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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 zabyva chovanim geopolymert plnénych anorganickymi vlakennymi Casticemi pfi
zvySené teploté 200, 400 a 800 °C. Pro vybér anorganickych plniv byl zohlednén pozadavek zvysené
tepelné odolnosti pii pfijatelné cené a moznosti mechanického zjemnovani. Byly vybrany castice na bazi
¢edi¢ového vlaknitého odpadu a uhlikové vlakenné Castice (Carbiso). Pro ptipravu ¢ediCovych mikrofibril
(BMF) a uhlikovych mikrovlaken (CMF) bylo pouZzito vysoce energetické mleti za sucha v kulovém
mlynku. Doba mleti 30 min. byla specifikovana s ohledem na omezeni vzriistu teploty mlynku a zabranéni
lepivosti mletych ¢astic na jeho vnitini povrch. Byly syntetizovany geopolymery z kalcinovaného kaolinu
a bridlicového jilu s obsahem mletych castic BMF a CMF v rozmezi 5, 10 a 15% hmotnostnich procent.
Takto pripravené kompozitni materialy geopolymer/CMF a geopolymer/BMF byly charakterizovany
pomoci fyzikalnich vlastnosti, mikrostrukturni analyzy a pevnosti v tlaku ptfed a po vystaveni zvySenym
teplotam. Bylo zjisténo, Zze ptidani CMF udrzuje 1épe kompakini strukturu kompozitnich materiala pti
zvysenych teplotnich expozicich nez ptidani 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 pfi
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 pfi teplotach 30 °C, 200 °C, 400 °C a 800 °C. Je patrné,
ze pridavek anorganickych vlaknitych Castic pfispiva ke snizeni tepelného napéti a omezuje bobtnani
nezreagované faze prekurzoru. Geopolymrey plnéné obéma typy castic vykazovaly zvySené hodnoty
pevnosti v tlaku v porovnani s geopolymery bez obsahu ¢asticovych plniv pfi teploté 800 °C. Geopolymery
S obsahem 5, 10 a 15 hmotnostnich procent BMF vykazovaly 22 %, 42 %, a 34 % narGst 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 % narust pevnosti v tlaku ve srovnani s geopolymery bez
obsahu casticovych plniv.

Kli¢ova slova: plnéné geopolymery, Cedicova mikrovlakna, uhlikovd mikrovlakna, geopolymerni
kompozity, pevnost v tlaku, schopnost plnéni pord, tepelna odolnost
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1 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]-[8]. 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 [9].

2 Purpose and the aim of the thesis

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 [10], [11]. 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 [12], [13]. 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 [14], [15]. For this purpose,
graphene, carbon nanofibers, carbon nanotubes etc were examined for enhancing the strength and ductility
of geopolymer composites [16]. 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 [17]. 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. 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 Overview of the current state of the problem

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 [18]. However, they have certain limitations over OPC.
Geopolymers tend to be brittle, vulnerable to crack formation and undergo catastrophic failure because of
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their cross-linked structure [19]. 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 [20], [21].
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 [22], [23]. Moreover, the destruction of geopolymers can occur during the fire
exposure due to evaporation of water adsorbed by sodium aluminosilicate N-A-S-H) gel, formation of
anhydrous products, crystallization of stable anhydrous phases and melting [24] (see Figure 1). 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 [25].

Dehydration

125-160 °C
—_

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

Geopolymer Anhydrous product
Crystallization Above 800 °C
600—800 °C Recrystallization

M, [—(Si0,), — AlO],, Na,0.Al,0,.25i0, —————— Na,0.Al,03.2Si0,

Anhydrous product (Nepheline) (Albite)

Figure 1. Geopolymer phase transformation during fire [24].

4 Method Used, study material

4.1 Materials

The recycled carbon materials under trade name carbiso mil 100 u 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 1.

Table 1.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 Kklin 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,O3 24, LOI 0.5, Fe,03 0.50, TiO, 0.8, MgO 3.5, K»0 0.40, CaO 17.50. The
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mean particle size (d50) was 5 um. The sodium alkali activator was mixture of Na,SiOs; and NaOH.

4.2 Preparation of carbon and basalt micro fibers

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 [26], [27]. 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 ultrasonic probe before characterization. In addition, microstructure of milled
particles was observed on scanning electron microscope (SEM) of Hitachi-model TM-3000 at accelerated
voltage of 15 kV.

4.3 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 5wt %, 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.

4.4 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.

4.5 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.

4.6 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
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area of the image [28].

4.7 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 0 at operating conditions of 40 kV and 30 mA using a Cu ka X- ray
source.

4.8 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) [29]. The test was repeated for 5 samples and an
average of measurements was taken.

Wy

Bulk density = ———
ulk density AT

Xp @

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~3). The average of
measurements and 95% confidence interval limits were taken for measurements of 5 readings.

4.9 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.

4.10 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 crucible and tests were
carried out in air atmosphere with a heating rate of 10 °C/min from 30 to 1000 °C.

5 Summary of the results achieved

5.1 Characterization of carbon and basalt micro fibers

Figure 2 (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 [26]. 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 2 (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 2. (a)Particle size distribution of basalt particles after 30 min dry milling (b). SEM image of
basalt fibers after 30 min dry milling

Likewise, for uniform dispersion of carbiso mil 100 p particles in geopolymer system, their surface
was mechanically activated using 30 min dry pulverization. Figure 3 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
4. 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 3. Particle size distribution of carbiso particles after 30 min dry milling
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Figure 4. 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 5. 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 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 [30], [31].
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 [32], [33]. 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 [34].
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Figure 5. 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 6. 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 can be confirmed based on presence of
geopolymer layer on fiber ends pulled out from the matrix and more striations on fiber surfaces [31].
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 [32], [33]. 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
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geopolymers at higher temperature [30], [31]. 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 [35]. 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 [34].
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Figure 6. Typical fracture surface microstructure of carbon microfiber/geopolymer composites after
exposure to elevated temperature
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
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of large capillary pores and voids in binary images of Figure 7 and Figure 8. 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 9(a) and 9(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 better mechanical properties were expected from geopolymers filled with CMF
as compared to BMF.
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Figure 7. Estimation of pore area in basalt microfibril/geopolymer composites by image analysis
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Figure 9. Estimation of pore area of geopolymer composites

Further, the temperature (T) sensitivity in pore area (P) changes after addition of BMF or CMF in
geopolymers was estimated by using method of least squares for linear regression Equation (2).

P=a+(bxT) @)

Table 2 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.

Table 2.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

geo(ritlj\f;mer 200 °C exposure 6.76=0.87 -0.23+0.09 0.62
composites 400 °C exposure 16.04+1.20 -0.74+0.12 0.91
800 °C exposure 21.73+0.70 -0.66+0.07 0.96

5.4 XRD analysis of geopolymer composites

Figure 10 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 [36]. 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 [37], 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
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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 hillebrandite. The better durability
and thermal stability of geopolymers was ascribed to their zeolite-like structure characteristics [37]. 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 [38]. 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 [39], [40].
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 [41].
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Figure 10. 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 11 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
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be confirmed from the broad hump at 20—40° 2-theta [36], [37]. 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 [37]. 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 [39], [40]. This indicated the decomposition and crystallization of
geopolymers at 800 °C, which can subsequently deteriorate their mechanical properties.
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Figure 11. XRD analysis of carbon microfiber/geopolymer composites

5.5 Physical properties of geopolymer composites

Table 3 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
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temperature exposures, the geopolymers showed improved hardness with increased loading of BMF. This
explained the uniform distribution of the load on the BMF, 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 [24]. 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 as temperature increased [42], [43]. A similar phenomenon was observed previously which
resulted in foam like structures by formation and growth of bubbles with increasing the Si/Al ratio [44]. 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 3. Physical properties of basalt microfibril/geopolymer composites at elevated temperature

Temperatur G 5 BMF+G 10 BMF+G 15 BMF+G
o ?"C) Hardnes | Density | Hardnes | Density | Hardnes | Density | Hardnes | Density
s(HV) | (kg/m®) | s(HV) | (kgim®) | s(HV) | (kg/m®) | s(HV) | (kg/m?)
30 s36eas | 10| simasy | OO0 seraeo | TRENT | sezaea | 1RO
200 39532 142?i8 402+41 1502i11 419445 152gi11 483252 1522i11
400 290423 14062i8 300435 144gi10 306438 14sgi11 325441 144(3&11

800 330437 | 12 130i9 . ; : ] ] ]

Similarly, the physical properties of neat geopolymer and CMF/geopolymer composites before and after
exposure to elevated temperature are illustrated in Table 4. 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 possible reduction in density of geopolymer composites than neat
geopolymers [31]. From Table 4, 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 4. Physical properties of carbon microfiber/geopolymer composites

Temperatur G 5 CMF+G 10 CMF+G 15 CMF+G
e ?OC) Hardnes | Density | Hardnes | Density | Hardnes | Density | Hardnes | Density
s(HV) | (kgim?) | s(HV) | (kgim’) | s(HV) | (kg/m?) | s(HV) | (kg/m’)
30 536+46 151;&9 55852 1482i10 569+51 149gi10 562155 148;%10
200 395632 | 1P| agorag | MO a0auae | PIOHIO ] ggougy | 14EOEI0
400 200423 14062ﬁ:8 135445 140(1&11 48224 136gi11 77245 135(2):i:11
800 330037 | B aezaar | 1PTIEO agpgs | OO 379.gy | 1220510
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5.6 Compression strength of geopolymer composites

Figure 12 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. 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 [43]. 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 [38], [42]. 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 [38]. 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 9 (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 [45]. 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 5). On the other hand, the neat
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 [46] (see Figure 13). 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).

. Oge—0,
Percentage increase over cement = =—% x 100 (3)
Oopc

Where . is compression strength of geopolymer composites and
Oope IS COMpression strength of OPC

15



40+
35
30

Stress (MPa)

10

25+
20
154

A

/ ——G
—e—5BMF+G
] —— 10 BMF+G
15 BMF+G
T T T
0.00 0.02 0.04 0.06 0.08

254

204

Stress (MPa)

Strain (%)

(a) Without exposure

—=—G_400

—e— 5 BMF+G_400

—4— 10 BMF+G_400
15 BMF+G_400

T T
0.04 0.06

Strain (%)
(c) After exposure to 400 °C

T
0.02

35+

Stress (MPa)

—=—G_200
—e—5BMF+G_200

—a— 10 BMF+G_200
—— 15 BMF+G_200

0.04 0.06

Strain (%)
(b) After exposure to 200 °C

0.02

—=—G_800

—e— 5 BMF+G_800

—+— 10 BMF+G_800
15 BMF+G_800

0.06 0.09

Strain (%)
(d) After exposure to 800 °C

0.03

Figure 12. Stress-strain curve for BMF/geopolymer composites

Table 5. Compression strength of basalt microfibril/geopolymer composites at elevated temperature

G 5 BMF+G 10 BMF+G 15 BMF+G OPC
Temperature - - - - -

(C) Compressive Compressive Compressive Compressive Compressive
strength (MPa) | strength (MPa) | strength (MPa) | strength (MPa) | strength (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 41.654+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 15.11£2.6 11.3
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Figure 13. Compression strength comparison of BMF/geopolymer composites with OPC

Similarly, figure 14 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 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 6). 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 15). 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 14. Stress-strain curve for CMF/geopolymer composites
Table 6. Compression strength of carbon microfiber/geopolymer composites
G 5 CMF+G 10 CMF+G 15 CMF+G OPC
Temperature - - - - -
(C) Compressive Compressive Compressive Compressive Compressive
strength (MPa) | strength (MPa) | strength (MPa) | strength (MPa) | strength (MPa)
30 28.43+2.5 38.97+4.1 44.22+4.7 41.33+4.3 49.5
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 15. Compression strength comparison of CMF/geopolymer composites with OPC

6 Evaluation of results and new findings

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 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.
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geopolymer structures.

excellent above standard standard X

substandard weak
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Faculty of Textile Engineering B

Results of the Thesis - specific benefits of the student

Comments:

The main contribution of this work is the comparison of selected physical and especially mechanical
properties of several geopolymers filled with basalt (VEBA Industries) and recycled carbon particles
(Easy composites, UK).

Valuable information for the use of made geopolymers is especially data about material failure of
geopolymer structures - destruction in compression. However, it is worth noting that the work is
devoid of the deeper theoretical mechanics foundations of composite materials, which geopolymers
undoubtedly are. Reported results of experimental findings do not always contain otherwise usual
statistical processing.

excellent above standard X standard substandard weak

Significance for practice and for the development of the scientific branch

Comments:

The work presented is a good starting point for further research and development activities in the
field of use of these geopolymers types in various industrial applications. That being said corresponds
with student current publishing activities.

I recommend the follow-up work be oriented deeper into the theoretical areas of geocomposite
materials physical properties both regard to following processing technologies in the production and
their industrial applications in a specific sense.

excellent above standard X standard substandard weak

Formal layout of the Thesis and its language level

Comments:

The work has a logical division, the text is understandable, the Czech version of the abstract text
has minor editing errors, but does not spoil the overall impression of the work.

excellent above standard standard X substandard |  weak

Comments and questions

1. What methods were used to determine the volume fractions of particulate fillers and matrix
(metakaolin) in geopolymer samples? Please state the relationship between the weight and the
volume part of the filler and geopolymers matrix structure.

2. In terms of continuum mechanics, geopolymer materials should generally be considered as
composite structures exhibiting anisotropic properties, so-called geocomposites. What
approaches are used to describe the relationship between stress and strain, which makes it possible
to use modern simulation tools (CAD)?
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TECHNICAL UNIVERSITY OF LIBEREC

Faculty of Textile Engineering L

Final evaluation of the Thesis

Based on the preview above I recommend the thesis submitted for defence in front of the scientific
committee for the defence of the doctoral thesis.

I recommend after a successful defence of the dissertation grant Ph.D.? yes #o

2 Delete where applicable

Place and Date: In Liberec 20.12.2019

Signature:  Antonin Potésil
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Aktualnost tématu diserta¢ni prace

komentar: Scientific relevance of the submitted work

The present thesis is focused on the evaluation of the effect of high temperature on metakaolin
based geopolymers modified by inorganic fibrous particles. Given its potential application as a
replacement of OPC based mortar thus reducing the negative environmental impact by both the
reduction of CO2 emission and exploitation of waste material, the alcali activated cementitious
materials have enjoyed a considerable attention in the last decades. However, the use of these
binders in large scale engineering applications is still an open question and much research is still
needed. The presented study is another promising fragment in this endeavor and the achieved
results certainly deserve attention.

[Jvynikajici  [[X] nadprimérny |[] primérny [ podpriimérny [[] slaby

Spinéni cild disertaéni prace

komentar: Goals of the work and their achievements

The research objectives are stated in Chapter 2. Concentrating on metakaolin as one particular
source of aluminosilicate for geopolymer preparation | find reasonable, since it made the thesis
compact and allowed for achieving all the goals stated. This is evident from Chapter 5
summarizing the principal outcomes of a very broad and diverse experimental program. Their
choice is also supported by a detailed state of the art section and literature survey presented in
Chapter 3, which shows a good orientation of the candidate in this field.

[ vynikajici | [X] nadprimémy | [] pramérny [ ] podprameérny [[] slaby

Metody a postupy feSeni

komentar: Treatment of the topic - methodical and conceptual approach

The methodical and conceptual approach is described in Chapter 4 outlining the experimental
program carried out in the course of this thesis. While the program is rather broad, its theoretical
description is quite brief particularly for a reader not familiar with the subject. In most cases, the
number of specimens is either not mentioned or the selection of a particular number is not
explained. For example, from Section 4.10 it is not clear, whether the experiment was run in a
stress or displacement controlled regime. One may only guess from the presented results that




the latter approach was adopted. When discussing the results the author quite often refers to the
available literature suggesting similar observations. But no direct comparison is provided. So a
non-experienced reader may just take these conclusions for granted. For example, the
discussion on thermal stresses is rather difficult to accept if the mismatch in coefficients of
thermal expansion of geopolymer and fibrous particles is not provided. This | find as the principal
thesis shortcoming, which slightly pollutes otherwise interesting research activities.

[J vynikajici [ nadpramérny [[X] primérny [ ] podprameérny |[] slaby

Vysledky disertace - konkrétni pfinosy disertanta

komentar: Thesis results - author's specific contribution

The principal outcomes are summarized in Chapter 5. Regardless of the above comments the
results show a positive effect of fibrous particles over the neat samples with carbon particles
appearing slightly more advantageous in comparison to basalt particles.

[1 vynikajici  [X] nadpramérny [[] pramérny [ ] podpriimérny [[] slaby

Vyznam pro praxi a pro rozvoj védniho oboru

komentar: Extent of new knowledge and contribution to the practice

The thesis certainly shed a light on a number of specific issues concerning thermal behavior of
geopolymer based composites. But | am not an expert in this field so | suggest the author to give,
during the thesis defense, his own opinion on a potential applicability particularly in conjunction
with large scale engineering applications such as prefabricated concrete elements.

[Jvynikajici  [[] nadpramérny [[] pramérny | ] podprimerny |[] slaby

Formalni Uprava disertacni prace a jeji jazykova uroven

komentar: Organization of the work and overall comprehensiveness

The thesis are written in good English with only few grammatical errors. If leaving out too brief
description of individual experimental measurements, the thesis are easy to follow and the results
are clearly explained. However, in my opinion it might be beneficial to present some of the results
of both composites within the same tables or graphs. Also, some of the general conclusions are
not always fully supported by the presented results, e.g. the mentioned increase of hardness of
CMF based composites with increasing amount of particles over of the whole range of
temperature, see Table 8. The results for 800 0C of BMF composites in Table 7 are missing.

[Jvynikajici | X nadpramémy [[] pramémy  [[] podpramérmy [[] slaby

Pfipominky

Comments:
Apart from comments raised already in the review sections "Treatment of the topic" and "Thesis
results" the following questions might be addressed in more details:

1. Please explain what the difference between Wi and Wa in Eq. (1) is.
2. Please check Eq. (2). | suppose the temperature should be replaced with BMF(CMF)%.
3. Table 7: Why there is such a huge drop in hardness for G samples from 200 to 400 C?

35



4. Table 8: Please explain the increase in hardness for 15% CMF composite from 200 to 400 C.
Perhaps this is an error.

5. Could you please plot the stress strain curves for both composites on the common graph to
support the last sentence on page 56 and the first sentence on page 57?

6. Please explain the drop in weight for BMF composites in Fig. 33(a) not seen for CMF
composites.

7. Please provide the coefficients of thermal expansion for individual phases in BMF and CMF
based composites. | expect some mismatch which might generate excessive local stresses. In
this regard, the last sentence on page 61 is not clear to me. Please explain.

Zavéreéné zhodnoceni disertace

Final statement:

Based on the submitted review, consisting of an assessment of the scientific relevance,
fulfillment of the goals of the work, the quality of treatment of the topic and the extent of new
knowledge, it is concluded that this work meets high quality standards.

As it complies with the requirements for a Ph.D. work, | recommend the thesis for further defense
and if successful to appoint Mr. P.K. Behera the title

doctor (Ph.D.)

| Doporuéuiji po ispésné obhajobé disertaéni prace udéleni titulu Ph.D. | ano[X | ne [] |

Datum: 17.12.2019
Podpis oponenta: .................... D R
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