between the two processes is mostly due to the potassium hydroxidatasdwhich account for only
1% of the total final product weight in geopolymer and 3% (KOH) and t@%polymernyaerglass.
Hence, the environmental aspedhe utilization of mineral wool waste to produce artificial aggregat

regardless of the needs of the building industry is also more environmentally friendly.

Table 8.2 Comparison of the two utilization methods of MWW based on the etrdrueligy calculation
for the production stage (AB)

Per unit* Per kg of the final product
kg-CO2eq Aggregate Geopolymer paste
Potassium hydroxide 1.89917 0.0134 0.0600
Potassium silicate 1.49873 0.0187 0.2626
Water 0.00661 0.0002 0.0004
Production energy 0.50786 0.1981 0.0132
Total 0.2304 0.3362

*Open LCA database
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8.2.3 Sample preparation
Aggregates manufacturing

Aggregates were produced by applying an agglomeration processirsihgygre GTE disc
pelletizer. The settings were 150 rpm and a slope of 45hé&msiperal wool waste powder was added
to the pan, followed by alkali activator spraying until the surfacwista Last, the dry powdéMWW
was applied to promote aggregate formation. Finally, due toagréiyggn movement, the granules that
had attained a stable shape dropped out of the pan, indieagng of the productioRollowing that,
moist granules were cured in the environment chamber at RHa@%dsnaperatureand timegTable
8.3.

The cured aggregates were sigub um) to remove smalkeparticles before being sintered at 800 °C
for 2 hours. The sinterinvgas introduced to remove residual organic resin and increasetithity mfa
unreacted particles [43B)e aggregates were stored in sealed plastic bdggthmtitesting.

Table 8.3 Mix details of manufactured aggregates.

Sample code Alkali cation Relative humidity (%) Curing regime Temp €C) Time (day)
Na2061 Sodium 20 1
Na2062 Sodium 80 20 2
Na2063 Sodium 20 3
K20-1 Potassium 20 1
K20-2 Potassium 80 20 2
K20-3 Potassium 20 3
Na501 Sodium 50 1
Na5062 Sodium 80 50 2
Na5063 Sodium 50 3
K50-1 Potassium 50 1
K50-2 Potassium 80 50 2
K50-3 Potassium 50 3

Geopolymer composite design

Fig. 8.4.Particle size distributions of the raw materials, thedargetand the resulting integral grading line of a
sample mix.
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In this work, the geopolymbeased compositeras prepared by applying fly ash (FA) (Chemical
composition inTable 8.) as the binder material, and three size fractionmeral wool wasteased
aggregate were used. The particle size distribution ofaesiomié shown inFig. 8.4 The alkaline
solution for the geopolymer was obtained by combining potassium hydroxid¥p&Rdie Science,
reagent grade) and potassium silicate solution {¥EIB%, SiG20%, 72.8 % D by mass) to achieve

a SiQ/K 20 ratio of 1.4.

The geopolymer compositas designed based on the modified Andreasen & Andersen particle packing
model [468]:

P(D)= oy 8.1

In which P(D) is the cumulative fractions of particles srhalteDt Dnaxand Dhin represent the maximum
and minimum particle size, respectively. q is the distribution mBrhuugers [469], [478Jggested that
apositive effectan be obtained with asglue range 0£0.37. Gao et al.[471], Borges et al.ptitPNg

et al.[473lecommended a g value in a range oft028for a geopolymbased binder. In this study, a q
value of 0.2 was adopted to achieve good workability and packing siitgautyusuperplasticizers. Based
on that, the calculated target function curve and the fitted gradiegre shown Fig. 8.4 and the
detailed mix proportions are listedable 8.4 In order to make the results comparable, in the mixtures
with different aggregat@&able 8.9, the volume of each size fraction for different aggregetdept
constantMoreover, as suggested by Yliniemi et al. [474], the tagguegd in geopolymer composites
were not pravetted prior to mixing to establish a favourable ITZ betwe&reshepaste and the rough,
porous grain surfacéhe amount of water waesigrto ensure good workability of the composites. It
should be noted that due to the more irregular shapelwddéal aggregates, a slightly lower flowability is
noticed ingeopolymer with incorporated -Nased aggregates incorporated geopoliiiwer.best
performing aggregates material were used for this investigatompaced to commercially available
sand (coarse industrial sand used in floor morfdrs)detailed test methods used for aggregates
characterization are presente@hapter 2section 2.9.

Table 8.4 Mix proportions of geopolymer composites (Ry/m

Mix Fly ash Activator Agg 0.3-0.5 Agg 0.5-1 Agg 1-2 Agg 2-2.8
K 790.8 404.2 1735 164.6 221.4 1215
Na 790.7 404.2 169.1 158.8 2179 119.3
Sand 790.8 332.1 365.5 226.1 276.6 150.3
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8.3 Results and discussion

8.3.1 Shape analysis

The aggregate morphology has a significant influence on the workabtianical properties
and durability of concrete materials [475]. In this study, tworteof the obtained aggregates are
investigated for the shape analysis, differagjiwator used, i.e. sodium and potassium. Firstly, qualitative
analysis is performed using an optical microscope. Furthermore, ab@meost important indicators
of aggregate morphology, the circularity parameter of thgategie quantitatively determined by using
ImageJ based on optical microscopy images. This parameter ihdicatesarity of the shape and for
which 1 is a perfect spherical shape whereas 0 is strongly. ifilegalppearance of the exemplary grains
as well as the circularity results for the three selected size rangesareed iRig. 8.5.
The main observation concerning the grain shape is that thelsaskdmaggregates are much more
irregular than aggregates with potassased activataviore specifically, the most irregular fraction with
the largest circularity variation is observed within the smaliestdarenge (65mm), in particular for
Na-based samples. It should be noted that in this particle size range, the dominant part is Eeated betw
circularity factors 0.9 and 1.0. Furtiés,clear to observe that the circularity is redudled larger size
fraction. This confirsthe relation between particle size and circularity, as repdktaddgt al. [6Hjat
the regularity of their shape decreases with the increase in grainesizer NMidmased material grains in
each range oscillate betweerl@%vhile Ndased material exhibits a larger circularity range between 0.2
1.0. It can therefore be confirmed that a greater irfggiraallsize rangeis obtained for aggregates
based on the sodium activaihis ismainly due to, despite maintaining the same activator parameters,
the obtained Nbased activating solution (0.1&Pare much more viscous thabdsed solution (0.05
Pas), leading to a faster agglomeration (growing) of the grains duriegahegipn, and hence a more
irregular shape is obtained. The viscosity of two activator solasaetevmined using the stress/strain
controlled rotational rheometer (Anton Paar MCR5@lJdnette. Each solution was measured twice at
200C with a number of dap@ints of 21 per measurement. The irregslaalyedggregates have a higher
surfaceo-volume ratio and can provide better bond characteristics but impacirkhbility when
applied in concrefd76]. Furthermore, the rough surface generates &strond between the paste and
the aggregate creating a higherjagspegate strength. As a result, the observed shaperistaraaiuld
determine their performance during application in the geopolymeric compositsilvdgctliscussed
later.
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Fig. 8.5Circularity of sodium (Naased) and potassiumifised) aggregated within each grain size range together
with the average circularity value for each range adfardtdaviation.

8.3.2 Particle density, water absorption and crushing strength

Fig. 8.6adepicts particle density, whereas apparent dé&igit§.6b) represents impermeable
grain density, as defined in ASTM €28 verall, it can be concluded that changes within particle density
are negligibleue to the use of sintering as a step following low temperaturé&@0C preuring,
oscillating in a narrow range of the limit value (2.®)gfemightweight and normal aggregates [A&].
pre-curing step is the only difference between aggregates basesharettype of activator (Na or K), so
the analysis that follows is primarily concerned with determining the caasesiafs in the sample
parameters as a function of time (1 to 3 days) and temp@@tares0 °C). An increase in density is
observed for samples fireated at 20 °C, along with an extension of conditioning time from one to three
days, which may indicate a reduction in grain porosity without changingléhgdlirstructure, as
evidenced by the similar value of the skeleton densitydl&egaf temperature, sodium aggregates are
less dense, which is related to the previously discussed phendniemaapid growth of grains by
agglomeration of smaller particles, resulting in reduced packingwdtmstyrapped pores. Open
porosity values can be calculated using the particle density amd depsityTable 8.5. It is clear that
as the curing time is increased at room temperature, the vohpee pdres available for the penetrating
medium (water) decreases, whereas at 50 °C, the increase in curing timtheeRurtisation of cracks.
when combined with the values of open porosity with the water absorptio(Figal8e8q, this might
be the outcome of the eadge drying shrinkage of AAM observed and describedruyvar et al. [477].
The research showed that at high relative humidity (90%inaedatere (66C) the volume shrinkage
tends to be gradual, continuous and linear over 72 hours, whileaatehgumidity conditions, the
shrinkage at room temperature is significantly smaller. Thigleafisesation of (micro)cracks, higher
water absorption and low density and strength of theaalikadted materials which could explain the

better overall performance of room temperature conditioned aggxegetvorthy, the skeleton density
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value of potassiutmased aggregaisseducedvhen the preuring temperature changed fronrQQ@o

50°C, hence showing the higher sensitivity of the potasaged system on the conditioning temperature.

Table 8.5.0pen pore volume calculated from particle density and apparent density.

Curing time (day) K20 Na20 K50 Na50
1 32.1 31.8 24.4 29.6
2 31.0 321 26.6 321
3 27.9 30.0 28.0 325

The crushing strength at different curing ages is shdvig. i8.6d It can be seen that the crushing
strength of the 2€ cured samples developed fast at an early age and then graduallywitiptioned
However, for 56C cured samples, a minor improvement (18350 a decrease (KkBPwith increasing
time is noticeable. Here, the strength evolution correlates weltaribsarption. The drying shrinkage
that might occur in 58C cured samples brings more microcracks and defects along witinthe c
duration, which largely offsets the strength gain effect dunmgtderice, it is stated that the defects and
deformation after preuring have a direct impact on the performance of aggregates a@air86fing.
Conversely, the particle densification process urmdefrat 1 to 3 days further contributes to the higher
strength.

Fig. 8.6 Particle density, specific density, water absorption ahihgrstrength of the designed aggregates.
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8.3.3 Microstructure

In order to study the microstructure of the aggregateSEtlemicrographs of the different
aggregateare collected’he analysis aims to provide insight into the role -@iuprey temperature and
alkali activatioon microstructure development. Thus, the interior of the grain andrtiesgréace of 3
days of curing samples are compared, and the micrographs afterdayendufingre presented in
Appendix D(Fig. D.1). Note that these grains have been fired & BO® hours subsequently to curing.
As shown inFig. 8.7, a general examination of the aggregates'sentiem reveals a dense film,
demonstrating theonding developmentihe aggregate preparation process. Furthermore, it appears that
K-activated samples have the most homogenous and dense stracturdsibie smooth appearance,
whereas sodiutvased samples, particularly N&S@ppear to be more granular and loosely p&iged (
8.70.

It is known that the grain surface determines the adherence to the bindestistadefiproperties of the
mortar mix. Overall, all aggregates possess a significantreughoess and irregularity. Unreacted
particlesn grainsand voids are observed in all aggregates, which impacts their perfburthecmore,
within the compacted binder, the mineral wool fibres covered with the gel are observed alghibb reve
nature of the raw material after milling, namely fine material cordlagmtnchopped fibres. In terms of
the effect of preuring temperature, an intriguing observation cong&0eC cured sampleBig. 8.7

c,d) indicates that, despite the sufficient binding within the core pgutfaélee appears to be more porous
as compared to 2C cured samples, consisting of an insufficient amount of binder to pmoduce
homogeneous structure. This is possibly due to the rapid wateritgspréauring at 50C, which
hinders the reaction product formation and goadkegelopmeratthe surface. Moreover, from the inner
structure of Kbased samples showrFig. 8.8 increasing microcracks arise in samples curedGit 50
(Fig. 8.79 due to the drying shrinkage menticetealve. As a result, the present structural deterioration,
namely thepaces between unreacted particles on the surface of aggregdtes the microcracks and
trapped air voids within the aggregates causes an increasenmouhi of water absorption and
deterioration of mechanistétength for higllemperature preured samples.

When comparing the samples based on different types of activatorsi] Nanbple&igs 8.7b, and d)
showvs a greater amount of porthsin Kbased system. This phenomenon is suggested to arise from the
varied viscosity between different activator types. As editygribe shape analysis in Section 8.3.1, the
higher viscosity of the Nmsed activator inevitably results in a more irregular particlgisirapeise to

a coarseinner microstructure with more pores and voids.
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Fig. 8.7SEM of four aggregates samples after 3 days curing3ajiiR@2eB; c)K503; d)Na5€B.
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Fig. 8.8 Interior of potassiuthased aggregates a) 820) K563.

8.3.4 Thermal stability

Based on the characteristics of aggregates at room temypmratuas water absorption and single
crushing strength, K20 and Na2@ samples are considered to be the optimal performing batches.
Furthermorefrom the energy consumption perspective, it is profitable to avoidaaedeprecuring
temperature and it is beneficial tha®C precuring with controlled high humidity conditions turns out
to limit the drying shrinkage and ermBlgfficient hydration reaction. Therefore, thermal analysis is
performed on two selected types of aggregates, namélyaiK@0la2¢.

Thermogravimetric analysis is performed under a nitrogen atmospherthecstability of the matrix
from room temperature to 108D (Fig. 8.99. Overall, a relativdtyw-temperature treatment (8@2h)
provides the material with high stability up to a temperature oClG@hieving a mass loss of 0.18%,
and 0.15% for Na and-Based samples respectively, which reflects the target tempicitatLaggregate
application. The DTG curve reflects the curing regime of conditionggyejates, where no significant
changes are observed until 8@vhile a decrease in mass is noticed afte€9U8is is related to the
thermal treatment of industrial minevabl waste that results in the formation of a wide varietybyfgiyr
products both in an inert atmosphere and in the air [478]. As theatarepacreases, the surface of the

solid sample gradually releases pyrolysis gas, noticing a loss of weight in DTG.
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Fig. 8.9a) Thermogravimetry analysis: TG and DTG curves of aggr&éjajrain areaalysis via contour
microscopyormalizeio area at 50€C.

The volumetric stability of aggregatesigh temperatures is further analysednviitu grainsize
measuremertChapter 2section 2.9) during heatingattemperature of 100€. An important aspect is

that different degree of thermal expansion is observed in both typesaftgnaabove the temperature

of sintering Kig. 8.9h). In Nabased aggregates, two significant expansion regions can be distinguished,
with the maxima at 80C and 1000C, followed byn @ea decreashie to melting. While potassium

based materials are more thermally stable, with a less natiqeaid®on above 806G and modest
shrinkage at 800 af@00°C. The contraction eveint K-based can Himked to the crystalizatian 800

oC and melting at 100C.

In order to explain the different therAmauced volumetric change phenomena between NalzasbH
samples, a quantitativesitu XRD analysis was performigj(8.10)to reveal the phasensformation
in the K:O-NaxO-CaOMgO-Al,Os-SiO, system ahigh temperatures. The XRD diffractograms are
attached in Appendix (Fig.D.2). Consideririlgat the material consists of pulverized mineral wool waste,
with either potassium or sodilmased alkali activator, all oftan be regarded as being the same. MWW
is almost entirely glassy as a raw material, and only partagshreagits upon alkaline activation. The
resulting product is a geopolymer gel with residual glass.dtlisiRg. 8.10that in K-based aggregates
no phase changes occur until €)0vhen Kfeldspar appears at the expense of the amonpihassAt
1000-C, pyroxene (augite) content incredsethie Na-based systerthe pyroxene seems to incraeggi
form from 400C at the expense of amorpholise higher proportion of the amorphous phase in Na
based systems additionally pasesgative influence on the grain volumetric stability, which is prone to
meling and logg shape aglevated temperatur@he majority of the iroim the MWW raw material is
divalent, with some being trivalent. Glass and geopolymer behawtlyliffeem heated for two hours at
800¢°C. The amorphous compoundHig.8.10may represent the remaining original MWW gi#tss
negligible reactivity and amorphous alkéiated gel whichegpected to be reactive.
The equilibrium phase assemblages were calculated using feastSames proportions of MWW and
activator with a silica modulus of T.&ble 8.6shows the phase proportions of melilite (akermanite
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Ca(Mg,FepiO-) and clinopyroxene (augte(Fe,Mg)$Ds) in XRD that were best reproduced with the
addition of 2 wt% Sifviaalkali activatasolution.As previously mentioned, the amorphous phase is the
remaining MWWjlass that was not alladtivated at low temperatures durinegcprang, but it may also
contain an alkalich residue from which the clinopyroxene and the melilite formed. Duriragtieipn

of the aggregate, no equilibrium phase assemblage was estiblighkxtal equilibrium was already
established at 880 during the earlier aggregate preparation stage, no changes in ekis@oml be

noticed during reheating in the Higimperature XRD until it reaches that temperature.

Table 8.6 Factsage thermodynamic calculaifophase distributioat 800°C for 2 wt% silica added
(normalized to 100 wt.%).

K-based Na-based
wt.% wt.%

Clinopyroxene 45 58

Melilite 20 13

Spinel 13 11
limenite 5 5
Leucite 16 5
Nepheline 0 18
Olivine 1 1

Above 800C, the systems begin to react once more, and more ofpledssarass is involved in reactions
that lead to equilibrium. Amorphous decreases as more melilitn@mdozene are formed-
tectosilicate is also formed, which is more difficult to crestediause it requires an arrangement of the
SiQu tetrahedra in a 3D structure (a tectosilicate strué&tuBg)0oC, it appears that all potasshased
phases remain in the amorphous state, whereas the resulting mihecaigmyisaion in the sodium
based system is consistent with the Factsage calculatiorpresetiee and predominance of pyroxene,
nepheline, and akerman8pinel (hercynite Fe@l) formation was kinetically hindered in both cases and,
contrary to Factsage calculations, was not observed in the system.
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Fig. 8.10In-situ hightemperature XRD quantification of potassium and seutised aggregates.
Note: Sodium tectoaluminosilicate NaAlSRotassium tectoaluminodisilid&SiOe.

8.3.5 Characterization of geopolymer with artificial aggregates

Up to now, the study regarding compopitgperties with alkadictivated aggregates is still
relatively limited and requires further investigation [44Ris ktudy, two selected groups of aggregates,
NA20-3 and K268, are further incorporated istticeoudly ashbased geopolymer as indicated in Section
8.2.2. The behaviour of reinforced composites under both aobimightemperature conditions (1000
oC) is further compared to a reference sanighlenormal sand aggregate. The-tagiperature exposure
test conditions are set as the same as for the aggregates tsdftiog, tham temperature to 10@at
a heating rate of 2G/min, and then heldt 100@C for the duration of 1 hour. Above all, the fundamental
parameters such as flexural and compressive strength at roonh éemhgecatures, density, thermal

shrinkage, and interfacial transition zone (ITZ)lafjetemperature exposure are investigated.

Appearance and ITZ evaluation of heated geopolymers

Fig. 8.11depicts the crossection of the matrix before and after féghperature exposure. In
Figs.8.11a,bbefore being exposed to elevated temperature, the white aegigmeyndicate binder gel,
and yellow grairgenote artificial aggregates. While the-pggtegate interface is indistinct in colour for
sandcontained geopolymdfig. 8.12¢. It is widely reported that an alkali activation system can largely
improve the ITZ between geopolymeric binder and artificial aggfé¢2te this work, all mixtures
show adense ITZ, and the aggregates are uniformly distributed, witidewce of separation or
agglomeration, indicating a feasible mix design. After elevatedueeng@gpasure, it is obvious that the
colour of the paste binder changes from grey to brownish oramgeudsof the iron oxidation from2Fe

to Fe+ [114]. Furthermore, the colour of the aggregatightened to a more yellowish, whieb also
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observed aftethe hightemperature contour microscopy examination as the result of the oxidation

reactions mentioned above.

Fig. 8.11Cross section of geopolymers before and aftetemglerature exposure containing-apked; Na
based; c) sand aggregdtep.images at room temperature bottom after expmsL@®0°C and cooled in air.

In order to learn the thermally induced deformatidfiz in moredetail, SEM analysis is carried out on
samples after exposure to 18D0As shown iffrig. 8.12 it is obvious that the ITZ of potassium and
sodiumbased aggregates is denser than that of sand aftentgghature exposure. In artificial aggregates
reinforced geopolymer as sedfigs. 8.12a,bthe ITZ after being subjected to high temperature is almost
indistinguishable. Thisasresultedfrom a similar binding system, namely alkali activation, and the
unreacted precursor on the aggregate surface tendd teittea binder)eading to the formation of
mechanical interlocking on the porous, rough surface of aggret@jteddditionally, the sintering
reaction among the fly asased binder and artificial aggregates abov@ f@ther promotes the binding
and strengthens the ITZ [12]. In terms of normal sand aggregeonversion takes place at a temperature
of 573 °C when-quartz undergoes a reversible charggedrystal structure to forrmquartz and causes

a linear expansion, while during cooling the change is reverseddromuartz and shrinks [479]. Due

to the reversible thermal expansion and shrinkage of sand aggregates atrhiginetenapeobvious gap

is observed between the grain and paste.
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Fig. 8.12SEM images of the ITZ after exposure to 2Q06f a) kbased; b) Naased and c¢) sand

Volumetric stability and density evolution

Despite knowing their thermal response in an oxidizing environment and erifgiating
knowledge regarding paste behaviour during heating [12], aggregate perforinamcalkédtime matrix
can be unpredictable. The processes that direct volume chareeriably linked to reaching the glass
transition and further melting temperature. As a transitioadiettaeen glaasd liquid, the glassy phase
becomes more plastic above the sintering temperature. Theseathaigesved as swelling in the air,
but in geopolymer, the fly dshsed matrix also possesses its own responsetamtpghature, as shown
in Chapter 4 namely shrinkagignsification ansintering at 100@C. As a result, the observed change in
geometry is an indicator of the grain's stability and strength undemippigiature conditions, which
explains the observed shrinkemesedy the aforementioned phenomena. As discussed above, the more
vitreous phase presented in theblsed aggregate has a more detrimental effect on the grairapeeor
In terms of the thermal behaviour of the binder, the applied geopolymericdntaies a potassium
activator, hence the softening temperature is expectedaorze&00C [12], [125]. A lower temperature
exposure may cause the formation of defect zones in the ppatte atehydration causes shrinkage.
Furthermore, all samples begin to shrink significantly abovetehingdEmperature due to the matrix
sintering. For the thermal behaviour of aggregates, as learnethalapmied sodium and potassium
aggregates expand at ¥0@nd 900C (Fig. 8.9b), respectively, while sand expands &%73

Table 8.7 Bulk density of geopolymer at room and high temperature togiéthealculated volume
change after thermal exposure.

Density at 20°C Density after 1000C Thermal volumetric change
Sample code (g/};m 3 té/cm 5 VIV o (%) 9
K-based 1.68 1.70 -3.0
Na-based 1.64 1.69 -4.35
Sand 1.90 1.90 -0.75

The paste melting and aggregate thermal expansion mechanisms overlappacwliplisy effect on
composite higkemperature stability. As can be observEahile 8.7 all composites exhibit a much lower
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thermal volumetric change than that of pure geopolymer paste & 168@%) [169]. However, the
thermal shrinkage is significantly smaller when sand aggregaptoyed. This is because the sand
aggregasshavehigh stiffnessyhich could act as a strong skeleton under high temperatulas éia
offsets the matrix shrinkage. Nevertheless, owing to the cvagiitition between the binder shrinkage
and the thermal expansion of sand aggregates, severe statetiowdtion such as gaps and cracks are
obtainedn the composite with sand as showlign 8.12c.The irreparable damage and gaps developed
between the aggregate and the paste, causing problems wiétetia¢snuse after hitggmperature
exposure.

Noteworthy, on the one hand, both artificial aggregates haveravednbinding within thdkalr
activated matridue to the presence of unreacted precursor on the particke. €mflee other hand, as
discussed above, the artificial aggregates gieopalymer alike thermal behaviour due to the similar
chemical composition, sintering and/or melting aftex@ang with geopolymeric binder, which further
weakens the competition mechanism between binder and aggregatesul\sthe matrix is largely
preserved with less thermal deterioration after being subjectedted &evperature as evidenced by
SEM analysis iRig. 8.12a, and bln conclusion, selecting potassium aggregates with betted ther
stability (lower thermal expansion value) further poses a positiveormgaapolymer performance at

high temperatures than sodium aggregates.

Compressive and flexural strength before and after high temperature-exposure

Fig. 8.13 further compares the compressive and flexural strength befoedteantigh
temperature exposure. At room temperature, the différeneehanical strength of the three geopolymer
samples is insignificant, indicating the suitabilitgplacing normal sand with the designed artificial
aggregates. Thgeopolymer with sodiubased aggregates and sand aggregates shows slightly higher
flexural and compressive strength than that of the geopolymer with rpdiassill aggregates. This
difference is mainly related to the shape variation of the &ggreys, as investigatedaction 8.3.1
The sodiunbased aggregate and sand are more irregular than the pbesssiuaggregate, which
contributes to a higher adherence force between binder and agg8&3a#31]. In addition, the sodium
based aggregates are believed to further react with the gaopalyradhere to the binder, hence

providing a bettdyonding, resulting in the highest compressive and flexural stremgthtatmperature.

After exposure to a high temperature, artificial aggreg#msed samples experience a significant gain
in both compressive and flexural strength, whileisemghorated geopolymer has an obviously lower
compressive strength gdifable 8.9 and the flexural strength is significantly redafted high
temperature exposure.
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Table 8.8.Mechanical performance of geopolymeric composite after exposure to higtiukempe

. Exposure Compressive strength
Aggregate type Binder Temperature - Ref
(°C) gain (%)
River sand (1:2) Fly ash 1000 36
River sand (1:1) Fly ash 1000 33 [80]
Copper slag (1:2) Fly ash 1000 59
Copper slag (1:1) Fly ash 1000 38
Silica sand Metakaolin+Slag 800 -65
River sand Metakaolin+Slag 800 -78
Sandstone Metakaolin+Slag 800 -97 [482]
Waste concrete sand Metakaolin+Slag 800 N/A failure
Basalt sand Metakaolin+Slag 800 -62
Rilem sand Metakaolin+Slag 800 -85
Basalt Fly ash 800 71 [112]
K-based MWW Fly ash 1000 240 )
Na-based MWW Fly ash 1000 238 STtS:ij
Sand Fly ash 1000 76

Lahoti et al. [88], [258)ported that the compressive strength of geopebased materials aftegh-
temperature exposure is mainly governed by competing mechanigiaisk dbrmation, matrix
densification and viscous sintering. In our case, the matrix atemsifiod viscous sintering play a
dominant role in determining the compressive strength, resulting éngéhstiain for all samples.
Meanwhile, the severe structural deterioration and crackingaimpies with sand aggregates described
above weakens the strength gain effect, leading to the lowestsivengteength gain after high
temperature exposure. This negative effect of structurialrdéte in sanéhcorporated samples is more
significant in flexural strength since the flexural property of matéaigjsly affected by crack formation.

As a result, a halved flexural strength is obtained in thiadwnedd sample after hitgmperature
exposure.

When comparing the sample with different types of artificial aggrégategghest mechanical
performance is obtained in the sample with seolis®d aggregates incorporated. An interesting
phenomenon is related to the lower siagishing strength of soditmased aggregat&sgy( 8.6d) but

higher geopolymer strength results. This resulting discrepancysieoi¢lse compressive strength of
compositesiot only depends on the aggregate crushing strength but also ohaotiweristics such as
ITZ, which could positively contribute to pesggregate binding capabilities [474]. As discussed above,
the more irregular shape and higher surface roughNedsased aggregates offer a larger contact surface
for developing an ITZ, thus a higher mechanical strength is obtairtktition,dt is worth noting that

this enhanced bonding in geopolymer wittbdsed aggregates further poses a positive influence on
thermalmechanical performance, by strengthening the ITZ during viscoursgsarid melting. As a
result, the geopolymer with -Nased aggregates exhibits the highest mechanical strength after high

temperature exposure.
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In conclusion, as compared to normal sand aggregate, the deHigiadggtegates show a geopolymer
alike thermal behaviour, such asrystallization, viscous sintering, and melting. The geopaliaer
thermal behaviour provides artificial aggregates with the advantageliboeal aggregateshvated
temperatureg¢Table 8.9, byreducingthe thermal mismatch between the geopolymer matrix and the
aggregates, which contributes to better microstructural saabilibechanical performance subjected to
high temperatures.
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Fig. 8.13Compressive and flexural strength of geopolymer saeifpiesand after higiemperature exposure.

8.4 Conclusions

The objective of this study is to design a sustainable artificghtagsptely based on mineral wool
waste wittafocus on higliemperature application. Overall, the proposed method shows theltwdoker
waste can be a promising raw material for theeattiedited artificial aggregate with excellent thermal
performance. The initial properties, as well as the thermabtebftrie designed artificial aggregate, are
determined and the optimum preparation regime has been proposed.tii¢ ssigned artificial
aggregates are applied to prepare geopdigsest composites, and their performances are further
compared with that of normal sandorporated geopolymer. The following are the most noteworthy
findings:

* To produce the artificial aggregate based on mineral wool wastefeampenature curing is
proposed instead of elevatethperature preuring in considering the energy costs and the
structural deterioration with hitgmperature curing. Regarding the curing time, it is beneficial for
strength development to provide 3 days of curing prior to sintering@tB0@ obtained artificial
aggregates (T=20, t=3 days), show particle density ranging from 1960 tog2®90 kg/mand
crushing strength of 7.0 to 7.9 MPa.
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* The type of activator plays a dominant role in aggregate partieléoforThe sodiwbased
activator with high viscosity leads to a more irregulardhygps within the analyzed aggregates
ranges (from 500 pm to above 4 mm) as well as a coarsstruntare with more pores and air
voids. This consequently results in a lower particle density, htghebs@ption and lower
crushing strength as compared to potadsas®ed aggregate.

« Hightemperature response of aggregates is strongly relatedkalitbation type. Both aggregate
types show a certain degree of thermal expansion; however, in contiparesqrgnsion is
reduced in the potassitrased system, which is mainly related to its high rate of crystallinity.

» As compared to normal sand, artificial aggregates exhibitdretiatitilityin the geopolymer
composite given itsomparable chemical composition to the geopolymer binder. Under the
alkaline environmet better bonding between the binder and artificial aggregalésviesdac
reflected by the development of mechanical interlocking on the porous andrfacglofsthe
aggregates with an indistinguishable interfacial transition zone.uits supesior mechanical
performance is achieved in geopolymer compétitartificial aggregates.

e At high temperatures, the designed artificial aggregates show a gealp@ymhermal
behaviour, namely-ceystallization, viscous sintering, and melting. It provides aatificedates
with the advantage over traditional sand inthigperature resistant geopolymer concrete, by
reducing the thermal mismatch between the geopolymer matrix amgrédgates, thus
contributing to better microstructural stability and mechanical eréermhen subjected to high

temperatures.
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS

This thesis is devoted to the developrkatightemperature stabdeopolymebinder based on fly
ash, as well as the investigatiompfoving the thermal behaviour of geopolstmased materials. Several
aspects were investigated in order to address this topic, inbkitlegmal performance siifceoudly
ashbased geopolymers, foamed composites, and an innovative route échigbtkmperature resistant
aggregates based on mineral wool waste. The outcome of thisrihaeastitefuture prospects are shown
below.

9.1 Conclusions

Siliceous fly ash-based geopolymer

The extensive literature review revealed the disparities betveegstitigeliterature findinghe
reactive silica and alumina content cannot be straightfodetedtyinedia the XRF methodue to the
high crystalline conteoitraw fly ash. As a result, unless the reactive and/or amarphtarg of alumina
and silica has been determined, recommendations for an optimum silicaamodkiféd content are
misleading. Furthermore, the melting temperature of the vijflemesis strongly influenced by the type
and content of alkali, and the analysis revealed that potassium caarplay@ortant role in maintaining
material stability than its sodium counterpart. In addition, a mechamamng thermal performance up
to 1000>C was proposed in order to comprehend and prediciatezial response to high temperatures.
Finally, because of the differences in thermal properties, the role of geepedjiteecannot be
universally establish@a. investigate the possibility of enriching geopolymer with thermallyestitele z
the sodalitevas synthesised from silicefhpgssh and added in amounts of 2.5 antb3%e geopolymer
slurry. Exsitu synthesised zeolites not only reduced volumetric shrinkafs® tautriehed the bulk
composition with sodium ions, boosting the formation of different crystalises glvollastonite and
anorthoclase) and changing the glass composition. The sodalite's mestyreraitsnea the pore size
distribution at room temperature and influenced pore evolution up t100@s been determined that
adding 5% sodalite to the geopolymer nuarisidered a good practice to improvénitletemperature

performance of geopolymers.

Foamed composites

The great room temperature properties and promisingetigkrature resistance drove the
design of porous composités.design a porous matrix, a direct foaming method using hydrogen peroxide
and surfactants was proposed. However, because the slampier systemof solid particles and ions,
interactions with ionic surfactants are unavoidable. Noteweatiopiecontained systems exhibited
stronger surfactasblid particle attraction, resulting in a system with ssiedl@osed pores. Thus, the
nonionic surfactant addition was proposed to reduce the aforementioneibimgesrdetiectrostatic
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repulsion between head grodfmur different nonionimnic combinationef surfactantsvere tested to
evaluatevhetherthe pore structure could be tailored by choosing the right costinfaistand the
investigation revealed that it is possible to trigger the formgiame ahvities and increase the availability
of ionic surfactant molecules to stabilise air bubbles by using thos.satdording to the material
properties investigation, the cationic CTAB (Cetyltrimethylammamiomad®) stabilises the pores below
200 um and the fraction of closed pores in total pore volunefiaddwer than that of Sodium Dodecyl
Sulphate, providing better thermal insulation properties. Overatb¢hiavhstigated mixa® promising

at transferring water vapour, which implies that when employed as wall assemigiat theeutilised to
manage the surrounding humidity variat®esed on the contribution of open porosity, Sodium Dodecyl
Sulphate with nonionic Triton200 is the best mix desighis mixture was also chosen for another study
on the thermal and acoustic insulation properties at room temp&raude of fly ash in defining the
pore infrastructure was investigated, as well as the possilmitityix enrichment with silica aerogel to
improve the ambient temperature insulation characteristasdiseovered that adding 10% silica aerogel
significantly improves thermal and acoustic insulation properties, amd tdeieminor additional
improvement when increased to 2806l satisfactory mechanical performance, it was selecéed
compromise between performance and cost increase. Overall, intreamimount of silica aerogel
increased the total porosity of the composites. It has been steg#iddtetrogel particles act as thermal
barriers, and the wide range of particle size increased tortesityeraced by higher sound absorption
coefficient value and better hygrothermal performance. Regardingdhéyrash type, both provide
sufficient total porosity (6%), but due to the rapid setting of the biocoal flyasd paste, the smaller
size bubbles were stabilised, minimising the effect of bubble coaltsretieepore size distribution is
shiftedtoward the lower size pores, which directly influences the inquiagierties of the designed
composites.

Two of the four investigated cosurfactant mixtures, basedsamtaeonionic surfactant, TritoflB0,
were chosen fa&furtherhightemperature related study. According to the literature, opeitypodssin

the mitigation of fireelated damage by allowing moisture to move from the hot to thelead the
wall. Pore size distribution on material degradation and tmetncald crystalline phase formation has
been investigated to evaluhterole of open porosity. Finally, the {pesforming material was evaluated
by simulating its performance in contact with fire up toeC1dMe results show that a@bthick panel
protects for 93ninutes until the surface of the concrete wall reacheS.1Be study emphasised the
importance of maintaining material integrity during the first 20 niiaosese possible cracks speed up
thetemperature rise within the material and accelerate crack fmogagag hightemperature exposure
(up to 1100C).Although the quantitative composition of both composites was ihiéagnte, variations

in the quantitative composition, such as feldspars, pyroxenesatitehwere observed as a result of an
increased flow of heat into the structure of the material that hagamedthermal degradation on the

surface.
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Thermally stable artificial aggregates
Another approach for strengthening the geopolymer structure at highataras is to use

thermally stable fillers and aggregates. To reduce thermajeshoim&approach preseritethis thesis

was to enrich the geopolymer matvith synthesised crystalline sodalite. An alternative approach to
designing aggregates from waste material was proposed and thaovestibated in this study. An alkali
activation combined wittsintering route has been proposed using mineral wool waste as a selid.precur
As an optimal route for energy conservation, the room tempd@ieC) and high relative humidity
(RH80%) for three days prior to thed@mperature sintering (8@) wergroposed to obtain aggregates
with densities ranging from 1960 kgbtm 2090 kg/m and crushing strengths ranging from 7.0 to 7.9
MPa.Furthermore, when different alkali cations are used, the gradtectstics such as particle shape,
water absorption, and crushing strength vary (sodium or potassibim}h@/@xamined aggregate ranges
(from 500 um to 6 mm), the sodimased aggregate l@asore irregular grain shape, higher water
absorption, and lower crushing strength. Also, thedmgierature response of sodibased aggregates

is unsatisfactory, with higher thermal expansion due to losteliinity rates and differences in vitreous
phase composition. Since the bonding behaviour between the aggregateoantythergthe generated
two types of artificial aggregates perform better in the geopwmigtrierthan sand in terms of strength
development at room and after Higimperature exposure.

9.2 Recommendations

Alkaliactivated materials sha@wod thermal propertieand provide an alternative solution for
industrial byproducts and waste materials utilization. As demonstrated in ®yia tregsety of techniques
may be used to improve higimperature material performance, including material aeration and
incorporation of reinforcing materials as fillers or aggreysteith any new technology, geopolymer
manufacturing faces some challenges before it can be usedysfiiciemmercial applications. One of
the challenges is the environmental impact assessaremidtstrial scale also because the production
process data are limited to the laboratory manufacturing procedlimg. e3fects result in energy
efficiencies, economic benefits and environmental advantages. In this somex specific

recommendations for future studtest were identified while carrying out this work are provided.

(1) The flame resistance has not been evaluated due to testingdasilignts. Smadtale fire
testing in the assembly with concrete is recommended to determéxtetiteto which
geopolymer inhibits flame spread and reduced concrete damage during al8eetisential to
ensure material stability and safety before classifying the obtloeddfas a fir@sistant
material.

(2) The porous protective material which has been demonstrated in this itnéisesform of the
panel (fireboardskiven the lower adaptability to demanding building structures, machresea
into the use of the proposed porous geopolymer mix design as a sprésyadiléomeomplex
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facades is suggested. The protective material's thicknesdurthrebadjusted to meet the
requirementsf the protected material. This broad recommendation would pavg tbe veav
sprayable material research, with a focus on tailoring the rheology of pumpable geopolymer.

(3) This thesis mainly examined the effects of heat and moisture arfiotineapee of fireboards.
The fireboards were conditioned without plastic foil wrapping for 26idays testing to mimic
normal conditions. Further research into the role of other externa $amtoras carbonation,
atmospheric precipitation, fre¢zaw weathering, and other chemical attack cycles, as well as their
impact on highemperature properties, is of great need.

(4) The zeolitgeopolymer composites with small zeolite additions, namely 2.5%, axthibit
intriguing properties; therefore, it is recommended to invekigse enrichment with sodalite
or to propose an alternative route fositn sodalite synthesis in geopolymer matrix to avoid
excessive alkali anionic influencing the glass composition and thermal stability.

(5) The artificial aggregates research provides insight into thielpegerdf mineral wool waste from
the construction and demolition waste stream. The results obtausey premising, and there
is plenty of room for further progress in determining aggregatsalnsaitability for other
applications and binders, such as performance ib&de@a, alkadictivated calciunich binders.
Furthermore, their environmental impact, including leaching behaviour dadriahgrability,
must be thoroughly examined.

(6) The alkaline activator used to produce the geopolymer accounts for apgyokdt¥o to 97% of
their total environmental impagtthough the silica modulus and alkali concentration employed
in this experimentaglimited, the alkali activator still has the potential to severaty fhrgview
of geopolymer technology as green and sustaihatdeesearch is therefore needed to determine
how to lower the amount of alkali activators in the mix désigimstancesilica fumebased
geopolymer appears to be a promising alternative for the productimcrete with reduced
environmental impacts. Additional analysis could be performed by takihgmesthouse gas
(GHG) impaciand energy consumption into account to enhance the sustainablerdakisgpn
process fohigh temperature resistgebpolymer production.
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APPENDIX A

Table A.1.Qualitative and quantitative analysis of raw materialsséesl giaambient temperature (errors show in

the brackets).

Phase Fly Ash Sodalite- G-FA G-S1 G-S2
Amorphous 78.1 (0.66) -41:5.1(04.615 82.2(0.43) 77.4(0.60) 76.7 (0.50)
Mullite 11.3 (0.25) 10.8 (0.17) 9.0 (0.17) 9.7 (0.20) 9.0 (0.17)
Quartz 7.09 (0.16) 4.0 (0.08) 5.1(0.10) 6.1(0.12) 6.6 (0.14)
Hematite 1.4 (0.13) 1.1 (0.08) 1.0 (0.1) 1.3(0.13)  1.3(0.09)
Magnetite 0.6 (0.10) 0.2(0.06) 0.7(0.08) 05(0.09) 0.2 (0.06)
Anatase 0.2 (0.05) 0.1(0.03) 0.2(0.04) 0.1(0.04) 0.11(0.03)
Periclase 0.2 (0.10) 05(0.11)  0.3(0.08) 0.7(0.09) 0.5 (0.08)
Wollastonite 0.6 (0.46) 0.7(0.28) 0.9(0.32) 1.0(0.44)  1.0(0.33)
Pyrrhotite 0.3 (0.08) 0.4 (0.06) 0.2 (0.06)
Calcite 0.3 (0.09) 0.8 (0.11) 0.4 (0.08) 0.7 (0.09) 0.5 (0.07)
Sodalite group 36.3 (0.24) 26(014) 39 (0.15)
Table A.2.Qualitative and quantitative analysis of samplé & elevated temperature.
400C 600C 8006C 1000C
Amorphous 80.1 (0.39) 78.3 (0.48) 77.6 (0.56) 80.4 (0.43)
Mullite 10.2 (0.17) 10.5 (0.19) 9.9 (0.22) 5.9 (0.20)
Quartz 5.7 (0.11) 6.7 (0.12) 7.3(0.13) 5.7 (0.11)
Hematite 1.2 (0.11) 1.8 (0.11) 2.3(0.13) 2.6 (0.12)
Magnetite 0.8 (0.08) 0.3 (0.06) 0.4 (0.09) 0.2 (0.07)
Anatase 0.1(0.03) 0.1 (0.03) 0.2 (0.05) 0.2 (0.05)
Periclase 0.3 (0.08) 0.3 (0.09) 0.3 (0.09)
Wollastonite 1.0 (0.23) 1.1 (0.35) 1.1 (0.4) 1.1 (0.18)
Pyrrhotite 0.2 (0.07) 0.3 (0.07) 0.3 (0.08) 0.9 (0.09)
Calcite 0.4 (0.08) 0.6 (0.08) 0.3 (0.08) 0.2 (0.07)
Nepheline 0.4 (0.13) 0.7 (0.13)
Anorthoclase 2.1(0.13)
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Table A.3. Qualitative and quantitative analysis of samfle & elevated temperature.

400C 600C 800C 10006C
Amorphous 79.2 (0.32) 74.6 (0.54) 74.0 (0.43) 72.5 (0.62)
Sodalite 2.0 (0.09) 2.3(0.11) 1.3 (0.09)
Mullite 9.0 (0.15) 10.7 (0.20) 9.3 (0.17) 6.9 (0.22)
Quartz 6.2 (0.08) 7.0(0.12) 6.9 (0.1) 7.1(0.13)
Hematite 1.3(0.12) 2.1(0.11) 2.7 (0.13) 3.6 (0.13)
Magnetite 0.6 (0.08) 0.1 (0.07) 0.5 (0.09) 0.6 (0.08)
Anatase 0.2 (0.04) 0.1 (0.04) 0.1 (0.04) 0.2 (0.06)
Calcite 0.6 (0.08) 0.5 (0.09) 0.5 (0.09) 0.1 (0.07)
Periclase 0.5 (0.09) 0.8(0.1) 0.6 (0.09) 0.6 (0.11)
Wollastonite 0.4 (0.24) 1.5 (0.40) 2.3(0.18) 2.3(0.23)
Halite potassian 0.3 (0.03) 0.3 (0.03) 0.4 (0.04)
Anorthoclase 1.0 (0.12) 4.1 (0.19)
Nepheline 0.4 (0.13) 0.4 (0.16)
Leucite 1.1(0.13)

Table A.4.Qualitative and quantitati@ealysis of sample &2 at elevated temperature.

400C 600C 800C 100eC
Amorphous 75.4 (0.48) 74.0 (0.50) 71.3 (0.44) 70.3 (0.47)
Sodalite 3.8 (0.10) 3.7 (0.10) 2.9 (0.09)
Mullite 10.3 (0.19) 10.7 (0.19) 10.1 (0.18) 6.5 (0.19)
Quartz 6.4 (0.11) 6.8 (0.11) 6.8 (0.09) 7.2(0.11)
Hematite 1.3(0.12) 1.7 (0.12) 2.7 (0.13) 3.2(0.12)
Magnetite 0.5 (0.09) 0.5 (0.09) 0.6 (0.09) 0.6 (0.07)
Anatase 0.1 (0.03) 0.1 (0.03) 0.1 (0.04) 0.1 (0.05)
Calcite 0.5 (0.08) 0.5 (0.08) 0.5 (0.09) 0.2 (0.06)
Periclase 0.7 (0.10) 0.7 (0.09) 0.6 (0.09) 0.3 (0.07)
Wollastonite 1.0 (0.37) 1.1 (0.37) 2.8 (0.18) 2.8 (0.23)
Halite potassian 0.2 (0.03) 0.3 (0.04) 0.3 (0.04)
Anorthoclase 1.0(0.13) 6.6 (0.14)
Nepheline 0.3 (0.13) 0.1 (0.07)
Leucite 1.8 (0.12)
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APPENDIX B

Table B.1.Input parameters: material properties, boundary cosditid initial conditions.

Material properties T100CTAB T100SDS T60SDS
Bulk density (kg/m 3) 733 726 727
Porosity (-) 0.690 0.693 0.693
Heat capacity G (J/kg K) 730 730 730
Thermal conductivity (W/m K) 0.104 0.116 0.125
Vapour diffusion resistance factor (-) 4 4 4

Sorption isotherm

Refer Figure 5.9

Thermal conductivity, moisturedep

Refer Figure 5.10

Exterior boundary condition

Climate

Refer Figure 5.¥dllowing Eindhoven, facing soutlest

Heat resistance (n K/W)

0.0588

Short wave radiation absorptivity-) 0.68
Long wave radiation emissivity {) -
Adhering fraction of rain (-) 0.7

Interior boundary condition

Climate
Heat resistance (i K /W)

EN13788 humidity class 3, temperature 20°C
0.125

Initial condition

Initial RH (-)

0.8

Initial temperature in component (°C)

20

Fig. B.1 Moisture dependent thermal conductivityput data for calculation.
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Table B.2.Material properties used in tidependent calculations (source: WUFI database).

Plaster Gypsum
cement
lime

Bulk density (kg/m 3) 1024 850
Porosity (%) 61 65
Specific heat capacity (J/kgK) 850 850
Thermal conductivity (W/ m K) 0.179 0.2
Water Vapour Diffusion 6.1 8.3

Resistance Factor (-)

Fig. B.2. Moisture storage function of two commerezalbilable materials.

Fig. B.3. Moisture content of two commercial materials inttlyed& under one climate condition. With marked

min and max values of water content reported in ea¢h.mon
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APPENDIX C

Fig. C.1 XRD of sample a) T100SB&d b) TI00CTAB. Legend: M:Mullite; Q: Quartz; H: Hematite; A:
Anorthoclase;P: Anhydrite; S: Silicone; Ag: Augite; K: Micrdtdinklaghemite.
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Table C.1.Input parameters: material properties, boundary cosditid initial conditions.

Material properties T100CTAB T100SDS

Bulk density (kg/m 3) 733 726

Porosity (-) 0.690 0.693

Heat capacity G (J/kg K) 730 730

Thermal conductivity (W/m K) 0.104 0.116

Thermal conductivity, temp-dep Refer eq. (7.5)

Surface emissivity (-) 0.72

Pore diameter d (mm) 0.5,0.9,1.5 0.5

Shape factor sf (-) 2/3; 3/4, 415 2/3
Boundary condition, left

Heat source Refer eq. (7.3)

Heat transfer coefficient h (W/m2 K) 10

Temperature, furnace (°C) Refer Fig.7.2), ‘Furnace’ temperature from 100°C onward

Boundary condition, right

Heat sink Refer eq. (7.4)
Surface emissivity (-) 0.72
Temperature, ambient (°C) 20

Initial condition

Initial temperature in component (°C) 100

Table C.2 Data extracted from the literature used to simulat83&€re scenario.

. Thermal . Mean
Sarréple Porosity g ductivity Densng/ pore size Ref
code “) Wim K) (kg/m 3) m)

Geofoam Al 0.823 0.085 805.0 0.00222 [435]
GeoCem-

Foam A2 0.754 0.089 917.0 0.00188 [435]

GeoSiCem-

Foam A3 0.721 0.092 997.6 0.00116 [435]
Aerated

concrete B 0.81 0.133 480.0 0.00080 [434]
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APPENDIX D

Fig. D.1 SEM pictures of aggregates core part. al KRDK202; c) Na2€L; d) Na2e; e) K56L; f) K502; g)
Na561; h) Na5e.

Fig. D.2. XRD diffractograms of isitu hightemperature XRD (selected sample data) a) sbdaed
b) potassiunbasedLegendit-NephelineX-AkermaniteS-Sodiumtectoaluminosilicat&:Potassium
aluminosilicatéy-Augite;Pt-PlatinumD-Diopside,Df-Diopside ferranf -Rutile;H -Ammonium sulpée; C-
Calcium magnesium nitreftePotaassium iron phosphatePerovskite.
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SUMMARY

The construction industry has worked hard in recent yearsitmg@environmentally friendly materials,
and a growing body of literature has identified aluminodiisaie materials as a promising alternative to
Portland Cement. Simultaneously, in recent years, there hagrbegémgaemphasis on fire safety and
passivdire protection of buildings. It is expected that investments in tbe afefireproof and safe
materials will increase in the coming years. This dissertation fogesgmlymers and their parameters
that have a direct and indirect impact on behaviour undeetmigérature conditions, combining the
aforementioned environmental aspects and material functionality.

As a result, the first section reviews the literature anthesaecent advances in fly askrésestant
geopolymers. The emphasis was on several parameters suchrecusstidreactivity, composition, the

role of an activator, curing regime, and the investigationroéthanism underlying higgmperature
behaviour, the evolution of the microstructure, and the potenpielformance improvement through

the use of fibres or aggregates. The review demonsabpestahsiubased activators are better suited

for hightemperature applications and emphasises the importance of pore inteigoimeatiimising
material damage such as cracking and spalling.

The recommendations from the literature review are applied inrthelapter, and the effect of the
addition of synthetic sodalite on the behaviour of the geopolymer basedloarity potassium activator

is investigated. The morphological and compositional changes, porosity eviglatemperature gel
behaviour, and influence of sodalite on material performance after heat aypde 1000C are
investigated using a multiptealytical method. The results show that introducing 5% of the sodalite phase
significantly improves higgmperature performance by triggering phase development. The development
of a mixed KNa glass phase by the sodhgaring sodalite phases, on the other hand, lowers the glass
transition temperature. Furthermore, the presence of sodalite reteoesl shrinkage at high
temperatures, implying its role as theteigiperature backbone of the composite.

The third section (Chapt&6,7) discusses porous composites and their properties at roomated ele
temperatures. The emphasis is on creating a more sustainatyinsizdd foaming process for
geopolymers by utilising the synergistic properties of surfactantpasditiility of reducing the amount
used while improving system stability. Fotéomperature applications, studies show that a material based
on cationic Cetyltrimethylammonium Bromide and nonionic Tritb®0Xshows good hygrothermal
properties, whereas anionic Sodium Dodecyl Sulphate forms a structtrengfigtinterconnected pores.

The SD$hased mix is selected for further thermal and acoustic insulati@mdette mix is enriched

with silica aerogel (SAhe influence of the starting matesiiteos fly ash and biocoal fly ash used, as
well as the SA volume replacement of 10% and 20%, arectssiedttthe beperforming mixture in

terms of hygrothermal and acoustic properties. A geopolymer foaontzieedal fly ash enriched with
10% silica is regarded as an optimal mix design. Furthermore,ptiesvatimdifferent microstructures
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but similar bulk porosities are subjected tesm@ehigitemperature exposure up to 1400The change

in total and open porosity with depth, the cracks formation at variols, deywt the mineralogical
composition basezblely on the temperature obtained at a specific distance fraattheurce have all

been investigatedls presumed, the material with a higher proportion of open porosity performs better at
high temperatures. Due to the material's integrity being piehaing the test duration (180 minutes),

its behaviour is further simulated under standardeditions following Eurocode EN1982
recommendations, and it has been demonstrated that the 2.5 cnotgwtetipe concrete (k=180

oC ) for 93minutes.

The final section focuses on the role of aggregates in thenmpghature behaviour of a fly-asked
geopolymer, in accordance with the recommendations from the literatuve As a result, the use of
mineral wool waste in the process of manufacturing artificiahtegtiempugh the alkalitivation and
sintering route is investigated. The role of alkali cation and cunmgyaeghe aggregates' performance
consists of the core part of this investigation. The basic room temperature cheractgiiistitu high
temperature performance of the resulting aggregatstaatished. Finally, at room temperature and after
1000°C exposure, the performance of aggregates in-Bpsesth geopolymer is evaluated and compared
to sand, a commonly used aggreghtestudy reveals that manufactured aggregates have appropriate
mechanical properties and bonding behaviour and during mix design, thiocall@iysaa vital role in

the hightemperature responsiveness of aggregates.
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