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ABSTRACT

The presented research work deals with elevated temperature properties of inorganic fibrous
particles filled geopolymers when exposed to 200, 400 and 800 °C. The basalt fibrous wastes and
carbon fibrous particles (Carbiso) were chosen as source of inorganic fibrous particles due to
their less cost and better thermal resistance properties. The high energy ball milling process was
employed to prepare basalt microfibrils (BMF) and carbon microfibers (CMF) after 30 min dry
pulverization of basalt fibrous wastes and carbiso powder, respectively. The prolonged
pulverization was not continued because of rise in temperature of ball mill and sticking of
particles to the surface of milling containers. Nevertheless, the longer grinding of carbiso powder
showed less sticking tendency as compared to basalt fibrous wastes. Later, the milled particles
were incorporated under 5, 10 and 15 wt % loading into geopolymers synthesized from calcined
kaolin and shale clay residues. The prepared BMF/geopolymer composites or CMF/geopolymer
composites were then evaluated for physical properties, micro-structural analysis and
compression strength before and after exposure to elevated temperatures. As compared to BMF,
the addition of CMF was found to maintain compact structure of geopolymers at elevated
temperature exposures. This behavior was attributed to effective pore filling ability and better
thermo-chemical resistance of CMF as compared to BMF. The geopolymer composite of 10 wt
% BMF depicted the maximum compressive strengths of 34 MPa, 42 MPa, 23 MPa and 16 MPa
at 30 °C, 200 °C, 400 °C and 800 °C, respectively. On the other hand, the maximum compressive
strengths of 44 MPa, 49 MPa, 30 MPa and 21 MPa was recorded for the geopolymer composite
of 10 wt % CMF at 30 °C, 200 °C, 400 °C and 800 °C, respectively. This indicated greater
decrease in thermal stresses as well as more restriction on swelling of unreacted precursor phases

after addition of CMF than BMF. Furthermore, the geopolymers filled by BMF and CMF



showed higher compression strength values than the previously reported results on neat OPC
when exposed to 800 °C. The 5, 10 and 15 wt% BMF filled geopolymers showed 22 %, 42 %,
and 34 % increase over OPC respectively, whereas 5, 10 and 15 wt% CMF filled geopolymers

showed 76 %, 88 % and 112 % increase over OPC respectively.

Keywords: Filled geopolymers, Basalt microfibrils, Carbon microfibers, Geopolymer

composites, Compressive strength, Pore-filling ability, Thermal resistance



ABSTRAKT

Predlozena prace se zabyvd chovanimgeopolymerti plnénych anorganickymi vlakennymi
Gasticemi pii zvySené teploté 200, 400 a 800 °C. Ceditovy vlaknity odpad Pro vybér
anorganickych plniv byl zohlednén pozadavek zvysené tepelné odolnosti pii pfijatelné cené a
moznosti mechanického zjemiovani. Byly vybrany castice na bazi CediCového vldknitého
odpadu auhlikové vldkenné castice (Carbiso). Pro piipravu Cedicovych mikrofibril (BMF) a
uhlikovych mikrovlaken (CMF) bylo pouzito vysoce energetické mleti za sucha v kulovém
mlynku. Doba mleti 30 min. byla specifikovana s ohledem na omezeni vzrustu teploty mlynku a
zabranéni lepivosti mletych ¢astic na jeho vnitini povrch. Byly syntetizovanygeopolymery z
kalcinovaného kaolinu a biidlicového jilu s obsahem mletych ¢astic BMF a CMF v rozmezi 5, 10
a 15% hmotnostnich procent. Takto pfipravené kompozitni materidly geopolymer/CMF a
geopolymer/BMF byly charakterizovany pomoci fyzikalnich vlastnosti, mikrostrukturni analyzy
a pevnosti v tlaku pfed a po vystaveni zvySenym teplotam. Bylo zjiSténo, ze piidani CMF
udrzuje 1épe kompaktni strukturu kompozitnich materiali pti zvySenych teplotnich expozicich
nez piidani BMF. Tento rozdil v chovani obou plniv souvisi s jejich schopnosti efektivné plnit
pory a termo chemickou degradaci BFM za vysokych teplot. Kompozit s obsahem 10
hmotnostnich procent BMF docilil pevnost tlaku 34 MPa, 42 MPa, 23 MPa and 16 MPa pii
teplotach 30 °C, 200 °C, 400 °C and 800 °C, Kompozit s obsahem 10 hmotnostnich procent CMF
docilil pevnost v tlaku 44 MPa, 49 MPa, 30 MPa a 21 MPa pii teplotach 30 °C, 200 °C, 400 °C a
800 °C. Je patrné, e pridavek anorganickych vlaknitych &astic piispiva ke sniZeni tepelného
napéti a omezuje bobtndni nezreagované faze prekurzoru. Geopolymrey plnéné obéma typy
¢astic vykazovaly zvySené hodnoty pevnosti v tlaku v porovnani s geopolymery bez obsahu

asticovych plniv pii teploté 800 °C. Geopolymery s obsahem 5, 10 a 15 hmotnostnich procent



BMF vykazovaly 22 %, 42 %, a 34 % narust pevnosti v tlaku ve srovnani s geopolymery bez
obsahu ¢asticovych plniv. Geopolymery s obsahem 5, 10 a 15 hmotnostnich procent CMF
vykazovaly 76 %, 88 % and 112 % nartst pevnosti v tlaku ve srovnani s geopolymery bez
obsahu ¢asticovych plniv.

Kli¢ova slova: Plnéné geopolymery, cediCova mikrovlakna, Uhlikova mikrovlakna,

Geopolymerni kompozity, Pevnost v tlaku, Schopnost plnéni pért, Tepelna odolnost
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1 CHAPTER: INTRODUCTION

There has been an increased environmental concern related to manufacture of ordinary
Portland cement (OPC) as it results in significant release of CO,, rapid depletion of landscape,
dust production during transport, and generation of noise, etc [1-4]. Moreover, OPC has shown
inferior performance in sulphate or acid environment due to easy dissolution of calcium
compounds [5]. As a result, the research over alternative OPC binders gained importance to
achieve environmental sustainability and durability in construction and building industry [1,6].
For the first time in 1939, Feret carried out the activation of ground blast furnace slags with
sodium hydroxide solutions to produce cementitious materials suitable for concrete production
[7]. Later on, number of studies was performed to develop alkali-activated cements (see Table
1), which were mentioned in literature with different terminologies such as ‘geopolymers’,
‘mineral polymers’, ‘geocements’, ‘inorganic polymers’, ‘inorganic polymer glasses’, ‘alkali-
bonded ceramics’, ‘alkali ash material’, ‘soil cements’, ‘hydroceramics’, etc [8]. In 1970, Joseph
Davidovits coined the term ‘geopolymer’ to a class of solid materials synthesized by the reaction
of an aluminosilicate powder with an alkaline solution [9]. Geopolymer is considered as the third
generation cement after lime and OPC, and it is now emerged as an alternative to OPC due to
superior durability and environmental performance [10]. Figure 1 shows geopolymers to be part

of the alkali activated family of cementitious materials, characterized by low calcium content.



Table 1. History of developments of alkali-activated cements [10].

Author Year Significance
Feret 1939 Slags used for cement
Purdon 1940 Alkali—slag combinations
Glukhovsky 1959 Theoretical basis and development of alkaline cements
Glukhovsky 1965 First called “alkaline cements”
Davidovits 1979 “Geopolymer” term
Malinowski 1979 Ancient aqueducts characterized
Forss 1983 F-cement (slag—alkali—superplasticizer)
Langton and Roy 1984 Ancient building materials characterized
Davidovits 1985 Patent of “Pyrament” cement
Krivenko 1986 DSc thesis, R,0-RO-SiO,—H,0
Malolepsy and Petri 1986 Activation of synthetic melilite slags
Malek et al. 1986 Slag cement-low level radioactive wastes forms
Davidovits 1987 Ancient and modern concretes compared
Deja and Malolepsy 1989 Resistance to chlorides shown
Kaushal et al. 1989 | Adiabatic cured nuclear wastes forms from alkaline mixtures
Roy and Langton 1989 Ancient concretes analogs
Majundar et al. 1989 C12A7-slag activation
Talling 1989 Alkali-activated slag
Wu et al. 1990 Activation of slag cement
Roy et al. 1991 Rapid setting alkali-activated cements
Roy and Silsbee 1992 Alkali-activated cements: an overview




Palomo and Glasser 1992 CBC with metakaolin
Roy and Malek 1993 Slag cement
Glukhovsky 1994 Ancient, modern and future concretes
Krivenko 1994 Alkaline cements
Wang and Scivener 1995 Slag and alkali-activated microstructure
Shi 1996 Strength, pore structure, permeability of alkali-activated slag
Fernandez-Jiménez 1997 Kinetic studies of alkali-activated slag cements
Katz 1998 Microstructure of alkali-activated fly ash
Davidovits 1999 Chemistry of geopolymeric systems, technology
Roy 1999 Opportunities and challenges of alkali-activated cements
Palomo 1999 Alkali-activated fly ash — a cement for the future
Gong and Yang 2000 Alkali-activated red mud-slag cement
Puertas 2000 Alkali-activated fly ash/slag cement
Bakharev 2001 Alkali-activated slag concrete
Palomo and Palacios | 2003 Immobilization of hazardous wastes
Grutzeck 2004 Zeolite formation
Sun 2006 Sialite technology
Duxson 2007 Geopolymer technology: the current state of the art
Hajimohammadi 2008 One-part geopolymer
Provis and Deventer 2009 | Geopolymers: structure, properties and industrial applications
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Figure 1. Relationship of geopolymers with Portland and other cements [7,11].

Compared to the traditional OPC, the geopolymers have following advantages [1,12-14].

a)

b)

d)

Excellent mechanical property. It results from the presence of three-dimensional
network structure and framework of [Si — O — Al — O], in geopolymers [15].

High durability. It results from the presence of inorganic materials containing massive
zeolite-like minerals, such as sodalite [Na,(Si— O — Al — 0 —),], analcime [(Na, Ca,
Mg),(Si— 0 — Al— 0 —),], etc [13].

Good chemical, fire and thermal resistance. It results from the acid resistance of Si — O
and Al — O bonds, high temperature stability of oxide network structure and low thermal
conductivity (0.24-0.38 W/(m-K)) values [14].

Fast curing speed and high interfacial binding force. It results from the rapid gel
formation and early dehydration process [1,16].

Low cost and extensive sources. Relevant minerals are readily available, inexpensive and
can be obtained from industrial wastes. Their contents in the earth's crust are 26.3%

silicon, 7.73% aluminum and 48.6% oxygen [17,18].



f)

9)

h)

Potential application of special structure. The silicon tetrahedral (Si(OH);) and
aluminum tetrahedral (AI(OH)Z;) form ring chain structures, which eventually results in
multifunctional application (i.e. building materials processing, nuclear waste
disposal, heavy metal immobilization and novel inorganic membrane manufacture)
[19,20].

Low resource consumption and low CO;emission. Compared to traditional cement
manufacture, the production of geopolymer saves 80% energy and reduces around 50-80
% CO, emissions [15,21].

Wide variety of potential applications. Thermal shock refractories, Fire resistant
materials, thermal insulation, low energy ceramic tiles, high-tech composites for aircraft
interior and automobile, refractory items, decorative stone artifacts, bio-technologies
(materials for medical applications), high-tech resin systems, composites for
infrastructures repair and strengthening, cements and concretes, low-tech building
materials, cultural heritage, radioactive and toxic waste containment, archaeology and

history of sciences, arts and decoration, foundry industry [19].



2 CHAPTER: THESIS SIGNIFICANCE, SCOPE AND OBJECTIVES

Geopolymers-based materials are very attractive in construction industry as green
concrete due to their corrosion resistance, cost efficiency, low permeability, low density, low
shrinkage, rapid strength gain rate, chemical stability and freeze-thaw resistance, etc [22].
However, they have certain limitations over OPC. Geopolymers tend to be brittle, vulnerable to
crack formation and undergo catastrophic failure because of their cross-linked structure [23]. The
inclusion of different fibers have shown to be effective in controlling crack propagation and
enhancing the fracture energy of geopolymers, but the mechanical properties of geopolymers
were found inadequate and non-consistent while exposed to elevated temperatures [24,25].
During fire accidents, various fibers fail in providing effective reinforcements owing to lack of
durability and structural strength at higher temperature. Furthermore, the thermal expansion
mismatch between fiber and matrix can introduce thermal fatigue and stresses, and therefore
affect the lifetime and dimensional stability of the composites [8,26]. Moreover, the destruction
of geopolymers can occur during the fire exposure due to evaporation of water adsorbed by N-A-
S-H gel, formation of anhydrous products, crystallization of stable anhydrous phases and melting
[27] (see Figure 2). Hence, more research is necessary to identify alternative fibers which have
better thermal resistance and sustain higher residual mechanical properties while exposed to

elevated temperature [28].

Dehydration
125-160 °C
_—

M, [-(Si0,), — AlO],. wH,0 M, [-(Si0,), — AlO],,

Geopolymer Anhydrous product

Crystallization Aboveﬁoo °C
— o R i i
M, [—(Si0,), — AlO], —22=8%°C; Na,0. AL, 0,. 25i0, ——~ 0% Na,0. Al,05. 25i0,
Anhydrous product (Nepheline) (Albite)
Figure 2. Geopolymer phase transformation during fire [27].

6



Many researchers studied the mechanical properties of glass fiber reinforced geopolymer
mortar at high temperatures, whereas only few studies were reported on the basalt fibers [29,30].
The basalt fibers are easy to process, non-toxic, natural, eco-friendly and inexpensive as
compared to other inorganic fibers. They are prepared from volcanic rocks produced from frozen
lava, with a melting temperature comprised between 1500 and 1700 °C. They have extremely
good modulus, high strength, improved strain to failure, high temperature resistance, excellent
stability, good chemical resistance and reduced thermal and electrical conductivity [31,32].
Various researches reported on continuous basalt fabric or basalt fiber as a strengthening
material for cementitious concrete structures, though there are confined studies on the
consequence of short basalt fibers on the properties of geopolymers. In recent times, carbon
materials are treated as a potential candidate for reinforcement of geopolymers while exposed to
higher temperature because of their remarkable thermal, mechanical and electrical properties
[33,34]. For this purpose, graphene, carbon nanofibers, carbon nanotubes etc were examined for
enhancing the strength and ductility of geopolymer composites [35]. Furthermore, only some
researchers also suggested the use of economical micro-size carbonized coconut shell, hemp
hurds and bamboo particles particles over carbon nanotubes owing to their easier handling [36].
However, no research work is reported on the elevated temperature properties of carbiso particles
filled geopolymers. The carbiso are 100 um milled inexpensive carbon particles obtained from
recycled carbon fibrous wastes.

The thesis systematically investigated the effects of incorporation of inexpensive
inorganic microfibers (basalt microfibrils and carbon microfibers) on the structure and thermal
evolution of geopolymers synthesized from metakaoline. The high energy ball milling process

was employed to pulverize basalt fibrous wastes and carbiso into BMF and CMF, respectively.



Thereafter, the geopolymer composites were prepared by addition of 5, 10 and 15 wt% of BMF
or CMF into metakaoline based geopolymers. The effect of BMF and CMF was separately
studied on the change in microstructure, mechanical properties and toughening mechanisms of
geopolymers after exposure to the elevated temperatures of 200°C, 400°C and 800°C. In
particular, the following objectives were studied in detail
a) Effect of ball milling time on particle size distribution of BMF and CMF
b) Characterization of microstructure of geopolymer composites by SEM, EDS, Image
analysis, XRD, TGA
c) Characterization of mechanical properties of geopolymer composites by measurement of
compression strength, hardness, density, etc.
d) Evaluation of elevated temperature properties of geopolymer composites
e) Study of pore-filling ability of basalt microfibrils and carbon microfibers in geopolymer
composites when exposed to elevated temperatures
f) Comparison of elevated temperature performance of geopolymer composites over

previously reported traditional OPC based construction materials



3 CHAPTER: LITERATURE REVIEW

3.1 Geopolymer

Geopolymers are aluminosilicate materials with three-dimensional amorphous
microstructure [6,37]. The natural minerals (i.e. metakaoline, laterite, and illite smectite clays) or
industrial and agricultural waste materials (i.e. fly ash, sludge and rice husk ash) have been used
as source of aluminosilicate for geopolymer preparation [8]. The fabrication of geopolymer using

alkaline solution and aluminosilicate materials can be seen from Figure 3.

Alumina- and silica- Alkali source
containing sohd precursor Sodium or potassium
hydroxide, Silicate or mix of
4 them

Sodium hydroxide

Sodium Silicate

Use one of this
melatrails

l

s —“—> Mix Design With aggregates and
Aggregates A

Mix and curing in Akaline solution

oven/ambient

Figure 3. Steps in geopolymer production [6].

Figure 4 shows the structural model of the geopolymer, where the Al, H, Na, O and Si

atoms are showed in silver, beige, yellow, red and blue, respectively. The polymerization of



silicon and aluminum tetrahedra precursors with the alkali or alkaline earth metal cations was
reported to provide the charge balancing to the AI(IV) co-ordinated anion [38]. The oxides of
aluminium and silicon minerals or aluminosilicates reacted with alkaline solution to make
polymeric Si—-O-Al bonds throughout the geopolymerization [39]. Later, the ‘sialate’
nomenclature was introduced by Davidovits to describe aluminosilicate structures according to
their Si/Al ratio, with a ratio of 1.0 being a poly(sialate), 2.0 being a poly(sialate-siloxo), and 3.0
a poly(sialate-disiloxo) (see Figure 5) [40]. The linkage type Si-O-Si was named a siloxo bond,
and Si-O-Al a sialate bond. The empirical formula of Poly(sialates) is as follow: Mn-SiOy;-
AlO2,,WwH,0, where z is the Si/Al molar ratio, M is an alkali cation, n is the polymerization

degree, and w is the water content [41].
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Figure 4. Structural model for geopolymers [38].
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Figure 5. Poly(sialates) structures [41,42].

3.2 Mechanism of geopolymerization

The geopolymer preparation constitutes the reaction series between alkali sources and the
solid precursors, and includes dissolution, precipitation, reorganization, gelation and
polycondensation steps [38]. The simplified reaction mechanism for geopolymer preparation
according to Duxson et al. can be seen from Figure 6(a). When the precursor and the alkali
activator come in contact, the amorphous components (silicates and aluminates) of the precursor
dissolve and inter-react to form an aluminosilicate gel. At first, aluminum-rich gel (Gel 1) is
formed due to rapid dissolution of the reactive aluminum than the silicon. However, when more
silicon dissolves in the later stage, the gel structure is reorganized to form the zeolite precursor
gel (Gel 2). The gel 2 is more stable than the gel 1 due to formation of Si-O bonds than Al-O
bonds. The reorganization processes continue and result in formation of some crystallized zeolite
(i.e. solid mass similar to the hydration of OPC) [6]. Similary, Glukhovsky described the

mechanism of alkali-activation as conjoined reactions of destruction—condensation, that include
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the destruction of the prime material into low stable structural units, their interaction with

coagulation structures and the creation of condensation structures (see Figure 6(b)) [10].
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Figure 6. Mechanism of geopolymerization

Davidovits suggested geopolymer preparation as an exothermic process, where the
synthesis was performed through oligomers (dimer, trimer) to give the actual unit structures of
the three-dimensional macromolecular edifices (see Figure 7). The synthesis of geopolymers is
governed by a polycondensation reaction between silica and alumina precursors, where a partial
substitution of Si** with AI** takes place, subsequently a complete ionic-balance with the Na*/K*
of the NaOH/KOH (alkaline activator) [43]. The formation of enlarged Al-O-Si network results
in high bond strength of ~3.02 kJ/mol due to some extent covalent bonds linked with the Si-O,
Al-O and highly ionic Na-O pairs present in geopolymers [43]. The consequent network can give

considerable structural strength (i.e. 30 MPa) at room temperature after ~24 h of synthesis of
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geopolymers. Moreover, the presence of Calcium (~3 wt%) in geopolymers enables its ambient
temperature curing, and therefore allows cleaner production compared to other ceramics [44].
Table 2 illustrates the chemical reactions during the typical steps of aluminosilicate framework

transformation to geopolymer solid structure [44].

n (81205, A202) + 2nSiO2 + 4nH20 — n (OH)-Si-O-A19-0-Si~(OH)
|
(CH)

(Geopolymer Precursor)

| I |
n (OH)%-Si—0-AlO-0-Si~(OH)s — (Na*, K*)(-Si-0-Al-0-Si-0-) + 4nH20

| | I |
(OH) o O o

(Geopolymer Backbone)

Figure 7. Aluminosilicate framework transformation to geopolymer solid structure [45,46].

Table 2. Chemical reactions of transformation of aluminosilicate materials to geopolymers [44].

Geopolymer
Reaction stage Reaction mechanism
phase

n(Si,0s, Al,O;) + NH,0 + NaOH/KOH —
poly(sialate)

Aluminosilicate dissolution and n(OH);-Si-O-Al(OH); + Na*/K*
separation into alumina and silicate n(Si,0Os,
Poly(sialate-
ends Al;0,) + nSiO; + nH,0 + NaOH/KOH —
siloxo)

n(OH)3-Si-0-Al-0-Si-(OH); + Na*/K*

n(OH);3-Si-O-Al(OH); + NaOH/KOH —
Poly(sialate)
(Na*/K*)-(Si -O-Al-0-)n + nH,0

Polycondensation/polymerization n(OH)s-Si-O-Al"-O-Si-
Poly(sialate-
(OH)3 + NaOH/KOH — (Na'/K™")-(Si -O-
siloxo)
Al'-O-Si*-O-), + nH,0
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3.3 Geopolymer performance

The strength of geopolymers rely on amorphous nature of geopolymers, distribution of
undissolved AI-Si particle sizes, ratio of gel phase/undissolved AI-Si particles, gel phase
strength and surface reaction between undissolved Al-Si particles and gel phase [47,48]. The
development of compression strength depends on the molar Si/Al ratio during alkaline
dissolution of the individual minerals [49]. Wang have reported increase in the compressive
strength with the increase of sodium hydroxide concentration [50], which was ascribed to the
improved dissolution of the metakaolinite particulates and thus the accelerated condensation of
the monomer in the presence of higher sodium hydroxide concentration. Previous studies
recorded the higher strength values when the ratios SiO,/Al,03 and Na,O/Al,O3; were 3.0-3.8
and about 1, respectively [51]. In general, the properties and the structure of geopolymers can be
elucidated by difference in the source Si/Al amorphous molar ratio, alkali metal cation type and
concentration, water content and curing regime used in the geopolymer synthesis [7].

Role of precursors. For development of stable geopolymer, the source materials should
be extremely amorphous and have low water demand, sufficient reactive glassy content and be
capable of release aluminum easily [8]. The geopolymers prepared from different aluminosilicate
sources show different chemical properties and microstructures due to change in chemical make-
up, fineness, morphology, glassy phase content and mineralogical composition [8]. The
metakaoline based geopolymer provides permeability, better strength, etc. But, it has drawbacks
of poor rheological properties by reason of complex processing, plate shaped morphology,
accelerated hydration reactions, higher water demand and more heat evolved at early ages [52].

Conversely, metakaoline-based geopolymer is less stronger and durable than that of fly ash-
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based geopolymer. But, fly ash-based geopolymer has also disadvantages such as slow strength
development, low early-age strength, extended setting times, construction delay, complexities to
use in cold weather concreting, etc [27]. The benefits of slag-based geopolymer are better acid
resistance and great early strength than those of fly-ash and metakaoline-based systems. Though,
the slag being by-product of the ore refinement process, it is not easily obtainable. Moreover, the
harder nature of slag requires frequent maintenance of equipments and costly processing than
metakaoline and fly ash [53,54].

Role of alkali metals. Alkaline solutions are used for activation of the source materials
during geopolymerization process. The combination of potassium silicate (K,SiO3) or
sodium silicate (Na,SiO3) and potassium hydroxide (KOH) or sodium hydroxide (NaOH) is
commonly employed as alkali activator [55]. When the alkali activator contained soluble silicate
compared to the only use of alkaline hydroxides, the higher rate of geopolymerization reaction
was found [55]. Compared to NaOH, KOH showed a greater level of alkalinity and therefore
allowed higher rates of silicate dissolution. The size of the cation was reported to affect the
eventual crystal morphology, where K* provided higher degree of condensation as compared to
Na® under the same conditions [49]. The smaller hydration sphere of K* than Na* allowed more
dense and intimate polycondensation reactions and hence increased overall strength of the matrix
[56].

Constituents effect. The SiO,/Al,Os ratio, R,O/Al,O; ratio, SiO»/R,0 ratio (R=Na’ or
K™ and liquid—solid ratio are the most important factors to affect the properties of geopolymer
pastes [57,58]. The formation of crystalline zeolite (NagsAlgsSresO384216H,0) was reported
when geopolymer activated with NaOH alone with Si/Na of 4/4 or less, whereas at a ratio >4/4

nanosized crystals of another zeolite (Nag[AlSiO4)e-4H,0) were formed. The optimum
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geopolymer strength was obtained with SiO,/Al,O3ratio in the range of 3.0-3.8 and
Na,O/Al,O3 ratio of ~1. Another study reported increase in the setting time of geopolymer
pastes with increase in SiO,/Al,O5 ratio [27]. The significance of SiO,/R,0 ratio indicated the
increase in compressive strength of geopolymers with increase in alkali content or decrease in
silicate content [59].

Curing conditions. The number of studies has been devoted to the effect of different
curing conditions on the properties of geopolymer pastes. The curing for longer periods of time
at elevated temperature weakened the geopolymer structure due to substantial loss of moisture in
geopolymers. This suggested that little amounts of structural water need to be retained to
maintain structural integrity and eliminate cracking of geopolymers [60]. For fly ash based
geopolymers, the prolonged curing at elevated temperatures destructed the gel structure of the
geopolymer synthesis, resulting in excessive shrinkage and dehydration, while long precuring at
room temperature was found beneficial for strength development. In another study, the curing of
metakaoline-based geopolymers at ambient temperature was not feasible, while increase in
temperature (40 °C, 60 °C, 80 °C, 100 °C) favored the strength gain after 1-3 days [61].
Similarly, another researcher reported that curing of metakaoline based geopolymer at elevated
temperature (40-80 °C) accelerated the strength development, however realized deterioration in
mechanical properties after 28 days in comparison with results obtained for an ambient
temperature [62]. The later age failure of samples when cured at higher temperature for a longer
period of time was attributed to the thermolysis of —Si—O-Al-O— bond. Almost all studies have
mentioned adequate curing of geopolymeric materials to achieve optimal durability and

mechanical performance [27].
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C-S-H phase effect. The C-S-H phase effect has importance on the early age strength
development of geopolymers. The strength of metakaoin/slag blends geopolymers was increased
which was attributed to the presence of both aluminosilicate gel (N-A-S-H) and C-S-H phase
[63]. Though, by addition of natural calcium silicate minerals at lower alkalinity, the little
dissolution of calcium occurred to result in less C-S-H gel formation and less strength [64]. The
hardening in fly ash/slag geopolymer combined with potassium silicate and potassium hydroxide
was ascribed to C-S-H/C-A-S-H formation. Further, the effective increase in compressive
strength was reported due to slower dissolution rate of calcium ions [65].

Effect of admixtures. The admixtures can act as retarders or accelerators for the
geopolymerization reaction. The sucrose was reported to act as retarder as it was absorbed by Al,
Fe and Ca ions to form insoluble metal complexes, whereas citric acid acted as an accelerator
deceasing the setting time by 9 and 16 min, respectively [66]. The retarding effect of
superplasticizer was studied in fly ash/slag blended system where polycarboxylate based
superplasticizer showed significant improvement in workability compared to naphthalene based

superplasticizer [27,67].

3.4 Elevated temperature properties of geopolymers

Effect of fibers. The benefits of geopolymers as ideal matrix for fiber-reinforced system in
high-temperature applications have been investigated in number of previous studies. Various
inorganic and organic fibers have been added into geopolymers to enhance its fire resistance e.g.
PVA fibers, SiC fibers, basalt fibers, steel fibers, etc [68—71]. For instance Lyon et al. performed
study on potassium aluminosilicate geopolymers at extended exposure to simulated fires and
reported to retain 63% of the initial 245 MPa flexural strength after reinforcement with carbon

fabrics [54]. On the other side, all other systems examined for comparative purposes (carbon- or
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glass-fabric reinforced epoxy, polyimide, polyester, bismaleimide, vinyl ester, cyanate ester,
phenolic, and engineering thermoplastics) ignited and began to produce heat and smoke in less
than 30 min [72,73]. Similarly, Zhang et al. found excellent mechanical behavior of 2% carbon
fiber reinforced geopolymer containing 50% fly-ash and 50% metakaoline at 500 °C [74]. Masi
et al. reported better mechanical properties of basalt fiber reinforced geopolymer at elevated
temperatures than its PVA fiber reinforced counterpart [43]. Alomayri et al researched on carbon
and cotton fibers reinforced geopolymer composites at elevated temperatures [75]. Dylmar and
Clelio investigated the impact of the volume percentage of the fibers on the rupture strength of
geopolymer concretes reinforced with basalt fibers. Wang, and Zhou looked at the high-
temperature behavior geopolymers with fiber loading of 20% by exposure 1000, 1100, 1200,
1300, and 1400 °C in an argon atmosphere for 90 min. They reported effective filling of oval
pores, increase in relative density from 79% to 93%, increase in compressive strength by 35% at
room temperature, and increase in flexural strength by up to 20% at elevated temperatures [76].
Zhao et al. examined stainless steel meshes constructed from 60 um diameter fibers infiltrated by
K,SiO3 activated quartz/corundum geopolymers. They reported that the addition of 10% of
Al,O3 fibers did not show ductile behavior in pure geopolymers, but found enhancements in the
flexural strengths of the samples that contained the stainless steel mesh [69]. The authors Kriven,
Bell, and Gordon described soluble-silicate activated metakaoline geopolymer reinforced with
chopped basalt fibers (10 um diameter, 4 mm length) for use in glass refractories [77]. They
found loss of workability by addition of 5% of basalt fiber. Pernica et al. used 70% and 55% of
alkali-resistant glass and carbon fibers, respectively in a metakaoline geopolymer and found drop
in composite stiffness and flexural strength by roughly 25% and 50%, respectively, when the

tests were done above 150 °C [78].
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Effect of fillers. Besides fibers, various granular fillers have been also used in geopolymer
matrix to improve its fire resistance e.g. silica sand, calcite and dolomite sand, grinded electrical
porcelain, grinded high-alumina refractory brick, a-Al203powder, a-quartz sand and fine
alumina powder, chamotte powder, kyanite (nesosilicate) aggregates, cordierite powder, burned
clay, expanded clay, quartz fume, etc [79-84]. The author Tie Song Lin et al. studied the effects
of heat treatment temperatures up to 1200 °C on the thermal-mechanical properties of short
carbon fiber preform reinforced geopolymer composites consisting of different contents of a-
Al,Os fillers [85]. They found no improvement in the mechanical properties of composites at
room temperature, however certain improvements at high temperature by addition of a-Al,O3
particles. The minimum values of flexural strength and fracture work of the composites was

observed in the temperature range of 600—800 °C (See Figure 8).
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Figure 8. Flexural strength (a) and fracture work (b) of a-Al,Os/geopolymer composites after

exposure to different temperatures [85].

In other study, Bernal et al. investigated the mechanical performance of metakaoline-
based geopolymers reinforced with refractory aluminosilicate particles and fibers after exposure
to elevated temperatures (Figure 9). The addition of refractory particles, without as well as with

additional refractory fibers, was found to promote the enhanced post-exposure compressive
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strength at 600 °C and 1000 °C. The incorporation of fibers contributed further to the
enhancement of the residual compressive strength after exposure to high temperatures. On the
contrary, 84% reduction in the compressive strength was observed for the specimens of neat

geopolymers when exposed to elevated temperatures [86].
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Figure 9. Compressive strengths of (a) unreinforced geopolymer matrices, (b) particle reinforced

and (c) particle-fiber reinforced geopolymer composites [86].

Hemra and Aungkavattana (2016) studied the compressive strength of cordierite-
metakaoline based geopolymer composites and reported to reach 15 cycles of thermal shock test

without cracking of geopolymer composites when 50 wt% cordierite were added (Figure 10)

[84],
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Figure 10. Compressive strength of cordierite/geopolymer composites at 800 °C [84]

Another study investigated the possibility of using 0% to 30% quartz powder to upgrade
the compressive strength as well as the workability of alkali-activated metakaoline paste before
and after treatment to elevated temperatures (Figure 11). They reported 1.04 folds enhancement
in residual compressive strength value at 400 °C, 600 °C, 800 °C and 1000 °C by addition of

only 5% quartz powder, whereas 1.21 folds for 30% quartz powder content [87].
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Figure 11. Compressive strength of quartz powder/geopolymer composites [11,87].

Figure 12 presented another study on geopolymer binders made from metakaoline and fly
ash blend. It showed highest bending and compressive strength after exposure to 500 °C for the

specimens of 50% metakaoline and 50% fly ash [88].
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In Figure 13, the study investigated the thermo mechanical behavior of geopolymer
matrices composed by metakaoline, silica fume and blast furnace slag. Utilization of various
aggregates was studied by substitution natural sand with chamotte. The presence of blast furnace
slag in the geopolymer mixture considerably increased its mechanical response, whereas the
incorporation of silica fume showed inferior performance. Furthermore, the substitution of sand
with chamotte resulted in better compatibility above 500°C. In aggressive temperature
environments, the chamotte reinforced matrix showed that the greatest mechanical performance

achieving 19.82 MPa at 1000 °C [89].
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Figure 13. Compressive strength of the metakaoline geopolymers after addition of silica fume,

blast furnace slag and chamotte [89].
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4 CHAPTER: RESEARCH METHODOLOGY

4.1 Materials

The recycled carbon materials under trade name carbiso mil 100 p were purchased from
Easy composites, UK, whereas the short basalt fibrous waste was obtained from the VEBA
Industries, Czech Republic. The basalt fibers had density of 2650 kg/m® initial modulus of 95
GPa, tensile strength of 4 GPa, elongation at break of 3 % and water absorption of less than 0.5
%. The chemical composition of basalt fibers as measured from elemental analysis is shown in
Table 3.

Table 3.Elemental analysis of basalt fibers

Element | Oxygen | Sodium | Magnesium | Aluminum | Silicon | Potassium | Calcium | Iron

Weight
42.41 0.56 1.04 5.39 14.79 0.97 5.72 10.27
%

The Baucis L110 alumino-silicate geopolymer binder based on metakaolin was obtained
from Ceske Lupkove Zavody, Czech Republic along with sodium alkali activator. The
metakaolin geopolymer was synthesized from calcined kaolin and shale clay residues with Si/Al
ratio of 2.0. The kaolin was mainly composed of kaolinite with small amounts of quartz, whereas
shale clay was composed of kaolinite with low amount of quartz and anatase. At first, kaolin and
shale clay were passed in rotary klin to result in 30-70% loss of kaolinitic structure due to
dehydroxylation. Later, it was converted to metakaolin by additional calcinations at 750 °C for
10 h in bath oven. The chemical composition of the metakaolin geopolymer was as follows
(wt.%): SiO, 47, Al,03 24, LOI 0.5, Fe,0O5 0.50, TiO; 0.8, MgO 3.5, K0 0.40, CaO 17.50. The
mean particle size (d50) was 5 um. The sodium alkali activator was mixture of Na,SiO3 and

NaOH.
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4.2 Geopolymerization of metakaoline

Kaolinite has 1:1 uncharged dioctahedral layer structure with a chemical formula of
Al,032Si02°2H,0 [90]. This layer comprises of (Si,Os),>~ sheet and the AI(OH); (gibbsite)
sheet linked together by sharing oxygen atoms by van der Waals and hydrogen bonds as shown
in Figure 14 [90]. As the near zero charges restricted the exchange of ion when attacked with
alkali reactant, the chemical attack of kaolinite layers started from the surface edge and slowly
penetrated inside the structure layer by layer (see Figure 15) [19]. This becomes the main factor
that causes the low strength performance of most clay-based geopolymers. Therefore, metakaolin
rather than kaolinite as a starting material is advantageous (i.e. high reactivity and purity) to have
better compressive strength, high surface area, and voluminous porous surfaces of geopolymers.
From Figure 16, the formation of Al-substituted silicate layers in metakaoline can be seen after

the attack by NaOH solution [91].

Figure 14. (a) Structure of kaolinite and (b) microstructure of kaolinite [92].
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Figure 16. Geopolymerization of metakaolin with NaOH solution [93].

4.3 Preparation of carbon and basalt micro fibers

ultrasonic probe before characterization.

The short basalt fibrous waste was dipped in acetone for 24 h to remove the surface finish
and impurities. For preparation of carbon and basalt microfibers, 30 min dry grinding was carried
out by high-energy planetary ball mill of Fritsch Pulverisette 7, Germany in a sintered corundum
container of 80 ml capacity using zirconium balls of 10 mm diameter [94,95]. The ball to
material ratio was kept at 10:1 and the speed was kept at 850 rpm. Later, Malvern zetasizer nano
series based on dynamic light scattering principle of Brownian motion of particles was employed
to characterize the particle size distribution of dry milled carbon/basalt particles. Deionized

water was used as dispersion medium and it was ultrasonicated for 5 min with bandelin
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observed on scanning electron microscope (SEM) of Hitachi-model TM-3000 at accelerated

voltage of 15 kV.

4.4 Preparation of geopolymer composites

The four parts of sodium alkali activator and five parts of metakaoline based geopolymer
were manually mixed for 10 min to ensure homogeneous preparation of geopolymer binders. For
preparation of geopolymer composites, the carbon and basalt microfibers were initially pre-dried
for 60 min at 70 °C in an oven. Next, both carbon/basalt micro fibers were added into the
prepared geopolymer binder separately at 5 wt %, 10 wt % and 15 wt % loading. The mixing was
homogeneously done in Hobart mixer for 5 min. Subsequently, the fresh prepared composite
mortar was poured into 40 mm cubic-shaped moulds, vibrated for 2 minutes on the vibration
table to remove air voids and wrapped using a thin plastic sheet to prevent water evaporation.
The wrapped samples were demolded after 24 h of casting and then cured at room temperature

(20 + 2 °C) and a relative humidity of (70 + 10 %) for 28 days.

4.5 Exposure to elevated temperature

The prepared geopolymer composites were exposed to elevated temperatures of 200, 400
and 800 °C at age of 28 days. The specimens were placed into a furnace (Elektrické Pece
Svoboda, Czech Republic) and heated at fixed heating rate of 5 °C/min. As soon as the target
temperature was attained, it was maintained for an additional 60 min. The furnace was then shut
down to allow the specimens in the furnace to cool down to room temperature. Meanwhile, the

unexposed specimens were left undisturbed at ambient condition.
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4.6 Microstructure of geopolymer composites

The low vacuum scanning electron microscopy (SEM) of Hitachi-model TM-3000,
coupled with X-rays microanalysis system of energy dispersive spectroscopy was employed to
investigate the microstructure of geopolymer composites. It was carried out at 15 kV accelerated
voltage. The samples were directly observed under the SEM without metallic coating due to low
vacuum operations. The images were formed by acquisition of backscattered electrons at

different magnifications.

4.7 Image analysis of geopolymer composites

It was employed to perform the pore area analysis on SEM images using IMAGEJ]
software. At first, the quality of images was improved by contrast enhancement and noise
removal. Then, the images were segmented by proper thresholding method. In the current study,
Otsu thresholding was suitably used to transform the images into binary form. The benefit of
acquiring binary image is that it diminishes the difficulty of the data and simplifies the process of
recognition and classification of porous and non porous area. Accordingly, the pore area (%) was
evaluated by IMAGEJ software. Pore area (%) comprises the measurement of individual pore,
summing up of all the individual pores and dividing the sum by the total area of the image [96].
4.8 Phase composition of geopolymer composites

The X-ray diffraction (XRD) test was performed to investigate the phase composition of
geopolymer composites when exposed to the elevated temperatures. The samples were prepared
into powder form by cutting small geopolymer slices. The test was carried out using PANalytical
X’pert PRO equipment in 2 h-range of 5 to 80 6 at operating conditions of 40 kV and 30 mA

using a Cu ka X- ray source.
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4.9 Physical properties of geopolymer composites

The hardness of geopolymer composites was measured on the Rockwell H scale using an
Avery Rockwell hardness tester. The samples were polished with emery paper to achieve flat and
smooth surfaces before the measurement. The test was repeated for 5 samples. The average of
measurements and 95% confidence interval limits were taken. Furthermore, the values of bulk
density was determined in accordance with the ASTM-C948 2014 using the Eq. (1) [97]. The
test was repeated for 5 samples and an average of measurements was taken.

Wa

Bulk density = ———— X
ulk density AT

p 1)

Where W, is dry specimen’s mass after 24 h at 105 °C, W; is specimen’s mass immersed in
water, W, is saturated specimen’s mass with a dry surface and p is the bulk density of water (kg
m ). The average of measurements and 95% confidence interval limits were taken for
measurements of 5 readings.
4.10 Compression strength of geopolymer composites

The geopolymer composites were tested for compression testing using Labor Tech
universal testing machine, Czech Republic with load cell capacity of 2000 kN. The 40 mm cubes
were tested for the determination of compression strength according to ASTM C109 standard.
The test was repeated for 5 samples. The average of measurements and 95% confidence interval
limits were taken.
4.11 Thermal stability of geopolymer composites

The thermo gravimetric analysis (TGA) was performed to know the thermal stability of
geopolymer composites from weight loss with increase in temperature. It was conducted using

TGA/SDTA 851 METLER TOLEDO analyzer. Samples with 10 mg were placed in an alumina
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crucible and tests were carried out in air atmosphere with a heating rate of 10 °C/min from 30 to

1000 °C.
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5 CHAPTER: RESULTS AND DISCUSSIONS

5.1 Characterization of carbon and basalt micro fibers

Figure 17 (a) shows the particle size distribution results of basalt particles obtained after
30 min of dry milling. It can be observed that short basalt fibrous waste was transformed into
basalt particles of micro to nano scale in multimodal distribution. With longer milling time, the
basalt particles were found to deposit onto the walls of milling containers. This behavior was
attributed to increase in temperature of ball mill and following cold welding of basalt particles on
milling container [94]. For more homogeneous refinement of basalt particles to nano scale, it is
essential to pulverize them for prolonged duration by overcoming the rise in temperature of ball
mill. Figure 17 (b) showed the SEM image of microstructure of basalt particles after 30 min of
dry milling. The shape of basalt particles was observed largely in the form of microfibrils with

few particles below 10 p scale.
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Figure 17. (a)Particle size distribution of basalt particles after 30 min dry milling (b). SEM

image of basalt fibers after 30 min dry milling
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Likewise, for uniform dispersion of carbiso mil 100 p particles in geopolymer system,
their surface was mechanically activated using 30 min dry pulverization. Figure 18 shows the
particle size distribution results of carbiso mil 100 p particles after dry milling. It can be seen
that carbiso mil 100 p particles were converted into fine carbon micro structures having
multimodal distribution after 30 min dry milling. Further, the morphology of carbon particles
was investigated with the help of SEM images shown in Figure 19. The shape of carbon particles
was observed predominantly in the form of microfibers with few of microparticles below 10 p
scale. Unlike basalt particles, the deposition of carbon particles was found less severe with
longer milling time. Therefore, the relative percentage of CMF or microparticles can be altered
based on the duration of the milling action. The shorter milling time can produce more of
microfibers and longer milling time can produce more of microparticles. The milling time of 30
min was fixed in this study because of the requirement of higher aspect ratio of CMF for

effective reinforcement in composites.
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Figure 18. Particle size distribution of carbiso particles after 30 min dry milling
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Figure 19. Microstructure of carbiso powder

5.2 Microstructure analysis of geopolymer composites

The SEM micrographs of the neat geopolymer and BMF/geopolymer composites before
and after exposure to the elevated temperatures are shown in Figure 20. The typical
microstructure of homogeneous and dense matrix consisting mostly of alumino-silicate gel was
viewed before exposure to the elevated temperatures. The micrographs of geopolymer
composites demonstrated the smooth surfaces of BMF in the geopolymer matrix, which pointed
out no degradation of basalt fibers owing to action of alkali in the activating solution. The BMF
appeared to have reacted with the geopolymer matrix to some extent. The majority of the
microfibrils were covered by the geopolymer, which pointed out possible physical bonding of
geopolymer matrix with basalt fibers. In addition, the geopolymer composites exposed the
chances of ductile failure from observations of indistinct cross-sections of basalt fiber ends.

When the samples exposed to elevated temperatures, the development of higher bright crystals
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content, wider micro- cracks, and the relatively large voids were noticed. The compact
microstructure of geopolymers became more porous at 800 °C, which might be caused by weight
loss, matrix decomposition and phase transformations [43,98]. The geopolymer composites
revealed lesser microstructural deterioration at elevated temperatures than neat geopolymers and
hence eventual less strength loss. This showed the formation of dense microstructure by BMF,
which gave resistance to the penetration of heat. This can be attributed to the mechanical
percolation along with pore filling effects of BMF at elevated temperatures [99,100]. Further, the
thermal resistance characteristics of BMF were identified from appearance of fibers in
micrographs of samples exposed to 800 °C. The loose interface layer attributable to enlarged
space between the matrix and microfibrils resulted in the strength reduction of geopolymer

composites at increased temperature [101].
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Figure 20. Microstructure of basalt microfibril/geopolymer composites at elevated temperature

The SEM micrographs of neat geopolymer and CMF/geopolymer composites at different
temperature exposure are shown in Figure 21. The smooth surfaces of carbon fibers in the
geopolymer matrix indicated no degradation of carbon fibers under action of alkali in the

activating solution. The strong adhesion between the geopolymer gel and the surface of the fiber
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can be confirmed based on presence of geopolymer layer on fiber ends pulled out from the
matrix and more striations on fiber surfaces [43]. Furthermore, the fractured surfaces of neat
geopolymer showed straight cracks, whereas more number of curvilinear small cracks was found
in case of geopolymer composites due to crack deflections by CMF. Therefore, it can be
concluded that the addition of CMF ensured the effective toughening mechanism to prevent the
catastrophic fracture of geopolymers. When the samples exposed to elevated temperatures, the
geopolymer composites showed lower micro structural deterioration than neat geopolymers due
to possible mechanical percolation along with pore filling effects of carbon micro fibers
[99,100]. This observation was further investigated by image analysis. The development of wider
micro- cracks, higher bright crystals content and the relatively large voids were observed with
increased temperature exposure. As discussed previously, this might be caused by weight loss,
matrix decomposition and phase transformations in geopolymers at higher temperature [43,98].
The CMF did not exhibit any observable degradation after elevated temperature exposure.
However, previous studies highlighted the significant degradation of polymeric fibers, glass
fibers, basalt fibers, etc after such temperature exposure [75]. This indicated the thermal
resistance characteristics of CMF that can continue to provide the reinforcement to geopolymers
when exposed to higher temperatures and therefore less strength loss. Nevertheless, the
development of loose interface layer caused by enlarged space between fibers and the matrix at

elevated temperatures can possibly reduce the strength of geopolymers to some extent [101].
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Figure 21. Typical fracture surface microstructure of carbon microfiber/geopolymer composites

after exposure to elevated temperature
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5.3 Image analysis of geopolymer composites

The quantitative analysis of the pore area is important to establish the relationships
between microstructure and mechanical properties of geopolymer composites after exposure to
elevated temperatures. In present work, image analysis was used for estimation of pore area
analysis by observation of large capillary pores and voids in binary images of Figure 22 and
Figure 23. At first, SEM images were carefully converted into binary images by segmentation of
Otsu thresholding method. The pore area was represented by black color in binary images and it
was calculated in pixels by IMAGEJ software. Such 20 images of each sample were analyzed
and average of pore area was determined (see Figure 24(a) and 24(b)). The pore area was found
to reduce with increase in loading of BMF or CMF, which supported the previous observation of
pore filling ability. However, the BMF/geopolymer composites depicted greater pore area than
CMF/geopolymer composites across all range of to elevated temperature exposures. This
indicated greater pore filling ability of CMF than BMF due to their thermal resistance properties
across all elevated temperatures. Therefore, the higher mechanical properties were expected from

geopolymers filled with CMF as compared to BMF.
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Figure 22. Estimation of pore area in basalt microfibril/geopolymer composites by image

analysis
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Figure 23. Estimation of pore area in carbon microfiber/geopolymer composites by image

analysis
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Figure 24. Estimation of pore area of geopolymer composites

Further, the sensitivity in pore area changes after addition of BMF or CMF in geopolymers was

estimated by using method of least squares for linear regression Equation (2).

Pore area = a + (b X temperature) (2)

Table 4 shows the calculated parameters where slope indicates the sensitivity in changes of pore
area. As compared to CMF/geopolymer composites, the slope of BMF/geopolymer composites
was found to change significantly. This indicated better stability of CMF/geopolymer composites
and greater thermal resistance of CMF than BMF. Further, the sensitivity in changes of pore area
was found less at lower concentration of fillers, however it increased with increased

concentration of BMF or CMF.

40



Table 4.Estimation of sensitivity of pore area changes by linear regression method

Sample Intercept Slope R®
BMF Without exposure 3.20+0.49 -0.17+0.05 0.76
geopolymer 200 °C exposure 6.88+0.84 -0.39+0.09 0.85
composites 400 °C exposure 15.47+1.88 -0.82+0.20 0.84
800 °C exposure 20.63+1.27 -0.91+0.13 0.93
Without exposure 3.18+0.22 -0.07+0.02 0.75
CMF

200 °C exposure 6.76+0.87 -0.23+0.09 0.62

geopolymer
400 °C exposure 16.04+1.20 -0.74+0.12 0.91

composites
800 °C exposure 21.73+£0.70 -0.66%0.07 0.96

5.4 Physical observations of geopolymer composites

Figure 25 illustrates photographs of the physical observation of the neat geopolymers and
BMF/geopolymer composites when exposed to the elevated temperatures of 200, 400, and 800
°C, respectively. The increased amount, width and length of thermal cracks were found for neat
geopolymers than BMF/geopolymer composites. The cracks further increased with increasing
the elevated temperatures. The dehydration/dehydroxylation of the geopolymers, subsequent
decomposition of dehydrated aluminosilicates and the volumetric expansion of unreacted phases
were considered as responsible factors for development of cracks at higher temperature exposure

[102].
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Figure 25. Basalt microfibril/geopolymer composites at elevated temperature

On the contrary, the CMF/geopolymer composites showed intact original structural
characteristics with minimum development of thermal cracks in comparison to BMF/geopolymer

composites (see Figure 26). The relatively higher thermal durability of CMF/geopolymer
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composites was attributed to the presence of high thermal resistant thin CMF which bridged the

cracks when exposed to the elevated temperatures [103].

G G at 200 °C

5 CMF+G 5 CMF+G at 200 °C 5 CMF +G at 400 °C 5 CMF+G at 800 °C

10 CMF+G 10 CMF+G at 200 °C 10 CMF+G at 400 °C 10 CMF+G at 800 °C

15 CMF+G 15 CMF+G at 200 °C 15 CMF+G at 400 °C 15 CMF+G at 800 °C

Figure 26. Carbon microfibril/geopolymer composites after exposure to elevated temperature
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5.5 Elemental analysis of geopolymer composites

Table 5 shows the identified elements in the BMF-geopolymer composites. All samples
exhibited high concentrations of silicon, oxygen and aluminum, which indicated the formation of
alumino-silicate gels. The most important factors affecting the formation of alumino-silicate gels
are SiO,/Al,O3 ratio, Na,O/Al,O3 ratio, SiO,/Na,O ratio and liquid—solid ratio. An increase in
alkali content or decrease in silicate content increases the formation of aluminosilicate network
structure [104]. Additionally, the high concentrations of calcium and sodium after incorporation
of BMF were found in geopolymer composites. This indicated the formation of additional
calcium silicate or calcium alumino-silicate and sodium alumino-silicate hydrates from inorganic
contents in basalt fibers [102]. The extra precipitation of calcium alumina silicate hydrates
formation can be attributed to nucleating sites present on BMF. The Si/Al molar ratio was
increased till 400 °C and then dramatically reduced at 800 °C. The increased silicate portion was
believed to be responsible for the densification and sintering processes in the geopolymer paste
[99]. Therefore, the formation of thermally stable, more compact and dense microstructures of

geopolymers can be concluded due to filling of BMF.
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Table 5. Elemental analysis of basalt microfibril/geopolymer composites at elevated temperature

Weight (%0)

Element 5BG 5BG 5BG 10 10BG | 10BG | 10BG 15 15BG | 15BG | 15BG
G 5BG
2 4 8 BG 2 4 8 BG 2 4 8
Carbon - 5.14 3.43 - 2.67 - - 4.43 451 - - - 0.35

Oxygen 58.02 | 59.38 | 46.52 | 54.62 | 53.92 | 52.16 | 61.94 55.51 56.84 | 54.98 | 49.45 50.90 58.23

Sodium 4.06 6.16 461 2.48 7.08 4.61 2.90 7.70 4.64 3.57 5.64 6.47 2.72

Magnesium | 0.55 0.79 0.97 3.50 0.75 0.82 1.78 0.89 0.78 1.46 0.54 0.70 3.84

Aluminum | 9.24 | 7.47 5.25 4.22 12.23 | 10.67 7.38 7.85 6.44 8.27 10.30 10.61 6.10

Silicon 22.58 | 17.50 | 19.48 15.27 18.17 | 26.13 18.56 19.97 17.81 22.13 25.71 24.64 15.83

Sulphur - - - 0.40 - 0.49 - - - - - 0.30

Potassium 0.44 - 0.30 0.56 0.66 - 0.74 - 0.80 0.57 0.69 1.20 0.31

Calcium 506 | 3.52 | 1941 | 18.90 3.85 5.08 3.36 3.62 8.14 5.58 6.65 5.46 12.28

Titanium - - - - - - 0.38 - - 0.48 0.97 - -

Iron - - - - 0.64 - 2.92 - - 2.93 - - -

Table 6 shows the identified elements in the CMF-geopolymer composites. Likewise in
previous discussion, all samples exhibited high concentrations of silicon, oxygen and aluminum,
which indicated the formation of alumino-silicate gels. Additionally, the high concentrations of
calcium and sodium with increase in carbon microfiber loading were found in geopolymer
composites. This indicated the formation of additional calcium silicate or calcium alumino-
silicate and sodium alumino-silicate hydrates. The Si/Al molar ratio was found to increase with
increase in temperature. The increased silicate portion was believed to be responsible for the
densification and sintering processes in the geopolymer paste [99,102]. Therefore, the formation

of thermally stable and more compact geopolymers can be concluded due to filling of CMF.

45




Table 6. Elemental analysis of carbon microfiber/geopolymer composites at elevated temperature

Weight (%)
Element 5CG | 5CG | 5CG 10 10CG | 10CG | 10CG 15 15CG | 15CG | 15CG
G 5CG
2 4 8 CG 2 4 8 CG 2 4 8
Carbon - 6.98 5.56 9.67 11.54 2.18 291 10.15 1575 | 11.08 7.58 11.77 9.50

Oxygen 58.02 | 46.87 | 38.83 58.39 | 38.77 | 54.15 60.01 45.67 53.20 32.27 54.95 56.86 52.60

Sodium 4.06 2.86 1.59 9.91 2.43 1.43 2.82 6.73 9.85 1.59 3.23 16.89 7.35

Magnesium | 0.55 | 1.20 1.35 0.75 1.50 4.29 3.74 1.20 - 1.67 3.83 0.52 0.66

Aluminum | 9.24 | 3.64 3.76 3.61 6.29 4.46 3.81 8.81 2.90 3.47 3.38 3.07 .77

Silicon 22.58 | 11.84 | 13.43 9.81 22.64 | 17.17 12.81 20.92 16.84 16.56 13.16 8.28 18.14

Sulphur - - - - - 0.39 0.18 - - 0.72 0.31

Potassium 0.44 0.68 - - 1.30 0.45 0.20 - - 0.55

Calcium 5.06 | 25.89 | 35.45 7.84 1549 | 15.44 13.46 6.49 1.43 32.05 13.52 2.58 3.94

5.6 XRD analysis of geopolymer composites

Figure 27 shows the XRD patterns of samples when exposed to the elevated temperature
of 200, 400, and 800 °C. A broad hump at 20-40° 2-theta can be found, which indicated the
formation of amorphous gels of geopolymerization [105]. The formation of N-A-S-H gel was
found in greater quantity than the C-A-S-H and (C, N)-A-S-H. As the formation of C-A-S-H and
(C, N)-A-S-H depend on the availability of calcium ions and pH of the system [104], therefore
the extra precipitation of calcium alumina silicate hydrates formation can be attributed to
nucleating sites present on BMF. The calcium alumina silicate hydrates were not detected in
XRD spectra due to its astable phase. The consistent appearance of broad hump from room
temperature to 400 °C suggested the thermal resistance characteristics of prepared geopolymer
composites. The geopolymer composite samples represented their original structural
characteristics and there was no any new crystalline phase generated when exposed to elevated
temperature upto 400 °C. At room temperature, the several characteristic peaks observed in the

XRD pattern were identified as quartz, zeolite, thomsonite, goethite and semicrystalline
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hillebrandite. The better durability and thermal stability of geopolymers was ascribed to their
zeolite-like structure characteristics [104]. The occurrence of these several characteristic peaks
depend on type of aluminosilicate source, type of alkali activator, type of fillers, their mix-design
in geopolymer composite, remaining unreacted silica or alumina in geopolymer, remaining
unreacted other impurities in geopolymer, etc [102]. Nevertheless, on further increase in elevated
temperature to 800 °C, the diffuse peaks disappeared and new Bragg peaks corresponding to new
crystalline phases (i.e. akermanite, nepheline, gehlenite) were detected [106,107]. The
mechanism of crystallization at elevated temperature can be explained from the reaction of
released calcium, silicon and aluminum from geopolymer gel and unreacted traces of
metakaolin/basalt microfibril to form these intermediate products. However, the maximum
retention of dimensional stability and strength of geopolymer composites can be expected due to

formation of more nepheline phase at increased BMF loading [87].
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Figure 27. XRD analysis of basalt microfibril/geopolymer composites at elevated temperature

Similarly, the nature and composition of reaction products in CMF/geopolymer
composites were investigated from XRD analysis. Figure 28 shows the XRD patterns of samples
when exposed to the elevated temperature of 200, 400, and 800 °C. The formation of amorphous
gels of geopolymerization can be confirmed from the broad hump at 20-40° 2-theta [104,105].
The more widening of this peak at higher carbon microfiber loading indicated the increased

calcium silicate hydrates and more amorphous gel formation. Furthermore, the consistent



appearance of this diffuse peak from room temperature to 400 °C suggested the thermal
resistance characteristics of prepared geopolymer composites. When exposed to elevated
temperature upto 400 °C, the geopolymer composite samples represented their original structural
characteristics and there was no any new crystalline phase generated. The several characteristic
peaks were identified as quartz, zeolite, thomsonite, goethite and semicrystalline hillebrandite till
400 °C. As mentioned in previously, the better durability and thermal stability of geopolymers
was ascribed to their zeolite-like structure characteristics [104]. Nevertheless, on further increase
in elevated temperature to 800 °C, the diffuse peaks disappeared and new Bragg peaks
corresponding to new crystalline phases (i.e. akermanite, nepheline, gehlenite) were detected
[106,107]. This indicated the decomposition and crystallization of geopolymers at 800 °C, which

can subsequently deteriorate their mechanical properties.
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Figure 28. XRD analysis of carbon microfiber/geopolymer composites

5.7 Physical properties of geopolymer composites

Table 7 illustrates the physical properties (i.e. hardness and bulk density) of the neat

geopolymer and BMF/geopolymer composites before and after exposure to elevated temperature.

The hardness describes the ability of a material to resist plastic deformation under indentation.

Across all range of temperature exposures, the geopolymers showed improved hardness with

increased loading of BMF. This explained the uniform distribution of the load on the BMF,
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which reduced the penetration of the test ball at the surface of the geopolymer. Further, the
higher hardness could be attributed to the extra precipitation of calcium alumina silicate hydrates
formation due to nucleating sites present on BMF [27]. However, when the samples were
exposed to elevated temperature of 200, 400 and 800 °C, all the samples showed reduction in
bulk density and hardness values. This behavior was attributed to evaporation of water and
change in Si/Al ratio (see Table 5) as temperature increased [108,109]. A similar phenomenon
was observed previously which resulted in foam like structures by formation and growth of
bubbles with increasing the Si/Al ratio [110]. At 800 °C of elevated temperature exposure, the
neat geopolymer showed 13 % reduction in density, whereas 10 wt % basalt microfibril filled

geopolymer composites showed 8 % density reduction.

Table 7. Physical properties of basalt microfibril/geopolymer composites at elevated temperature

G 5 BMF+G 10 BMF+G 15 BMF+G
Temperature

Hardness | Density | Hardness Density Hardness Density Hardness Density

(C)
(HV) (kg/m?) (HV) (kg/m?) (HV) (kg/m?) (HV) (kg/m?®)

30 536+46 | 1510494 | 578458 | 1560+108 | 567+60 | 1570+110 | 563+64 | 1550+106
200 395+32 | 1490489 | 402+41 | 1500+112 | 419+45 | 1520+113 | 483+52 | 1520+112
400 290+23 | 1402486 | 300+35 | 14404109 | 306+38 | 1450+115 | 325+41 | 1440+113
800 330+37 | 1310493 - - - - - -

Similarly, the physical properties of neat geopolymer and CMF/geopolymer composites
before and after exposure to elevated temperature are illustrated in Table 8. The density was
found to reduce with increase in carbon microfiber loading. The carbon microfiber filled
geopolymers exhibited significant increase in viscosity due to high aspect ratio and smooth light

surfaces of microfibers. This subsequently resulted into the entrapment of more air and thus
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possible reduction in density of geopolymer composites than neat geopolymers [43]. From Table
8, the hardness of geopolymer was found to increase with increased loading of CMF across all
range of temperature exposures. The similar explanation of uniform distribution of the load on
the CMF which reduced the penetration of the test ball at the surface of the geopolymer can be
given for enhancement in hardness values. Likewise in the case of BMF, all the
CMF/geopolymer composites showed reduction in bulk density and hardness values when
exposed to elevated temperature of 200, 400 and 800 °C. However, drop in hardness of
CMF/geopolymer composites was less as compared to BMF/geopolymer composites. This
showed intact structure of CMF/geopolymer composites at elevated temperatures due to effective

pore-filling effect of carbon micro fibers as compared to BMF.

Table 8. Physical properties of carbon microfiber/geopolymer composites

G 5 CMF+G 10 CMF+G 15 CMF+G
Temperature
Hardness | Density | Hardness Density Hardness Density Hardness Density
(°C)

(HV) (kg/m®) (HV) (kg/m®) (HV) (kg/m®) (HV) (kg/im?)
30 536146 151094 558152 1480+£102 569151 1490+106 562155 1480+£104
200 395+32 1490489 489148 14404108 494146 15104103 482142 1480+109
400 290+£23 1402186 435%45 1400+£111 482149 1360+113 577145 1350+£112
800 330+37 1310493 367141 1270£107 37145 1260£110 379+43 1220+108

5.8 Compression strength of geopolymer composites

Figure 29 shows the compression strength results of geopolymer and BMF/geopolymer
composites before and after exposure to elevated temperatures. The geopolymer composites
showed higher compression strength than neat geopolymers over all range of temperature
exposures. From stress-strain curve, the neat geopolymer indicated a typical brittle failure mode,

whereas geopolymer composites exhibited an extended period of plastic deformation (i.e.
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pseudoplastic behavior) unlike short drop at the point of maximum load. This non-linear
behavior of geopolymer composites can be explained from the fiber-bridging and sliding after
debonding and pulling-out of BMF from the geopolymer matrix. This further indicated more
favorable interaction between BMF and the matrix possibly due to a combination of physical and
chemical bonding. All samples showed increase in compression strength with increase in
temperature till 200 °C. This behavior was attributed to the formation of discontinuous nano-
pores and dehydration shrinkage of geopolymers due to expel of free water at 200 °C [109].
Nevertheless, with further increase in elevated temperature at 400 and 800 °C, all samples
showed deterioration in compression strength. This phenomenon resulted due to the thermal
incompatibility (i.e. differential thermal expansion between geopolymer and BMF), pore
pressure effects (i.e. movement of free water and hydroxyls) and possible phase transition in
geopolymers [102,108]. At elevated temperature exposure, several events such as evaporation of
water adsorbed by N-A-S-H gel, formation of anhydrous products, crystallization of stable
anhydrous phases and melting (sintering) occurred, which subsequently deteriorated the
mechanical properties [102]. The less deterioration for geopolymer composites indicated the
thermal resistance characteristics of geopolymers after the addition of basalt microfibril. This
behavior can be further explained from the results of pore area (see Figure 24 (a)), where basalt
microfibril acted as effective pore filling agents and exhibited a very limited development of
macro-cracks. This decreased the thermal stresses on geopolymer composite pastes at elevated
temperature exposure and maintained higher residual mechanical properties [111]. The
geopolymer composite of 10 wt % basalt microfibril maintained the residual compressive
strengths of 23.13 and 16.08 MPa at 400 °C and 800 °C, respectively and thus recording a

minimum strength loss of 32 and 43 %, respectively (Table 9). On the other hand, the neat
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geopolymers exposed to 800 °C crumbled into fine particles rather than small broken blocks after
the compression strength testing. This indicated the loss of bonding capacity of geopolymers in
absence of BMF when exposed to elevated temperatures. Furthermore, the filling of basalt
microfibers showed higher compression strength values than the previously reported results on
neat OPC when exposed to elevated temperatures [112] (see Figure 30). The significant
improvement was found for 800 °C exposure, where filling of BMF showed higher values of
compression strength compared to OPC. The percentage increase over cement was calculated

from the Equation (3).

. Ogc—O
Percentage increase over cement = % x 100 (3)
opc

Where o, is compression strength of geopolymer composites and

Oopc IS compression strength of OPC
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Figure 29. Stress-strain curve for BMF/geopolymer composites
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Table 9. Compression strength of basalt microfibril/geopolymer composites at elevated

temperature
G 5 BMF+G 10 BMF+G 15 BMF+G OPC
Temperature | Compressive | Compressive | Compressive | Compressive | Compressive
(°C) strength strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)
30 28.43+2.5 34.82+3.1 34.00£3.2 38.10£3.5 49.5
200 36.61+3.2 39.11+3.5 41.65+3.9 43.85+4.4 48.5
400 14.85+1.9 18.82+2.1 23.13+2.7 21.36+2.5 31.2
800 11.23+2.2 13.74+2.4 16.08+2.5 15.114+2.6 11.3
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Figure 30. Compression strength comparison of BMF/geopolymer composites with OPC

Similarly, figure 31 showed the compression strength results of geopolymer and
CMF/geopolymer composites before and after exposure to elevated temperatures. The stress-

strain curve of CMF/geopolymer composites showed larger strain values than BMF/geopolymer
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composites. This indicated more pseudoplastic behavior in CMF/geopolymer composites and
somewhat brittle behavior of BMF/geopolymer composites. The compression strength of
CMF/geopolymer composites was found greater than the compression strength of
BMF/geopolymer composites over all range of temperature exposures. The geopolymer
composite of 15 wt % carbon micro fiber kept up the residual compressive strengths of 33.55
MPa and 23.96 MPa at 400 °C and 800 °C, respectively and therefore recording a minimum
strength loss of 19 and 42 %, respectively (Table 10). This proved more favorable interaction of
CMF with geopolymer as compared to BMF with geopolymer. Likewise, CMF/geopolymer
composites depicted higher compression strength values than the previously reported results of
neat OPC when exposed to elevated temperatures (Figure 32). As compared to BMF/geopolymer
composites, the percentage increase over OPC strength was found higher in case

CMF/geopolymer composites.
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Figure 31. Stress-strain curve for CMF/geopolymer composites
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Table 10. Compression strength of carbon microfiber/geopolymer composites

G 5 CMF+G 10 CMF+G 15 CMF+G OPC
Temperature | Compressive | Compressive | Compressive | Compressive | Compressive
(°C) strength strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)
30 28.43+2.5 38.97+4.1 44.22+4.7 41.33+4.3 495
200 36.61+3.2 44.23+4.3 48.77+4.8 45.04+4.6 48.5
400 14.85+2.1 24.21+2.7 30.08+3.3 33.55+3.8 31.2
800 11.23+2.2 19.86+2.3 21.29+2.8 23.96+3.1 11.3
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Figure 32. Compression strength comparison of CMF/geopolymer composites with OPC

5.9

Thermo-gravimetric analysis of geopolymer composites

Figure 33 represents the thermo gravimetric analysis curves for the geopolymer

composites under different BMF or CMF loading. A sharp decrease in weight before 200 °C was

detected for neat geopolymers compared to geopolymer composites because of evaporation of



free water [28]. The weight loss which happened in this temperature range was almost 80 % of
the total weight loss. This consequently introduced a very small shrinkage of geopolymers. With
additional increase in temperature from 250 °C to 800 °C, a continuous weight loss under slow
rate was observed. This indicated the liberation of both surface hydroxyl groups and chemically
bonded water by condensation/polymerization, which can subsequently result into the surface-
cracking and internal damage of the geopolymer overall structure [113]. Hence, the considerable
strength degradation at 800 °C of temperature exposure can be anticipated as a result of the
dehydroxylation attributable to evaporation of surface hydroxyl groups and chemically bonded
water [114]. The neat geopolymer showed 87 % of remained mass, while 15 wt %
CMF/geopolymer composite showed 90 % of remained mass at 800 °C. Thus, the higher thermal
stability of CMF/geopolymer composite pastes can be elucidated from less release of water by
reason of the formation of compact geopolymer systems at higher CMF loading. This can be
further justified from results of pore area (see Figure 23 and 24(b)) and zeolite-like

characteristics in XRD spectra (see Figure 28).
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Figure 33. (a) Thermal stability of geopolymer composites
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6 CHAPTER: CONCLUSIONS

The presented thesis studied the role of basalt and carbon microfibers on improvement in
elevated temperature properties of metakaoline based geopolymers. The 30 min dry pulverization
of basalt fibrous wastes and carbiso powder was carried out in high energy ball milling to obtain
respective basalt and carbon microfibers. Further, the geopolymer composites were prepared by
addition of 5, 10 and 15 wt % of carbon/basalt microfibers and later exposed to the elevated
temperatures of 200, 400, and 800 °C. The performance of basalt and carbon microfibers was
evaluated based on measurements of physical properties, micro structural analysis and
compression strength of geopolymer composites. Both geopolymer composites showed higher
hardness, higher bulk density and compact structure than neat geopolymers over all range of
temperature exposures. This was related to presence of inorganic contents in both microfibers,
which produced additional calcium silicate or calcium alumino-silicate and sodium alumino-
silicate hydrates. Nevertheless, more compact structure of geopolymers was found after addition
of CMF due to effective pore filling characteristics and higher thermal resistance than BMF. On
the other hand, the development of wider micro-cracks, higher bright crystals content and the
relatively large voids were observed in case of BMF/geopolymer composites. Therefore, the
surface-cracking and internal damage of the geopolymer structure was reported to cause the
reduction in the strength of geopolymers. The compression strength deteriorated significantly in
case of BMF/geopolymer composites than CMF/geopolymer composites at 400 and 800 °C,
which was attributed to thermal incompatibility (i.e. differential thermal expansion between
geopolymer and basalt micro fibers), pore pressure effects (i.e. movement of free water and
hydroxyls) and possible phase transition in geopolymers at elevated temperature. The less

deterioration for CMF/geopolymer composites indicated the thermal resistance characteristics of
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geopolymers after the addition of carbon micro fibers, which further decreased the thermal
stresses and restricted the swelling of unreacted geopolymer phases. Towards the end, the
performance of geopolymer composites was compared with previously reported studies on
elevated temperature properties of OPC binders. The geopolymers filled by BMF and CMF
showed higher compression strength values than the previously reported results on neat OPC
when exposed to 800 °C. The 5, 10 and 15 wt% BMF filled geopolymers showed 22 %, 42 %,
and 34 % increase over OPC respectively, whereas 5, 10 and 15 wt% CMF filled geopolymers

showed 76 %, 88 % and 112 % increase over OPC respectively.

62



7 CHAPTER: FUTURE WORK

In many respects the greatest strength of geopolymer technology is also its greatest
weakness in terms of development from a fundamental point of view. The raw materials utilized
in geopolymers are incredibly diverse and there is little restriction on the purity, particle size,
composition or morphology of material that can be utilized. Therefore, much research has been
conducted utilizing a broad range of highly localized and specific raw materials, such as fly
ashes from specific power stations, which does not provide general results that may be
implemented to all geopolymer systems equally. In spite of various researches on the durability
and mechanical properties of fiber reinforced geopolymer composites, a number of challenges
still exist and must be considered in order to take advantage of them in infrastructure use. The
future research can be devoted to solve the following challenges associated with geopolymer
composites
1. The variability of quality and composition of source materials used in geopolymeric cement,
(such as fly ash, slag or others) make standardization and comparison between research
efforts more complicated.

2. The familiarity and acceptance of geopolymer composite is largely confined to academic and
research circles.

3. The chemical process involved in geopolymerization is complex and its understanding is still
not mature.

4. Mechanical and durability properties between fibers and geopolymer composites is still
limited.

5. The lack of information on the interaction of fibers with geopolymer matrix and toughness of

matrix itself.
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