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ABSTRACT

This study focused on the use of ground ferronickel slag (GFNS) as a precursor for
geopolymer binder. A mixture of NaOH and Na»SiOz liquids was used as an alkaline
activator. Fly ash (FA) was replaced by 0, 25, 50, 75 and 100% GFNS to evaluate the
effect of GFNS on the characteristics of geopolymer. The fresh, mechanical properties
and durability performance of the geopolymer paste and mortar mixtures using GFNS
were studied. Various microstructural investigations were conducted to interpret the
effect of GFNS on the geopolymerisation process and properties of the reaction
product. Based on the fresh, mechanical and durability test results, optimal level of

ferronickel slag was recommended for manufacturing of geopolymers.

It was found that setting time and workability of fresh geopolymer paste decreased
with the increase of GFNS content. Soundness test results showed expansion of
geopolymer product well below the acceptable limit. Maximum compressive strength
of the geopolymer mortar was achieved for 75% replacement of fly ash by GFNS.
Microstructural analysis revealed the formation of amorphous sodium magnesium
alumino-silicate hydrate (N-M-A-S-H) gel as a reaction product of FA-FNS based

geopolymer.

It is important to investigate the interaction of GFNS binder with aggregates.
Therefore, fresh, mechanical and durability properties of geopolymer mortar made
with sand, different percentages of GFNS and fly ash were investigated. It was also
found that workability of geopolymer mortar reduced with the increase of GFNS as a
substitute of fly ash. The reduction of workability due to the increase of GFNS is
ascribed to the angular shape and higher fineness of GFNS particles. For the same
GFNS content, flow of mortar increased as the liquid content increased from 40% to
45%. The increase of workability is ascribed to the increase of water to binder ratio as
the liquid content increased. Compressive strength of mortar was found to maximize
at GFNS content of 75%. The 28-day and 90-day compressive strengths of geopolymer
mortar using 40% alkaline liquid were 75 and 96 MPa, respectively. The use of GFNS
decreased the porosity and sorptivity of the geopolymer mortar by providing denser

structures due to the improvement of reaction mechanism.



The use of GFNS improved the resistance of geopolymer mortar against elevated
temperature exposures. Geopolymer mortar having 50% GFNS showed maximum
residual compressive strength at exposure to elevated temperature. The crystalline
phases of the geopolymer did not change significantly until 600 °C. The number of
crystalline peaks increased and amorphousity decreased significantly at 1000 °C. The
N-M-A-S-H gel produced in fly ash-GFNS geopolymer provided a higher thermal
stability than neat fly ash geopolymer. Besides, non-destructive ultrasonic results
revealed that the lower frequency component dominates across all temperature
exposures in the neat fly ash geopolymer mortar, which indicates the presence of more
voids and cracks in the neat fly ash geopolymer than fly ash-GFNS geopolymer.
Furthermore, it was found that geopolymer mortar containing 75% GFNS showed
better acid and sulphate resistance than the neat fly ash geopolymer mortar. The N-M-
A-S-H gel and lower calcium content of GFNS made the fly ash-GFNS blended
geopolymer less susceptible in acid and sulphate solution than neat fly ash

geopolymer.

Overall, the use of GFNS as a source material in geopolymer was found a promising

option to produce green construction materials.
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CHAPTER 1: INTRODUCTION

1.1 Background

Concrete is one of the most widely used building materials in the world. Usually
cement is used as the binding material for conventional concrete production. Due to
the high demand of cement, the annual world cement production is predicted to
increase from around 2540 million tonnes in 2006 to between 3680 million tonnes and
4380 million tonnes in 2050, as shown in Fig. 1.1 [1, 2]. On the other hand, the
production of Portland cement is considered as a very energy intensive as well as
greenhouse gas emitting material due to the limestone decomposition and flaming of
fossil fuels during its manufacturing process [3-5]. A significant quantity of CO: is
released to the environment in the manufacturing process of the cement.
Approximately 5-7% of the global anthropogenic CO2 emission is caused by the
cement industry [6, 7]. One ton of CO- is emitted for the production of one ton of
cement. In addition, around 105 kWh electricity and about 60 to 130 kg fuel oil or its

equivalent is required for the production of one ton of cement [3, 8].

5000 - : :
- = = = high demand scenario European Union 25
e e e e e e _ Canada and United States
€ 4 000 - Other OECD Europe
OEJ OECD Pacific
8 3000 China
>3 India
c
% 2 000 - Economies in transition
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e
a 1000 - Latin America
R Africa and Middle East

2006 ‘ 2015 | 2030 ’ 2050
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Fig. 1.1 Annual world cement production [1, 2]. Note: OECD = Organization for

Economic Co-operation and Development



Therefore, the investigation of alternative binders to cement is one of the primary
fields of research concerning energy and greenhouse gas emission for the
manufacturing of Portland cement. In this connection, geopolymer is an alternate
binder that utilizes industrial by-products as a replacement for cement. Geopolymers
are inorganic polymers where a heterogeneous chemical reaction takes place between
alkali metal silicate solutions and aluminosilicate solid materials under very alkaline
conditions [9-11]. Geopolymers are manufactured from the reaction of a variety of
aluminosilicate source materials which comprises industrial by-products such as
ground granulated blast furnace slag (GGBFS) and fly ash, which are generous in
Aluminium (Al) and Silicon (Si). The general formula to express the chemical
constitution of geopolymer is Mn[-(SiO2).-AlO2]n.wH20, where M is the cations of
alkali, n is polymerization degree, and z is Si/Al ratio [12, 13]. The formation of

geopolymers can be shown by the following schematic reactions [14, 15]:

NaOH or KOH

(Si205, AbO2)a+ nSiOs + 4nH,0 52 o (OH)3— Si— O —AI? — (OH)s
|
(OH),

NaOH or
KOH | | I
n(OH);—=Si-0 —A|1<->— (OH); —*(Na, K) = (- Si-0 -Al” = O =Si — O —), + 4nH,0
| | |

(OH), o 0, O,

Ortho(sialate-siloxo) (Na, K)-poly(sialate-siloxo)

The geopolymerization mechanism follows four stages: a) dissolution of silicon and
aluminum from the rigid aluminosilicate materials, b) formation of Si-O-Si or/and Si-
O-Al oligomers species, ¢) polycondensation of the oligomers, and d) bonding of the
undissolved solid molecules to get the final solid polymeric structure; although it is
very difficult to isolate each stage separately [9, 16]. Duxson et al. [17] presented these

stages in a conceptual model as given in Fig. 1.2.



Aluminosilicate Source

+ Dissolution
M(_aQ) G H,0
OH(aq)
Aluminate & Silicate
Speciation
Equilibrium
> Gelation
> Reorganization
Polymerization

and Hardening

Fig. 1.2 Conceptual model of geopolymerisation process [17]

Ferronickel slag (FNS) is an industrial residue discharged during the manufacturing
of ferronickel alloys [18-20]. Principle constituents of FNS are SiO2, FeO, and MgO,
which are present in crystalline and non-crystalline mineral form [21-23]. As FNS has
a notable proportion of amorphous silica [24-26], ground FNS (GFNS) has shown
reactivity when utilized with an alkaline solution in geopolymers [9, 12]. In this study,

FNS was collected from the smelting of garnierite ores of New Caledonia. The aim of

3



the study is to investigate the properties of geopolymers using ground ferronickel slag

as a precursor. Finely ground FNS was used with fly ash to produce geopolymer.

1.2 Research objectives

The main objective of the study is to investigate the behavior of geopolymers using
ground ferronickel slag as a precursor. The following points describe the sub

objectives to achieve the main objective:

e Evaluate the physical, chemical and microstructural characteristics of ground
ferronickel slag as a source material for geopolymer binder.

e Assess the fresh properties, hardened properties and durability performance of
the geopolymer pastes and mortars incorporating GFNS.

e Investigate the microstructural properties of geopolymer binder by using
different advanced techniques such as QXRD, SEM, EDS and TGA in order
to explain the strength development and properties observed in large

specimens.

1.3 Research significance

It has been known from recent studies that geopolymers have promising mechanical,
chemical and physical properties in with good durability performance in terms of
porosity, water absorption, permeability and shrinkage and resistance to fire and other
aggressive chemicals [27-29]. The properties of geopolymer are comparable to the
properties of ordinary Portland cement (OPC) binders. Besides, the manufacturing of
geopolymer needs lower amount of energy as well as it utilizes industrial by-products.
Therefore, geopolymer not only can decrease the carbon footprints, but also it can
contribute to lower the pollution of environment by utilizing industrial by-products.

Utilization of industrial by-products has become one of the major subjects of interest
among the scientific community and the industry owners. Safe disposal of these by-
products is a matter of great concern. Disposal of these industrial by-products needs a
huge volume of land and energy. As discussed earlier, FNS is an industrial by-product
of ferronickel production process. This study was conducted using ferronickel slag of
the garnierite ores produced by Société Le Nickel (SLN) New Caledonia, which is one

of the world’s largest nickel producers. The ore is smelted at the temperature range of
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1500 °C to 1600 °C and a water cooling method is used to granulate the molten slag.
For the manufacturing of one ton of ferronickel alloy, around 14 tonnes of slag is
produced as a by-product. At the present time, over 25 million tonnes of FNS is staked
in that site [30]. Therefore, utilization of GFNS as a binder in the construction field
will benefit the environment and ease the safe disposal of the by-product.
Consequently, the utilization of this material in geopolymer will give numerous

economic, environmental and technical advantages.

1.4 Thesis structure
The thesis is organised in eight chapters as outlined below:

Chapter 1 presents the background, research objectives and significance of the study.

Chapter 2 entitled “Literature Review” provides the past study of the use of ferronickel

slag as construction materials.

Chapter 3 describes the synthesis of geopolymer binder using GFNS with fly ash.
Fresh and hardened properties of geopolymer paste were investigated at varying
SS/SH ratio and curing conditions.

Chapter 4 presents the fresh, mechanical and durability properties of geopolymer

mortar made with sand, different percentages of GFNS and fly ash.

Chapter 5 discusses the thermal resistance of geopolymer mortar produced from
GFNS and fly ash.

Chapter 6 presents the sulphuric acid resistance of GFNS blended fly ash geopolymer

mortar.

Chapter 7 describes the durability of geopolymer mortar made from GFNS and fly ash
after exposure to the 5% sodium sulphate solution for up to 1.5 years.

Chapter 8 presents the conclusions of this research and recommendations for future

studies.
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CHAPTER 2: LITERATURE REVIEW

2.1 Overview

Though every chapter contained detailed literature review on the specific studies, this
chapter reviews the use of ferronickel slag as a construction material. The production
process and properties of ferronickel slag are discussed on the basis of existing
literature. Besides, previous findings of the use of granulated ferronickel slag as
aggregates and use of ground ferronickel slag as SCMs in OPC or source materials in

geopolymer are discussed.

2.2 Ferronickel Slag

Ferronickel slag (FNS) is a by-product which is discharged in the refinement process
of ferronickel alloys from nickel ores, as shown in Fig. 2.1 [1]. Based on cooling
speed, two types of ferronickel slag are available. One of them is air-cooled FNS,
which looks gray and lumpy after cooling. Another type is water-cooled FNS, which
Is a sphere-like shape and looks dark after cooling, as shown in Fig. 2.2 [2, 3].




(b)

Fig. 2.1 Ferronickel slag: (a) Far view of stockpiled ferronickel slag, (b) Close view

[1].

3Imm

(b)

Fig. 2.2 Optical microscopy of (a) Air-cooled FNS, (b) Water-cooled FNS [2].

10



Table 2.1 Physical properties of ferronickel slag [4]

Specific gravity (g/cm®) Water absorption (%)

A-FNS [2] 3.11 1.64
W-FNS [2] 2.81 0.71
W-FNS [5] 2.85 0.42
A-FNS [6] 2.93 1.87
W-FNS [6] 3.08 0.13
W-FNS [7] 2.84 1.98
W-FNS [8] 2.97 1.20
A-FNS [9] 3.02 2.20
W-FNS [9] 2.84 0.73

Note: A-FNS = air-cooled ferronickel slag, W-FNS = water cooled ferronickel slag

The physical properties and chemical constituents of FNS highly depend on the source
of ore and the smelting process and cooling methods. Table 2.1 shows the physical
properties of FNS obtained from different sources. It can be noticed that in general
air-cooled ferronickel slag showed higher specific gravity and water absorption

compared to water-cooled ferronickel slag [2, 9].

Table 2.2 shows the chemical compositions of FNS obtained from different sources.
It can be seen that principal constituents of FNS are SiO, Fe203, and MgO. In general,
ferronickel slag from laterite ore contained high proportions of Fe.Osz and low
proportions of MgO. On the other hand, the ferronickel slag generated from garnierite

ore contained high amounts of MgO and low amount of Fe203[2, 9].
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Table 2.2 Chemical constituents of ferronickel slag [4]
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Fig. 2.3 Ground ferronickel slag (GFNS) [19].

Fig. 2.3 shows the photograph of ferronickel slag after grinding. As ferronickel has a
notable proportion of amorphous silica, ground ferronickel slag (GFNS) showed
reactivity when utilized with conventional cement as a supplementary cementitious
material [14, 20-22] or with an alkaline liquid as a precursor [23-25] to produce

geopolymers.

2.3 Use of ferronickel slag as aggregate

The physical characteristics of FNS are suitable for utilization as aggregate in
concrete. Several investigations were carried out regarding utilization of FNS as an
aggregate. Togawa et al. [9] investigated the features of bleeding, water tightness and
freeze-thaw resistance of concrete with ferronickel slag fine aggregate. The authors
found that the incorporations of limestone powder, blast furnace slag and silica fume
noticeably enhanced the bleeding and the compressive strength of ferronickel slag
concrete. The authors recommended that the utilization of limestone powder can
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enhance the freeze-thaw resistance of FNS concrete. It was noticed that the water
tightness of ferronickel slag concretes was the identical to that of the reference
concrete using natural sand [9]. Shoya et al. [8] suggested that ferronickel slag can be
a promising fine aggregate for the manufacturing of high performance concrete with

self compactability and high durability.

Tomosawa et al. [26] studied alkali-silica reactivity of ferronickel slag aggregate
concrete. They suggested that addition of GGBFS, inclusion of fly ash and use of low
alkali cement are the potential measures to restrain the reactivity of FNS aggregates.
After that, several studies were conducted to mitigate alkali-aggregate reaction of FNS
aggregate concrete. Choi and Choi [2] noticed that the water cooled FNS appeared
higher alkali-silica reactivity than air cooled FNS. They also found that the partial
replacement of cements with GGBFS or fly ash, and of FNS with sea sand decreased
the alkali-silica reactivity (ASR) of FNS aggregate concrete. Saha and Sarker [15]
reported that the application of GGBFS was not enough to minimize expansion up to
the requirement. On the other hand, the utilization of class F fly ash as a supplementary
cementing material was found effective in decreasing the ASR expansion. Recently,
several studies were conducted by researchers to evaluate the fresh, hardened, and
durability related properties of mortar and concrete where FNS was used as a fine
aggregate [27-31]. In addition, fresh, mechanical and durability properties of concrete
were investigated where ferronickel slag was used as coarse aggregate [6, 7, 32].

2.4 Use of ground ferronickel slag (GFNS) as supplementary cementitious
materials

As ferronickel slag has a notable proportion of amorphous silica, ground ferronickel
slag (GFNS) has shown reactivity when used with Portland cement. Lemonis et al.
[14] conducted a study on the hydration of ternary blended cements consisting of a
natural pozzolan and GFNS. It was seen that the rate of strength development of GFNS
blended cements were lower compared to the reference control sample. At the early
ages, the hydration rate of the mixture was delayed due to the addition of the natural
pozzolan and GFNS. However, the pozzolanic reaction contributed to progress of
strength at the late ages. The amorphous silicate matrix was dissolved and reacted with
Portlandite to produce a secondary CSH gel and enhanced the density [14]. In addition,

Katsiotis et al. [33] utilized GFNS as a supplementary material with Portland cement.

14



They also reported identical results. Rahman et al. [21] studied the fresh and hardened
characteristics of mortars and cement pastes blended with GFNS and GGBFS. The
authors reported that the water demand and setting times were not notably changed
due to the use of the GFNS as a cement substitution up to 50%. The compressive
strengths of mortar were slightly lower than that of the reference mixture. From the
microstructural analysis, it was observed that as Mg was in stable forsterite ferroan
form, and it did not participate in the hydration process. Therefore, in soundness test,
there was no significant expansion despite the high Mg content of GFNS [21].
Recently, several studies were conducted by other researchers to evaluate the
properties of the paste, mortar and concrete where GFNS was used as a supplementary
binder [20, 22, 34-36]. Li et al. [20] found that the use of 20% GFNS as a replacement
of cement improved the sulphate resistance of the mortar. Zhai et al. [22] reported that
the use of high magnesium ferronickel slag as a supplementary cementitious material
did not provide volume expansion. Kim et al. [35] noticed that GFNS concrete
provided lower strength compared to OPC concrete at an early age. However, the
strength of GFNS concrete substantially increased in a long-term period due to the
latent hydration. Chen et al. [36] found that the pore structure of concrete was refined
by the use of GFNS, which provided higher corrosion resistance and lower electrical

conductivity of concrete.

2.5 Use of GFNS as precursor in geopolymers

Due to the presence of a high proportion of amorphous silica, GFNS has shown
reactivity as a precursor in geopolymers. Komnitsas et al. [10] investigated the
suitability of geopolymer synthesis from low Ca electric arc furnace GFNS where
kaolinite, sodium hydroxide, sodium silicate and water were used as additives. The 23
factorial design method was applied to evaluate the influence of the age, heating time
and temperature on the compressive strength of the geopolymers. The authors found
that only aging period was effective for the compressive strength development, while
heating temperature and time had an insignificant influence on the compressive
strength. They also found some new phases such as thermonatrite, sodalite, calcite,
trona and maghemite from XRD and FTIR analysis. It was seen that when samples
were exposed to freeze-thaw cycles and distilled water for 4 months, the durability of
the produced geopolymers was insignificantly affected. On the other hand, when the

geopolymer specimens were exposed to an acid solution, a significant strength loss
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was observed [10].

Komnitsas et al. [11] reported that as the size of K* is larger than Na*, K* is more
useful for the formation of larger silicate oligomers. Thus, KOH supplied higher
amount of inorganic polymer precursors than NaOH. Consequently, better
compressive strength and setting were obtained from KOH activator solution. They
also observed that the existence of kaolin in the initial paste increased porosity. Thus,
the compressive strength was reduced due to the increased porosity of the new
structure. They suggested that short-term pre-curing has a positive effect on the
compressive strength. However, longer pre-curing enhance the compressive strength
insignificantly [11]. In another study, Komnitsas et al. [12] analysed the impact of
nitrate and sulphate ions on GFNS based geopolymer. They noticed that nitrate and
sulphate ions reduced the compressive strength of geopolymers. These ions consumed
greater amounts of moles from alkali activator solution. Thus, geopolymerisation
process was hampered and lower amount of gel was produced. It was also shown that
heavy metals were confined in the geopolymer matrix, although the characteristics of
developed gel enhance the level of encapsulation. The authors also found that the rise
of the molarity of KOH decreased some drawbacks due to the increased participation

of KOH in geopolymeric reactions [12].

Moreover, Maragkos et al. [13] observed that the properties of GFNS geopolymer
controlled by the solid to liquid (S/L) ratio and the initial NaOH and initial SiO>
concentration. The optimum amount of S/L ratio, initial NaOH and initial SiO>
concentration for the synthesis of FNS geopolymers were 5.4 g/mL, 7 M and 4 M,
respectively [13]. Yang et al. [37] studied the impacts of high-magnesium nickel slag
(HMNS) on fly ash based geopolymer considering the microstructural and mechanical
analysis. They found that the sodium magnesium aluminosilicate gel was the prime
constituent of the binder. It was seen that the HMNS substitution provided a greater
amount of silicate constituents which ultimately increased Si/Al ratio. It was observed
that for 20% GFNS geopolymer samples, the volume of pores was lower than those of
the other samples. On the other hand, higher amount of GFNS such as 40% or 60%
GFNS reduced Si/Al ratio and increased porosity. Thus, the compressive strength
decreased due to the use of higher amount of GFNS. The authors found that for 1.2 to
2.0 molar ratio of alkali activator solutions, the optimum amount of HMNS was 20%
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where higher compressive strength and lower drying shrinkage were obtained
compared to other proportions of HMNS. They also pointed out that the HMNS is not
as reactive as usual MgO-based expansive agents. As a result, the volume stability
problem of fly ash-based geopolymers was not noticeable due to the addition of
HMNS [37].

Besides, Zhang et al. [1] reported high compressive strength for 20 and 40% HMNS
compared to 100% fly ash geopolymer. They found that this improvement was because
of the reactivity of glassy forms of HMNS. It was reported that the production of
geopolymer needs lower amount of energy as well as the emission of lower CO;
compared to conventional cement paste [1]. In addition, Sakkas et al. [38] examined
the thermal and mechanical performances of GFNS based geopolymers. They found
that the geopolymers had low water absorption, low thermal conductivity, and high
compressive strength which are identical or even better compared to other fire-
resistant substances such as fire barrier 135, meyco fireshield 1350, promatect board,
cyc feu 6 and pyrocrete 241. Giannopoulou and Panias [39] found that the thermal
insulation of GFNS geopolymers was comparable with that of calcium silicate board,

which is one of the marketable insulation materials.

Recently, Bian et al. [40] investigated the effect of Na2O equivalent on the fresh and
hardened properties of GFNS geopolymer. The authors reported that the optimum
Na2O equivalent is 5% in GFNS geopolymer considering workability and strength.
Cao et al. [23] evaluated the leaching kinetics and reactivity of GFNS in NaOH
solutions. It was found that dissolved magnesium was primarily involved in the
development of N-M-S-H gels and hydrotalcite. Chromium was not detected at the
time of leaching process. Bouaissi et al. [41] found that the use of HMNS in fly ash-
GGBFS geopolymer concrete increased the intermolecular bond of geopolymer
matrix. Thus, a highly compacted matrix with less pores was found in the FA-GGBFS-
HMNS geopolymer concrete. Cao et al. [42] evaluated the feasibility of using GFNS
blended with GGBFS to produce geopolymers. The authors found that for the Na>SiOs
activated geopolymer, the drying and autogenous shrinkage increased with the
increase of GFNS. On the other hand, the drying and autogenous shrinkage decreases

with the increase of GFNS for the NaOH activated geopolymer.
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2.6 Summary

From the above review, it is noticed that GFNS is a feasible source material for the
production of geopolymer binder. However, GFNS as a precursor in geopolymer has
not been studied extensively by the scientific community unlike fly ash or ground
granulated blast furnace slag. Moreover, properties of GFNS based geopolymers also
depend on the source of the GFNS. In this study, GFNS was collected from the
smelting of garnierite ores of New Caledonia, which should be properly analysed prior
to use as a source material of geopolymer. Therefore, the aim of the study was to
investigate the properties of geopolymers using GFNS as a source material. A solution
of NaOH and Na»SiOs was utilized as an alkaline activator. Binary mixes of GFNS
with fly ash were investigated at different curing conditions. The fresh properties and
mechanical and durability properties of the hardened geopolymer paste and mortar
using GFNS was studied. Various microstructural studies were performed in order to
interpret the effect of GFNS on the geopolymerisation process and the reaction
product. Based on the fresh, mechanical and durability test results, optimal level of
GFNS was recommended for manufacturing geopolymers.
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CHAPTER 3: FRESH AND HARDENED PROPERTIES OF GEOPOLYMER
BINDER USING GFNS WITH FLY ASH

The contents presented in this chapter were published in the following paper:

Kuri, J. C., Khan, M. N. N., & Sarker, P. K. (2021). Fresh and hardened properties of
geopolymer binder using ground high magnesium ferronickel slag with fly ash.
Construction and Building Materials, 272, 121877.

This chapter evaluates the fresh and hardened properties of geopolymer paste
containing different percentages of GFNS with fly ash. The setting time, flow time,
flow diameter, soundness by Le-Chatelier expansion, compressive strength and
microstructural properties were determined. The experimental results were analyzed
to evaluate the effect of using GFNS as a geopolymer precursor, understand the

behaviour of the geopolymer products and correlations among the properties.

3.1 Overview

Geopolymers are inorganic polymers obtained by synthesis of aluminosilicate source
materials with alkaline liquids [1]. Previous studies attempted using various
aluminosilicate source materials that comprises industrial by-products as well as
natural raw materials, such as fly ash, ground granulated blast furnace slag (GGBFS),
metakaolin, silica fume, palm oil fuel ash and rice husk ash, which are abundant in
Aluminium (Al) and Silicon (Si). Geopolymers are reported to possess high
compressive strength [2, 3], high thermal stability [4-6], low permeability [7], and
good resistance to chemical attacks [8] and freeze-thaw cycles [9], which are
comparable to the properties of ordinary Portland cement (OPC) binders.

The composition, amorphousness and fineness of the starting materials highly
influenced the characteristics of geopolymer [10]. Gao et al. [11] reported that the
lower molar ratio of SiO2/Na;O provided faster setting time of geopolymer as
compared to the higher SiO2/Na>O ratio. Chindaprasirt et al. [12] observed an
acceleration of setting in high calcium fly ash based geopolymers due to the increase
of SiO2 or Al>,O3 where the optimum SiO2/Al>O3 ratio was in the range of 3.20 to 3.70.
Setting time of geopolymer was also found to be influenced by the liquid to solids
(L/S) ratio. Setting time of fly ash geopolymer paste increased with the increase of the
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L/S ratio [13]. The ratio of sodium silicate to sodium hydroxide solutions (SS/SH) of
the activating liquid influenced fresh [14] and hardened [15] properties of
geopolymers. Workability of geopolymer was found to decrease with the increase of
SS/SH ratio due to the increase of viscosity [16]. The molar ratio of Si/Al showed a
great influence on the formation of geopolymer gel, which also influence the
compressive strength. Ozer and Soyer-Uzun [17] reported an increase of compressive
strength with the increase of the molar ratio of Si/Al. Besides, it was found that a
higher MgO content of alkali activated slag provided faster reaction and better
mechanical properties [18,19]. Bernal et al. [20] and Abdalgader et al. [21] reported
that the alkali activated slag with higher MgO content produced hydrotalcite as the
principal secondary reaction product in addition to calcium aluminosilicate hydrate
(C-A-S-H). Moreover, the properties of geopolymer are also influenced by the curing
conditions. Usually heat curing accelerates the geopolymerization reaction which

provides quick setting and high early strength [22].

Ferronickel slag (FNS) is a by-product which is discharged in the refinement process
of ferronickel alloys from nickel ores [23]. The ore is smelted in a rotary kiln or electric
furnace to produce ferronickel. The main chemical components of FNS are Si, Mg
and Fe, which exist in the forms of crystalline and non-crystalline minerals [24].
Several investigations were conducted by different researchers where FNS was used
as aggregate [25, 26]. Besides, owing to high amount of amorphous silica, ground FNS
(GFNS) has shown reactivity as a supplementary cementitious material in OPC [27-

30] or a source material in geopolymer [31-33].

Komnitsas et al. [34] investigated the properties of kaolinite-GFNS based geopolymer.
The authors noticed that the compressive strength of kaolinite-GFNS geopolymer
highly depends on the age of specimens. It was also shown that the presence of
sulphate and nitrate ions hindered the geopolymer reaction and thus reduced the
geopolymer product as well as strength of GFNS geopolymer [35]. In another study,
Komnitsas et al. [36] noticed that KOH activated GFNS geopolymer provided higher
compressive strength and faster setting as compared to NaOH activated geopolymer
due to the larger size of K*. However, Xu and Deventer [37] demonstrated that the
small size of Na* enhanced the ionic pair reaction with the smaller silicate oligomers
and thus, higher strength was found for NaOH activated geopolymers compared to

KOH activated geopolymers. Maragkos et al. [38] noticed that the optimal conditions
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for the synthesis of GFNS geopolymers were 5.4 g/mL solid to liquid (S/L) ratio, 7M
initial NaOH concentration and 4M initial SiO. concentration. At this optimum
condition, high compressive strength (120 MPa), high apparent density (2480 kg/m?)
and low water absorption (0.7%) were achieved.

Fly ash contains substantial proportions of Si and Al. On the other hand, GFNS has
significant amounts of Si and Mg [24]. Therefore, blending of GFNS with fly ash will
make a suitable combination of materials to form sodium magnesium aluminosilicate
hydrate (N-M-A-S-H) gel. In the process of FA-GFNS geopolymerization, the Si-O-
Si, Si-O-Al and Al-O-Al bonds of fly ash and GFNS particles are first broken in the
highly alkaline solution to develop silicate monomers [Si(OH)3] and aluminium
monomers [AI(OH)47]. In consequence, oligomerization of SIO(OH)3 and AI(OH)4"
is occurred. In the next stage, Na* and Mg?* are incorporated into the aluminosilicate
structures and geopolymer precursors are formed as per Eq. 3.1 [39-41]. Then, in the
polycondensation stage, the geopolymer precursors together form a 3D network
according to Eq. 3.2. Finally, a geopolymer gel structure is formed by making bonds
with the undissolved solid particles [39, 40].

[Sij0k (OH)3j_2x]™ + [Al;0yy,(OH) 4;_2n] ™ + pOH™ + pNa* + pMg?* =
[Si;ALOg+m+p(OH)3_2k4a1-2m—p]?~-pPNat.pMg?* + pH,0 ..., (3.1)

n([SijAllOK+m+p(OH)3j—2k+4l—2m—p]p_-pNa+-ng2+) =
[SinjAlnlOn(k+m+p) (OH)n(3j—2k+4l—2m—p)—2w]np_-npNa+-ang2+ + WHZO
................................................................................................ (3.2)

where, the coefficients j, k, I, m and p depend on the alkali solution and chemical

constituents of GFNS and fly ash, and n presents the degree of polymerization.

Zhang et al. [42] observed that the application of 20% and 40% GFNS substitution
provided higher compressive strength as compared that of 100% fly ash. It was also
noticed that the thermal stability of geopolymer increased due to the incorporation of
GFNS, which is associated with the formation of sodium magnesium aluminosilicate
gel [43, 44]. Moreover, Sakkas et al. [45] found that the GFNS based geopolymer
possess low water absorption and low thermal conductivity, which are comparable to

that of other fire-resistant materials. Bouaissi et al. [46] observed that the replacement
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of fly ash with 10% GFNS and 20% GGBFS in geopolymer concrete increased the 28-
day compressive strength and splitting tensile strength by 100% and 58%,

respectively.

Pentlandite, garnierite and laterite ores are the main sources of nickel. The FNS used
in this study is produced from garnierite ore by Société Le Nickel (SLN) New
Caledonia, which is one of the world’s largest nickel producers. Since garnierite ore
contains a high amount of magnesium [47], the magnesium content of the FNS is also
relatively high. Safe disposal of the by-product is a matter of great concern, and its
storage is occupying a huge area of land. About 25 million tonnes of this FNS is
currently available at one site for potential uses [48]. Therefore, the development of
GFNS as a binder for concrete will provide a route for the safe disposal of the by-
product FNS and save on the land required for its storage. This will also benefit the
environment by reducing the carbon dioxide emission of cement production. As
mentioned, the FNS contains a relatively high proportion of Mg unlike the FNS
studied by Maragkos et al. [38], Komnitsas et al. [34-36] and Sakkas et al. [45]. The
high Mg content limits the use of GFNS as a supplementary cementitious material
(SCM) due to the concern over volume stability of concrete. Therefore, it is essential
to understand the soundness behaviour of GFNS geopolymers. At present, very little
information is available on the fresh properties of fly ash-GFNS geopolymers, with no
published results on the setting and soundness properties. Moreover, the properties of
geopolymer are significantly influenced by the alkali activator and curing conditions
which needs to be studied in detail. Therefore, it is important to understand the effects
of high magnesium content of GFNS on the setting, workability and expansion
behaviour of geopolymer binders using variable alkali activator. This study
investigated the properties of geopolymers using GFNS as a precursor at ambient and
heat curing conditions. The setting time, workability, soundness and compressive
strength of geopolymer binders produced using different percentages of GFNS with
fly ash were evaluated. The influence of silicate to hydroxide ratio of the alkaline
activator on fresh and hardened properties of fly ash-GFNS geopolymer was also
investigated. Microstructure analysis of the hardened geopolymer binder was
conducted by scanning electron microscopy (SEM) images, energy-dispersive X-ray
spectroscopy (EDS) and quantitative X-ray diffraction (QXRD) analysis to gain

insights into the reaction products.
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3.2 Materials and Methods

3.2.1 Materials

Class F fly ash (FA), GFNS and an alkaline activator liquid were used for the
production of the geopolymer paste. The SEM images of Fig. 3.1(a) and (b) show the
morphology of GFNS and fly ash, respectively. It is seen that the shapes of GFNS and
fly ash particles are angular and spherical, respectively. The chemical compositions of
GFNS and fly ash, determined by X-ray fluorescence spectrometer, are shown in Table
3.1. It can be noticed that GFNS has substantial amounts of Si, Mg and Fe, whereas
fly ash contained notable proportions of Si and Al. The strength activity index of the
fly ash was 78%. The maximum size of granulated FNS was about 5 mm which was

ground using a laboratory ball mill.
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(b)
Fig. 3.1 (a) SEM image of GFNS; and (b) SEM image of fly ash.

WD= 49 mm

Table 3.1 Chemical compositions of GFNS and fly ash

Constituents GFNS (%) Fly ash (%)
SiO» 51.42 60.03
Al2O3 2.88 22.75
CaO 0.48 3.80
Fe203 12.85 6.78
K20 0.03 1.28
MgO 30.58 1.29
Na20O 0.08 0.54
P20s 0.01 0.89
SOs 0.05 0.25
TiO; 0.06 1.06
MnO 0.46 0.07
SrO <0.01 0.05
Cr203 1.07 0.01
ZnO 0.02
Loss on ignition 1.15

28



o
ol

S 7 ——GFNS
45 - = = =Flyash dio=1.43 pm
4 dso=14.37 um
] dio= 1.42 pum deo = 37.10 pum
35 - dso=13.62 pm | A,
S dao = 45.50 pm
(6]
e
5 25 -
o
>,
1.5 -
1 .
\
0.5 - e
0 . . : : L
0.01 0.1 1 10 100 1000

Particle size (um)

Fig. 3.2 Particle size distributions of GFNS and fly ash.

The GFNS and fly ash particles were went through the laser beam, where the intensity
of scattered light was determined and converted to particle size using a Malvern
Mastersizer 2000 particle size analyzer. The particle size of GFNS varied from 0.240
to 140 pm and that of fly ash varied from 0.250 to 700 pum, shown in Fig. 3.2. The
mean particle size (dso) of GFNS was 14.37 um, which is similar to that of fly ash
(13.62 um). The Blaine’s specific surface area of the fly ash was 3800 cm?/g and that
of GFNS was 4200 cm?/g. The specific gravity of the fly ash and GFNS were 2.40 and
2.95, respectively.

A mixture of sodium hydroxide (SH) and sodium silicate (SS) solutions was used as
the alkali activator. The amount of alkali activator solution was constant as 40% of the
total solid binder for all mixtures. The concentration of SH solution was 8M which
was also constant for all the mixtures. It was made by mixing 98% pure NaOH pellets
and normal water. The Na,SiOz3 solution was collected from a local commercial source
which consists 14.7% Na2O, 29.4% SiO, and 55.9% water. The ratio of the SS/SH
solutions varied from 1.5 to 2.5. The amount of activator solution, SS/SH ratio and
molarity of NaOH were adopted on the basis of the previous works on geopolymers
to achieve workability and strength [13, 14].
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3.2.2 Mix proportions

The mixture proportions of geopolymer pastes are presented in Table 3.2, where fly
ash was replaced by 0, 25, 50, 75 and 100% GFNS. The molar ratios of the mixtures
are also given in Table 3.2. The molar ratios were calculated using the chemical
compositions of precursors and alkaline liquids. For each of the paste mixtures, the
mass of alkali activator solution was 40% of total binder. The ratios of SS/SH solutions
were 1.5, 2.0 and 2.5. In the mixture ID of Table 3.2, the number after GFNS
represents the percentage of GFNS and the number after R shows the ratio of SS/SH
solutions. For instance, the mix designation GFNS-50-R-2.0 indicates a mixture with
50% GFNS as a replacement of fly ash and the ratio of SS/SH is 2.0.

Table 3.2 Mix proportions of geopolymer pastes

Molar ratio

Mix 1D

GFNS (%)
Fly ash (%)

o
T Si0)  Na,O/ NaO/ H, 0/ MgO/ MgO/
o AlLO; S0, AlLO; NaO  Si0;  AlOs

GFNS-0-R-1.5 0 1.5 5.004 0.106 0.529 12306 0.029 0.143
GFNS-25-R-1.5 25 75 1.5 6.197 0.108 0.666 12502 0.198 1.225
GFNS-50-R-1.5 50 50 1.5 8.313 0.109 0.910 12.705 0.378 3.146
GFNS-75-R-1.5 75 25 1.5 13.111  0.111 1461 12915 0572  7.497
GFNS-100-R-1.5 100 0 1.5 3445 0.114 3916 13.131 0.780 26.861

GFNS-0-R-2.0 0 100 20 5.063 0.102 0.518 12.257 0.028 0.143
GFNS-25-R-2.0 25 75 2.0 6.271 0.104 0.652 12457 0.195 1.225
GFNS-50-R-2.0 50 50 2.0 8.417 0.106 0.890 12.664 0.374 3.146
GFNS-75-R-2.0 75 25 2.0 13.280 0.108 1430 12877 0.565 7.497
GFNS-100-R-2.0 100 0 2.0 34917 0.110 3.830 13.098 0.769 26.861

GFNS-0-R-2.5 0 100 2.5 5.104 0.100 0.511 12222 0.028 0.143
GFNS-25-R-2.5 25 75 2.5 6.325 0.102 0.642 12424 0.194 1.225
GFNS-50-R-2.5 50 50 2.5 8.491 0.108 0.877 12,633 0.370 3.146
GFNS-75-R-2.5 75 25 2.5 13.401 0.105 1408 12.850 0.559  7.497
GFNS-100-R-2.5 100 0 2.5 35.247 0107 3.770 13.074 0.762 26.861

o
[EN
o

@Sodium silicate solution.

bSodium hydroxide solution.

3.2.3 Casting and curing
Fifteen geopolymer paste mixtures were prepared using different proportions of
precursors and alkaline liquids as denoted in Table 3.2. The NaOH and Na,SiOs
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solutions were mixed together at the desired ratio about half an hour before mixing
with the solid precursors to enhance the reactivity of the activator liquid. The desired
amount of GFNS and fly ash were dry mixed in a Hobart mixer first. After that the
alkaline solution was added slowly as the mixing was continued. The fresh paste
mixture was used for setting time, workability and soundness tests. The 50 mm cube
moulds were filled up with geopolymer paste and compacted by a vibration table. To
compare the effect of curing conditions on geopolymer, ambient curing and heat
curing were applied on geopolymer specimens. The ambient condition consisted of a
controlled temperature of 20 + 3 °C with relative humidity of 65 £ 5%. The samples
were demoulded after 24 hours of casting and left in that controlled room till testing.
For heat curing, after casting, the samples with moulds were kept in an oven at 60 °C
for 24 hours. After completion of heat curing, the hardened samples were demolded

and kept in room temperature till the time of testing.

3.2.4 Test methods

The studied fresh properties were setting times and workability of geopolymer paste.
The setting time test was conducted at 23 °C using a Vicat apparatus following ASTM
C191 [49]. To determine workability of fresh geopolymer paste, the flow time was
measured using a flow cone according to ASTM C939 [50]. The flow cone was filled
with geopolymer paste and allowed to discharge through a tube. The time for the first
break of continuous flow is taken as the flow time, which is a measure of the fluidity
and is related to the workability of the mixture. In addition, the flow value was
determined by flow table test in accordance with ASTM C1437 [51].

Unsoundness of a binder may cause excessive volume change leading to cracks and
strength loss. Since GFNS has a relatively high magnesium content as shown in Table
3.1, it is important to determine the soundness of geopolymer, although the reactivity
of Mg depends on its chemical bonding in the slag. Therefore, in order to investigate
the effect of high Mg on soundness of GFNS, the Le-Chatelier soundness test was
performed following AS2350.5 [52].

Compressive strength of hardened geopolymer paste was tested at an axial loading rate
of 18 MPa/min with a Matest machine as per AS 1012.9 [53]. The compressive

strength of ambient cured specimens was determined at 7, 28, 56 and 90 days of room
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temperature curing. On the other side, the compressive strength of heat cured
geopolymer was determined after 1 day of cooling at room temperature (2 days after

casting).

SEM and EDS analysis were used to investigate the microstructure of geopolymer
products. The geopolymer paste cube specimen was cut by a diamond saw and the
sectioned surface was coated with 10 nm carbon. After that, SEM images were
obtained using a Neon 40EsB (Zeiss) microscope and elemental composition at
various locations were investigated by EDS (Oxford Instruments) fitted with SEM

instrument.

Quantitative X-ray diffraction (QXRD) analysis was performed to investigate the
mineralogical contents of the raw binder and geopolymer paste. Geopolymer pastes
were ground (dry grinding) by a ring mill to make the powder sample where particle
size was less than 75 um. Then 3 g powder sample was mixed with 0.3 g (10% of the
original sample) corundum powder. Corundum powder was applied as a standard
reference substance to perform quantitative analysis. Eight ml ethanol was then added
to the powder mixture and ground (slurry grinding) by the McCrone micronizing mill
where particle size was reduced to less than 5 um. After that, the slurry specimen was
dried, ground and packed into a clean specimen holder. A D8 Advance powder
diffractometer (Bruker AXS, Germany) was used to collect the XRD patterns. The
analysis was performed for 2 theta values of 7-120 degrees where step size was 0.015
degrees and collection time was 0.7 Sec/step. ICDD (International Centre for
Diffraction Data) PDF4+ database and EVA 11.0 software were used to identify the
phases. Then Rietveld [54] full pattern analysis was conducted by TOPAS [55] to find
the relative weight proportion of the phases. Finally, the internal standard method [56]
was applied using TOPAS software to determine the absolute proportion of

amorphous and crystalline phases from the relative Rietveld weight proportion.

3.3 Results and Discussion

3.3.1 Setting time

Fig. 3.3 presents the effect of GFNS on setting time of geopolymer paste for the ratios
of SS/SH of 1.5 (R-1.5) and 2.0 (R-2.0). It can be seen that for all the mixtures, initial
and final setting times of geopolymer paste decreased with the increase of GFNS
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content. In case of R-1.5, the control paste without GFNS showed longer initial (250
min) and final (405 min) setting times compared to the mixtures with GFNS. The
setting time of neat fly ash geopolymer was long because of the slow reaction at room
temperature. However, the initial setting time of geopolymer paste reduced to 165,
133, 100 and 60 minutes due to the use of 25, 50, 75 and 100% GFNS, respectively.
It is seen that the difference between initial and final setting times of the geopolymer
pastes using GFNS were very small as compared to neat fly ash paste and the
difference decreased with the increase of GFNS content. For instance, in the R-1.5
mixtures, the difference between initial and final setting times of the neat fly ash
geopolymer paste was 155 minutes and those of the pastes using 25, 50, 75 and 100%
GFNS were 33, 27, 23 and 15 minutes, respectively. A similar trend was observed in
the R-2.0 mixtures where the use of 0, 25, 50, 75 and 100% GFNS gave initial setting
times of 410, 270, 240, 192 and 188 minutes, respectively. The corresponding final
setting times were 640, 310, 276, 226 and 208 minutes, respectively.
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Fig. 3.3 Relationship between setting time and GFNS content in geopolymer paste.
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It can be noticed from the Table 3.2 that an increase of GFNS content increased the
SiO2/Al>Og ratio of the mixtures. In other words, the setting times of geopolymer paste
decreased with the increase of SiO2/Al2Os ratio. The silica species ([SiO2(OH)s] or
[SiO2(OH),]?) increased with the increase of SiO2/Al,Os ratio and successively
accelerated the polycondensation between the silica species and [AI(OH)4]", which in
turn produced more alkaline aluminosilicate gel that reduced the setting times [57].
Moreover, setting time is also influenced by the Na>O/Al,Oz ratio. It is noticed from
Table 3.2 that the Na2O/Al20Os ratio increased with the increase of GFNS content that
reduced the setting time of geopolymer paste. A similar trend of setting time results
was reported by Balczar et al. [58]. Besides, GFNS contained a relatively higher
proportion of MgO as compared to fly ash (Table 3.1). This increased the MgO/SiO>
ratio and the MgO/Al,Oz ratio with the increase of GFNS (Table 3.2). It can be
observed that setting time of geopolymer paste decreased with the increase of
MgO/SiO> ratio and MgO/Al20s ratio. This is consistent with the finding of Fang et
al. [59] reporting a decrease of setting time with the increase of MgO content.

Furthermore, it is seen from Fig. 3.3 that the geopolymer pastes having a SS/SH ratio
of 2.0 (R-2.0) showed longer setting time for a particular GFNS content than the
SS/SH ratio of 1.5 (R-1.5), though the paste of R-2.0 has a higher SiO2/Al;O3 ratio
than the paste of R-1.5. For instance, for 50% GFNS, mixtures with R-1.5 gave initial
setting time of 133 minutes and final setting time of 160 minutes. On the other hand,
for the same GFNS content (50%), the paste having R-2.0 gave initial setting time of
240 minutes and final setting time of 276 minutes. It can be noticed from Table 3.2
that for a particular GFNS content, the mixture having R-1.5 provided a higher molar
ratio of Na,O/SiO, and Na>O/Al>O3 as compared to the R-2.0 mixtures. The increase
of the Na2O increased pH of the solution which resulted in a faster polycondensation
and eventual faster setting of the mixtures having a SS/SH ratio of 1.5 as compared to
those having SS/SH ratio of 2.0 [60]. As the mixture with SS/SH ratio of 2.5 took
much longer time to set, the setting time test was not completed for that mixture.
However, the similar trend was not observed by some researchers, where setting time
decreased due to the increase of the SS/SH ratio. A higher SS/SH ratio increased the
soluble silica, which accelerated the geopolymerization process and decreased the
setting time [13].
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3.3.2 Workability

The flow time and flow diameter were measured to determine workability of fresh
geopolymer pastes. Flow time of the fresh paste mixture was measured using the flow
cone method. Fig. 3.4 presents the influence of GFNS on flow time of paste for the R-
2 mixtures. It can be noticed that flow time of geopolymer paste increased due to the
increase of GFNS content by 25 and 50%. The control paste without GFNS showed a
flow time of 1044 s, whereas 50% GFNS content showed the highest flow time of
1295 s. Flow time of 1112 s was measured for 25% GFNS contents. It was not possible
to complete the flow cone test for the pastes containing 75 and 100% GFNS since the
paste did not fully pass through the cone for these percentages of GFNS due to low
workability, though the mixture was uniform and homogenous. For this reason,

additional flow table test was conducted for all the mixtures to determine workability.
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Fig. 3.4 Relationship between flow time and GFNS content in geopolymer paste (R-

2.0 mixtures).
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Fig. 3.5 Flow of geopolymer pastes (a) GFNS-0-R-2.0; (b) GFNS-50-R-2.0; and (c)
GFNS-100-R-2.0.

Fig. 3.5 shows typical spreads of geopolymer pastes in the flow table test. It is noticed
that an increase of GFNS content reduced the flow of geopolymer paste. Fig. 3.6
presents the effect of GFNS content on the flow of paste for SS/SH ratio of 1.5 (R-
1.5), 2.0 (R-2.0) and 2.5 (R-2.5). For R-2.0 mixture, the control paste (without GFNS)
provided the maximum flow of 140%, while the paste mixture with 100% GFNS
exhibited the minimum flow of 110%. The flow values of 130, 129 and 125% were
found for using 25, 50 and 75% GFNS, respectively. A similar trend can be seen for
R-1.5 and R-2.5 mixtures. The increase of flow time and the reduction of flow value
with the increase of GFNS are ascribed to the angular shape of GFNS particles as
compared to the spherical fly ash particles (Fig. 3.1). Replacement of fly ash by GFNS
increased the angular particles in the paste matrix. Therefore, the mobility of the paste
decreased due to the increase of inter-particle friction by the angular shaped GFNS
particles. The viscosity of the geopolymer reduced due to the ball-bearing mechanism
of the spherical shaped fly ash particles and thus flow value of geopolymer was higher
for the higher fly ash content [61]. Besides, the reaction of GFNS may also have
contributed to the decrease of workability. Furthermore, the higher specific surface
area of the GFNS than fly ash leads to the higher demand of liquid and in consequence,

workability decreased.

Also, it can be seen from Fig. 3.6 that for the same GFNS content, in most of the cases,
flow of geopolymer paste slightly decreased with the increase of the SS/SH ratio. For
instance, for 50% GFNS content, the flow of the geopolymer paste were 135, 129 and
128% for using SS/SH ratio of 1.5, 2.0 and 2.5, respectively. Mixtures with higher
amount of sodium silicate increased viscosity which decreased mobility for the

particles and thus decreased the flow of paste [62].
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Fig. 3.6 Relationship between flow and GFNS content in geopolymer paste.

Moreover, water content plays a significant role on the workability of the mixtures.
The molar ratio of H.O/Na2O of the mixtures varied from 12.22 to 13.13, which were
within the range of 10 to 14, as reported by Hardjito [63] to produce workable fly ash

geopolymers.

3.3.3 Soundness
Table 3.3 presents the influence of GFNS on the Le-Chatelier expansion of
geopolymer paste for R-2.0 mixtures. It is seen that the expansion values varied
between 0.13 and 0.18% where there was no definite trend for the increase of GFNS
content (0-50%).

Table 3.3 Le-Chatelier expansions of geopolymer pastes

Sample ID Expansion (%)
GFNS-0-R-2.0 0.18
GFNS-25-R-2.0 0.13
GFNS-50-R-2.0 0.15
GFNS-75-R-2.0

GFNS-100-R-2.0
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Fig. 3.7 Visual appearance of the samples after soundness test (a) GFNS-0-R-2.0, (b)
GFNS-25-R-2.0, (c) GFNS-50-R-2.0, (d) GFNS-75-R-2.0, () GFNS-100-R-2.0.

It is also observed that expansions of all the mixtures were well below 5%, which is
the limit of expansion of the Le-Chatelier test specified by Australian standard [64].
Therefore, although GFNS has a high magnesium content (Table 3.1), there was no
significant effect of it on the expansion of geopolymer paste. From the XRD analysis
of raw GFNS and GFNS-based paste, it was observed that the Mg content of GFNS
exists in a crystalline forsterite form which will be discussed in the section 3.3.6.
Magnesium is usually found to cause deleterious expansion by hydration if it exists in
the form of mineral periclase [65]. Soundness test for using 75 and 100% GFNS was
not possible due to deterioration of the specimen as shown in Fig. 3.7(d) and (e). This
deterioration is attributed to the low early-age strength of the samples using 75 and
100% GFNS content as discussed in the compressive strength section. The low early
strength of the samples using 75 and 100% GFNS were not capable to withstand at
high water pressure of the soundness test.

3.3.4 Compressive strength

Compressive strength of the hardened geopolymar paste was determined after ambient
curing and heat curing regimes. Fig. 3.8(a) shows the compressive strength of ambient
cured geopolymer paste with age for SS/SH ratio of 2.0 (R-2.0) mixtures. Though
setting time decreased with the increase of GFNS, compressive strength of the

geopolymer paste slightly decreased with the increase of GFNS at the early age of 7
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days. A similar observation of decreasing setting time and decreasing early strength
with the increase of MgO was also reported by Fang et al. [59]. Since only a part of
the magnesium content of GFNS reacted at the early period, compressive strength of
the geopolymer paste decreased with the increase of GFNS. On the other hand, at 28
days and thereafter, the compressive strength significantly increased due to the rise of
GFNS content of up to 75%. At 28 days, the paste mixtures having 0, 25, 50, 75 and
100% GFNS resulted in the compressive strengths of 33, 34, 37, 45 and 16 MPa,
respectively. At 56 days, compressive strength increased by 17, 25 and 60% compared
to that of the control (100% fly ash) paste sample for using 25, 50 and 75% GFNS,
respectively. It can be seen that for all samples, compressive strength increased with
the increase of age. However, in most cases, strength development rate slowed down
after 56 days. At 28 days and thereafter, the use of 75% GFNS provided the maximum
strength as compared to the other proportions of GFNS. Thus, 75% GFNS can be
considered as the optimal content which gave the highest strength for ambient curing

condition.
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Fig. 3.8 Compressive strength of geopolymer paste (a) ambient curing (R-2.0

mixtures); and (b) heat curing at 60 °C for 24 hours.

At 28 days and afterwards, the increase of compressive strength due to the use of
GFNS is ascribed to the development of alkaline aluminosilicate gel. Formation of the
aluminosilicate gel is highly influenced by the alkaline solution and chemical
constituents of the source materials. It can be observed from Table 3.2 that increase in
GFNS content increased the SiO2/Al>Os3 ratio of the paste mixtures. In other words,
the compressive strength of the geopolymer paste increased with the increase of
SiO2/Al,Os ratio from 5.004 (GFNS-0-R-1.5) to 13.111 (GFNS-75-R-1.5) for SS/SH
ratio of 1.5, from 5.063 (GFNS-0-R-2.0) to 13.280 (GFNS-75-R-2.0) for SS/SH ratio
of 2.0 and from 5.104 (GFNS-0-R-2.5) to 13.401 (GFNS-75-R-2.5) for SS/SH ratio of
2.5. A higher percentage of Si enhances the formation of silicate oligomers as well as
effective involvement of Al and thus, increased compressive strength of geopolymer
[57]. In addition, compressive strength of geopolymer also increased with the increase
of MgO/SiO; ratio and MgO/Al20Os ratio for the use of up to 75% GFNS (Table 3.2).
This is because the dissolved Mg?* ions can react with Si-O-Si or Al-O-Si bonds and
form M-(A)-S-H gel or hydrotalcite-like phases, subsequently hindering the
precipitation of brucite [21]. Therefore, in the FA-GFNS geopolymerization process,
Mg reacted with Si-O-Si, Al-O-Al or AI-O-Si bonds and developed sodium
magnesium aluminosilicate hydrate (N-M-A-S-H) gel as described in Egs. 3.1 and 3.2,
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and hence increased compressive strength. The EDS results confirmed formation of
N-M-A-S-H gel as discussed later in the section 3.3.5.

The N-M-A-S-H gel also hindered the precipitation of the brucite, thereby did not
increase expansion in the Le-chatelier test as presented in the section 3.3.3. Winnefeld
et al. [19] reported that sodium metasilicate activated slag with higher MgO content
increased the hydration products and thus, reduced porosity and increased
compressive strength. It was shown that in WG (Na»SiO3.5H0) activated slag paste,
as the MgO content of the slag increased from 8% to 13%, the volume of hydrates
increased by 9% and compressive strength increased by 50% to 80% at 28-days and
later [18]. Besides, the compressive strength of the geopolymer increased with the
increase of the Na,O/SiO; ratio from 0.106 (GFNS-0-R-1.5) to 0.111 (GFNS-75-R-
1.5) for SS/SH ratio of 1.5, from 0.102 (GFNS-0-R-2.0) to 0.108 (GFNS-75-R-2.0)
for SS/SH ratio of 2.0 and from 0.100 (GFNS-0-R-2.5) to 0.105 (GFNS-75-R-2.5) for
SS/SH ratio of 2.5. A higher Na>O content can result in higher strength development
in the long term [66]. The binding mechanism of geopolymer improved with the
increase of Na;O and hence, higher molar ratio of Na.O/SiO> provided higher
compressive strength [67]. Though the increase of Na>O/SiO; ratio was very small,
the increases of SiO2/Al,03, MgO/SiO2 and MgO/Al,Os ratios were significant due to
the use of GFNS. Therefore, SiO2/Al>03, MgO/SiO, and MgO/Al,Oz ratios, increased
by the increase of GFNS which played a significant role to produce alkaline

aluminosilicate gel.

Fig. 3.8(b) shows compressive strength of the heat cured geopolymer paste. It can be
noticed that for all SS/SH ratios, the compressive strength significantly increased due
to the rise of GFNS content of up to 75%. For instance, compressive strengths of the
pastes using SS/SH ratio of 2.0 (R-2.0) were 42, 48, 57, 65 and 27 MPa for 0, 25, 50,
75 and 100% GFNS, respectively. Thus, compressive strength increased by 14, 36 and
55% as compared to the control mixture for using 25, 50 and 75% GFNS, respectively.
The increase of compressive strength is ascribed to the increase of the ratio of the
Si02/Al203, Na2,O/SiO2, MgO/SiO2 and MgO/Al»0s as discussed above.

Moreover, it can be seen from Fig. 3.8(b) that for the same GFNS content, compressive
strength of geopolymer paste slightly increased as the SS/SH ratio increased from 1.5
to 2.0. For instance, for 75% GFNS content, compressive strength of the geopolymer
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paste increased from 62 MPa to 65 MPa as the SS/SH ratio increased from 1.5 to 2.0.
This increase of strength is also attributed to the increase of SiO2/Al>O3 ratio of R-2.0
mixture compared to R-1.5 mixture as discussed before. On the other side, mixtures
having a SS/SH ratio of 2.5 showed slightly lower strength as compared to the mixture
with SS/SH ratio of 2.0, though the mixtures of SS/SH ratio of 2.5 have high
SiO2/Al>O3 ratio as compared to the corresponding mixtures of SS/SH ratio of 2.0. As
the SS/SH ratio increased, sodium hydroxide decreased as compared to sodium silicate
content. The low amount of sodium hydroxide made the mixture less alkaline, which
reduced the polymerization rate as well as the strength of the geopolymer paste [68].
Therefore, the SS/SH ratio of 2.0 can be considered as optimum SS/SH ratio which

provided the maximum strength.

It can be noticed from Fig. 3.8(a) and (b) that up to 75% GFNS content, the heat cured
samples gave higher strength than the ambient cured samples. Compressive strength
of the heat cured samples using SS/SH ratio of 2.0 were 27, 41, 54 and 44% higher
than that of the 28-day ambient cured samples for using 0, 25, 50 and 75% GFNS,
respectively. This is attributed to the high degree of geopolymerization at high
temperature, which increased the reaction products, precipitation and compactness of
the geopolymer [22]. However, after 56 days of ambient curing, the compressive
strengths of ambient cured samples were comparable to those of the heat cured

samples.

Fig. 3.9 GFNS-100-R-2.0 sample (a) ambient curing; and (b) heat curing at 60 °C for
24 hours.
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Furthermore, it is seen from Fig. 3.8(a) and (b) that compressive strength of the
geopolymer of 100% GFNS decreased as compared to the other mixtures for both
ambient and heat curing, although the samples having 100% GFNS had the highest
ratio of the SiO2/Al203, Na,O/SiO2, MgO/SiO2 and MgO/Al>Oz (Table 3.2). As GFNS
has very low content of Al than Si, 100% GFNS sample without fly ash provided very
high Si/Al ratio and Mg/Al ratio. The excess Si and Mg may cause development of
unreactive silicate oligomers [57]. Besides, 100% GFNS samples with the highest
Si/Al and Mg/Al had fast setting as compared to the other samples (Fig. 3.3). This fast
setting may lead to the development of an incomplete geopolymer bond. The
geopolymer products set quickly before the transformation of homogeneous structure
as well as alumina silicate networking was low [69]. As a result, compressive strength
of the sample using 100% GFNS was low. Moreover, Fletcher et al. [70] and Tho-In
et al. [71] suggested that low-crosslinked aluminosilicate materials are formed at high
Si/Al ratio leading to reduction of strength. It is also seen from Fig. 3.8(a) and (b) that
for 100% GFNS, 56 and 90-day ambient cured strengths were higher than the strength
of heat cured samples. This is attributed to the formation of cracks and bulging of the
sample at high temperature using 100% GFNS, as shown in Fig. 3.9(b). At high
temperature, the sample using 100% GFNS set very quickly, which caused the
formation of cracks and consequently compressive strength reduced significantly.
Therefore, for both ambient and heat curing, 75% GFNS can be considered as an

optimal GFNS content which provided the highest compressive strength.

3.3.5 SEM and EDS analysis

The microstructures of GFNS-0-R-2.0 and GFNS-75-R-2.0 specimens were
investigated after 56 days of ambient curing and heat curing at 60 °C for 24 hours. Fig.
3.10(a) and (b) presents the SEM images of the microstructure of GFNS-0-R-2.0
sample after ambient and heat curing, respectively, and the respective SEM images of
GFNS-75-R-2.0 samples are shown in Fig. 3.11(a) and (b). It can be seen from the
SEM images that the GFNS-75-R-2.0 sample having 75% GFNS content was less
porous as compared to the GFNS-0-R-2.0 (control) sample. It is also seen that both
heat cured samples showed higher cracks compared to the ambient cured samples.
These cracks appeared due to shrinkage of the heat curing sample.
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Fig. 3.10 SEM image and EDS spectra of GFNS-0-R-2.0 paste: (a) SEM image of
ambient cured sample; (b) SEM image of heat cured sample, where 1 and 2 = N-A-S-
H gel, 3 and 4 = unreacted or partially reacted fly ash; (c) EDS spectrum of point-1;
(d) EDS spectrum of point-2; (e) EDS spectrum of point-3; (f) EDS spectrum of point-
4.
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Fig. 3.11 SEM image and EDS spectra of GFNS-75-R-2.0 paste: (a) SEM image of
ambient cured sample; (b) SEM image of heat cured sample, where 5 and 6 = N-M-
A-S-H gel, 7 and 8 = unreacted or partially reacted GFNS, 9 = unreacted or partially
reacted fly ash; (c) EDS spectrum of point-5; (d) EDS spectrum of point-6; () EDS
spectrum of point-7; (f) EDS spectrum of point-8; (g) EDS spectrum of point-9.
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Table 3.4 Chemical composition (atomic %) of the gel phase from EDS analysis

EDS ] ] Average Average
Sample ID ) Si Al Mg Na Si/Al Mg/Al )
point Si/Al Mg/Al
GFNS-0-R- 1 165 53 04 75 3113 0.075 2945 0.085
2.0 2 175 63 06 6.3 2778 0.095
GFNS-75-R- 5 204 35 87 52 5829 2486  5.843 2.000
6

2.0 205 35 53 6.1 5857 1514

The EDS spectra of some selected points are also given in Figs. 3.10 and 3.11. The
EDS spectra of point-1 and 2 show higher peaks of Na, Al and Si, which suggests the
production of sodium aluminosilicate hydrate (N-A-S-H) gel in the GFNS-0-R-2.0
sample. Besides, the GFNS-0-R-2.0 sample has some unreacted or partially reacted
fly ash particles (point-3 and 4), the shape of which is alike raw fly ash particles as
shown in Fig. 3.1(b). Moreover, the EDS spectra of point-3 and 4 contain higher peaks
of Si and Al.

On the other hand, the EDS spectrum of point-5 and 6 indicates higher peaks of Na,
Mg, Al and Si, which indicates the formation of sodium magnesium aluminosilicate
hydrate (N-M-A-S-H) gel in the GFNS-75-R-2.0 sample [42, 46]. The new gel phase
is different from other alkali activated low magnesium or blast-furnace slags. In
general, blast-furnace slag contained a higher proportion of calcium, which enhances
the formation of calcium aluminosilicate hydrate (C-A-S-H) gel. For instance, in case
of alkali activated GGBFS, which contains low magnesium and high calcium, usually
C-A-S-H gel formed as a reaction product [13, 46].

The major chemical compositions of the gel phases, determined from EDS analysis
are also given in Table 3.4. Two EDS points from the gel phase of each specimen were
selected and the average value was recorded for Si/Al and Mg/Al ratio. It can be seen
that Si/Al ratio of the gel phase increased from 2.945 to 5.843 and Mg/Al ratio
increased from 0.085 to 2.000 for 75% substitution of fly ash by GFNS. This indicates
the active participation of Si and Mg of GFNS to produce N-M-A-S-H gel in the
geopolymerization process. Therefore, high Si/Al and Mg/Al ratios influenced the
formation of sodium magnesium aluminosilicate hydrate (N-M-A-S-H) gel in the fly

ash-GFNS based geopolymer, which yielded the denser microstructure and higher
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strength as compared to the 100% fly ash geopolymer. Moreover, the GFNS-75-R-
2.0 sample has some unreacted or partially reacted GFNS (point-7 and 8) and fly ash
(point-9) particles, the shapes of which are same as those of the raw GFNS and fly ash
particles. Besides, the unreacted GFNS particles of geopolymer may perform as
micro-aggregates in the fly ash based system, thus also contributed to a denser

structure and enhanced strength [71].

3.3.6 XRD analysis

The mineral contents of raw binder and heat cured geopolymer pastes having SS/SH
ratio of 2.0 were determined by the quantitative X-ray diffraction (QXRD) method.
Fig. 3.12(a) shows the XRD spectrum of all raw binders and paste samples of R-2.0
mixtures. For a better comparison of the XRD hump and peaks, the XRD spectrum of
raw fly ash, raw GFNS, control paste (GFNS-0-R-2.0) and GFNS-75-R-2.0 paste are
shown with the actual intensities in Fig. 3.12(b)-(e), respectively. The Corundum
peaks of Fig. 3.12 are not associated with the original sample. It came from the
corundum powder that was used as a standard reference substance for quantitative

analysis. The results of QXRD analysis are shown in Table 3.5.
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Fig. 3.12 XRD pattern (a) all raw binder and all geopolymer paste of R-2.0 mixtures;
(b) raw fly ash; (c) raw GFNS; (d) GFNS-0-R-2.0; and (e) GFNS-75-R-2.0.

Table 3.5 Results of QXRD analysis

Quartz  Mullite Magnetite Calcite  Forsterite  Amorphous
(%) (%) (%) (%) (%) (%)
Raw FA 5.03 6.82 1.52 0.62 --- 86.02
Raw GFNS 0.68 37.99 61.33
GFNS-0-R-2.0 5.00 12.33 2.24 1.23 --- 79.20
GFNS-25-R-2.0 3.76 8.94 1.69 0.92 7.63 77.06
GFNS-50-R-2.0 2.44 5.87 1.29 0.04 14.29 76.06
GFNS-75-R-2.0 1.61 3.32 1.21 0.00 21.42 72.43
GFNS-100-R- 0.52 --- --- 0.00 28.02 71.46
2.0
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It is seen from Fig. 3.12(b) and (c) that the XRD spectra of fly ash and GFNS have
broad bands at 20 = 15°-30° and 26 = 20°-30°, respectively. These broad bands
indicate the presence of amorphous phase in the raw binder materials. The QXRD
analysis reveals that the amorphous content of fly ash and GFNS were 86.02% and
61.33%, respectively (Table 3.5). The crystalline phases of fly ash comprised 5.03%
quartz, 6.82% mullite, 1.52% magnetite and 0.62% calcite. On the other hand, the
crystalline phases of GFNS included 37.99% forsterite and 0.62% quartz.

It can be noticed from Fig. 3.12(d) that a broad band existed in the XRD spectrum of
GFNS-0-R-2.0 (control) paste sample, which indicates the presence of amorphous N-
A-S-H gel as identified in the SEM images and EDS spectra. It is seen from Table 3.5
that the amorphous content of the GFNS-0-R-2.0 sample is 79.20%, whereas 5.00%
quartz, 12.33% mullite, 2.24% magnetite and 1.23% calcite were present as the
crystalline phases. It is also seen from the XRD spectrum of geopolymer paste that the
peak intensity of mullite, quartz and magnetite decreased with the increase of GFNS
due to the decrease of fly ash, as shown in Fig. 3.12(a). A similar phenomenon was
also found in QXRD results, where the proportion of mullite, quartz and magnetite
decreased with the increase of GFNS (Table 3.5). For instance, the quartz contents of
the paste were 5.00, 3.76, 2.44, 1.61 and 0.52% for using 0, 25, 50, 75 and 100%
GFNS, respectively. The peaks of calcite disappeared in the GFNS-75-R-2.0 sample
which indicates that the crystalline contents were dissoluted by the highly alkaline

solutions.

On the other hand, it is seen that the peak intensity as well as the proportion of
forsterite increased with the increase of GFNS. However, though the geopolymer
pastes having GFNS contained high crystalline phases, they had notable amounts of
amorphous contents as well. The amorphous contents of the geopolymers were 77.06,
76.06, 72.43 and 71.46% for using 25, 50, 75 and 100% GFNS, respectively. The
amorphous content of the geopolymer paste using GFNS are higher than that of the
raw GFNS, which suggests the presence of N-M-A-S-H gel as identified in the section
3.3.5. Furthermore, it can be noticed from Fig. 3.12 that expansive brucite peak was
not present in the geopolymer. This shows hindering of the precipitation of brucite by
N-M-A-S-H gel as discussed in the section 3.3.4.
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3.4 Summary

The effect of using GFNS with fly ash in geopolymer paste was investigated by setting

time, workability, soundness, compressive strength and microstructure analysis. On

the basis of acquired results, the following conclusions are drawn:

Increase in GFNS content as a partial substitution of fly ash decreased the
setting time of geopolymer paste. The decrease of SS/SH ratio from 2.0 to 1.5
increased the molar ratio of Na,O/SiO2 and Na.O/Al>Os, which accelerated
polycondensation resulting in a faster setting.

Workability of geopolymer paste decreased due to the use of GFNS as a partial
substitution of fly ash. The decrease of workability with the increase of GFNS
is ascribed to the angular shape of GFNS particles as compared to the spherical
shape of fly ash particles. Geopolymer pastes with less sodium silicate are less
viscous which allowed more mobility for the particles and thus increased flow
of the paste for a lower SS/SH ratio.

The use of GFNS showed no adverse effect on the expansion of geopolymer
despite its high magnesium content. This is because the Mg was found to be
incorporated in the reaction product sodium magnesium aluminosilicate
hydrate (N-M-A-S-H) gel.

For both ambient and heat curing conditions, 75% GFNS can be considered
as an optimal GFNS content which provided the highest compressive strength.
The SEM images, EDS and XRD analysis revealed that the main reaction
product of fly ash-GFNS geopolymer is amorphous sodium magnesium
aluminosilicate hydrate gel, which improved the density of microstructure and
contributed to the strength development by GFNS.
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CHAPTER 4: WORKABILITY, STRENGTH AND MICROSTRUCTURAL
PROPERTIES OF GFNS BLENDED FLY ASH GEOPOLYMER MORTAR

The contents presented in this chapter were published in the following paper:

Kuri, J. C., Khan, M. N. N., & Sarker, P. K. (2020). Workability, strength and
microstructural properties of ground ferronickel slag blended fly ash geopolymer
mortar. Journal of Sustainable Cement-Based Materials,
https://doi.org/10.1080/21650373.2020.1823905.

This chapter evaluates the workability, strength and microstructure of ambient cured
geopolymer mortar using GFNS with fly ash. The fresh and hardened properties of
geopolymer paste using GFNS with fly ash were presented in the previous chapter
(Chapter-3). It is important to investigate the interaction of GFNS binder with
aggregates. Therefore, fresh and mechanical properties and durability performance of
geopolymer mortar made with sand, different percentages of ground ferronickel slag

and fly ash were investigated in this chapter.

4.1 Overview

The production of Portland cement is considered as an energy intensive and
greenhouse gas emitting process due to the decomposition of limestone and flaming
of fossil fuels in the manufacturing process [1-3]. Geopolymer binders are developed
as potential alternatives in order to decrease the environmental effect of Portland
cement [4-6]. Geopolymers are inorganic polymers where a chemical reaction occur

between the alkaline liquids and aluminosilicate solid precursors [7-9].

Ferronickel slag (FNS) is an industrial residue discharged as a by-product of the
manufacturing process of ferronickel alloys [10]. The main sources of nickel are
pentlandite, garnierite and laterite ores. The ore is usually smelted in an electric arc
furnace to produce ferronickel. After completion of the primary reduction operation at
a temperature between 700 °C and 800 °C, the nickel ore is melted at temperatures
ranging from 1500 °C to 1600 °C. The molten by-product known as ferronickel slag
is cooled by air or water [11]. The principal constituents of FNS are Si, Fe and Mg, in
a combination of crystalline and non-crystalline minerals [12]. The physical
characteristics of water-cooled FNS are suitable to utilize as fine aggregate in concrete
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[13, 14]. Furthermore, since FNS has a notable content of amorphous silica, ground
FNS (GFNS) shows reactivity when mixed with cement or an alkaline liquid [15-18].
Komnitsas et al. [19] investigated the reactivity of GFNS by leaching test. The authors
found that high amounts of Si and Al dissolute in the leached solution, which indicated
a higher reactivity of GFNS. Yang et al. [20] investigated the reactivity of different
types of air-cooled and water-cooled GFNS by using the dissolution experiments. It
was reported that the air-cooled GFNS shows lower reactivity compared to the
commonly used source materials, such as fly ash and blast furnace slag. On the other

hand, water-cooled GFNS showed high reactivity.

Komnitsas et al. [21-23] investigated the suitability of using low-Ca electric arc
furnace GFNS for geopolymer synthesis. Yang et al. [24, 25] reported sodium
magnesium aluminosilicate gel as the prime constituent of high magnesium nickel slag
(HMNS) geopolymer. In another study, Yang et al. [20] showed magnesium silicate
hydrate, calcium silicate hydrate, hydrotalcite and brucite as the reaction products of
the NaOH activated HMNS geopolymer. Production of fly ash and GFNS blended
geopolymer can decrease around 60% energy and CO. emission compared to

conventional cement paste production [26].

The properties of geopolymer are highly dependent on the solid precursors [27, 28].
A substantial amount of by-product ferronickel slag is available for sustainable use in
construction [29]. The GFNS used in this study was produced by the smelting of
garnierite ore found in New Caledonia which possesses a substantial part of the
world’s FNS accumulation. Most of the previous studies were conducted for heat
curing condition which is associated with high energy and cost. However, it is
important to understand the effects of the GFNS content, other mix design variables
and curing conditions on different properties of the product. Therefore, this study
focused on determination of the workability, strength and sorptivity of ambient-cured
geopolymer mortars using up to a large percentage of GFNS as an alternative precursor
with fly ash and varying alkali activator contents. SEM, EDS and quantitative XRD
analysis were conducted to investigate the reaction products of the produced
geopolymer. The SEM images were analysed by ImageJ software to determine the
volume of micro pores. Thus, the reaction products and microstructure were used to

understand the macro properties of FA-GFNS mortars.
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4.2 Experimental Work

4.2.1 Materials and mix proportions

Class F fly ash (FA) and GFNS were used as the solid precursors to produce
geopolymer mortar. The granulated FNS was ground to fine powder using a laboratory
ball mill. The density of the GFNS was 2.95 g/cm?and that of fly ash was 2.40 g/cm?.
It was found that the particle size of approximately 70% GFNS and 70% fly ash was
almost same (less than 30 um). However, the particle size of the remaining GFNS was
lower as compared to remaining fly ash. This indicates the higher fineness of GFNS
than fly ash. The Blaine’s specific surface area of the GFNS and fly ash were 420
m?/kg and 380 m?/kg, respectively.

Local sand with a fineness modulus of 1.94 was used as fine aggregate for the
geopolymer mortars. A mixture of liquid sodium silicate and 8M sodium hydroxide
solution at the mass ratio of 2:1 was used as the alkali activator solution (AAS). The
sodium silicate solution consisted of 29.4% SiO», 14.7% Na2O and 55.9% water. The

amount of alkaline activator solution was 40% or 45% of the mass of solid precursors.

The mixture proportions, adopted from Nath and Sarker [30], along with the oxide
molar ratio, atomic molar ratio and water/binder ratio are given in Table 4.1. The molar
ratio and water/binder ratio were calculated using the chemical constituents of
precursors and alkaline activator solution. GFNS was used as 0, 25, 50 and 75%
replacement of fly ash in the binder. Substitution of fly ash by 100% GFNS was not
studied due to very low workability of this mortar. In Table 4.1, the mixtures are
designated by a number representing the percentage of GFNS and A for 40% alkaline
liquid or B for 45% alkaline liquid. For instance, GFNS-25-A denotes a mixture with
25% GFNS as a replacement of fly ash and 40% alkaline liquid.

The microstructure of geopolymer was investigated on the corresponding paste
mixtures having the same percentages of precursors and the alkaline solution of mortar

mixtures without the fine aggregate.
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Table 4.1 Mix proportions of geopolymer mortars

Mix Mortar mixture Oxide molar ratio, Water/
ID quantity (kg/m?®) (atomic molar ratio) binder
s w5 NaO/  NeO/  HO/  SiOJ  MgO/l  MgO/
SE S 5 9 SiO,, AlLO; Na,0,  AlLO; SiO, Al,O;,
Z o o (Na/Si))  (Na/Al)  (HNa)  (SA)  (Mg/Si)  (Mg/Al)
GFNS o _ @ o 8 0102, 0518, 12257, 5063, 0028  0.144 0247
0A RS d ° I (0204 (0518) (12257) (2531) (0.028)  (0.072) '
GFNS © @ ~ o © 0.104, 0652, 12457, 6271, 0195 1226
25A B 2D 3 (0208 (0652 (12457) (3136) (0195 (0.613) 024
GFNS = 5 @ o 8 0.106, 0890, 12664, 8417, 0374  3.146 0247
50-A B 8 D © 3 (0212) (0890) (12664) (4.209) (0.374)  (L573) '
GFNS @ o ~ o © 008, 1430, 12877, 13280, 0565  7.498
J5A S B3 S o 3 (0216)  (L430) (12877) (6.640) (0565) (3.749) 0247
GFNS @ o o o 0113, 0578, 12361, 5136, 0027  0.144
0B R ° g g (0.226) (0578) (12361) (2568) (0.027) (0072)  °27°
GFNS © @ ® o o 0415, 0729, 12541, 6365 0192 1226
25B B 3 9 49 & (0230)  (0.729) (12541) (3.182) (0.192) (0613)  °27°
GFNS ~ ~ & o o 0117, 0997, 12727, 8547, 0368  3.146
508 8 8 d I & 0234  (0997) (12727) (4274 (0368) (1573  °027°
GFNS ® o &5 o o 0119, 1604, 12918, 13492, 0556  7.498
758 98B 9 I R (088 (1604) (12918) (6.746) (055) (3749)  027°

*Sodium hydroxide solution
®Sodium silicate solution

4.2.2 Specimen preparation and testing

To make geopolymer mortars, the solid precursors and saturated surface dry (SSD)
sand were first dry-mixed in a Hobart mixer and then the premixed alkaline activator
solution was added while mixing was continued till attainment of a uniform mixture.
The fresh mortar mix was used for flow test to determine workability and to cast 50
mm cube specimens with compaction using a vibrating table. The specimens were
demoulded at 24 hours after casting and cured at 20 + 3 °C and 65 + 5% relative

humidity till testing.

To measure the workability of fresh mortar, flow test was conducted according to
ASTM C1437 [31]. Compressive strength of hardened mortar was determined
following AS 1012.9 [32] at the ages of 7, 28, 56 and 90 days.

To determine the porosity of mortar, the volume of permeable voids (VPV) test was
performed according to ASTM C642 [33]. Discs of 50 mm thick were cut from 100
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mm diameter cylindrical mortar samples after 56 days of curing. The oven-dry mass
after drying at 110 °C for 24 hours, SSD mass after immersion in water for 48 hours,
SSD mass after boiling for 5 hours and immersed apparent mass of the samples were
recorded successively to determine VPV.

To measure the capillary suction of geopolymer mortar, sorptivity test was carried out
following ASTM C1585 [34]. After 56 days of curing, 50 mm thick cylindrical discs
were cut from 100 mm diameter cylindrical mortar specimens. The side surface of the
cylindrical disc was sealed by a duct tape and the top surface was covered with a plastic
sheet so that only bottom surface was exposed to water. The mass of the specimen was
recorded before and after contact with water at selected time intervals. The rate of

water absorption was taken as the sorptivity coefficient.

SEM images and EDS analysis were conducted in order to obtain insights of the
reaction products. The SEM images were used to investigate the morphology, bonding
between reaction product and the particles, micro cracks and pores. The SEM images
were also used to determine the porosity of the specimen by using ImageJ software
[35]. The porous portion was extracted from the SEM image by thresholding the image
on the basis of the grey level histogram. The EDS results provided elemental
compositions at various locations of the specimen. Dual-beam field emission scanning
electron microscope (ZEISS NEON 40EsB FIB-SEM) was used for microstructure
analysis which combined high resolution imaging with EDS and electron
backscattered diffraction (EBSD).

The mineralogical analysis of the raw fly ash, GFNS and geopolymer were determined
by the quantitative X-ray diffraction (QXRD) method. The XRD patterns of the
specimens were collected by using the powder diffractometer D8 Advance (Bruker
AXS, Germany). The analysis was conducted at 2 theta values of 7-120 degrees with
a step size 0.015 degrees and measuring time of 0.7 Sec/step. The phases were
identified by EVA 11.0 software using ICDD PDF4+ database. Then the relative
weight proportion of the phases were determined by TOPAS [36] using Rietveld [37]
full pattern analysis. Afterwards, the relative Rietveld weight proportions of the phases
were converted to the absolute proportions by internal standard method [38] using
TOPAS software.
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4.3 Results and Discussion

4.3.1 Workability

The workability of fresh geopolymer mortar was measured by flow test as shown in
Fig. 4.1. The influences of GFNS on the flow of mortars for 40% and 45% alkali
activator liquid are plotted in Fig. 4.2. Itis seen that the increase of GFNS has reduced
the flow value of the mortar. In case of 40% alkaline liquid, the control mortar without
GFNS showed the highest flow of 83%, whereas the flow decreased to 54% for using
75% GFNS. The flow values of mortars using 25% and 50% GFNS were 78% and
65%, respectively. A similar trend was noticed for 45% alkaline liquid, where 0%,
25%, 50% and 75% GFNS showed flow values of 110%, 93%, 85% and 73%,
respectively. The reduction of flow due to the increase of GFNS is ascribed to the
angular shape of GFNS particles. The angular shaped GFNS particles increased inter-
particle friction and reduced the flow of mortar. On the other hand, the spherical shape
of fly ash particles reduced the viscosity of the geopolymer by ball-bearings
mechanism and increased the flow value [39]. Besides, the higher fineness of GFNS
compared to that of fly ash increased the demand of liquid [40, 41] and consequently,

flow of the mortar reduced with the increase of GFNS.

@ | (b)
Fig. 4.1 Flow: (a) 100% fly ash (GFNS-0-B), (b) 75% GFNS with 25% fly ash (GFNS-
75-B)
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Fig. 4.2 Relationship between flow and GFNS content in geopolymer mortar

Moreover, it is noticed from Fig. 4.2 that the liquid content has a notable influence on
the workability of geopolymer mortar. For the same GFNS content, flow of mortar
increased as the liquid content increased from 40% to 45%. The increase of
workability is ascribed to the increase of water to binder ratio as the liquid content
increased. A similar trend of increase in flow with the increase of alkaline liquid was
reported in literature [42, 43]. Furthermore, the H>O/Na,O molar ratio has a
considerable influence on the workability of geopolymer. It can be noticed from Table
4.1 that the molar ratio of H.O/Na>O was within the range of 10 to 14 which is usually
found to produce workable fly ash geopolymers, as reported by Hardjito [44].

4.3.2 Compressive strength

Fig. 4.3 presents the compressive strength development of geopolymer mortars with
age. It was observed that the increasing of GFNS has decreased the compressive
strength at the early age of 7 days. However, at 28 days and beyond, compressive
strength of geopolymer mortar significantly increased due to the increase of GFNS of
up to 75%. For instance, the 28-day compressive strengths of mortars using 40%
alkaline liquid were 57 MPa, 65 MPa, 68 MPa and 75 MPa for using 0, 25, 50 and
75% GFNS, respectively. The corresponding 90-day strengths were 80 MPa, 86 MPa,
91 MPa and 96 MPa, respectively. It is seen that the use of 75% GFNS increased the
compressive strength of mortar by 31%, 28% and 20% compared to that of the control
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mortar at 28, 56 and 90 days, respectively. A similar trend was noticed for the mortars
using 45% alkaline liquid, as shown in Fig. 4.3(b). It is observed that, for all the
samples, compressive strength increased with the increase of age. However, the rate
of strength increase slowed down after 56 days. It can be noticed from Fig. 4.3(a) that,
for 40% alkaline liquid, the 90-day compressive strength increased by 8%, 13% and
20% compared to that of the control geopolymer mortar for using 25%, 50% and 75%
GFNS, respectively. Besides, in the case of 45% alkaline liquid and same curing
period of 90 days, compressive strength increased by 24%, 34% and 41% for using
25%, 50% and 75% GFNS, respectively. It is seen that, for both the liquid contents,
50% and 75% GFNS provided almost the same strength at 56 days. Furthermore, for
45% alkaline liquid, strength at a particular age for 75% GFNS was almost same as
that for 50% GFNS. However, for both the liquid contents, 75% GFNS provided the
maximum strength at 90 days of age. Therefore, GFNS contents of 75% can be

considered as optimum which provided the maximum strength for 40% and 45%
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Fig. 4.3 Compressive strength of geopolymer mortar with different GFNS contents:
(@) 40% AAS, (b) 45% AAS

alkaline activator liquid. Furthermore, the density of the geopolymer mortar was
determined at 56 days of age. Generally, the increasing trend of compressive strength
correlated with the increasing trend of density of the mortar as the GFNS content
increased. The density of mortars using 40% alkaline liquid were 2165, 2215, 2240
and 2280 kg/m? for the use of 0, 25, 50 and 75% GFNS, respectively. In case of 45%
alkaline solution, the density were 2134, 2174, 2201 and 2254 kg/m? for using 0, 25,
50 and 75% GFNS, respectively. The rise of density of mortar due to the use of GFNS
is ascribed to the higher density of GFNS as compared to fly ash. The significant
increase of compressive strength of the mortar containing GFNS at 28 days and
thereafter is ascribed to the formation of alkaline aluminosilicate gel which will be
discussed further in the SEM and EDS analysis section. Moreover, chemical
constituents of the precursor and alkaline liquid have significant effects on the
production of aluminosilicate gel. It is noticed from Table 4.1 that the increasing of
GFNS in the mixture has increased the SiO2/Al;Os ratio. Accordingly, compressive
strength increased with the increase of Si/Al ratio from 2.531 (GFNS-0-A) to 6.640
(GFNS-75-A) for 40% alkaline liquid and from 2.568 (GFNS-0-B) to 6.746 (GFNS-

75-B) for 45% alkaline liquid. In geopolymerization, the alkaline activator solution
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dissolves the GFNS and fly ash particles completely or partially. After dissolution, Si
and Al contents create the bonds of Si-O-Si and Si-O-Al and develop silicate
oligomers as well as AI(OH)4. A higher amount of silica increases silicate oligomers
development and enhances effective involvement of Al in the process to develop three
dimensional networks which increased the compressive strength [43]. Moreover, the
increase of GFNS in the mixture has increased the MgO/SiO> ratio and MgO/Al;O3
ratio. In consequence, compressive strength increased with the increase of Mg/Si ratio
and Mg/Al ratio for both the alkaline liquid contents. Dissolved Mg?* can react with
the broken bonds of Si-O-Si and Si-O-Al and develop magnesium alumino-silicate
hydrate (M-A-S-H) [45]. However, in the case of fly ash-GFNS geopolymerization,
Na* (mostly coming from alkaline solution) and Mg?* (mostly come from GFNS)
reacted with broken bonds of Si-O-Si and Si-O-Al to form sodium magnesium
alumino-silicate hydrate (N-M-A-S-H) gel. The EDS results confirmed the formation
of N-M-A-S-H gel as discussed later in the sections on SEM and EDS analysis.

It can be noticed from Table 4.1 that the molar ratio Na2O/SiO- increased due to the
increase of GFNS. The compressive strength of geopolymer increased with the
increase of Na2O/SiO> ratio from 0.102 (GFNS-0-A) to 0.108 (GFNS-75-A) for 40%
alkaline liquid and from 0.113 (GFNS-0-B) to 0.119 (GFNS-75-B) for 45% alkaline
liquid. Besides, the molar ratio of Na,O/Al,O3 increased due to the increase of GFNS,
which also increased the compressive strength of geopolymer mortar. The increase of
Na2O improved the binding mechanism of geopolymer and hence higher compressive
strength was found for the higher Na,O/SiO2 and Na2O/Al.Oz ratios [46, 47]. Pimraksa
et al. [48] observed that the geopolymer with a high Na,O/Al>O3 ratio provided a
compact amorphous geopolymer matrix compared to that with a lower Na>O/Al203
ratio. However, after a certain limit, a higher molar ratio of Na,O/Al>Oz decreased
strength due to the excess Na* ions, which weaken the bond in sialate network [49,
50].

It can be noticed from Fig. 4.3 that 40% alkaline activator solution resulted in higher
compressive strength at a particular age as compared to 45% alkaline solution, though
the mixtures of 45% solution have higher Si/Al and Na/Si ratios compared to the
corresponding mixtures of 40% solution. The mixtures of 40% alkaline solution had a
water/binder ratio of 0.247 whereas those of 45% solution had a water/binder ratio of
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0.279 (Table 4.1). Lower water/binder ratio gives a more compact structure, whereas
higher water/binder ratio leads to more porous structures and more evaporation of
water [51]. Therefore, compressive strengths of the mixtures with higher water/binder
ratio were less than those of the mixtures with lower water/binder ratio. A similar trend
was reported by Maragkos et al. [7]. Furthermore, excessive water diluted the alkaline
liqguid which slows down the dissolution and geopolymer reaction resulting in
reduction of strength [42]. Excess alkaline solution not only increases the amount of
water, but also the OH™ ions and alkaline cations content in the system which fosters
an increase of poorly polymerized reactive species as well as hindering polymerization
[52]. However, there is a limit of water to binder ratio below which the mixture will

be too dry and unworkable.

4.3.3 Porosity

The porosity of geopolymar mortar was determined by measuring the volume of
permeable voids (VPV). Fig. 4.4 shows the effect of GFNS on the VPV of geopolymer
mortars for 40% and 45% alkaline liquid contents.
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Fig. 4.4 Volume of permeable voids of geopolymer mortars with different GFNS

contents
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It is noticed that porosity of mortar decreased with the increase of GFNS content. The
VPV values of mortars using 40% alkaline liquid were 14.39, 14.08, 13.57 and 13.02%
for using 0, 25, 50 and 75% GFNS, respectively. A similar trend can be observed for
45% alkaline solution, where VPV values of 15.44, 15.12, 14.78 and 14.13% were
found for using 0, 25, 50 and 75% GFNS, respectively. The decrease of porosity with
the increase of GFNS content is attributed to the presence of more compact structures
due to the formation of new aluminosilicate gel which is consistent with the
discussions in sections 4.3.2. Furthermore, it is seen from Fig. 4.4 that for the same
GFNS content, the porosity of mortar increased as the alkaline liquid increased from
40% to 45%. The mixtures of 40% alkaline liquid had lower water/binder ratios
compared to those of 45% alkaline liquid (Table 4.1). A higher water to binder ratio
leads to higher evaporation of water resulting in more porosity of the mortar, as
discussed in the compressive strength section. Therefore, VPV values of the mixtures
with a higher water to binder ratio were higher than those of the mixtures with lower
water to binder ratio and consequently lower strength developed in mortars with a
higher water to binder ratio (Fig. 4.3).

4.3.4 Sorptivity

The effect of GFNS on the sorptivity coefficient of geopolymer mortars with 40% and
45% alkaline liquid are shown in Fig. 4.5. It is seen that for both the liquid contents,
sorptivity coefficient decreased due to the increase of GFNS content. The sorptivity
coefficients of mortars using 40% alkaline liquid were 4.52x1072, 4.41x1072, 3.78x10°
2 and 3.35x102 mm/s'? for the use of 0, 25, 50 and 75% GFNS, respectively. In case
of 45% alkaline solution, the sorptivity coefficients were 5.54x1072, 5.44x107,
4.54x10 and 4.28x10"2 mm/s*?for using 0, 25, 50 and 75% GFNS, respectively. The
decrease of sorptivity coefficient by the use of GFNS indicates the reduction of
porosity. Therefore, the newly formed aluminosilicate gel due to the use of GFNS
provided denser matrix which reduced the sorptivity as well as porosity and increased

compressive strength as discussed in sections 4.3.2 and 4.3.3.
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Fig. 4.5 Sorptivity of geopolymer mortars with different GFNS contents

Moreover, the sorptivity coefficients of geopolymer mortar increased as the alkaline
activator solution increased from 40% to 45%. A higher alkaline solution provided
higher water to binder ratio, which increased the porosity and thus gave higher

sorptivity and lower strength as discussed in the earlier sections.

4.3.5 SEM and EDS analysis

The reaction products of two geopolymer pastes having 0% GFNS (control sample
with 100% fly ash) and 75% GFNS with 40% alkaline activator solution were
investigated at 56 days of age. Figs. 4.6 and 4.7 show the SEM images of the control
specimen and that with 75% GFNS content, respectively. The EDS spectra of selected

points with chemical compositions (atomic %) are also shown in the figures.
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Fig. 4.6 SEM image and EDS spectra of geopolymer using 100% fly ash: (a) SEM,
(b) EDS spectrum A, (c) EDS spectrum B
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Fig. 4.7 SEM image and EDS spectra of geopolymer using 75% GFNS with 25% fly
ash: (a) SEM, (b) EDS spectrum C, (c) EDS spectrum D, (d) EDS spectrum E

It can be seen from Fig. 4.6(a) that the 0% GFNS sample has some partially reacted
or unreacted fly ash particles (A). The 0% GFNS sample contains geopolymer product
(B) which provided the strength of the sample. The EDS spectrum of point B (Fig.
4.6(c)) shows that the geopolymer product of 0% GFNS contains higher peaks as well
as a higher proportion of O, Si, Al and Na compared to the other elements, which
indicates the presence of sodium alumino-silicate hydrate (N-A-S-H) gel. It is to be
noted that the other elements (Ca, Fe, Mg, k) may be incorporated in the geopolymer
product. For instance, Ca may develop calcium silicate hydrate (C-S-H) or calcium
alumino-silicate hydrate (C-A-S-H). However, as the geopolymer product contains
trace amounts of Ca, Fe, Mg, k and higher proportion of O, Si, Al and Na, sodium
alumino-silicate hydrate (N-A-S-H) gel can be considered as the main reaction product

of fly ash geopolymer.

72



4 OGNSt (50%)

2048¢1536_(2048x1 536); 8-bit (inverting LUT); 318

. R
~ L
. .‘,.t‘*f""“ o ¥
2 4 St
R - TN ; "
’ 4 “ .
N q\\ J 1
3 { s w .
4 -
ﬁ"“ . 3
w» e '

£ T3GFNS.if (30%) - [m] X
2048x1536 (2048x1 535‘)‘ Erbj‘ (\H\/E‘HWHE’LUT)‘ 3MB ’ —
: at - o
:" ‘-\A[ﬁ £ ) / J" ’ . .
o 5 S P 2 R - L
y - " !’ ! ‘f‘_a"' i.,’ l, [ ! N Yol - T
t L ; ™. . - , P
- i o tg
- /\ o aw N v
o= ( L e, i e g., &/ . .(’.‘
o \ 3 i v """""‘1 - :
. ~ \Y e PR W -
- . h Niadih - -
. . 1
. :U / . . l L
~ - N - CONE .
-y, ’ \4 o = 3 ) - .: ‘\T - \‘\ Gy
N b R > P
Dol P T T e ™
N T cwl L
! ‘ AR . L ' oo 'Y
/ ’ o ’ " « ’
_ t .o o RV
L / o e NS i I -
9 SR - . - . . ) e
- T T i _i;”—\, * ,\\ n ér}\
N Y . !“’r - ”»n - 5 . RS
e . .’ TR SR
{ — ~ P e N w oL L h ]
i . e e e Ty LI
el ¥ LS - -
! - A s '} ’ v ol ? L]
(b)

Fig. 4.8 Porosity of geopolymer (a) using 100% fly ash, (b) using 75% GFNS with

25% fly ash

On the other hand, the product (C in Fig. 4.7(a)) of 75% GFNS sample is different
from that of the 0% GFNS sample. It is seen from the EDS spectrum (Fig. 4.7(b)) that
the product of 75% GFNS contains higher proportion of O, Si, Mg, Na and Al, which
indicates the presence of sodium-magnesium-alumino-silicate hydrate (N-M-A-S-H)
gel, providing the higher strength of FA-GFNS geopolymers compared to the neat fly
ash based geopolymer. In addition, the specimen contained some partially reacted or
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unreacted GFNS (D) and fly ash (E) particles. The unreacted or partially reacted GFNS
particles may act as micro-aggregate covered by the reaction product and provide a
dense structure by filling effect which can also contribute to the strength [53]. Fig. 4.8
shows the porous portion of specimens which was extracted from the SEM images by
ImageJ software. It is seen that the microstructure of the specimen with 75% GFNS
was more compact than that of the specimen with 0% GFNS. Porosity of the
geopolymer paste was determined from eight images of each specimen and the average
value is reported as the porosity. It was found that porosity of the 75% GFNS sample
was 4.62%, whereas porosity of the 0% GFNS sample was 6.85%. Therefore, lower
porosity of 75% GFNS sample was associated with a more compact microstructure.
It is established that a higher strength can be expected for a matrix with more compact
microstructure [54].

4.3.6 XRD analysis

Fig. 4.9 presents the XRD spectrum of raw binder materials and geopolymer pastes
with different proportions of fly ash and GFNS. The main crystalline phases of fly ash
were quartz and mullite. Small amounts of magnetite and calcite were present in the
fly ash. On the other hand, forsterite and a small amount of quartz were present in the
ferronickel slag. It can be seen from the XRD spectra that fly ash based geopolymer
(without GFNS) contained the crystalline phases of quartz, mullite and magnetite
which came from the fly ash. Trace amount of calcite was identified due to the
carbonation of exposed surface under ambient conditions. A broad hump can be seen
between 20 of 18° and 40° in the 0% GFNS sample, which was between 15° and 30°
in the raw fly ash. This is an indication of the development of amorphous content as a

result of the geopolymerisation reaction [55, 56].

Besides, QXRD analysis was performed on raw fly ash, GFNS and all geopolymer
specimens using TOPAS software. The results of QXRD analysis are shown in Table
4.2. It is noticed that fly ash and GFNS mainly comprised of amorphous phases and
the amorphous contents were 86.02% and 61.33%, respectively. It can be observed
from Table 4.2 that the amorphous content of the 0% GFNS geopolymer (GFNS-0-A)
increased compared to that in raw fly ash. This amorphous phase indicates the
presence of geopolymer product (N-A-S-H gel). It is found that the 0% GFNS

geopolymer contained 89% amorphous content and the remaining crystalline phases
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Fig. 4.9 X-ray diffraction (XRD) patterns of precursors and geopolymer samples

Table 4.2 Results of quantitative XRD analysis (mass %)

Quartz Mullite Magnetite Calcite  Forsterite  Amorphous

(%) (%) (%) (%) (%) (%)
Raw flyash 503  6.81 1.52 0.62 86.02
RawGFNS 068 - 38.0 61.30
GFNS-0-A 402  5.40 1.28 0.30 89.00
GFNS-25-A  2.80  4.23 1.11 0.16 7.58 84.12
GFNS-50-A  2.09  2.69 0.67  0.002 13.46 79.60
GFNS-75-A  1.31  2.86 0.29 0.00 22.58 72.96
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included 5.40% mullite, 4.02% quartz, 1.28% magnetite and 0.30% calcite (Table 4.2).
It is also observed that the peak intensity (Fig. 4.9) as well as the amount of quartz,
mullite and magnetite (Table 4.2) decreased with the increase of GFNS content due to
the decrease of fly ash content. The peak of minor calcite disappeared in the sample
with 75% fly ash replacement by GFNS. This indicates that the crystalline phase
dissolute under a great extent of alkaline environments [57]. On the other hand, the
peak intensity and amount of forsterite, contributed by the GFNS, increased due to the
increase of GFNS. This suggests that the crystalline phase is comparatively stable
during the geopolymerization process. It can be noticed from Table 4.2 and Fig. 4.9
that, though the geopolymers using GFNS has high crystalline phases, they had
significant proportions of amorphous contents. The amorphous contents were 84.12%,
79.60% and 72.96% for using 25%, 50% and 75% GFNS, respectively. These are
higher than the amorphous content of raw GFNS (61.30%). Therefore, the amorphous
content of the geopolymer using GFNS indicates the presence of sodium magnesium
alumino-silicate hydrate (N-M-A-S-H) gel, which was identified in the SEM and EDS
presented in the previous section.

4.4 Summary

The effects of using GFNS with a class F fly ash on the workability, strength
development, and sorptivity of geopolymer mortar were investigated. GFNS was used
to replace fly ash by 25%, 50% and 75% in geopolymer mortars. The alkali liquid
content was 40% or 45% of the solid geopolymer precursor. The reaction products of
geopolymers were evaluated by using SEM, EDS and XRD. Porosity of the
microstructure was determined by ImageJ software. On the basis of acquired results,

the following conclusions are drawn:

o Workability of geopolymer mortar reduced due to the increase of GFNS as a
substitute of fly ash. Flow of the mortar with 45% alkaline liquid decreased
from 110% for no GFNS to 73% for using 75% GFNS. As expected, flow of
the mortars using 40% alkaline liquid were less than those with 45% alkaline
liquid. However, all the geopolymer mortars using up to 75% GFNS were
workable. The reduction of workability due to the increase of GFNS is

ascribed to the angular shape and higher fineness of GFNS particles.
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Inclusion of GFNS reduced the compressive strength of geopolymer mortar at
the early age of 7 days. However, at 28 days and beyond, compressive strength
significantly increased due to the use of GFNS. The GFNS content of 75%
provided the maximum compressive strength of geopolymer mortar. The 28-
day and 90-day compressive strengths of geopolymer mortar using 40%
alkaline liquid were 75 MPa and 96 MPa, respectively. The corresponding
strengths decreased to 66 MPa and 84 MPa, respectively, for using 45%
alkaline liquid. This shows a potential use of GFNS as a replacement of fly ash
by up to 75% for the production of high strength geopolymers.

The use of GFNS decreased the porosity and sorptivity of the geopolymer
mortar by providing denser structures due to the improvement of reaction
mechanism.

SEM images showed more compact microstructure of geopolymers using
GFNS compared to that using 100% fly ash. The XRD results showed increase
of crystalline phases with the increase of GFNS content. The EDS revealed
that the main reaction product of FA-GFNS geopolymer is sodium-
magnesium-alumino-silicate hydrate (N-M-AI-Si-H) gel, which is related to

the denser microstructure and the resulting strength increase by GFNS.
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CHAPTER 5: EFFECT OF HIGH TEMPERATURE EXPOSURE ON GFNS
BLENDED FLY ASH GEOPOLYMER MORTARS

The contents presented in this chapter were published in the following paper:

Kuri, J. C., Majhi, S., Sarker, P. K., & Mukherjee A. (2021). Microstructural and non-
destructive investigation of the effect of high temperature exposure on ground
ferronickel slag blended fly ash geopolymer mortars. Journal of Building Engineering,
43, 103099.

This chapter evaluates the elevated temperature exposure effect on ambient-cured
geopolymer mortar using ground ferronickel slag with fly ash. It is important to
understand the high temperature response of a newly developed construction material
in order to assess the effect of fire exposures. The effects of different percentages of
ground ferronickel slag with fly ash and different temperature exposures on
geopolymer mortars were evaluated by the changes in mass, cracking behaviour,
compressive strength, microstructure and ultrasonic pulse velocity after exposure to

temperatures up to 1000 °C.

5.1 Overview

Ordinary Portland cement (OPC) concrete can be considered as a non-combustible
material with low thermal conductivity [1]. Incidences of accidental fire in structures
IS not uncommon. The temperature rises rapidly during the incidence of fire, which
leads to the degradation of concrete structures [2, 3]. Although OPC concrete has high
resistance to elevated temperatures, cracks, spalling and loss of strength may be
unavoidable. Calcium hydroxide is one of the important hydration products of OPC
binder and it decomposes at around 400 °C. For this reason, the strength of OPC
concrete significantly decreases at temperatures above 400 °C [4]. Geopolymers are
being developed as alternative binders that have different reaction products and they

have also been reported to possess good resistance to elevated temperatures [5-7].

Geopolymers are inorganic binders, synthesized by aluminosilicate source materials
and alkaline activators. In recent years, geopolymers have gained significant interest
on account of their physical and mechanical properties [8-11]. Moreover, they are eco-
friendly and durable. Field-scale applications of geopolymer concrete include an

aircraft pavement at the Wellcamp Airport, Australia; a four-story building at Global
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Change Research Institute, Queensland University, Australia; and a bridge at Qionglai
Airport, China [1,12].

Geopolymers have been reported to maintain their amorphous nature at high
temperatures up to 1300 °C [13, 14]. Crystallization in geopolymers highly depends
on the ratio of Si/Al and alkaline cation. After exposure to high temperature,
dehydration and dihydroxylation take place before crystallization [15, 16]. Visible
cracks are noticed in geopolymer paste after 800 °C exposure as a result of this process
[17, 18]. Further, the characteristics of geopolymer at elevated temperature highly
depends on the produced aluminosilicate gel, which is associated with the chemical

composition of the precursors and the alkali activator [19, 20].

Ferronickel slag (FNS) is an industrial by-product of the nickel production process
[21-23]. The principal chemical constituents of FNS are SiO2, MgO, and Fe2>Os, which
are present in crystalline and non-crystalline mineral forms [24-26]. FNS has a high
proportion of amorphous silica. Thus, it shows reactivity when it is ground to powder
(GFNS) and used as a supplementary cementitious material with OPC [27-30]. GFNS
can be introduced as a supplementary cementitious material by mixing it with an alkali
[31-34]. Thus, GFNS can be potentially synthesized to produce geopolymer [35-38].

Scant information is available on the thermal performance of GFNS based
geopolymers. Sakkas et al. [39-41] found that the compressive strength and thermal
conductivity of GFNS geopolymers are comparable to existing fire-resistant materials.
In another study, Sakkas et al. [42] subjected potassium-based GFNS geopolymer to
elevated temperatures to assess its application as a thermal barrier. It was observed
that GFNS geopolymer maintained its structural integrity without any visible damage.
As per Zaharaki et al. [43] after exposure to 800 °C, the residual strength of GFNS
geopolymer was suitable for application as passive fire protection material.
Geopolymers with high magnesium nickel slag (HMNS) showed an improvement in
thermal stability by improving the residual strength and reduction in mass loss and
shrinkage compared to neat fly ash geopolymer [44]. The physical changes by the
exposure to elevated temperatures on geopolymer mortars using different proportions

of GFNS with fly ash need investigation through a non-destructive paradigm.

Ultrasonics is an effective non-destructive method to understand the integrity of
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construction materials [45]. These ultrasonic waves are usually generated and received
through a piezo transducer. Traditionally, the time taken by an incident ultrasonic
wave to traverse through the specimen is recorded and correlated with its compressive
strength [46]. The response of these piezo transducers can be better understood by
including frequency spectra to the time signal [47]. The frequency spectra are devoid
of information from the temporal spectra of the signal. Thus, time-frequency analysis
of the acquired ultrasonic signals is warranted. Challenges in the localization of time-
frequency spectra can lead to uncertainty in establishing the arrival times of ultrasonic
signals. An improved S-Transforms shall improve localization of time-frequency
spectra leading to improved reliability in the determination of arrival time of ultrasonic

waves.

The feasibility of GFNS as a precursor for geopolymers has been established in terms
of fresh and mechanical properties [36, 48]. However, their responses to high
temperatures need to be studied in order to assess their performance against accidental
fire. The present study investigated the effect of elevated temperatures up to 1000 °C
on the geopolymer mortar synthesized from GFNS blended fly ash. The effect of
temperature gradient on this geoploymer was studied through a series of macro and
micro level investigations. The effect of elevated temperature on geopolymer mortar
specimens was determined first by the extent of cracks and changes in mass.
Destructive compression tests were undertaken to find the variation of strength on a
macro scale. Microstructural changes at various levels of temperature exposure was
determined through thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), energy dispersive X-ray spectra (EDS) and quantitative X-ray diffraction
(QXRD) analysis. The macro and micro level studies were further explored through a
novel wave based non-destructive technique. The time-frequency spectra from the
ultrasonic tests were used to understand the overall condition of the specimen upon

exposure to high temperatures.

5.2 Experimental Work

5.2.1 Materials and mix proportions

Fly ash and GFNS were used as the precursors for the production of geopolymer
mortar. According to ASTM C618-19 [49], the fly ash was classified as class F. The

alkaline activator was a blend of sodium hydroxide (8M) and sodium silicate (Na20 =
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14.7%, SiO2 = 29.4%, and H2O = 55.9%) solutions in the mass ratio of 1:2. The fine

aggregate used was local sand with fineness modulus of 1.94.

Table 5.1 Mix proportions of geopolymer mortars

Ingredients (kg/m®)

Mix ID
GFNS Fly ash Sand SH! SS?
GFNS-0 0 733 1137 110 220
GFNS-25 183 550 1137 110 220
GFNS-50 367 367 1137 110 220
GFNS-75 550 183 1137 110 220

1Sodium hydroxide solution

2Sodium silicate solution

The mixture proportions of geopolymer mortars and are given in Table 5.1 which were
selected based on the previous studies [48, 50, 51]. Fly ash was substituted by 0, 25,
50 and 75% GFNS. In the mix ID of Table 5.1, the mixtures containing 0, 25, 50 and
75% GFNS were designated as GFNS-0, GFNS-25, GFNS-50 and GFNS-75,
respectively. The quantity of activator liquid was 45% by mass of the total solid

precursor.

5.2.2 Sample preparation and testing

The GFNS, fly ash and saturated surface dry (SSD) sand were dry mixed and then the
alkali activator (mixture of SH and SS) liquid was added gradually to obtain a uniform
mortar mixture. The mortar mixtures were then cast into 50 mm x 50 mm x 50 mm
moulds, compacted, sealed and kept in ambient environment (20 °C temperature and
60% relative humidity) for 24 hours. Afterwards, the samples were demoulded and
cured in the ambient condition till testing.

It was found from the previous studies [36, 48] that the strength of fly ash-GFNS
geopolymers continued to increase considerably beyond 28 days when subjected to
curing in ambient condition. However, the rate of strength gain slowed down after 56
days. Therefore, to evaluate the effect of high temperature, geopolymer mortar
samples were exposed to temperatures of 200 to 1000 °C after 56 days of curing in

ambient condition. A locally built electric furnace was used to apply the heat on
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geopolymer mortar samples with a heating rate of 5 °C/min, which is compatible with
the RILEM standard heating rate [52, 53]. Once the target temperature was reached, it
was kept constant for 2 hours. The visual appearance, mass change, ultrasonic pulse
velocity, compressive strength and microstructure were investigated after exposure to

high temperature.

Compressive strength of geopolymer mortar samples was tested in accordance with
AS 1012.9 [54] using a Controls MCC8 machine at an axial loading rate of 0.30
MPa/sec.

QXRD analysis was conducted to evaluate the mineralogical changes of the specimen
after high temperature exposure. To evaluate the mineralogical phases accurately,
QXRD analysis was conducted on corresponding paste samples exposed to same
elevated temperature. Geopolymer samples were ground and mixed with 10%
corundum powder as an internal standard. The XRD patterns were recorded by D8
advance diffractometer, operated at 40kV and 40mA, with LynxEye detector. The
XRD patterns were acquired in the 5-120° 26 range, with a step size of 0.015° and
scanning speed of 0.7 Sec/step. The EVA 11.0 software with ICDD powder diffraction
file (PDF) database was used to identify the phases. Rietveld [55] analysis was then
performed using TOPAS [56] to determine the relative weight proportions of the
phases. After that, the relative Rietveld weight proportions were converted to the
absolute fractions using the internal standard method [57].

SEM and EDS analysis was conducted on geopolymer mortar samples to find the
microstructural changes due to the elevated temperature. The sample was cut carefully
with a thin saw. The sectioned surface of the specimen was covered by 10 nm carbon
and attached with the stub using carbon tape. SEM images and EDS data were acquired

by a Mira3 XMU (Tescan) microscope fitted with Oxford instruments.

Thermogravimetric analysis (TGA) was performed to detect the phase changes due to
the high temperatures using a Mettler Toledo TGA instrument. TGA was conducted
on corresponding paste samples to determine the heat flow and loss of mass at different

temperatures.

Ultrasonic tests were conducted for non-destructive investigation of the mortar

specimen upon exposure to elevated temperatures. The schematic diagram of
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experimental setup for the acquisition of ultrasonic waves is shown in Fig. 5.1.

Digitiser

Pulser/Receiver

Transmitting transducer Receiving transducer

Fig. 5.1 Experimental setup for the acquisition of ultrasonic waves [47]

The mortar samples were placed between transmitting and receiving transducers. The
lead zirconate titanate (PZT) transducers of 100 kHz central frequency was used to
transmit the signal through the mortar samples. A DPR 300 model (JSR ultrasonics)
pulser-receiver system was used. A Picoscope 6 version 6.4.64.0 modular

oscilloscope was used to digitize the ultrasonic data.

5.3 Results and Discussion

5.3.1 Visual inspection

After exposure to high temperature, visual inspection of geopolymer samples was
conducted to monitor the changes of colour, cracking pattern and spalling behaviour.
The physical appearance of the neat fly ash and fly ash-GFNS blended geopolymer
mortars after exposure to elevated temperatures are shown in Fig. 5.2. It was noticed
that after exposure to 200 °C, no significant change was observed on the outer surface
as well as in the colour of the samples. A significant change in colour were observed
after exposure to 600 °C. The change in colour is ascribed to the loss of water and
phase transformation of geopolymer [58]. The presence of red colouration at high
temperature is ascribed to the oxidation of mineral constituents [59, 60]. After 800 °C,

eye visible cracks were observed in the samples. Evaporation and migration of water
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at high temperature led to the formation of cracks.

800 °C 1000 °C

200 °C 600 °C

GFNS-0

GFNS-25

N Cracks

GFNS-50

GFNS-75

OPC[61]

Fig. 5.2 Physical appearance of the geopolymer and OPC mortars after exposure to
high temperatures

Besides, the cracks were also contributed by the decomposition of geopolymer matrix
and transformation of phases at elevated temperatures, as discussed in section 5.3.4.
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However, spalling was not noticed due to the high temperature exposure up to 1000
°C. Itis noticed that more cracks were formed in the GFNS-0 (neat fly ash) sample
compared to the fly ash-GFNS mortar samples, which is consistent with the finding of
the SEM images and ultrasonic investigations as discussed in sections 5.3.5 and 5.3.7,
respectively. This indicates that the incorporation of GFNS makes the geopolymer

mortar more stable against the elevated temperature exposures.

To compare the thermal stability of geopolymer mortar with OPC mortar, physical
appearance of OPC mortars at elevated temperatures reported in a previous study [61]
are also shown in Fig. 5.2. Unlike the geopolymer mortar, the colour of OPC mortar
did not change significantly. It can be clearly observed from Fig. 5.2 that at the same
temperature, OPC mortar showed more eye visible cracks than geopolymer mortar
which leads to low residual compressive strength of OPC mortar. It was reported that
after 400 °C, eye visible cracks were noticed in OPC mortar and it increased at higher

temperature [61].

5.3.2 Residual compressive strengths

Fig. 5.3 presents the residual compressive strength of geopolymer mortar after
exposure to different temperatures. After ambient curing of 56 days, compressive
strengths of the mortars were 56, 64, 68 and 71 MPa for using 0, 25, 50 and 75%
GFNS, respectively. The compressive strength of neat fly ash (GFNS-0) geopolymer
is mainly associated with sodium alumiosilicate hydrate (N-A-S-H) gel as identified
in SEM and EDS investigation. The increase of strength of geopolymer on account of
the use of GFNS is associated with the development of N-M-A-S-H gel as detected in
SEM and EDS analysis. The details about the reaction mechanism and associated
strength gaining process due to the use of GFNS are described in the previous studies
[38, 48]. For all the geopolymer mixtures, compressive strength slightly increased as
the temperature increased to 200 °C (Fig. 5.3). The increase of strength during the loss
of free water is ascribed to the continuation of geopolymerization as reported by

several researchers [62-64].
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Fig. 5.3 Residual compressive strength at different temperatures

The further increase of temperature reduced strength of the mortar. Above 400 °C,
compressive strength of mortar significantly decreased as compared to the unexposed
samples. This is ascribed to the movement of physically bonded water, chemically
bonded water and OH groups, phase transformation of geopolymers, development of
anhydrous products and sintering process [65, 66]. At 600 °C, compressive strength
of mortar reduced by 35.33, 36.40, 25.02 and 41.22% as compared to the unexposed
specimens containing 0, 25, 50 and 75% GFNS, respectively. The amorphousness of
geopolymer matrix started to transfer to crystalline structure beyond 600 °C [64]. A
similar trend of the formation of new crystalline structures at high temperature were
found in XRD analysis as discussed later in section 5.3.4. At elevated temperatures,
non-uniform recrystallization occurred which resulted in the formation of large cracks

that consequently reduced strength [64, 67].

Overall, fly ash-GFNS geopolymer provided higher residual compressive strength
than neat fly ash geopolymer. GFNS improved the residual strength by producing N-
M-A-S-H gel. Yang et al. [44] reported a similar observation of higher residual
strength in GFNS incorporated geopolymers than neat fly ash geopolymer. In general,
up to the use of 50% GFNS, the trend of compressive strength reduction of the samples

after exposure to elevated temperatures is similar to that of the sample before
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exposure. The samples with 50% GFNS showed maximum residual strength
throughout the exposure period. The residual compressive strengths of geopolymer
mortar with 50% GFNS were 76, 65, 51, 30 and 29 MPa at 200, 400, 600, 800 and
1000 °C, respectively. Therefore, geopolymer mortar with 50% GFNS provided the
highest thermal stability throughout the high temperature exposure periods. Though
the mixture with 75% GFNS provided highest compressive strength before heat
exposure, it did not show the highest strength after exposure to elevated temperature.
High temperature and high GFNS content may increase the hydration reaction but can
make a weak interface in the 75% GFNS sample than the 50% GFNS sample. Thus
less residual strength was found in the 75% GFNS sample than the 50% GFNS sample.
A similar observation was found in literature where the influence of GGBFS content
with fly ash was studied and 20% GGBFS was found as optimum for the highest

residual strength after high temperature exposures [68].

The variation of compressive strength at high temperature in OPC mortar reported by
Saha et al. [61], is also plotted in Fig. 5.3. It is observed that at high temperature
exposure, OPC mortar showed the lowest residual strength. The residual compressive
strengths of OPC mortar were 40, 37, 20 and 14 MPa at 200, 400, 600 and 800 °C,
respectively. Decomposition of portlandite at high temperature is the primary reason

for this significant strength reduction in OPC mortar [61].

5.3.3 Weight loss

The weights of the mortar samples were measured before and after exposure to
elevated temperatures. It was noticed that the weight of the all geopolymer mortar
samples decreased with the increase of temperature. The percentage of weight loss of
mortar samples at different high temperatures are shown in Fig. 5.4. When the
temperature increased, dehydration occurred and moisture escaped the mortar. In
consequence, internal damage and weight loss of the specimens occurred [17, 69]. It
is observed that for all the mixtures, significant weight loss occurred up to 600 °C and
then it became stable. For instance, weight losses of the GFNS-50 samples were 2.83,
6.26, 7.87, 7.85 and 7.52% at 200, 400, 600, 800 and 1000 °C, respectively. The
significant weight loss before 600 °C is ascribed to the evaporation of free water and
OH groups. At the early stage of heating (less than 100 °C), evaporation of physically

bonded water occurred. The chemically bonded water evaporated when the
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temperature increased to 400 °C. The weight loss after 400 °C is ascribed to
dehydroxylation of hydroxyl groups. The weight loss beyond 600 °C is ascribed to the

decomposition of compounds in the geopolymer [17, 70].
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Fig. 5.4 Weight loss at high temperatures

In general, the variation of weight loss at a particular temperature was very small for
0, 25, 50 and 75% GFNS contents. For instance, at 200 °C, the weight loss varied from
2.29% to 3.05 % in the samples with 0, 25, 50 and 75% GFNS. The weight loss
variations were 6.26-6.49%, 7.71-8.09%, 7.93-8.18% and 7.50-8.08% at 400, 600, 800
and 1000 °C, respectively.

It can be noticed from Fig. 5.4 that the OPC mortar samples showed significant weight
loss at 200 °C. Afterwards, the weight loss increased at smaller rates. However, OPC
mortars exhibited more weight loss compared to all geopolymer samples throughout
the high temperature exposure. The significant mass loss of OPC mortar at 200 °C
temperature associates to the reduction of physically bound water. Subsequently,
decomposition of portlandite took place after 400 °C and thus further weight loss
occurred beyond 400 °C [61].

93



5.3.4 XRD analysis

The XRD patterns of geopolymers before and after exposure to elevated temperatures
are shown in Fig. 5.5. It is noticed from Fig. 5.5(a) that before heat exposure, the XRD
pattern of neat fly ash geopolymer (GFNS-0) contained a broad hump between 18°
and 40° of 20. This broad hump shows the existence of amorphous N-A-S-H gel as
detected in SEM and EDS investigation discussed in section 5.3.5. The produced N-
A-S-H gel is associated with the strength of the neat fly ash geopolymer. Besides, the
XRD spectra of neat fly ash geopolymer contained crystalline mullite, quartz,
magnetite and calcite phases. Table 5.2 shows the results of the QXRD analysis of
neat fly ash and fly ash-GFNS geopolymers. It can be noticed from Table 5.2 that
before heat exposure, the neat fly ash geopolymer (GFNS-0) contained 5.4% mullite,
4.0% quartz, 1.3% magnetite, 0.3% calcite and 89.0% amorphous content. Before
exposure, a broad hump is also noticed in all the fly ash-GFNS geopolymers which
indicates the presence of amorphous N-M-A-S-H gel as identified in section 5.3.5.
This gel provides a dense microstructure of fly ash-GFNS blended geopolymer and
thus higher compressive strength was found in fly ash-GFNS blended geopolymer
compared to neat fly ash geopolymer. The amorphous proportions of the fly ash-GFNS
geopolymers were 84.1, 79.6 and 72.9% on account of the use of 25, 50 and 75%
GFNS, respectively. The crystalline phase of the fly ash-GFNS blended geopolymers
contained mullite, quartz, magnetite and forsterite, where the intensity (Fig. 5.5) as
well as the amount (Table 5.2) of mullite, quartz and magnetite reduced with the
decrease of fly ash. The peak intensity and the amount of forsterite increased with the
increase of GFNS. Before exposure to high temperature, forsterite contents were 7.6,
13.5 and 22.6% on account of the use of 25, 50 and 75% GFNS, respectively.
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Fig. 5.5 XRD patterns of geopolymer before [48] and after exposure to high
temperature (a) GFNS-0, (b) GFNS-25, (c) GFNS-50, (d) GFNS-75

It is observed from Fig. 5.5 that up to 600 °C, for all sample groups, crystalline phases
of the geopolymer were almost same as those before the heat exposure. However, the
intensity and amount of crystalline phases and amorphous phases were changed by the
elevated temperature. For instance, the GFNS-50 samples had the amorphous contents
of 79.6, 75.5 and 73.7% at 20, 200 and 600 °C, respectively. When the temperature
increased to 600 °C, for all mixtures, the intensity (Fig. 5.5) and amount (Table 5.2)
of quartz and mullite increased compared to those of the samples before heat exposure.
The QXRD results revealed that the amount of quartz increased from 4.0% to 5.2% at
600 °C. The corresponding mullite contents were 5.4% and 13.0% for the neat fly ash
geopolymer sample. A similar trend can be noticed for the fly ash-GFNS geopolymers.
This increase of quartz and mullite contents indicates the decomposition of
aluminosilicate structures [1]. The decomposition of geopolymer structure leads to a
significant increase of porosity and consequently, compressive strength of the mortar

significantly reduced due to high temperature exposures.
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Table 5.2 Results of QXRD analysis
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It is also seen for all the samples that the number of crystalline peaks increased and
amorphous content decreased significantly as the temperature further increased to
1000 °C. Ye et al. [71] reported a similar observation of new crystalline peaks on ore-
dressing tailing of bauxite and GGBFS blended geopolymer at 1000°C. In case of neat
fly ash geopolymer, the intensity of quartz peak decreased and a new crystalline phase
of albite was found (Fig. 5.5). The new type of crystal albite (11.0%) produced due to
the phase transformation of N-A-S-H gel of the neat fly ash geopolymer at high
temperature [1, 44]. Some amounts of SiO, were consumed during the phase
transformation and thus the intensity as well as the amount of quartz decreased at 1000
°C. On the other hand, in addition to albite, several new phases namely omphacite,
hematite and nepheline phases were also observed in fly ash-GFNS blended
geopolymers (Fig. 5.5, Table 5.2). At high temperature, N-M-A-S-H gel of fly ash-
GFNS blended geopolymer decomposed or transformed to Na-Silicate (albite,
nepheline) and Mg-Silicate (omphacite) based crystalline phases. Moreover, the iron
content of GFNS and fly ash increased the magnetite content and formed new phase
of hematite at high temperature. This non-uniform phase transformation resulted in
disintegration of the geopolymer matrix at elevated temperature and thus changed the
microstructure and strength. However, N-M-A-S-H gel of fly ash-GFNS geopolymer
provided higher thermal stability and thus higher residual strength and less cracks and
voids was found in fly ash-GFNS geopolymer compared to neat fly ash geopolymer.

5.3.5 SEM and EDS analysis

The SEM images of the geopolymer mortars before and after exposure to 400 and
1000 °C are shown in Fig. 5.6. From the EDS spectrum 1 it can be seen that before
exposure, the principal components of neat fly ash (GFNS-0) geopolymer contained
Na, Al, Si and O, which indicates the presence of N-A-S-H gel. On the other hand, the
major components of reaction product in fly ash-GFNS blended geopolymer are Na,
Mg, Al, Si and O (spectrum 2, 3 and 4), which indicates the presence of N-M-A-S-H
gel in fly ash-GFNS blended geopolymer mortar. The details about the produced
aluminosilicate gel is discussed in the previous studies [36, 48]. Before heat exposure,
the mortar with GFNS had a denser microstructure compared to the neat fly ash
geopolymer mortar. The compactness increased with the increase of GFNS content
and in consequence, the GFNS-75 sample showed higher compressive strength than

the other mixtures. The denser structure and higher strengths (Fig. 5.3) of the fly ash-
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GFNS blended geopolymer mortars is associated with the reaction product of N-M-
A-S-H gel as reported in the previous studies [36, 38].

Belore exposure 400 °C 1000 °C

GI'NS-0

3I'NS-25

GINS-50

GI'NS-75

e 4
GP Sand

Fig. 5.6 SEM images of geopolymer mortar at different temperatures (GP =
geopolymer matrix, FA = unreacted or partially reacted fly ash, VC = voids and
cracks)
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It is noticed from Fig. 5.6 that at high temperature, all geopolymer samples have more
voids and cracks compared to the samples before heat exposure and these voids and
cracks increased with the increase of temperature. The presence of porous structure
occurred due to the loss of weight, decomposition of geopolymer matrix and
transformation of phases at high temperature as described in the previous sections. It
is also noticed that geopolymer mortar with GFNS showed lower microstructural
deterioration compared to the neat fly ash geopolymer mortar and thus resulted in less
strength losses. The improvement is ascribed to the presence of N-M-A-S-H in fly ash-
GFNS geopolymer. The result indicates that the development of a compact
microstructure by GFNS provided higher thermal stability. Particularly, at high
temperature, the GFNS-50 sample provided denser microstructure and thus provided
better thermal performance at high temperature.

5.3.6 Thermogravimetric analysis (TGA)

Fig. 5.7 shows the TGA results of neat fly ash and fly ash-GFNS geopolymers. The
changes of mass and heat flow with the increase of temperatures are shown in the
figure. It can be seen that mass loss increased with the increase of temperature in all
the samples. The heat flow plot shows the presence of several endothermic peaks. The
initial endothermic peak can be seen between 130 and 140 °C in all the samples. The
initial peak corresponds to the evaporation of free and physically bonded water within
the N-A-S-H or N-M-A-S-H products [15, 72, 73]. Thus, a substantial mass loss was

found in this temperature range, as noticed in Fig. 5.7.
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Fig. 5.7 TGA results of geopolymer (a) GFNS-0, (b) GFNS-25, (¢) GFNS-50, (d)
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Further increase of temperature increased the mass loss due to the dehydroxylation of
hydroxyl groups [74, 75]. However, the variation of mass loss was almost similar for
all the samples (GFNS-0, GFNS-25, GFNS-50 and GFNS-75) which is consistent with
mass loss of mortar samples discussed in section 5.3.3. The endothermic peaks beyond
800 °C were correlated with the decomposition of compounds from the N-A-S-H and
N-M-A-S-H products [17, 69, 76]. The decomposition of aluminosilicate gel
significantly reduced the amorphous content and increased the crystalline contents at
1000 °C as found in XRD analysis. Further investigations into physical properties of

various specimen were undertaken through ultrasonics based non-destructive testing.

5.3.7 Ultrasonic investigation

Ultrasonics based non-destructive testing was used to evaluate the condition of the
specimens subject to elevated temperature. First the time-signals from the ultrasonic
testing were acquired as A-Scans and subsequently their frequency content was
understood. As the frequency spectra do not contain any temporal information
regarding the acquired signal, a time-frequency analysis was undertaken to understand
the variation in temporal characteristics of the signal vis-a-vis their frequency content.
The variation in the temporal and frequency content on GFNS-50 specimens subject
to elevated temperatures were undertaken hereby. This will be extended towards

understanding the changes in other specimen.

5.3.7.1 Time: A-Scan

The Time of flight (ToF) is a popular method to investigate the material properties
[45]. It is the travelling time of the wave from the incidence point to the reception
point based on the wave’s interaction with the material under investigation. Fig. 5.8
shows a typical time-signal measured on a GFNS-50 specimen at different exposure
conditions. Clearly, there exists an ambiguity with regards to the identification of

arrival peak for ToF calculation.
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Fig. 5.8 Variation in ToF in GFNS-50 specimen at (a) ambient temperature, (b) 400
°C and (c) 800 °C

ToF is the first step towards understanding the changes of the GFNS-50 specimen due
to the exposure to elevated temperature. An overall increase in the arrival time after
its exposure to elevated temperature was observed in the specimen (Fig. 5.8). To
establish the causality underlying this increase in ToF, the time-signals warrant

analysis in the frequency domain.

5.3.7.2 Frequency: Additional information in case of including frequency data
Inclusion of frequency information to the temporal data shall add additional
information with regards to the physical condition of the specimen. Fig. 5.9 shows the
variation in the frequency response after the GFNS-50 specimen was exposed to
different temperatures. It can be seen that at ambient conditions, along with the
frequency peaks between 100 and 150 kHz, additional peaks between 400 and 450
kHz can also be observed.
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These peaks can be attributed to the response of the transducer to the input excitation.
Clearly, the higher frequency components were affected once the specimen was
exposed to higher temperatures. The higher frequency components are associated with
a smaller wavelength. The attenuation of the higher frequency component is possibly
on account of their interaction with the developing cracks that are proportional to the
wavelength of higher frequency waves. The frequency spectra plots are devoid of any
temporal information associated with the acquired signal. Thus, temporal information

is to be added in terms of time-frequency analysis.

5.3.7.3 Time-frequency

The incorporation of temporal details to the frequency spectra shall enhance the
overall interpretation of the acquired signal [47, 77]. The temporal location of the
dominant frequencies as identified in Fig. 5.8 needs to be established. An improved S-
Transforms has revealed the location of these dominant frequencies (Fig. 5.10).
Improvement in the temporal locations of discrete frequency components are achieved
by introducing a Gaussian window to localize these frequencies. The standard
deviation of this Gaussian window is varied linearly as per the particular frequency
being localized. The parameters ‘a’ and ‘b’ modulate this standard deviation. Thus, a
judicious selection of the parameters ‘a’ and ‘b’ is warranted [47, 77]. In the present
case, a = 10; b = 0.02 was used to localize the time-frequency spectra of the acquired

ultrasonic signals.

{00

0.75

Frequency (Hz)
-
—
=
—_—
—
'E""I

.
=
‘?-lh-u-'—
[——

i ' 0.25

0 20 40 60 80
time (ps)

(@)

106



8 1
g 0 0.75
)
€ 4
3 0.5
O
o
I 2

0.25

0

(b)
5

8 %10 1
— 13
pe ) 0.75
) 2 oam
c 4
g v 0.5
(=n
o
w2 T _

@ 41 o MEHENSHDE DO B 0.25

0

0 20 40 60 80
time (ps)
(c)

Fig. 5.10 Variation in time-frequency response in GFNS-50 specimen at (a) ambient
temperature, (b) 400 °C and (c) 800 °C

Variation in the acquired signal in terms of a shift in the temporal and frequency
spectra was observed. Overall, a shift in higher frequencies towards the lower
frequencies along with a decrease in the arrival time was observed. This trend is to be
now investigated and quantified for GFNS-0, GFNS-25, GFNS-50 and GFNS-75
specimens. A spectral index is to be developed.
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5.3.7.4 Spectra index

A spectral index (1) is hereby introduced to correlate the variation in time-frequency
spectra as established in section 5.3.6.3 with the physical condition of the specimen.
This index is computed from the time-frequency spectral content as per Eq. 5.1 [47,
77]. In the specified frequency zones as per Table 5.3, the spectral content up to 80 ps
is used in the spectral index calculation. Subsequently, this index is plotted in time-

frequency-exposure temperature domain (Fig. 5.11).

=302 S(EF) ool (5.1)

Table 5.3 Selection criteria in the frequency domain for lower and higher frequencies in Eq. 5.1
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Fig. 5.11 Variation in time-frequency based spectral index for exposure conditions

as per Table 5.4

Table 5.4 Nomenclature for specimens exposed to various temperatures

Specimen Higher frequency Lower frequency
GFNS-0 a1 a
GFNS-25 b1 b2
GFNS-50 C1 C2
GFNS-75 di d2

The variation in the spectral content of the acquired signal reveals the dominant
frequency components between 90 kHz and 110 kHz represent the lower frequency
components. Understandably this frequency range is close to the resonant frequency
of the transducer which is 100 kHz. Alongside the lower frequencies, higher frequency
components between 390 kHz and 450 kHz were also generated. These higher
frequencies were generated on account of the response of the piezo transducers to the
input excitation. The differential variation in frequency components shall reveal

details about the physical condition of the specimen on account of exposure to elevated
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temperature. In GFNS-0, the lower frequency component dominates across all
temperature exposures. This was on account of the presence of voids and cracks in the
specimen at ambient temperature which expanded with exposure to temperature as

discussed in sections 5.3.1 and 5.3.5.

For GFNS-0 specimens, after the specimen was exposed to 200 °C, the higher
frequency components dropped below the noise level as observed in Fig. 5.11a:. A
similar trend in GFNS-25 was observed as per Fig. 5.11b1. This can be attributed to
the development of cracks in the specimen as observed from the micrographs (Fig.
5.6). During this instance, the contribution of the lower frequency components remains
unaffected (Fig. 5.11a» and 5.11b,). Thus, the combined contribution of higher and

lower frequency components governs the ToF calculations (Fig. 5.11a:-5.11by).

For GFNS-50, the least amount of pores translated to the dominance of higher
frequency components in the spectra (Fig. 5.11c: and 5.11c2). Significant higher
frequency components persisted till 400 °C before eventually decreasing from then.
Thus, up to 400 °C, the ToF calculations are governed by a combination of higher and
lower frequency components. The lower frequency components persisted across all
temperature exposure ranges as observed in Fig. 5.11c2. Beyond 400 °C, the lower
frequency components govern the ToF calculations. Overall, the GFNS-50 mix
developed the least amount of voids compared to other specimens across various
ranges of exposure to high temperatures. The micrographs in Fig. 5.6 support the
findings in Fig. 5.11c; and 5.11c».

In the case of GFNS-75, the higher frequency components diminished quickly once it
was exposed to a higher temperature. This indicates the development of profound
cracks for this particular mix (Fig. 5.11d1). After 600 °C reliable signals couldn’t be
acquired in this specimen as profound cracking in the specimen lead to the signal being
diminished past noise level (Fig. 5.11d1). The lower frequency components persisted
across all temperature exposure ranges (Fig. 5.11d>). Thus, their contribution was the
prime factor governing ToF in this specimen. Overall, GFNS-50 was the most compact

specimen that exhibited the highest compressive strength.
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5.3.7.5 Velocity measurement

Fig. 5.12 presents the variation in ultrasonic pulse velocity due to exposure to elevated
temperature. A slight decrease in the overall travel time has increased corresponding
ultrasonic pulse velocity for GFNS-0, GFNS-25, and GFNS-50 up to a temperature of
200 °C. The velocity increased slightly between 1.28% and 3.19% across the
specimen. In the same range, the residual compressive strength of these specimens
increased between 5.07 % and 14.14 % (Fig. 5.3). Thus, at 200 °C the temperature
gradient did not cause any significant evolution of cracks in the mortar matrix.
However, the ultrasonic velocity for GFNS-75 was an outlier to this trend. Past 200°C,
there was an overall monotonous decrease in the travel velocity across all specimens
except for GFNS-75.

2500
—a— GFNS-0
—Aa— GFNS-25
2000 —o— GFNS-50
—o— GFNS-75
E 1500 -
2
'S
o
1000 A
>
500 A
0 T T T T 1
amb 200 400 600 800 1000

Exposure temperature (°C)

Fig. 5.12 Variation in velocity due to exposure to elevated temperature

It is worth observing that the decrease in velocity in GFNS-25 and GFNS-50 remained
the least indicating these mixes developed the least cracks. This fairs well with the
results of compressive strength (Fig. 5.3). Between 200 °C and 400 °C, the highest
decrease in ultrasonic velocity of 46.11% was observed in GFNS-0. This was on
account of profound cracks due to the development of temperature gradient. For
GFNS-0, the compressive strength was reduced by 23.72%. In this exposure region,
the velocity decreased by 17.67 % for GFNS-50, which was the least amongst all the
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specimens. The compressive strength decreased by 15.30% between 200 °C and 400
°C. Thus, GFNS-50 exhibited the least decrease in compressive strength and velocity.
This shows GFNS-50 developed the least amount of cracks amongst all other
specimens at 400 °C.

This trend changed significantly between 400 °C and 600 °C. The velocity decreased
by 52.26% and 59.88% in the case of GFNS-50 and GFNS-75. The evolution of voids
and the development of profound cracking in the mortar paste on account of the
formation of a temperature gradient were responsible for the same. This can be
observed clearly in Figs. 5.2 and 5.6. The compressive strength for these specimens
dropped by 20.46% and 31.15%, respectively (Fig. 5.3). In the case of GFNS-0 and
GFNS-25, the velocity dropped by 15.25% and 37.86% respectively for GFNS-0 and
GFNS-25. Their compressive strengths decreased by 23.87% and 31.28%,
respectively. Thus, the overall decrease in ultrasonic velocity establishes their
sensitivity towards incipient cracks. Manifestation of these cracks has decreased the

compressive strength of these specimens.

The compressive strength dropped between 25.02% and 41.22% at 600 °C across the
specimens. The biggest drop of 41.22% was observed for GFNS-75 indicating a large
majority of cracks had developed at 600 °C. For GFNS-75, the highest drop in
ultrasonic velocity was observed at 600 °C compared to ambient temperature. The
ultrasonic velocity remained mostly unchanged past 600 °C for all the specimens.
Though the specimens had developed significant cracks by this temperature, the
weight lost in the specimens past 600 °C due to exposure to temperature was not
significant (Fig. 5.4). Thus, the higher frequency component in ultrasonic waves is
considerably attenuated due to these propagating cracks. But, due to the insignificant
weight loss, the overall ultrasonic velocity did not vary considerably past 600 °C.
However, due to the developing temperature gradient, the compressive strength
continued to decrease across all the specimens past 600 °C. Thus, after 600 °C, the
trend in residual compressive strength across the specimens is not accurately
represented by variation in ultrasonic pulse velocity. Overall, it can be concluded that
GFNS-50 exhibited better resistance against exposure to elevated temperatures
especially between 200 °C and 600 °C.
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5.4 Summary
The effect of elevated temperature ranging from 200 °C to 1000 °C on fly ash-GFNS

blended geopolymer mortar was investigated by evaluating the compressive strength,

weight loss, visual appearance, ultrasonic investigation and microstructural analysis.

Based on the results, the following conclusions are drawn:

The residual compressive strength of fly ash-GFNS blended geopolymer
mortar is higher than that of neat fly ash geopolymer mortar after exposure to
high temperatures. The specimens of mixture GFNS-50 provided maximum
compressive strength after the high-temperature exposures.

The visual observations and SEM images showed that the voids and cracks of
the geopolymer mortar increased with the increase of temperature. However,
at elevated temperature, fly ash-GFNS blended geopolymer maintained a
better-compacted structure than the neat fly ash geopolymer mortar. The N-M-
A-S-H gel developed in fly ash-GFNS blended geopolymer mortar made it
denser and stable against high-temperature exposure compared to neat fly ash
geopolymer mortar.

The XRD results indicated that up to 600 °C, crystalline phases of all the
geopolymer samples were almost the same as those before the heat exposure.
As the temperature further increased to 1000 °C, the number of crystalline
peaks increased and amorphous content decreased significantly. A new type of
crystal albite was found due to the phase transformation of N-A-S-H gel of the
neat fly ash geopolymer at 1000 °C. On the other hand, at 1000 °C, N-M-A-S-
H gel of fly ash-GFNS blended geopolymer decomposed or transformed to Na-
Silicate (albite, nepheline) and Mg-Silicate (omphacite) based crystalline
phases.

An ultrasonics-based non-destructive test was used to understand the
development of voids and cracks in the mortar matrix. The contribution of
lower and higher frequency and their differential variation with the evolution
of voids were quantified. Overall, the evolution of cracks and voids has a
greater diminishing effect on the higher frequencies compared to the lower
frequencies. Thus, non-destructive tests have revealed that the GFNS-50 mix

had better resistance to the evolution of cracks on account of exposure to
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elevated temperatures. The dominance of higher frequency components in the

signal spectra indicates the same.
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CHAPTER 6: SULPHURIC ACID RESISTANCE OF GFNS BLENDED FLY
ASH GEOPOLYMER MORTAR

The contents presented in this chapter were published in the following paper:

Kuri, J. C., Sarker, P. K., & Shaikh, F.U.A. (2021). Sulphuric acid resistance of ground
ferronickel slag blended fly ash geopolymer mortar. Construction and Building
Materials, 313, 125505.

This chapter presents an investigation on the sulphuric acid resistance of geopolymer
mortar made using different proportions of ground ferronickel slag (GFNS) with fly
ash. The changes in mass, visual appearance, compressive strength and microstructure
of the geopolymer mortars were evaluated after immersion in 3% sulphuric acid

solution for up to 1 year.

6.1 Overview

Durability performance is an important design consideration of concrete structures.
High durability of concrete is desired to achieve long service life of a structure and
minimize the requirement of maintenance [1]. The deterioration of concrete structures
is usually accelerated when they are exposed to aggressive environment, such as acid
exposures. The sulphuric acid attack is a common deterioration mechanism that is used
to investigate the acid resistance of concrete. A structure can be exposed to aggressive
sulphuric acid in different ways. Industrial effluent, ground water and acid rains are
the major sources of sulphuric acid that can cause deterioration of concrete structures
[2, 3]. Apart from the industries producing sulphuric acid, others that use the acid in
their production process include the producers of chemicals, fertilizers, metals,
battery, electronics and petroleum. In the process of acid attack in OPC concrete,
calcium ions are leached from the hydrated product to form calcium salt of the acid
which leads to increase the porosity resulting in decreases of strength and durability
[4, 5]. The recently developed geopolymer binders are generally shown to have a very
good resistance against acid attack when compared to OPC concrete [6-8].

Geopolymers are ceramic-like materials with three-dimensional silica aluminate
structures, produced by chemical reaction between alkali liquids and aluminosilicate

materials [9, 10]. Recently, geopolymers have attracted notable interests due to its
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environmental benefit of using wastes and by-products as well as their good

mechanical properties and durability performances [11-14].

Several studies reported favourable performance of geopolymer in the sulphuric acid
environment [15-18]. Fernando and Said [19] found that the mine waste mud based
geopolymer concrete provided higher stability than OPC concrete in sulphuric acid
solution. Lee and Lee [20] evaluated the influence of the proportion of GGBFS to fly
ash on the sulphuric acid resistance of geopolymer paste. The authors reported that as
the N-A-S-H gel is less susceptible to sulphuric acid than C-(A)-S-H gel, better
resistance to sulphuric acid was found in geopolymers containing less amount of
GGBFS. In contrast, Lloyd et al. [24] found that corrosion resistance of geopolymer
increased with the increase of GGBFS content after 100 days of exposure to highly
concentrated (pH = 1.0) sulphuric acid. The GGBFS content increased the denseness
of the microstructure by producing C-(A)-S-H gel which reduced the depth of
corrosion. A better performance was found in fly ash geopolymer when exposed to
5% sulphuric acid solutions as compared to OPC paste [5]. Ariffin et al. [21] found
that pulverized fuel ash and palm oil fuel ash blended geopolymer concrete had better
resistance than OPC concrete. Allahverdi and Skvara [22, 23] studied the corrosion
mechanism of geopolymer at high, medium and low concentrations of sulphuric acid.
The authors reported that deposition of gypsum was found in the corroded layer due
to the use of highly concentrated (pH = 1) sulphuric acid. On the other hand, only ions
were leached in a solution of low concentration (pH = 3) without the deposition of
gypsum. Recently, Gu et al. [25] suggested a multiscale approach to investigate the
deterioration mechanism of alkali activated and conventional cementitious materials
after the sulphuric acid attack. The authors found that durability highly depends on the

scale of the maturity of the products such as paste, mortar or concrete.

The resistance of geopolymers against acidic attack is highly dependent on the
properties of aluminosilicate gel products. The characteristics of aluminosilicate gel
greatly depends on the chemical constituents of the precursor and alkaline liquid.
Ferronickel slag is an industrial metallurgical slag, discharged during the
manufacturing of ferronickel alloys [26—-29]. Ferronickel slag contains a considerable
proportion of Si, Fe and Mg, which exist in crystalline and non-crystalline mineral
forms [30—33]. Due to its high proportion of amorphous silica, ground ferronickel slag
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(GFNS) showed reactivity when mixed with OPC as a supplementary binder [34-37]
or with an alkaline solution to produce geopolymers as a precursor material [38—42].
The feasibility of using GFNS to produce geopolymer is reported in some previous
studies [10, 43-46]. The use of GFNS in OPC mortars showed an improvement in
terms of sulphuric acid resistance [47]. However, there is a lack of detailed results in
literature on the sulphuric acid attack of geopolymers containing GFNS as a precursor.
Therefore, the effect of sulphuric acid exposure on geopolymer mortars applying
various percentages of GFNS with fly ash needs to be investigated.

The resistance of geopolymer mortar synthesized by GFNS and fly ash was
investigated after exposure to the sulphuric acid solution for up to 12 months. The
changes in mass, compressive strength and visual appearance of the geopolymer
mortars after exposure to sulphuric acid were evaluated. The microstructural and
mineralogical changes were investigated by SEM, EDX and QXRD (quantitative X-

ray diffraction) analysis to gain an insight into the deterioration process.

6.2 Experimental Work

6.2.1 Materials and mix proportions

The GFNS and fly ash were used as the precursor to make geopolymer mortar [48].
As the principal oxide (SiO2 + Al,O3 + Fe2Og) of fly ash is greater than 70%, it is
categorized as class F based on ASTM C618-05 [49]. A mixture of Na2SiOz solution
with 14.7% NaO, 29.4% SiO; and 55.9% H20, and 8 molar sodium hydroxide
solution was used as the alkali activator. Natural sand with fineness modulus of 1.95
was used as the fine aggregate. The sand was prepared to saturated surface dry (SSD)
condition following ASTM C128 [50].

Table 6.1 Mixture proportions of geopolymer mortars [48]

Mixture 1D Ingredients (kg/m?3)
GFNS Fly ash Sand SH” Ss™
GFNSO 0 733 1137 110 220
GFNS25 183 550 1137 110 220
GFNS50 367 367 1137 110 220
GFNS75 550 183 1137 110 220

“Sodium hydroxide liquid
“Sodium silicate liquid
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Table 6.1 shows the mixture proportions of geopolymer mortar. The mortar mixtures
are selected on the basis of the previous works [48, 51, 52]. Fly ash was partially
replaced by 0, 25, 50 and 75% mass of GFNS and the corresponding mixtures are
referred as GFNSO, GFNS25, GFNS50 and GFNS75, respectively. The alkali liquid
was 45% mass of the precursors and the mass ratio of Na>SiOs to NaOH liquids was
2.0. Some geopolymer paste samples were cast according to the previous study [44]

for microstructural analysis.

6.2.2 Sample preparation and testing

To cast the geopolymer mortar samples, the GFNS-fly ash blend and SSD sand were
first dry mixed and then the alkaline liquid was mixed slowly to get a uniform fresh
mixture. The 50 x 50 x 50 mm?® moulds were then filled with geopolymer mortar and
compaction was done by a vibrating table. The samples were cured at 60 °C for 24
hours. The samples were demolded after heat curing and stored in ambient condition

(20 = 3 °C temperature, 65 £ 5% relative humidity) till testing.

The sulphuric acid resistance test of geopolymer mortars was conducted according to
the modified test method B of ASTM C 267 [53]. After heat curing at 60 °C for 24
hours, the mortar specimens were cooled down to room temperature and then
submerged in 3% sulphuric acid solution for up to one year. The sulphuric acid
solution was refreshed monthly in order to maintain the strength of the acid. The visual
appearance, weight, compressive strength and microstructure of the samples were
examined at various exposure periods. After a certain exposure period, the samples
were taken out from the liquid and loose particles of the surface were removed
carefully by a soft brush.

The loss of alkalinity of the sample was determined by splitting the exposed samples
and applying a 1% phenolphthalein solution on the cut surface. After applying the
phenolphthalein solution, the surface area that shows pink or purple colour indicates
the regions of high alkalinity, where pH is more than about 9.0. On the other hand, the
colourless region was considered as the alkalinity lost area due to the penetration of

acid, where the pH value is lower than 9.0 [54, 55].

Before and after acid exposure, compressive strength test of the samples was
conducted by a Controls MCC8 machine according to AS 1012.9 [56].
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The SEM and EDX analysis were conducted to investigate the microstructure and
elemental compositions of the acid-exposed samples using a scanning electron

microscope (Mira3 XMU Tescan) equipped with Oxford Instruments.

The QXRD analysis was conducted to evaluate the change of mineralogical phase and
amorphous content of the acid-exposed samples. For accurate mineralogical analysis,
QXRD analysis was performed on paste specimens exposed to same exposure
condition of mortar. The XRD data was acquired by a D8 Advance diffractometer with
operating conditions of 40kV and 40mA. The XRD patterns were collected at 20
values of 7°-120° where step size was 0.015° and measuring time was 0.7 sec/step.
The EVA 11.0 software was used to determine the phases. After that, a quantitative
phase analysis was performed by Rietveld [57] full pattern analysis using TOPAS [58].
The relative Rietveld weight percentages were converted to the absolute proportions
by the internal standard method [59].

6.3 Results and Discussion

6.3.1 Visual inspection

Fig. 6.1 presents the visual appearance of geopolymer mortar and paste specimens at
different sulphuric acid exposure periods. It is seen that all the geopolymer mortar
samples were structurally intact with only minor damages at the surface after the acid
exposures. For all the mixtures, the surface deterioration of specimens increased with
the increase of exposure duration. However, it can be noticed that the most visible
deterioration occurred on the neat fly ash (GFNSQ) geopolymer mortar where sand
particles came exposed due to the loss of geopolymer paste from the surface. On the
other hand, many visible cracks were observed in all the geopolymer paste samples
after immersion in sulphuric acid solution. However, significant scaling and spalling
was observed in the GFNSO paste sample after one month of acid exposure. Therefore,
it was not possible to continue further acid exposure of the GFNSO paste samples due

to the severe damages.
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Fig. 6.2 presents the photographs of cross-sections of geopolymer mortar specimens
after spraying the phenolphthalein solution. It is seen that all the samples showed a
purple/pink colour throughout the surfaces before acid exposure which indicates the
high alkalinity of the samples. After immersion in the acid solution, the outer layer of
all the samples remained colourless and core became light pink. This indicates the loss
of alkalinity of the samples after immersion in acid solution. It can be noticed that the
colourless area of all samples increased with the exposure period and thus the loss of
alkalinity of the sample increased with the exposure period. The depth of sulphuric
acid penetration or ion exchange area of the sample is related to the loss of alkalinity

[1].
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Fig. 6.2 Visual appearance of the cross section of geopolymer mortars sprayed with

phenolphthalein solution

It can be noticed that after exposure to the sulphuric acid solution, sample GFNSO
showed a less pink core with a larger colourless area compared to the other samples.
This indicates the higher loss of alkalinity due to the ingress of higher amount of

sulphuric acid in the neat fly ash (GFNS0) geopolymer mortar. On the other hand,
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inclusion of GFNS provided a more compact structure and reduced the ingress of
sulphuric acid. Thus, the fly ash-GFNS blended samples showed less colourless areas
and large pink core areas. However, the lowest alkalinity loss area with highest pink
core area was observed in sample GFNS75 due to the more compact structure as

identified in the SEM image and EDX analysis, which are discussed in section 6.3.4.

6.3.2 Residual compressive strength

The residual compressive strengths of the geopolymer mortars after sulphuric acid
exposures are shown in Fig. 6.3. Before immersion in sulphuric acid solution,
compressive strengths of the mortar samples of mixtures GFNSO, GFNS25, GFNS50
and GFNS75 were 54, 63, 66 and 71 MPa, respectively. The strength of GFNSO
sample is primarily associated with N-A-S-H gel as recognized in SEM and EDX
analysis discussed in section 6.3.4. The rise of strength due to the use of GFNS is
correlated with the formation of sodium magnesium alumiosilicate hydrate (N-M-A-
S-H) gel [44, 45] as found in SEM and EDX analysis. It can be noticed that loss of
strength occurred in all the samples, and it increased gradually with the increase of
acid exposure period. The strength loss after 12 months of sulphuric acid exposure of
samples GFNS0, GFNS25, GFNS50 and GFNS75 were 43.67, 31.05, 24.15 and
22.54%, respectively with respect to the corresponding compressive strengths before

acid exposure.
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Fig. 6.3 Residual compressive strength of mortars exposed to sulphuric acid solution
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The strength loss is attributed to the breakdown of aluminosilicate network of
geopolymer by the sulphuric acid [21]. The aluminosilicate network of geopolymer
product is broken by the H* of H,SO4 and yields (Si(OH)4) and AP* [2, 5, 60]. Thus,
the oxy-aluminium bridge (-Al...O-Si-O) of geopolymer is destroyed by sulphuric
acid which leads to reduce the strength of the geopolymer [60].

Moreover, the deterioration of geopolymer is ascribed to the formation of gypsum due
to the reaction of calcium and sulphuric acid [61, 62]. The gypsum induces expansive
pressure, which increased cracks and consequently the loss of strength [13, 60]. The
presence of gypsum was identified in SEM, EDX and XRD results discussed in
sections 6.3.4 and 6.3.5.

It can be observed that fly ash-GFNS geopolymer mortars (GFNS25, GFNS50,
GFNS75) showed lower losses of strength than the neat fly ash (GFNSO) geopolymer
mortar. The lower loss of strength of the fly ash-GFNS geopolymers is attributed to
the existence of more stable N-M-A-S-H gel compared to N-A-S-H gel of the neat fly
ash geopolymer as discussed in section 6.3.4. Furthermore, fly ash contained a higher
percentage of calcium than GFNS. Therefore, after exposure to sulfuric acid solution,
higher calcium content of fly ash reacted with sulphur ions of sulphuric acid and
formed higher amount of gypsum in neat fly ash geopolymer mortar as determined in
the QXRD analysis presented in section 6.3.5. The deposition of higher amount of
gypsum in neat fly ash geopolymer matrix induced higher stresses which increased the
expansive microcracks and consequently more deterioration occurred in neat fly ash
geopolymer mortar than the fly ash-GFNS geopolymer mortars. It is also seen that
GFNS75 with the highest GFNS content showed highest residual strength compared
to other mixtures throughout the exposure periods. Incorporation of GFNS made a
dense structure by developing N-M-A-S-H gel as found in section 6.3.4. Thus, lower
ingress of sulphuric acid occurred in GFNS75 due to the lower porosity and
consequently highest residual strength found in the samples of this mix. A similar
observation was found in previous studies [2, 63, 64], where lower porosity improved
the sulphuric acid resistance by reducing the ingress of acid. Besides, higher amount
of GFNS content reduced the calcium content in the mixture. In consequence, less
gypsum is formed in GFNS75 and thus, less cracks and higher residual strength found
in GFNS75 compared to the other mixtures.
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6.3.3 Mass change

Fig. 6.4 presents the mass loss of the mortar specimens after exposure to acid solution.
The mass losses after different exposure periods were calculated with respect to initial
mass before acid exposure. It is seen that the mass loss of the samples increased
gradually with the increase of acid exposure period. After 12 months of exposure to
the sulphuric acid solution, 2.95, 2.15, 1.36 and 1.50% mass losses were found in
GFNSO0, GFNS25, GFNS50 and GFNS75, respectively.
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Fig. 6.4 Mass loss of mortars after immersion in sulphuric acid solution

The loss of mass is attributed to the depolymerisation of the aluminosilicate gel and
leaching of ions from the matrix. Besides, the mass loss is attributed to the formation
of gypsum as identified in SEM, EDX and XRD analysis discussed in section 6.3.4
and 6.3.5. The gypsum induced internal stresses which caused expansion and
dimensional instability in the matrix [20]. Thus, microcracks formed in the
geopolymer matrix and consequently scaling and spalling occurred in the surface
layers which leads to reduce the mass of the sample [4, 13]. However, it can be
observed that low mass losses were found in fly ash-GFNS blended mortars than in
the neat fly ash geopolymer mortar. The less mass loss of the fly ash-GFNS blended
geopolymer is ascribed to the low calcium content of GFNS and more stable N-M-A-
S-H gel.
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6.3.4 SEM and EDX analysis

Fig. 6.5 presents the SEM micrographs and EDX spectrums of geopolymer mortars at
different acid exposure periods. It can be noted that the specimens for SEM and EDX
were collected from the outer layer of the samples.

Before exposure 6 months exposure 12 months exposure

GFNSO

GFNS25

GFNSS50

GFNS75
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Fig. 6.5 SEM images and EDX spectra of geopolymer mortars at different acid
exposure periods (GP indicates geopolymer matrix)

Before immersion, a homogenous and compact microstructure was noticed for all the
samples. It can be seen from the EDX spectrum 1 that before exposure, the main
constituents of GFNSO specimen were sodium (Na), aluminium (Al), silicon (Si) and
oxygen (O), indicating the existence of N-A-S-H gel [44, 65]. It can be noticed that
after exposure, the dense microstructure of the pre-exposure mortar changed to more
porous microstructure. The deterioration of geopolymer mortar is associated with the
depolymerisation of the aluminosilicate gel in acid solution. After exposure to acid
solution, Na and Al contents of the gel leached to acid solution and thus the Na and
Al content of the geopolymer matrix reduced (spectra 2 and 4). The geopolymer matrix
deteriorated due to the gradual depletion of Na and Al [1, 8]. Moreover, after 6 months
and 12 months of exposure to acid solution, rod shaped crystal substances are also
seen in the neat fly ash geopolymer mortar. The EDX spectra of those substances
confirmed the presence of gypsum crystal as indicated by the major proportions of
calcium, sulphur and oxygen (spectra 3 and 5).
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In contrast, GFNS25, GFNS50 and GFNS75 geopolymer mortars showed more
compact microstructure than the GFNSO geopolymer mortar. Before the acid
exposure, the prime compositions of the GFNS25, GFNS50 and GFNS75 geopolymer
matrix were sodium (Na), magnesium (Mg), aluminium (Al), silicon (Si) and oxygen
(O) (spectrum 6), indicating the existence of N-M-A-S-H gel in the fly ash-GFNS
geopolymer [44, 65]. The less porous structure and high strength (Fig. 6.3) of fly ash-
GFNS blended geopolymers is correlated with the produced N-M-A-S-H gel described
in the earlier studies [45, 48]. After the acid exposure, these components are also
reduced (spectrum 7) in the deteriorated area which was similar to that of the neat fly
ash geopolymer mortar. However, the mortar sample with GFNS exhibited less
deterioration than the neat fly ash mortar. The N-M-A-S-H gel provided a dense
structure which reduced the penetration of acid solution and in consequence, less
deterioration occurred in the fly ash-GFNS mortars. The denseness increased with the
increase of GFNS, and thus lower deterioration occurred in the GFNS75 specimen
compared to the other specimens. Furthermore, though expansive gypsum (spectrum
8) crystals were found in the fly ash-GFNS mortars after 12 months of exposure, it

was not found after 6 months of exposure.

Although the EDX point analysis is helpful to get an idea of the reaction product, an
EDX mapping can be further helpful to get an overall trend of increase or decrease of
a particular element in an area. Therefore, after acid exposure, the EDX map of
geopolymer paste covering a region including high and low deteriorated areas is
shown in Fig. 6.6. From the EDX map, it can be seen that the concentrations of Na,
Mg and Al in the outer surface (highly deteriorated area) are lower than those of the
inner surface (less deteriorated area). This indicates the leaching of Na, Mg and Al
from the matrix due to the acid penetration. On the other hand, it is noticed that the
concentration of Si is higher in the highly deteriorated area than in the less deteriorated
area for all the samples. Leaching of Na, Mg and Al into the sulphuric acid solution
enriched the geopolymer matrix in Si and thus showed higher concentrations of Si [4].

Higher Si can cause shrinkage and thus cracks were formed in the deteriorated layer.

133



GFNS25 GFNS50 GFNS75

GFNSO

134



e ¥ ot Y FURT—
Sy WXy

Fig. 6.6 SEM images and EDX mapping of geopolymer pastes after sulphuric acid
exposures (GFNS-0 exposed for 1 month and GFNS-25, GFNS-50 and GFNS-75
exposed for 12 months; Arrow indicates the direction of acid penetration; LD and HD
denote the low and high deteriorated areas, respectively)

It is also observed that the high concentrations Ca and S present in the deteriorated
region of GFNSO and GFNS25 specimens, which indicates the presence of gypsum in
those specimens. It can be noticed that low concentrations of Ca and S present in the
deteriorated region of GFNS50 and GFNS75 paste specimens, which indicates the
presence of trace amount of gypsum in these specimens. This observation fairs well

with XRD results presented discussed in section 6.3.5.

6.3.5 XRD analysis

Fig. 6.7 presents the XRD patterns of geopolymer pastes before and after acid
exposure (1 month for GFNSO, 12 months for GFNS25, GFNS50 and GFNS75). The
XRD patterns of the specimens before acid exposure are reproduced here from the
previous work [44] for comparison with the patterns after acid exposure. It is seen that
before the exposure to sulphuric acid solution, a broad band existed at 18°-40° 26 in
the neat fly ash (GFNSO) geopolymer [Fig. 6.7]. This broad band denotes the existence
of amorphous N-A-S-H gel found in section 6.3.4. Further, crystalline quartz, mullite,
magnetite and carbonate phases existed in GFNSO specimen. A broad band also
existed in the fly ash-GFNS geopolymers (GFNS25, GFNS50, GFNS75), which

denotes the existence of amorphous N-M-A-S-H gel found in section 6.3.4.
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Fig. 6.7 X-ray diffraction (XRD) patterns of geopolymer paste before and after

exposure to sulphuric acid solution
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Table 6.2 Results of QXRD analysis

< - g
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3 8 & S p= S S G <
Bl 50 123 22 12 - - 793
GFNSO
A2 54 138 28 06 - 69 705
B 38 89 17 09 76 - 771
GFNS25
A2 37 100 20 00 43 34 766
Bl 24 59 13 - 143 - 761
GFNS50
A2 26 67 14 - 139 04 750
Bl 16 33 12 - 214 - 725
GFNS75
A2 16 37 55 -- 190 06 696

'Before acid exposure [44]

2After acid exposure

In addition to quartz, mullite, magnetite and carbonate, forsterite phase also existed in
fly ash-GFNS geopolymer. It is seen that the intensity of quartz, mullite, magnetite
and carbonate peaks decreased, and forsterite peaks increased on account of the
reduction of fly ash and increase of GFNS. The QXRD analysis was conducted to
determine the actual quantities of crystalline and amorphous contents. Table 6.2
presents the summary of the QXRD results of geopolymer specimens. It is seen that
before acid exposure, the quartz content reduced from 5.0% in GFNSO specimen to
3.8, 2.4 and 1.6% in GFNS25, GFNS50 and GFNS75, respectively (Table 6.2). The
amounts of mullite, magnetite and carbonate also decreased with the decrease of fly
ash and increase of GFNS (Table 6.2). On the other hand, the forsterite content
increased from 7.6% in GFNS25 to 14.3 and 21.4% in GFNS50 and GFNS75,
respectively. Before acid exposure, the amorphous contents were 79.3, 77.1, 76.1 and
72.5% in GFNSO, GFNS25, GFNS50 and GFNST75, respectively [44].

It can be observed from the XRD pattern of GFNSO specimen that after immersion in

sulphuric acid, the intensity of quartz and mullite slightly increased than in the original
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specimen. Besides, a new crystalline phase of gypsum was noticed in specimen
GFNSO, which supports the observations in SEM images. The QXRD results showed
that specimen GFNSO contained 5.4% quartz, 13.8% mullite, 2.8% magnetite, 0.6%
calcite and 6.9% gypsum after exposure to the sulphuric acid solution (Table 6.2). The
increases of quartz and mullite contents are attributed to the decomposition of

aluminosilicate gel after sulphuric acid exposure.

The amorphous contents of specimen GFNSO is reduced from 79.3% before acid
exposure to 70.5% after exposure. On the other hand, the amorphous contents of
GFNS25, GFNS50 and GFNS75 slightly decreased from 77.1% to 76.6%, from 76.1%
to 75.0% and from 72.5% to 69.6%, respectively. The new phase of gypsum was also
observed in fly ash-GFNS geopolymer. However, lower amounts of gypsum were
found in the fly ash-GFNS geopolymers than in the neat fly ash geopolymer. The
gypsum contents of GFNS25, GFNS50 and GFNS75 were 3.4, 0.4 and 0.6%,
respectively. This suggests that the inclusion of GFNS reduced the formation of
expansive gypsum. In consequence, less cracks and voids with higher residual strength
were found in the fly ash-GFNS geopolymer mortars compared to neat fly ash

geopolymer mortar as discussed in the previous sections.

6.4 Summary
The sulphuric acid resistance of GFNS blended fly ash geopolymer mortar was
evaluated in this study. The following conclusions are drawn from the experimental

results:

e The use of GFNS as a partial replacement of fly ash was found to enhance the
resistance of geopolymer mortar against sulphuric acid attack. After exposure
to 3% sulphuric acid solution, the losses of compressive strength and mass of
fly ash-GFNS geopolymer mortars were less than those of the neat fly ash
geopolymer mortar. The lowest strength loss was found in GFNS75 specimens
after the acid exposures up to one year. The strength losses after one year of
sulphuric acid exposure were 43.67, 31.05, 24.15 and 22.54% in the mortar
specimens of mixtures GFNSO, GFNS25, GFNS50 and GFNS75, respectively.

e The lower strength loss of the fly ash-GFNS geopolymer mortar is attributed
to the presence of more stable N-M-A-S-H gel compared to N-A-S-H gel of
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neat fly ash geopolymer. Incorporation of GFNS made a dense structure by the
production of N-M-A-S-H gel. Thus, lower ingress of acid occurred in the
sample of GFNS75 mortar due to the lower porosity. Consequently, the lowest
strength loss was observed in the mortar containing 75% GFNS.

The QXRD results showed that the gypsum contents of GFNSO, GFNS25,
GFNS50 and GFNS75 were 6.9, 3.4, 0.4 and 0.6%, respectively. The higher
amount of gypsum after acid exposure in the neat fly ash geopolymer may have
induced higher stresses that led to increased cracks. Consequently, less
deterioration occurred in the fly ash-GFNS geopolymer mortar than in the neat

fly ash geopolymer mortar.
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CHAPTER 7: SULPHATE RESISTANCE OF GFNS BLENDED FLY ASH
GEOPOLYMER MORTAR

The content presented in this chapter is submitted to the Structural Concrete journal
for possible publication.

Kuri, J. C., Nuruzzaman, M., & Sarker, P. K. (2022). Sulphate resistance of
geopolymer mortar produced using ground ferronickel slag with fly ash. Structural

Concrete for possible publication (Under review).

This chapter presents an investigation on the durability of geopolymer mortar made
from ground ferronickel slag (GFNS) with fly ash (FA) after immersion in 5% sodium
sulphate solution for 1.5 years. The changes of compressive strength, mass, length,

visual appearance and microstructures of the geopolymer mortars were investigated.

7.1 Overview

Ordinary Portland cement (OPC) is the most common binder for conventional
concrete productions. However, the production of OPC requires high energy and it
emits significantly high amounts of greenhouse gases [1]. Around 0.9 tonnes of CO2
is discharged during the manufacturing of one tonne of cement [2]. In this regard,
geopolymer is being developed as an environmentally friendly alternative binder to
OPC. Substituting OPC by geopolymer binder can potentially reduce up to 80% CO;
emission [3]. In addition to environmental friendliness, geopolymers show good
mechanical properties and durability performance [4-7].

In regards to durability and serviceability, sulphate attack is a very common way of
deterioration of concrete structures. Based on the sources of sulphate environment,
two types of sulphate attack can be experienced by concrete structure, namely external
and internal sulphate attacks. A concrete structure can experience an internal sulphate
attack by sulphate ions of the binder [8, 9]. The external sulphate attack is caused by
sulphate exposure in the surrounding of concrete such as sea water, industrial effluent,
ground water or contaminated soil [9, 10]. In most of the cases, sulphate ions react
with calcium hydroxide and aluminium containing phases (monosulphate and
tricalcium aluminate) to form expansive ettringite and gypsum [11, 12]. In
consequence, expansion, cracking, spalling and losses of strength and mass can occur

in concrete structures.
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In general, the sulphate resistance of geopolymer concrete is reported as superior to
that of OPC concrete [13, 14]. The higher resistance is attributed to the less amount of
calcium phases in geopolymers [15, 16]. Khan et al. [17] reported that alkali activated
GGBFS showed high sulphate resistance by producing hydrotalcite. However,
Gopalakrishnan and Chinnaraju [18] found that though 100% GGBFS geopolymer
concrete performed better in a normal environment, geopolymer concrete with 60%
GGBFS and 40% fly ash provided better sulphate resistance than 100% GGBFS
geopolymer concrete. The stability of geopolymer against sulphate environment
depends on the activator type and concentration and cation type of sulphate solution
[19]. Elyamany et al. [20] found that the sulphate resistance of geopolymers increased
with the increase of NaOH solution’s concentration and curing temperature and
decrease of the alkali solution to precursor ratio. The authors reported that geopolymer
with 15% silica fume, 35% GGBFS and 50% fly ash provided the highest resistance
against magnesium sulphate exposure. Beltrame et al. [21] found that alkali activated
slag from charcoal showed higher sodium sulphate resistance than sulphate-resistant
blended Portland cement. The geopolymer containing lower water to binder ratio
provided higher resistance to sulphate attack than the geopolymer with higher water
to binder ratio [22]. Karakog et al. [23] reported that strength of ferrochrome slag
geopolymer concrete decreased with the increase of MgSO4 content and exposure
period. Kwasny et al. [11] found that the microstructure of lithomarge-based
geopolymer was unaffected due to sulphate exposure. Ye et al. [24] reported that little
compositional alteration and ettringite formation occurred due to the Na;SO4 attack
on alkali-activated slag. Aliques-Granero et al. [25] found that alkali activated GGBFS
showed very little expansion and alkali activated fly ash showed no expansion upon

sodium sulphate exposure.

Ferronickel slag (FNS) is an industrial residue which is discharged in the manufacture
process of ferronickel alloys [26-29]. About 150 million tonnes of FNS by-product is
produced annually in the world, which makes it the fourth largest slag produced by
smelting process [30]. The physical characteristics of FNS are competent for use as an
aggregate in concrete [31-33]. Furthermore, as FNS has a notable percentage of
amorphous silica, ground FNS (GFNS) has shown reactivity when utilized with
conventional cement [34-37] or with an alkaline liquid in geopolymers [38-42]. The

incorporation of GFNS as supplementary cementitious materials (SCM) improved the
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sulphate resistance of OPC mortars as reported in previous studies [43, 44]. However,
to the best of the author’s knowledge, there is no study available on the sulphate
resistance of geopolymers where GFNS is incorporated as a precursor material.
Therefore, the influence of sulphate exposure on geopolymers containing different
proportions of GFNS and fly ash needs to be investigated. This is essential to evaluate

the durability of GFNS-fly ash geopolymers against sulphate exposures.

The sources of ore and cooling method greatly influences the reactivity of GFNS. This
study used the water cooled FNS produced from garnierite ores of New Caledonia.
Over two million tonnes of FNS is produced annually by SLN, New Caledonia and
over 25 million tonnes of the by-product is stockpiled in that area [45]. Therefore,
utilization of FNS as a binder in the construction sector will benefit the environment
and pave the way of safe disposal of the by-products. The suitability of the GFNS as
a source material was investigated in earlier studies focusing on the fresh and
mechanical properties [46, 47]. However, durability of GFNS geopolymer in sulphate
environment is also essential to ensure its long term stability in aggressive
environment. Therefore, the effect of sodium sulphate exposure was investigated in
terms of physical appearance, residual compressive strength, mass change, length

change and microstructural changes of the geopolymer mortar.

7.2 Materials and methodology

7.2.1 Materials and mixture proportion

GFNS and fly ash (FA) were utilized as solid precursors and natural sand was utilized
as aggregate to produce geopolymer mortars. The amorphous content of GFNS and
fly ash were 61.33% and 86.02%, respectively. Furthermore, GFNS contained the
crystal phases of 0.68% quartz and 38.00% forsterite ferroan. The crystalline contents
of fly ash were quartz (5.03%), mullite (6.81%), magnetite (1.52%) and calcite
(0.62%) [46]. A mixture of liquid Na.SiOz with 29.40% SiO», 14.70% Na2O and
55.90% water, and 8 molar NaOH solution was used as the alkali activator. The mass
ratio of NaxSiO3z to NaOH solutions was 2. The mix proportions of mortars were
adopted from the earlier studies [46, 48], shown in Table 7.1. The amount of activator
solution was 45% of the solid precursors. Fly ash was substituted by 0, 25, 50 and 75%
GFNS and the respective mixtures are denoted as 0-GFNS, 25-GFNS, 50-GFNS and
75-GFNS, respectively.
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Table 7.1 Mix proportions of mortar [46]

Mix ID Materials (kg/m?)
NaOH NazSiOs
Fly ash GFNS Sand ) )
solution solution
0-GFNS 733 0 1137 110 220
25-GFNS 550 183 1137 110 220
50-GFNS 367 367 1137 110 220
75-GFNS 183 550 1137 110 220

7.2.2 Preparation of samples and test procedures

The alkali activator was made by mixing the NaOH and Na»SiOs solutions. To make
the geopolymer mortar, the solid precursors and SSD sand were first mixed for 2
minutes. The alkali activator was then mixed to attain a uniform mortar mixture. The
fresh mortar was poured into the mould and compacted. The specimens were cured in
an oven at 60 °C for 24 hours. The specimens were demoulded after heat curing and
left in ambient environment for cooling down. After one day of cooling (two days after
casting), initial compressive strength of mortars was measured following AS
1012.9:2014 [49].

The sulphate resistances of geopolymer mortars were studied by immersion of the
samples in 5% Na>SO4 solution for up to 1.5 years. The Na,SO4 solution was renewed
monthly throughout the exposure period. After a certain immersion period, the change
of length was measured from prism bar (25 x 25 x 285 mm) in accordance with ASTM
C157-08 [50] and the changes of compressive strength, mass and microstructure were
evaluated using the 50 mm cube samples. The SEM and EDX investigation of the
specimens was conducted using a Tescan Mira3 microscope. The QXRD analysis was
performed to determine the mineralogical phase changes of the immersed samples as

described in the section 7.3.5.
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Before immersion

After 1.5 years

7.3 Results and Discussion

7.3.1 Physical appearance

Fig. 7.1 presents the physical appearance of mortars before and after 1.5 years
immersion in Na>SOgs solution. It is observed that all samples had no visual sign of
degradation after 1.5 years of immersion in NaSOs solution. Similar observations of
no sign of deterioration were found in previous studies [11, 19, 23]. The low calcium
content of precursors and cross linked alumino silicate gel are considered to make
geopolymers stable against Na>SO4 exposure. Expansive gypsum or ettringite were
not found as products due to the low calcium contents of the precursors [15, 18]. Thus,
cracking or spalling were not observed in the samples after immersion in Na2SO4
solution. Moreover, the sodium content of Na,SO4 solution is also considered to
maintain the stability of geopolymer samples [22]. It is seen that the influence of
GFNS has insignificant effect on the physical appearances of the mortars after

immersion in Na2SO4 solution.

0-GFNS 25-GFNS 50-GFNS 75-GFNS

immersion

Fig. 7.1 Physical appearance of the mortars

7.3.2 Compressive strength

Fig. 7.2 presents the compressive strengths of geopolymer mortars before and after
immersion in Na>SO;s solution. It can be seen that before exposure, FA-GFNS (25-
GFNS, 50-GFNS and 75-GFNS) geopolymer mortar showed higher strength than the
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100% FA (0-GFNS) mortar. Before exposure to NaxSO4 solution, the compressive
strengths of the mixtures 0-GFNS, 25-GFNS, 50-GFNS and 75-GFNS were 53.5,
62.4, 65.8 and 71.9 MPa, respectively. The high strength of GFNS blended
geopolymers are ascribed to the development of N-M-A-S-H gel as described in
details in the earlier works [40, 47].

—#—-0-GFNS  ——25-GFNS  ——50-GFNS  —e—75-GFNS
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Fig. 7.2 Compressive strength of mortars immersed in Na,SO4 solution

It is observed from Fig. 7.2 that the compressive strengths of all the mixtures
increased after immersion in Na;SO4 solution compared to their strengths before
sulphate exposure. The increasing rate of strength was higher in first 3 months
immersion than that after this period. At 3 months of immersion, the compressive
strengths of the mixtures 0-GFNS, 25-GFNS, 50-GFNS and 75-GFNS were 65.3,
69.6, 79.0 and 78.2 MPa, respectively. On the other hand, between 3 months and 12
months of immersion periods, the increase of strength slowed down and in some
samples, strength slightly reduced compared to the strength at 3 months of immersion.
This might be happen due to the migration of alkaline ions from the sample to the
solution. After 12 months of immersion, compressive strength of the samples showed
an increasing rate of strength. The increase of compressive strength generally suggests

a good performance of the geopolymer mortars against sodium sulphate exposure. A
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similar trend of strength gain of fly ash geopolymers in sodium sulphate solution was
found in several previous studies [15, 51, 52]. The good performance of geopolymer
against sodium sulphate is attributed to the presence of neutralised cross-linked
aluminosilicate structure [18, 53]. Besides, Bakharev et al. [13] reported that the gain
of strength is correlated with the continued reaction in geopolymers by the Na* from
sodium sulphate solution. Moreover, the low calcium content of precursors resisted to
produce expansive gypsum and ettringite. Thus, the sample did not deteriorated in
sodium sulphate solution.

It can be noticed that, though all samples have good sodium sulphate resistance, the
residual strength of the 25-GFNS, 50-GFNS and 75-GFNS samples are higher than
that of the 0-GFNS samples. It is also noticed that the 75-GFNS samples provided
highest strength at most of the immersion periods. The higher strength of the 25-
GFNS, 50-GFNS and 75-GFNS geopolymers are ascribed to the presence of stable N-
M-A-S-H gel than the N-A-S-H gel of the 0-GFNS geopolymer, as further discussed
in the section 7.3.6. Furthermore, calcium content of GFNS is lower than that of fly
ash. Fernandez-Jimenez et al. [54] reported that calcium content has a significant role
on durability of geopolymers. Thus, the lower calcium content of GFNS blended

geopolymers provided higher stability compared to the neat fly ash geopolymers.

7.3.3 Weight change

Fig. 7.3 shows the weight change of the mortars immersed in Na>SOa solution. It is
observed that the weight of all specimens slightly rose with the rise of immersion
period until 6 months of immersion. For instance, the weight of the 0-GFNS sample
increased by 0.54%, 0.66% and 0.89% at 2, 3 and 6 months immersion periods,
respectively compared to those before exposure. After 6 months, the weight of the all
samples decreased until 12 months. After 12 months of immersion, weights of all the
samples increased again. The gain in weight could be associated with the absorption
of exposed liquid by the specimens [11, 23, 52].

152



1.5 - —8—0-GFNS ——25-GFNS ——50-GFNS —e—75-GFNS

o
(G2 B ]

o
o

Weight change (%)
o

B
(6] |l
1

1
N
L

Immersion period (months)

Fig. 7.3 Weight change of mortars immersed in Na2SO4 solution (positive values

represent weight gain and negative values represent weight loss)

It is also seen that the initial weight gain of 0-GFNS sample is higher compared to the
samples of other mixtures. This might be due to the absorption of higher amount of
liquid by the micro pores of the 0-GFNS sample as shown in SEM images in section
7.3.6. On the other hand, the 75-GFNS samples showed the lowest weight gain
throughout the exposure period due to the absorption of lowest liquid by the pore
structure. The weight drop between 6 and 12 months may be ascribed to the leaching
of alkaline ions from the samples to the solution [11, 20, 21]. However, the change of

weight has insignificant influence on the strength of the mortars.

7.3.4 Length Change

Fig. 7.4 shows the changes of length of the geopolymer mortar bars after exposure to
Na>SOs solution. It can be seen that initially samples of all the mixtures expanded
sharply. For instance, after 7 days of immersion, expansion of 0-GFNS, 25-GFNS, 50-
GFNS and 75-GFNS samples were 0.023, 0.023, 0.029 and 0.028%, respectively. It
should be noted that at different time intervals, the expansions of the samples were
measured immediately after taking out from the solution and wiping the surface
immediately. Therefore, initial expansion may have occurred due to the absorption of
liquid by the micro pore of the samples, which induced slight pressure and thus, slight

expansion occurred in the samples. However, after 7 days of immersion, the samples
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expanded very slowly up to 1.5 years. After 540 days (1.5 years) of immersion,
expansion of 0-GFNS, 25-GFNS, 50-GFNS and 75-GFNS samples were 0.033, 0.031,
0.039 and 0.039%, respectively.

0.120

—#—0-GFNS ——25-GFNS ——50-GFNS —e— 75-GFNS

0.100

Expansion (%)
o o o
o o o
B D o
o o o

0.020
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0 30 60 90 120150180210 240270300330 360390420450 480510540
Immersion period (days)

Fig. 7.4 Length change of mortars immersed in Na2SOa solution

Fig. 7.5 The mortar prism bars after 1.5 years of immersion in Na2SO4 solution

It is also seen that the expansion of 50-GFNS and 75-GFNS samples were slightly
higher compared to 0-GFNS and 25-GFNS samples. However, the expansions of all
the samples were well below the acceptable limit (0.05% at 6 months and 0.10% at

one year) as recommended by ACI guideline [55]. Moreover, no visible damage
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except some white substances was noticed on all mortar prism bar after 1.5 years of
immersion in the sodium sulphate solution, as shown in Fig. 7.5. It is noted that the
pictures of Fig. 7.5 were taken after 1-day air drying and the white substance was not
visible before drying. Therefore, the whitish substance may have produced due to

efflorescence.

7.3.5 XRD analysis

The XRD analysis was conducted on paste samples which were exposed to similar
environment of mortar bars. Specimens were collected from the exposed surface for
the XRD investigation. Fig. 7.6 shows the XRD spectra of geopolymers. The XRD
patterns of the geopolymers before immersion are reconstructed from the earlier study
[47]. It is seen that before immersion, neat FA geopolymer (0-GFNS) comprised
crystalline quartz, mullite, calcite and magnetite phases. On the other hand, FA-GFNS
geopolymer (25-GFNS, 50-GFNS and 75-GFNS) contained quartz, mullite, calcite,
magnetite and forsterite crystalline phases. A broad hump existed in all the samples,
which showed the presence of amorphous contents [47]. Corundum peaks in XRD
patterns come from the corundum powders which were used as standard material for
QXRD analysis.

It can be seen that after 1.5 years immersion in sodium sulphate solution, the XRD
patterns are almost same as before immersion for all samples. Though there is no new
phase observed after 1.5 years exposure, the intensity of the peaks slightly changed.
To evaluate the actual quantity of the phases, QXRD analysis was conducted by
Rietveld [46, 56, 57] analysis using TOPAS [58] software. A typical Rietveld fitting
plot for 50-GFNS after 1.5 years immersion is shown in Fig.7.7. It can be noticed that
the calculated profile is superimposed on the observed pattern and the difference
between observed and calculated profile is very low, which suggests a high accuracy

of the QXRD results. The summary of XRD results are shown in Table 7.2,
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Fig. 7.6 XRD spectra of geopolymer samples before immersion [47] and after 1.5
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Fig. 7.7 Rietveld refinement plot of 50-GFNS (after 1.5 years immersion) sample
using TOPAS software. (The green line pattern represents the observed XRD pattern
and red line pattern represents the calculated profile).

Table 7.2 Summary of QXRD results
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It is noticed from Table 7.2 that after 1.5 years of immersion in sulphate solution, the
quartz, mullite, magnetite and calcite contents of 0-GFNS sample changed from
5.002% to 4.982%, 12.333% to 13.290%, 2.236% to 2.469% and 1.229% to 2.054%,
respectively. On the other hand, the amorphous content of 0-GFNS reduced from
79.200% in before immersion to 77.205% in after immersion. Almost same trend can
be observed for fly ash-GFNS geopolymer (25-GFNS, 50-GFNS and 75-GFNS)
where quartz, mullite, magnetite, calcite contents slightly increased and amorphous
content slightly decreased (Table 7.2). Forsterite content slightly changed from
7.628% to 7.531%, from 14.293% to 14.299% and from 21.423% to 21.739% in the
25-GFNS, 50-GFNS and 75-GFNS samples, respectively. However, the change of
crystalline content is very low for all samples, which showed the high stability of
geopolymer against sodium sulphate exposure [11]. Moreover, after exposure to
sodium sulphate, expansive products (gypsum or ettringite) were not found in XRD
investigation. Similar observations in terms of the absence of gypsum or ettringite in
sodium sulphate immersed specimens were reported in previous studies [15, 17, 22,
25]. The low amount of calcium content in the precursors prevented the formation of
expansive gypsum or ettringite and thus, provided good stability against sulphate
attack. Though all the samples showed good stability against sulphate attack, the fly
ash-GFNS geopolymer was found less susceptible to damage in sulphate solution than

the neat fly ash geopolymer due to the lower calcium content of GFNS than in fly ash.

7.3.6 Scanning electron microscopy with EDX

Fig. 7.8 presents the microscopic images and EDX spectra of mortar specimens. The
specimens were collected from the outer surface for SEM and EDX investigation.
Three EDX points of the gel phase were selected for each specimen as shown in Fig.
7.8. A typical EDX spectrum of aluminosilicate gel for each sample is shown in Fig.
7.8 and a summary of the change of chemical constituent of the aluminosilicate gel
immersed in sodium sulphate solution is given in Table 7.3. It is observed that before
exposure, 0-GFNS sample contained higher peaks of Na, Al, Si and O, which
represents the existence of N-A-S-H product. Meanwhile, 25-GFNS, 50-GFNS and
75-GFNS samples contained higher peaks of Na, Mg, Al, Si and O, indicating N-M-
A-S-H product [40, 47].

158



Before immersion

0-GFNS

=)
e
£

Exposure eflge .
Lres A N y

Dst: BSE
SEMMV: 200KV View field: 139 pen 20
BI: 1400 1: RESOLUTION

1ooppm Au 1

25-GFNS

Spectrum-7

After 1.5 years of
immersion

wo.

SEMHV: 200KV View field: 139 pan 120 jan

Bi: 1400

100ppm Au 1

S11: RESOLUTION

oW

OwWwuw =

(=Nw]

OO0DOWL
oW th =

(==
AR

Spectrum-11

159




st BSE WD: 1528 mm
SEMMV: 200KV View field: 138 jan
B1: 1400 &11: RESOLUTION
100ppm Au 1

50-GFNS

75-GFNS

Spectrum-19 Spectrum-23
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Table 7.3 Change of chemical composition (atomic %) of the aluminosilicate gel

immersed in sodium sulphate solution
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Before exposure to sulphate solution, a homogenous and dense microstructure is
observed for all the mixtures. However, FA-GFNS blended mortars provided more
compact microstructures than the neat FA mortar. The dense microstructure and high
strength (Fig. 7.2) of FA-GFNS geopolymer is related with the developed N-M-A-S-

H gel as discussed in the earlier works [40, 47].

The SEM images suggested that there was no significant change of microstructure,
especially no new distinct phase was observed after immersion in sodium sulphate
solution. It is also seen that after immersion, the corresponding peaks of
aluminosilicate gels were still present in the specimen, which indicates stability of the
aluminosilicate gel after immersion in sodium sulphate solution. Sata et al. [54]
reported similar results showing that geopolymer products were less susceptible to
sulphate attack. However, the amount of some elements changed due to slight
leaching after sodium sulphate exposure. The SEM image and EDX spectrum showed
no existence of expansive gypsum or ettringite supporting the XRD results discussed

in section 7.3.5.

From the EDX results, it can be noticed that for all the samples that Na content of most
of the spectrum increased compared to the before exposure results. For instance, the
average Na content of the 0-GFNS sample increased from 4.5% at before immersion
to 5.1% after 1.5 years immersion in sodium sulphate solution. The corresponding
values increased from 4.6% to 6.9%, 4.9% to 5.2% and 3.5% to 6.4% for 25-GFNS,
50-GFNS and 75-GFNS, respectively. This suggests the absorption of Na*ion by the
geopolymer products, which were helpful to maintain good stability against sulphate
solution. Thus, strength increased after exposure to sodium sulphate solution as
discussed in section 7.3.2. It should be noted that Na>SO4could be used as an activator
in geopolymer [59]. Therefore, Na.SO4 could produce a beneficial condition by
improving further alkali activation of the precursors [21]. However, a few micro pores
were observed after immersion, which might have occurred due to the leaching of
some elements as evidenced by EDX results (Table 7.3). It is also seen that the
specimen 0-GFNS was more porous compared to the other specimens and thus, lower
strength was observed in specimen 0-GFNS compared to the other GFNS blended

geopolymer mortar specimens.
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7.4 Summary
This study investigated the sodium sulphate resistance of FA-GFNS blended
geopolymer mortar. The following conclusions are made from the study:

e The neat FA and FA-GFNS geopolymer mortar samples had no obvious visual
sign of deterioration after 1.5 years immersion in Na;SOs solution. The
expansions of the mortar after exposure to Na;SO4 solution were well below
the recommended limit of the expansion. The low calcium content of
precursors and cross linked alumino-silicate gel made geopolymers stable
against sulphate attack.

e After exposure to Na2SOs solution for 1.5 years, the compressive strength of
all geopolymer mortar samples increased compared to those before immersion.
The highest strength was found in 75-GFNS samples after immersion in
Na>SO;4 solution for 1.5 years. The higher strength of FA-GFNS geopolymer
is ascribed to the production of stable N-M-A-S-H gel than N-A-S-H gel of the
neat FA geopolymer.

e The presence of alumionosilicate gel before and after exposure to Na>SO4
solution indicated good stability of the geopolymer mortar against sulphate
attack. Moreover, the absorption of Na* ion by the geopolymer products were
helpful to improve further alkali activation of the precursors. The SEM, EDX
and XRD analysis also suggested the absence of expansive gypsum or
ettringite in geopolymer mortar after immersion in NaSOs solution. All
geopolymer samples had good stability against the sodium sulphate solution.
However, the lower calcium content of GFNS made the FA-GFNS blended
geopolymer less susceptible to damage in sulphate solution than the neat fly

ash geopolymer.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

8.1 Overview

The focus of this study was to evaluate the effect of using ground ferronickel slag
(GFNS) as a source material in geopolymer. The GFNS was used as 25, 50, 75 and
100% replacement of fly ash to produce geopolymer paste and mortar. The GFNS used
in this study was produced by the smelting of garnierite ore found in New Caledonia
which constitutes a substantial part of the world’s FNS accumulation. A mixture of
NaOH and Na»SiOs liquids was used as the alkali activator solution (AAS). The
amount of the alkali activator solution was 40% or 45% of the total binder and the
ratio of sodium silicate to the sodium hydroxide solutions varied from 1.5 to 2.5. The
effects of GFNS as a precursor on fresh and mechanical properties and durability
performance of geopolymer paste and mortar were investigated. Microstructural
investigation, such as SEM, EDS, XRD and TGA were applied in different stages of
this study. The main outcomes of this research and some recommendations for future

studies are presented in this chapter.

8.2 Conclusions

The following conclusions are drawn based on the obtained results:

Fresh and mechanical properties of geopolymer paste and mortar using GFNS
as a precursor
e Setting time of geopolymer paste decreased with the increase of GFNS as a
partial replacement of fly ash. Initial setting time of paste with SS/SH ratio of
2.0 decreased from 410 minutes for without GFNS to 188 minutes for using
100% GFNS. The decrease of setting time by the increase of GFNS is
attributed to the increase of SiO2/Al,0s and MgO/Al;O3 ratios, which
increased the geopolymerization reaction. Setting times of the geopolymer
pastes using an alkaline solution with SS/SH ratio of 1.5 were less than those
with SS/SH ratio of 2.0. The decrease of setting time by the decrease of SS/SH
ratio is ascribed to the increase of Na.O/Al>Oz and Na2O/SiOz ratios, which
accelerated the polycondensation process.
e The use of GFNS as replacement of fly ash reduced the workability
geopolymer paste and mortar. Mixtures having a higher amount of GFNS
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showed higher flow time and lower flow value. The flow of paste using SS/SH
ratio of 2.0 decreased from 140% for using 100% fly ash to 110% for using
100% GFNS. The flow of the mortar with 45% alkaline solution reduced from
110% for without GFNS to 73% for using 75% GFNS. The decrease of flow
due to the rise of GFNS is attributed to the angular GFNS particles than the
spherical shape of fly ash. The flow of the geopolymer pastes using a SS/SH
ratio of 1.5 were higher than those with ratios of 2.0 and 2.5. Viscosity of
Na2SiOz solution is higher than that of NaOH solution. Therefore, a higher
proportion of NaSiOs solution reduced the mobility of particles and hence
reduced the flow of geopolymer paste.

As the magnesium was incorporated in the reaction product sodium
magnesium alumino-silicate hydrate (N-M-A-S-H) gel, high magnesium
content of GFNS has no adverse effect on the expansion of geopolymer. The
Le-Chatelier expansions of the geopolymer pastes were well below 5%, which
is the recommended limit of the expansion of determined by this test.
Moreover, no expansive brucite was found in the XRD analysis.

The compressive strength of the geopolymer pastes using SS/SH ratio of 2.0
were higher than those with SS/SH ratio of 1.5 and 2.5. At the early age of 7
days, compressive strength of the ambient-cured geopolymer paste decreased
with the increase of GFNS. However, at 28 days and thereafter, strength
significantly increased with the increase of GFNS content up to 75%. The 28-
day, 56-day and 90-day compressive strengths of ambient cured geopolymer
paste using 75% GFNS were 45 MPa, 56 MPa and 64 MPa, respectively. On
the other hand, for the same GFNS content, compressive strength of 65 MPa
was achieved by accelerated heat curing at 60 °C for 1 day. For using 75%
GFNS, the 28-day and 90-day compressive strengths of mortar with 45%
alkaline solution were 66 MPa and 84 MPa, respectively.

The principal reaction product of fly ash-GFNS geopolymer was N-M-A-S-H
gel, which provided denser microstructure and thus developed higher strength
in fly ash-GFNS geopolymer than neat fly ash geopolymer.

The inclusion of GFNS was found beneficial to decrease the sorptivilty and

porosity of the geopolymer mortar.
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Higher thermal resistance of GFNS blended fly ash geopolymer mortars

Thermal resistance of fly ash-GFNS geopolymer mortar was higher compared
to neat fly ash geopolymer mortar. Geopolymer mortar having 50% GFNS
showed maximum residual compressive strength throughout the applied
elevated temperature exposure up to 1000 °C.

The cracks and voids of the geopolymer mortar rose with the rise of
temperature. However, the N-M-A-S-H gel produced in fly ash-GFNS
geopolymer provided a higher thermal stability than neat fly ash geopolymer.
Thus, at high temperature, fly ash-GFNS geopolymer showed less porous
structure compared to neat fly ash geopolymer.

The crystalline phases of the geopolymer did not change significantly until 600
°C exposures. The number of crystalline peaks increased and amorphousity
decreased significantly at 1000 °C exposure. At 1000 °C, a new phase of albite
was observed in neat fly ash geopolymer due to the decomposition or
transformation of N-A-S-H gel. On the other hand, albite, nepheline and
omphacite phases were noticed in fly ash-GFNS geopolymer due to the
decomposition or transformation of N-M-A-S-H gel at 1000 °C. The
amorphous contents of GFNS-50 decreased from 79.6% for ambient
temperature to 75.5, 73.7, and 53.1% for 200, 600 and 1000 °C exposures,
respectively.

Non-destructive ultrasonic test results revealed that the lower frequency
component dominates across all temperature exposures in the neat fly ash
(without GFNS) geopolymer mortar, which indicates the presence of more
voids and cracks than other samples. On the other hand geopolymer mortar
with 50% GFNS had the least amount of pores as indicated by the dominance
of higher frequency components in the spectra.

Higher sulphuric acid resistance of GFNS blended fly ash geopolymer mortars

The losses of compressive strength and mass of fly ash-GFNS blended
geopolymer mortars were lower than those of the neat fly ash geopolymer
mortar after immersion in 3% sulphuric acid solution. The lowest strength loss
was found in the samples containing 75% GFNS throughout the exposure

periods. The strength losses after 12 months of sulphuric acid exposure were
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43.67, 31.05, 24.15 and 22.54% in the samples containing of 0, 25, 50 and 75%
GFNS, respectively.

Incorporation of GFNS made a dense structure by developing N-M-A-S-H gel
and the denseness increased with the rise of GFNS content. Thus, lower ingress
of sulphuric acid occurred in the sample containing 75% GFNS due to the
lower porosity. Consequently, the lowest strength loss was found in the mortar
with 75% GFNS.

The visual observations and micrographs showed that the deterioration of neat
fly ash geopolymer mortar was higher than that of the fly ash-GFNS
geopolymer mortar specimens. The high calcium content of fly ash reacted
with sulfuric acid and formed a higher amount of expansive gypsum in the neat
fly ash geopolymer than in the fly ash-GFNS geopolymers. The QXRD results
confirmed that the gypsum contents were 6.9, 3.4, 0.4 and 0.6% for the use of
0, 25, 50 and 75% GFNS, respectively. The deposition of higher amount of
gypsum by acid in the neat fly ash geopolymer induced higher stresses that led
to increased cracks. Consequently, more deterioration occurred in the neat fly

ash geopolymer than fly ash-GFNS geopolymers.

Higher sulphate resistance of GFNS blended fly ash geopolymer mortars

The neat FA and FA-GFNS geopolymer mortar samples had no significant
visual sign of deterioration after 18 months immersion in 3% Na>SQOas solution.
The expansions of the geopolymer mortars after immersion in Na2SO4 solution
were well below the recommended limit of the expansion. The low calcium
content of precursors and cross linked alumino-silicate gel made geopolymers
stable against sulphate attack.

After 1.5 years of immersion in Na2SOg solution, the compressive strength of
all geopolymer mortar increased compared to the before immersion samples.
The highest strength was found in the sample containing 75% GFNS after 1.5
years of immersion in Na>SOs solution. The higher strength of FA-GFNS
geopolymer is ascribed to the production of stable N-M-A-S-H gel compared
to N-A-S-H gel of the neat FA geopolymer.

The presence of alumionosilicate gel before and after immersion in Na;SO4
solution indicated good stability of the geopolymer mortar against sulphate

attack. Moreover, the absorption of Na* ion by the geopolymer products were
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helpful to improve the further alkali activation of the precursors. SEM, EDX
and XRD investigation also suggested the absence of expansive gypsum or
ettringite in geopolymer mortar after immersion in NaSOs solution. All
geopolymer samples had good stability against the sodium sulphate solution.
However, the lower calcium content of GFNS made the fly ash-GFNS blended
geopolymer less susceptible to damage in sulphate solution than neat fly ash

geopolymer.

8.3 Recommendations for future study

In this research, properties of GFNS-fly ash geopolymer were investigated
where, fly ash was replaced by different proportions of GFNS. Further research
can be conducted for GFNS-GGBFS and GFNS-metakaolin based
geopolymers, where GGBFS and metakaolin will be partially replaced by
GFNS.

This study investigated the fresh, mechanical and durability performance of
geopolymer containing GFNS as a precursor. The dynamic properties of this
geopolymer can be investigated in future.

Other durability tests such as carbonation, chloride attack, and half potential
test could be studied in the future.

The performance of composite geopolymer made with different fibers can be
investigated.

In this study, granulated FNS was transformed to ground FNS (GFNS) and
used as a binder in alkali activated systems. Further studies can be conducted
considering granulated FNS as fine aggregate in geopolymer mortar and

concrete.
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APPENDICES

APPENDIX A: Images of experiments

Fig. A.2 Setting time test of geopolymer paste
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Fig. A.3 Flow time test of geopolymer paste

Fig. A.4 Flow table test
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Fig. A.6 Compressive strength test
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Fig. A.7 Sorptivity test
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Fig. A.8 Elevated temperature exposure test
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Fig. A.9 Placement of sample between transducers for ultrasonic tests

(©) wder sample after grindig in ring  (d) Co'rundUmA(iriternaI standard)
mill and geopolymer powder sample

179



(e) Corundum and sample powder in (f) McCrone micronizing mill
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(g) Slurry specimen after grinding in (h) Drying of slurry specimen
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Fig. A.10 QXRD sample preparation
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