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ABSTRACT

The formulation and flexural properties of thin fly ash geopolymers with thickness of
merely 10 mm and replacement of ladle furnace slag to fly ash in thin geopolymer were
presented. The formulation was discussed in terms of NaOH molarity, solid
aluminosilicates-to-liquid alkali activator (S/L) mass ratio, and alkali activator (Na,SiOs/
NaOH) mass ratio. Thin fly ash geopolymers with flexural strength and Young's modulus of
6.2 MPa and 0.14 GPa, respectively, were obtained by using 12 M NaOH, S/L ratio of 2.5 and
Na,SiOs/NaOH ratio of 4.0. A high Na,SiOs/NaOH ratio was implemented for thin geo-
polymer synthesis to produce a more viscous slurry which helped to retain the shape of a
thin geopolymer. The incorporation of ladle furnace slag up to 40 wt.% reported an
increment of 26% in flexural strength up to 7.8 MPa as compared to pure fly ash geo-
polymers and the stiffness was increased to 0.19 GPa. Denser microstructure with
improved compactness was observed as the ladle furnace slag acted as the filler. New
crystalline phases of calcium silicate hydrate (C—S—H) were formed and coexisted with the
geopolymer matrix, which consequently enhanced the flexural strength of thin fly ash
geopolymer. This proved that the ladle furnace slag has the potential to be utilised in
geopolymer synthesis and will enhance the flexural properties of thin geopolymers. The
flexural performance of thin geopolymers in this study was considerably good as the thin
geopolymers exhibited comparatively similar flexural strengths, but a higher strength/
thickness ratio as compared to geopolymers with thickness greater than 40 mm.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Geopolymers are inorganic polymers formed by the poly-
condensation of solid aluminosilicate in a highly alkaline
medium through geopolymerisation process [1]. The types of
solid aluminosilicate-based materials could be divided into
natural materials, such as kaolin [2] and metakaolin [3] or
industrial by-products, such as fly ash [4] and slag [5]. The
geopolymerisation reaction process involves multi-steps
that occur simultaneously, which include the dissolution of
Si and Al species from aluminosilicate precursors, followed
by polycondensation of soluble species to form aluminosili-
cate gel phases and eventually gel hardening to form a rigid
solid [6]. Geopolymers have a three-dimensional structure of
the Si—O—Al polymeric network, whereby the Al is in four-
fold coordination [7]. This three-dimensional framework of
Si04 and AlO, gives geopolymer the ceramic-like character-
istics and exhibits excellent physical and mechanical prop-
erties [8].

The incorporation of two or more precursor aluminosili-
cates could produce geopolymers with better properties than
precursors that are activated alone [9]. The mechanical
strength of fly ash geopolymers could be improved by incor-
porating slag as the aluminosilicate source during the mixing
process. Ladle furnace slag (LFS) possesses similar chemical
composition (high calcium content) to ground granulated
blast furnace slag (GGBFS), which is commonly used in geo-
polymer research. However, the incorporation of ladle
furnace slag in geopolymer synthesis is still very limited as
compared to ground granulated blast furnace slag. The cur-
rent application of ladle furnace slag included water depu-
ration, soil stabilisation, masonry mortars, road construction
and bituminous mixes [10]. Nevertheless, Wang et al. [11]
studied the engineering properties of ladle furnace slag and
obtained a compressive strength of 15 MPa in the geopolymer
produced. Murri et al. [12] compared the strength perfor-
mances of metakaolin/LFS geopolymer with fly ash/LFS geo-
polymer and observed that the metakaolin/LFS geopolymer
exhibited a higher compressive strength of 44 MPa than fly
ash/LFS geopolymer (11 MPa). These studies showed that
ladle furnace slag had cementitious properties and has the
potential in enhancing the strength properties of
geopolymers.

Thus far, research studies regarding the flexural proper-
ties of geopolymers were mainly focused on precast concrete
elements such as beams and columns, which were thicker.
Most research studies regarding geopolymer concrete have
thickness of ~70 mm—100 mm with the addition of aggre-
gates and fibers [13—15]. Besides, geopolymers which were
utilised in coating fields were mainly focused on adhesive
strength [16], while studies regarding geopolymer membrane
(5 mm—20 mm) were less focused on the mechanical prop-
erties or were only taking measurement in compressive
strength [17,18]. For instance, thin geopolymer has also been
investigated by several researchers [19,20]. Based on Kumar
et al. [19], thin fly ash/slag geopolymers with thickness of

25 mm were cured at room temperature for 24 h and fol-
lowed by heat treatment at 150 °C—300 °C. The compressive
strength of 20—50 MPa was reported. On the other hand,
Suzuk et al. [20] prepared thin metakaolin geopolymer with
10-mm thickness using pressing and extrusion method. The
samples were cured at 60 °C for 2 h followed by 20 °C for 24 h
and rupture strength of 11-14.4 MPa was reported.

In order to produce thin geopolymer, the mixing parame-
ters are one of the key factors. Generally, the alkali solution
molarity and mixing ratio in terms of solid-to-liquid and alkali
silicate-to-alkali solution are common parameters to deter-
mine the formulation of geopolymers with cuboid and cube-
shaped and their influences were well-reported [21-23].
Even so, these parameters are crucial for the formation of thin
geopolymers as the workability, setting and shaping [22,24] of
geopolymers are significantly dependent on these mixing
parameters. Thin geopolymers could not harden or experi-
ence bending if these parameters are not optimised. Besides,
the flexural properties of geopolymer are related to these
mixing parameters as they influence the dissolution and
polycondensation extent of geopolymers [6]. Since the study
with regard to properties of thin neat geopolymers is still very
limited, there is an urge to study the relationship between
formulations with flexural properties of thin geopolymers.
Flexural properties of thin geopolymers is significant as it
could determine the functionality of thin geopolymers to be
utilised in various application such as floor imprint, roof tiles,
thin wall panels, geopolymer composite membranes and
especially tiles manufacturing for flooring and wall. As geo-
polymer is brittle in nature, flexural strength is more repre-
sentative in identifying the capacity of deformation resistance
and strength retention especially to thin geopolymer with
only 10 mm thickness.

To recap, the research regarding the thin neat geopolymer
with 10-mm thickness is less reported. The flexural strength
properties of geopolymer is less focused in most research
compared to compressive strength properties. Moreover, the
inclusion of ladle furnace slag in geopolymer synthesis is very
little. Thus, the investigation and formulation of the thin
geopolymers are essential to addressing the warping and
hardening problems, as aforementioned, and to explore the
usefulness for application. Therefore, this paper investigated
the formulation of thin fly ash geopolymers in terms of NaOH
molarity, solid aluminosilicates-to-liquid alkali activator (S/L)
mass ratio and Na,SiOs/NaOH mass ratio. The effect of ladle
furnace slag as partial replacement in the thin geopolymer
was also evaluated. The flexural properties of thin fly ash
geopolymers with incorporation of ladle furnace slag was
comprehensively studied to access the feasibility of thin
geopolymers. The effect of varying mixing parameters and
partial replacement by ladle furnace slag on the fly ash geo-
polymers has been reported in our previous paper [25]. The
outcome of the paper is vital as it would expand the utilisation
of thin geopolymers in terms of flexural properties and in-
crease the application of ladle furnace slag in geopolymer
synthesis.
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Table 1 — Chemical composition of fly ash and ladle furnace slag.

Compound SiO, Al,O3 CaO Fe,03 MgO TiO, K,0 Others
FA (wt.%) 56.30 28.00 3.89 6.86 = 2.17 1.49 1.29
LFS (wt.%) 21.30 2.30 63.59 8.08 2.60 0.50 = 1.63

2. Methodology
2.1. Materials

Fly ash (FA) collected from Sultan Azlan Shah Power Station,
TNB Janamanjung Sdn. Bhd., Seri Manjung, Perak, Malaysia,
and ladle furnace slag (LFS) collected from Southern Steel
Berhad Penang, Malaysia, were used as the aluminosilicate
sources in this study. The chemical composition of FA and LFS
obtained through X-Ray Fluorescence (XRF) analysis is tabu-
lated in Table 1. The fly ash was made up mainly of SiO,
(56.30 wt.%) and Al,05 (28.00 wt.%) while the ladle furnace slag
consisted of a high amount of CaO (63.59 wt.%) with 21.30 wt.%
of SiO, and 2.30 wt.% of Al,O3. The fly ash used was classified
as Class F fly ash in accordance with ASTM C618 as the CaO
content was less than 18 wt.% (3.89 wt.%). Fig. 1 depicts the
microstructure of FA and LFS particles. The FA particles are
spherical with smooth surfaces while LFS has irregular and
angular shape with sharp-edged and partly dense grains.
Both liquid sodium silicate (Na,SiO3) and sodium hydrox-
ide (NaOH) solution were mixed to prepare the alkali activator.
The liquid sodium silicate (Na,SiOs) (South Pacific Chemicals
Industries Sdn. Bhd., Malaysia) is made up mainly of 30.1 wt.%
of Si0,, 9.4 wt.% of Na,O and 60.5 wt.% of H,O, with modulus
Si0,/Na,0 = 3.2, specific gravity and viscosity of 1.4 g/cm? and
0.4 Pa s respectively at 20 °C. Caustic soda pellets (HmbG®
Chemicals, Sigma-Alrich Germany) with the assay of 97%
were mixed with distilled water to prepare NaOH solution.

2.2. Formation of thin geopolymers

In this study, the formulation of thin geopolymers was
investigated in terms of NaOH molarity, S/L mass ratio and
sodium silicate-to-sodium hydroxide (Na,SiOs/NaOH) mass
ratio. Table 2 summarises the mixing parameters for the
formulation of thin fly ash geopolymers. The S/L ratio and
Na,SiO3/NaOH ratio of 2.5 were fixed at the initial experiment

as the ratios were pre-determined from the trial and error
experimental works as the thin geopolymers produced using
these ratios could harden and did not experience excessive
bending after the curing process. For the investigation on the
effect of S/L ratio, S/L ratio of 3.2 was set as the upper
boundary of this experimental work as the mixing process
beyond that was undesirable due to low workability where
slurry form of mixture cannot be achieved. The optimum
value for each parameter was carried forward to the next
experimental work.

Thin fly ash/slag geopolymers was prepared by using fly
ash and ladle furnace slag as the aluminosilicate sources.
Portion of fly ash was replaced with ladle furnace slag. The
weight percentage of ladle furnace slag replacement was set
as shown in Table 2. Fly ash and ladle furnace slag were dry
mixed and then mixed with the liquid alkali activator until
homogenous slurry was achieved. The fresh slurry was then
rapidly moulded and compacted into 160 x 40 x 10 mm
moulds according to ASTM C109. The thin geopolymer sam-
ples were cured at 60 °C in the oven for 6 h. The samples were
further cured for another 24 h at room temperature. The cured
samples (Fig. 2) were kept at room temperature for 28 days.

2.3.  Testing and analysis

The bulk density measurement was evaluated using the mass
and dimension of the samples based on BS EN 12390-7. The
water absorption and apparent porosity were determined
using wet mass (M), dry mass (Mg) and suspended mass (Ms)
according to ASTM C642 as shown in Egs. (1) and (2).

. Mw — Md
Water Absorption = i 1)
Apparent Porosity = Mw - Md )
PP Y= Mw- Ms

The flexural test was assessed using Instron Machine Se-
ries 5569 Mechanical Tester in accordance with ASTM C348.

Fig. 1 — SEM micrographs of (a) FA and (b) LFS.
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Table 2 — Details of mixture proportions.

Type of Geopolymers NaOH Molarity

S/L Ratio

Na,SiOs/NaOH Ratio  LFS Replacement (wt.%)

Thin Fly Ash Geopolymer 25

Thin Fly Ash/Slag Geopolymer

2.5 =
2.5 =

10, 20, 30, 40

Value in grey boxes indicates the optimum value carried forward from the previous experimental works.

The span length was fixed at 110 mm with 1 mm/min of
crosshead speed. The flexural strength and Young's modulus
were calculated using Egs. (3) and (4), respectively. 5 samples
were tested for each parameter and the average value of
flexural strength and Youngs modulus was obtained to
minimize the random error.

3FL
Flexural Strength = b (3)
Young's Modulus = Lm )
g = 4bae

where F = load at a given point on the load deflection curve,
(kg/m?), L = support span length (mm), b = width of specimens
(mm), d = thickness of specimens (mm), and m = gradient of
the initial straight-line portion in load deflection curve (N/
mm).

JSM-6460LA model Scanning Electron Microscope (JEOL)
was performed to reveal the microstructure of the thin geo-
polymer. The fracture surface was cut into small pieces and
coated with a thin layer of platinum using JEOL JFC 1600 Auto
Fine Coater to prevent electrostatic charge during imaging.

The phase analysis of fly ash, ladle furnace slag and thin
geopolymers was identified using D2 Phaser, Bruker X-Ray
Diffractometer with Cu-Ka radiation operated at 40 kV and
35 mA. The scan range and scan rate were fixed at 10—80°26
and 2°20 per minute, respectively. X'pert High Score Plus
software equipped with ICDD PDF-2 database was used to
analyze the XRD patterns.

Perkin Elmer Fourier Transform Infrared Spectroscopy
(FTIR) RXI spectrometer was used to determine the functional
group of geopolymers. The samples were scanned from
650 cm ™! to 4000 cm ™! with a resolution of 4 cm™.

3. Results and discussion

3.1. Bulk density, apparent porosity and water
absorption

Fig. 3 displays the bulk density, apparent porosity, and water
absorption of thin fly ash geopolymers with various parame-
ters. The bulk densities of thin geopolymers increased to an

40mm

Fig. 2 — Thin fly ash geopolymers after 28 days.

optimal and then reduced. The change in density, porosity
and water absorption was not significant. The mixture is
sticky in order to avoid excessive warping and bending of
geopolymer specimen, which finally causes small changes in
the bulk density, porosity and water absorption [22]. In gen-
eral, the values of bulk density, apparent porosity, and water
absorption complied with each other, as denser geopolymers
produced geopolymer structures with lesser pore structure
and reduced the apparent porosity and water absorption.

The range of bulk density of thin fly ash geopolymers
(Fig. 3a—c) fell between 1702 and 2061 kg/m>. The bulk density
range was commonly reported for fly ash geopolymers [26].
The apparent porosity and water absorption of thin fly ash
geopolymers ranged from 19.3 to 23.1% and 9.9-12.4%,
respectively, were lower as compared to fly ash geopolymers
[27]. This was associated with the shape and thickness of
geopolymers and the higher Na,SiO3/NaOH used in this study
because the silicates increased the mixture flow and occupied
the voids present between the fly ash particles [28].

The changes of bulk density, apparent porosity, and water
absorption of fly ash geopolymers were relatively more sig-
nificant with differing S/L and Na,SiOs/NaOH ratios. Both ra-
tios markedly affected the fluidity and workability of
geopolymer slurry, whereby high workable slurry was ach-
ieved with lower S/L and Na,SiOs/NaOH ratios. However,
when the liquid content was too high, the intermolecular
contact between aluminosilicates and alkali activator could be
potentially hindered. The polycondensation reaction conse-
quently became less efficient and more pores were produced
in the geopolymer matrix due to the evaporation of moisture
[29]. In contrast, as both S/L and Na,SiOs/NaOH ratios excee-
ded the optimal values, the liquid content became too low and
caused higher porosity due to the low workable slurry, which
prohibited proper paste consolidation and promoted pore
formation [22]. On the other hand, increasing NaOH molarity
produced denser geopolymer with lower porosity and water
absorption (Fig. 3a). This was associated with the rise in the
degree of dissolution of the active species from precursors in
high NaOH concentration which facilitated the formation of
geopolymer network [21]. Nevertheless, the bulk density
decreased slightly at 14 M NaOH as the occurrence of disrup-
tion of ion mobility and ion species stability [30].

Based on Fig. 3d, the bulk density of thin fly ash/slag geo-
polymers (2097—2273 kg/m?® was slightly higher than the
optimised fly ash geopolymer (2061 kg/m?). This was associ-
ated with the comparatively higher density of ladle furnace
slag precursors (1238 kg/m®) than fly ash (1168 kg/m?).
Nevertheless, the changes in bulk density was considerably
little (1.8—10.3%) as the ladle furnace slag was added as partial
replacement [31]. Furthermore, both the apparent porosity
(16.1%—18.4%) and water absorption (8.2%—9.7%) of thin fly
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Fig. 3 — Bulk density, apparent porosity and water absorption of thin fly ash geopolymer with varying (a) NaOH molarity, (b)

S/L ratio, (c) Na,SiOs/NaOH ratio and (d) slag replacement.

ash/slag geopolymers were lower than the fly ash geo-
polymers. In comparison, the thin fly ash/slag geopolymer in
this study had higher bulk density and lower porosity relative
to other research studies. For instance, Ababneh et al. [32]
reported a density of 1980 kg/m>®-2030 kg/m? and porosity of
27%—34% for FA/GGBFS-based geopolymers with 15 wt.%
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GGBFS addition. Besides, according to Song et al. [33], fly ash/
electric furnace steel slag geopolymers with slag content of
10 wt.%—50 wt.% had density ranged from 1691 kg/
m>-1859 kg/m? and porosity of 33.8%—35.8%. A lower density
of 1280—1700 kg/m® with higher porosity of 23.6%—38.6% was
reported by Bignozzi et al. [34] in metakaolin/ladle furnace
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Fig. 4 — Flexural strength and Young's modulus after 28 days of thin fly ash geopolymer with varying (a) NaOH molarity, (b)

S/L ratio, (c) Na,SiO3/NaOH ratio and (d) slag replacement.
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slag geopolymers with incorporation of 25 wt.% —50 wt.% of
slag. These studies also showed small changes in bulk density
(1.7%—15.9%) due to addition of slag as partial replacement, as
aforementioned.

3.2 Flexural strength and Young’'s modulus

3.2.1. Thin fly ash geopolymers

Mixing parameters are significant in determining the me-
chanical properties of thin fly ash geopolymers as they influ-
ence the geopolymerisation extent and geopolymer matrix
formation. Based on Fig. 4a—c, the thin fly ash geopolymers
synthesised by using 12 M NaOH molarity, S/L ratio of 2.5 and
Na,SiO3/NaOH ratio of 4.0 had the optimum flexural strength
of 6.2 MPa and Young's Modulus of 0.13 GPa. In general, the
increase in mixing parameters led to the rise in flexural
strength up to an optimal but then reduced beyond the
optimal ratio. The flexural strength differed by 41.0%, 28.0%
and 26.2% with changes of Na,SiO3/NaOH ratio, S/L ratio and
NaOH molarity, respectively, demonstrating that the strength
determining factor was Na,SiOs/NaOH ratio > S/L
ratio > NaOH molarity. Youngs modulus increased with
increasing flexural strength.

The Na,SiO3/NaOH ratio (Fig. 4c) was the key parameter in
thin geopolymer formation followed by S/L ratio (Fig. 4b) and
NaOH molarity (Fig. 4a) due to the higher variability in the
flexural strength. The optimum Na,SiOs/NaOH ratio of 4.0 for
thin geopolymer obtained in this study was comparatively
higher than cubic geopolymer [35,36], which usually ranged
from 0.05 to 3.00. Increasing Na,SiOs/NaOH ratio induced
more soluble Si species while decreasing Na,SiOs/NaOH ratio
had more OH™ species for dissolution [37]. The high Na,SiO5/
NaOH ratio promoted the formation of mobile precursors,
which improved the reaction kinetics by increasing the geo-
polymerisation extent [23], and thus enhanced the flexural
strength and stiffness of thin geopolymers. Most importantly,
the high Na,SiO3/NaOH ratio produced a more viscous slurry
which could help to retain the shape of thin geopolymers and
avoid bending in the sample. However, when exceed the
optimal Na,SiOs/NaOH ratio, precipitation of Al-Si phase
occurred with excess sodium silicate content, which pro-
hibited the contact between the precursor material and alka-
line activator, and hindered the structure formation during
the polycondensation process.

Based on Fig. 4b, the ideal S/L ratio reported in this study
was 2.5, which indicated the occurrence of proper dissolution
of fly ash particles, and the optimal frequency of contact be-
tween alkaline activator and fly ash. A higher liquid content
(low S/L ratio) caused the formation of less viscous slurry [22],
which created a tension force on the sample surface and
caused the curvature in the sample, as shown in Fig. 5, hence,
it resulted in a lower flexural strength. In contrast, high solid
content (high S/L ratio) caused undesirable mixing and was
difficult in thin mould compaction. The low fluidity retarded
the proper consolidation of paste and lowered the flexural
performance of thin geopolymer [38].

Besides, the results showed that a higher NaOH molarity of
12 M (Fig. 4a) was required for higher flexural strength and
stiffness development in thin geopolymer. More reactive
bonds for monomers were formed which enhanced the

intermolecular bonding strength of geopolymers [21]. How-
ever, premature precipitation of the geopolymer matrix
occurred beyond its optimal NaOH molarity [30], as the result
of faster condensation and led to lower strength and stiffness.
In contrast, a lower NaOH molarity had lower Na* and OH~
ions for the dissolution of fly ash particles [27].

3.2.2. Thin fly ash/slag geopolymers

Referring to Fig. 4d, the flexural strength and Young's modulus
showed an increasing trend with an increasing amount of
ladle furnace slag replacement. The highest flexural strength
of 7.8 MPa with enhancement by 26% as compared to pure fly
ash geopolymers and highest stiffness of 0.19 GPa were ach-
ieved with the proportion of fly ash to slag of 60:40. The sub-
stitution of ladle furnace slag into fly ash geopolymers
accelerated the reaction rate and promoted strength devel-
opment [39]. Besides, the CaO content from ladle furnace slag
induced Ca®" ions into geopolymer system, and promoted the
formation of C—S—H gel (Calcium Silicate Hydrate) alongside
N—A—S—H (Sodium Aluminosilicate Hydrate) gel [40]. Never-
theless, a slight drop in the flexural strength and stiffness was
observed in the fly ash/slag geopolymer with the mixing
proportion of 80:20, which may be resulted by the decreased
bulk density and increased pores as shown in Fig. 3d.

The flexural strength of thin fly ash/slag geopolymers
performed slightly better than the fly ash/slag geopolymers
synthesised by other researchers. For instance, Nath and
Sarker [13] and Fang et al. [41] produced fly ash/GGBFS geo-
polymers with flexural strength of 4.5 MPa—6.1 MPa and
1.4 MPa—3.6 MPa, respectively. Besides, flexural strength of
4.6 MPa—5.8 MPa was reported by Giilsan et al. [42] for fly ash/
GGBFS geopolymer reinforced with steel. Song et al. [33] re-
ported flexural strength of 2.61 MPa and 3.95 MPa for fly ash/
steel slag geopolymers cured at 7 days and 28 days, respec-
tively. However, based on Cifrian et al. [43], the fly ash/clay
geopolymer added with electric arc furnace dust cured at 75 °C
reported a flexural strength of 16.4 MPa. This might be asso-
ciated with the high curing temperature and high Fe,0; con-
tent (33.36 wt.%) of the electric arc furnace dust. Nevertheless,
the enhancement of flexural behaviour by incorporating ladle
furnace slag into geopolymer synthesis was possible based on
the flexural results obtained.

3.3. Effect of thickness on flexural strength

Table 3 compares the flexural strength and Young's modulus
of thin geopolymers obtained in this study with those re-
ported by other researchers. The thickness of the specimen
would affect the flexural strength of the final product. In
general, increasing thickness of specimen will lead to a higher

-

—_
20mm

Fig. 5 — Curved thin fly ash geopolymer synthesised with
S/L ratio of 1.5.
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Thickness  Strength/Thickness

Young's Modulus

Fillers/Additives Flexural Strength

Aggregates

Precursors

Reference

Ratio

(mm)

(GPa)

0.13
0.19

(MPa)
*6.2

0.62
0.78

10
10
40
40
40
40
40

FA

This study
This study

*7.8

FA, LFS

0.04-0.1

3.5-4.4

*1.6—4.0

FA, electric furnace steel slag —

Song et al. [33]

0.075—-0.185
0.125-0.238

0.07—-0.155
0.028—0.068
0.062—0.156

*3.0—7.4

Silica fume
Steel fiber

Elyamany et al. [47] FA, GGBFS

Nazari et al. [48]

*5.0—9.5

FA, anhydrous borax

*2.8—6.2

Steel fiber, polypropylene fiber

Waste tire fiber, steel fiber

Graphene

Sand

Al-Qutaifi et al. [49] FA

Mucsi et al. [50]
Saafi et al. [51]

*1.1-2.7

FA
FA

50
50
75

0.5-2.5

*3.1-7.8

0.064—0.146
0.052—0.104

Sand Nano-silica *32-7.3

FA

Adak et al. [52]

*3.9-7.8

Polyvinyl alcohol fiber

River sand

Tanyildizi & Yonar FA

[14]
Nath & Sarker [13]

Raut et al. [15]

0.045—-0.061
0.024—0.051

100
100
100
100
100
100
150

17.4-23.2

*4.5—6.1

Fine, coarse aggregates —

FA, GGBFS
FA, GGBFS
FA, GGBFS
Metakaolin

FA
FA

21.1-26.9
19-29.4

*2.4-5.1

Fine, coarse aggregates Basalt fiber

Sand, granite

0.014—0.036
0.07—-0.098

0.014—0.029
0.065—0.099
0.031-0.039

*1.4—-3.6

Fang et al. [41]
Mohseni [23]

*7.0-9.8

Fine, coarse aggregates Polypropylene fiber

*1.4—2.9

Steel fiber, polypropylene fiber

Fine, coarse aggregates Rubber fiber

Fine aggregates

Bhutta et al. [53]
Luhar et al. [54]

20.1-31.5

*6.5—9.9

*4,6—5.8

Fine, coarse aggregates Steel reinforcement

FA, GGBFS, nano-silica

Giilsan et al. [42]

The flexural strength value with * indicates geopolymer specimen without any additives/fillers (controlled specimen).

flexural strength [44]. With the thickness as thin as 10 mm, the
range of flexural strength obtained in this study (6.2 MPa and
7.8 MPa for fly ash geopolymers and fly ash/slag geopolymer,
respectively) was comparatively similar to those reported by
other research works (1.4 MPa—9.9 MPa) with thickness
greater than 40 mm. For comparison, the strength/thickness
ratio was calculated as shown in Table 3. The fly ash geo-
polymer and fly ash/slag geopolymer investigated in this
study showed a higher strength/thickness ratio of 0.62 and
0.78, respectively. This indicated that the flexural perfor-
mance of thin geopolymer in this study was considerably good
as the thin geopolymer could retain a similar load that was
applied to thicker geopolymer.

Besides, the thin neat geopolymers (without the addition of
fillers and aggregates) in this study exhibited higher flexural
strength as compared to other researchers’ geopolymer
specimens without additives or fillers (the flexural value was
denoted with * in Table 3). Yet, this again was related to the
higher Na,SiO3/NaOH ratio used in this study as aforemen-
tioned and proved that the thin geopolymers in this study
have the potential to be explored in various applications such
as tile industry (floor tiles, wall tiles), floor imprint, roof tiles,
thin wall panels and geopolymer composite membranes.
However, further work should be carried out to increase the
flexural strength of thin geopolymers to enhance the versa-
tility of thin geopolymers.

On the other hand, Young's modulus results showed an
increasing trend with increasing thickness based on Table 3.
Stiffness of 0.13 GPa and 0.19 GPa was achieved for thin fly ash
geopolymers and fly ash/slag geopolymer, respectively in this
study. Higher stiffness (0.5 GPa—31.5 GPa) was reported with
thickness greater than 40 mm. With the increasing thickness,
the specimen body became more rigid and was capable to
withstand the load applied. This explained that high stiffness
was achieved in thicker specimens. Furthermore, the incor-
poration of fillers and additives (such as, fibers and steel
reinforcement) helped to enhance the elasticity, hardness,
ultimate elongation, and energy-absorbing capacity of the
specimen body which consequently contributed to higher
stiffness [45]. In contrast, flexural strength was more signifi-
cantly affected by other factors such as surface defects, in-
clusions and voids as these structural defects were the regions
in which stress was concentrated [46].

3.4. Microstructural analysis

Fig. 6 shows the fracture surfaces of fly ash geopolymer with
varying mixing parameters. With the aid of alkali activation,
the spherical fly ash particles (Fig. 1a) reacted with the alka-
line medium and formed geopolymer matrix which was
heterogenous with presence of unreacted fly ash particles and
pores. The microstructure was assessed by the homogeneity
and smoothness of the matrix, pore volume, presence of
cracks and crystalline phases.

Even though the formulation reached its optimal, unreacted
fly ash particles and pores were still observed in the micro-
structure. However, the geopolymer with optimised ratio had
more homogeneous, smoother and denser structure with lesser
unreacted fly ash particles and pores (Fig. 6b, e and h) which led
to greater flexural strength as shown in Fig. 4a—c. The presence
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Fig. 6 — SEM micrographs of fly ash geopolymers with varying NaOH molarity (a: 8 M; b: 12 M and c: 14 M), S/L ratio (d: 1.5; e:

2.5 and f: 3.2), and Na,SiO3/NaOH ratio (g: 2.0; h: 4.0 and i: 4.5).

of remnant fly ash particles indicated that they did not dissolve
completely in the alkali activator and further implied that
geopolymerisation process was not fully complete.

Higher NaOH molarity of 12 M (Fig. 6b) produced geo-
polymer with smoother and more densified structure. Undis-
solved fly ash particles were loosely bonded to the geopolymer
structure in specimen activated with lower NaOH molarity
(Fig. 6a). In this context, increasing the molarity of alkali so-
lution facilitated the formation of geopolymer matrix due to
improved dissolution rate of fly ash particles. Adverse effect
was observed in geopolymer activated with 14 M (Fig. 6¢c) as a
result of disruption of geopolymerisation process due to the
presence of excessive OH™ ions in geopolymer matrix, causing
more pores, unreacted fly ash [30] and subsequently lower
flexural strength.

Fly ash geopolymer with lower S/L ratio (Fig. 6d) possessed
looser microstructure with more voids and remnant fly ash
particles. Increasing S/L ratio up to 2.5 (Fig. 6e) provided suf-
ficient amount of liquid content which increased mixture flow
and contact between solid precursors with activating solution
resulting in the formation of homogenous geopolymer struc-
ture [38]. However, as the S/L ratio was too high at 3.2 (Fig. 6f),
huge amount of unreacted fly ash particles were present in the
matrix as the liquid content was too low to initiate the geo-
polymerisation reaction and the excess solid content hin-
dered the binder formation which caused a retardation in the
flexural strength development (Fig. 4b).

On the other hand, increasing Na,SiO3/NaOH ratio
increased the soluble silica content to promote the formation
of geopolymer network. Hence, the microstructure became
increasingly smoother and denser with less loosely-bound
particles and pores (Fig. 6g and h). Raising the ratio did not

improve the microstructure but became loose due to excessive
sodium silicate content and highly viscous mixture.

Fig. 7 depicts the fracture surfaces of fly ash/slag geo-
polymers with different amounts of ladle furnace slag. The
inclusion of ladle furnace slag generally increased the
compactness of geopolymer structure. With the increasing
amount of slag content, a densified and compact structure
was observed, which complied with the bulk density and
porosity measurement (Fig. 3). The increase in compactness of
geopolymer structure improved the flexural strength and
stiffness of fly ash/slag geopolymers (Fig. 4d) as compared to
fly ash geopolymer (Fig. 4a—c). A similar observation was
supported by Elyamany et al. [47] who observed a denser
microstructure which consequently increased the flexural
strength when 50% of GGBFS were incorporated into the fly
ash geopolymer. The needle-like structure in Fig. 7c—e was
corresponding to the formation of C—S—H gels which was
commonly found in the geopolymer structure with high cal-
cium precursor [55]. The coexistence of C—S—H gels with
N—A—-S—H gels in the geopolymer matrix helped to achieve
the highest flexural strength of geopolymer as observed in
Fig. 4d. This observation was supported by Pilehvar et al. [56].

3.5. Phase analysis

Fig. 8 illustrates the XRD pattern of raw fly ash and ladle
furnace slag. Table 4 denotes the information of phases pre-
sent in the samples with chemical formulation and ICDD#. A
broad hump of diffraction was observed in fly ash between
26 = 15° and 35°, denoting the amorphous phases of fly ash
[23]. Fly ash showed an intense diffraction peak of quartz
(SiO,) with other diffraction peaks of mullite (3A1,05:2Si0,)
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Fig. 7 — SEM micrographs of fly ash/slag geopolymers replaced with (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.%, (d) 40 wt.% of ladle
furnace slag and (e) C—S—H gel in fly ash/slag geopolymer substituted with 40 wt.% of ladle furnace slag.

and hematite (Fe,0s). For ladle furnace slag, a predominant
peak of calcio-olivine (Ca,SiO4) was observed with the pres-
ence of glassy phase of merwinite (CasMgSi,Og), magnetite
(Fe304) and calcium aluminium oxide (CaAl,0,).

Fig. 9 illustrates the XRD pattern of optimised fly ash geo-
polymer and fly ash/slag geopolymers with various percent-
ages of ladle furnace slag replacement. In general, the XRD
pattern of the fly ash was transformed when the fly ash was
alkali-activated. The broad hump, which was attributed to the
vitreous phase of the original ash, slightly shifted from
15°—30° to 20°—40° (26) values. This transformation indicated
the formation of an alkaline aluminosilicate hydrate gel
N—A—S—H which had been identified as the primary reaction
product of geopolymerisation reaction in the diffraction pat-
terns of geopolymeric materials [S57]. Besides, quartz, mullite
and hematite which originated from fly ash were still
observed in fly ash geopolymers.

The fly ash/slag geopolymers consisted of crystalline
phases from fly ash and ladle furnace slag. As the slag
content increased, the intensity of the broad hump reduced

because of increasing crystalline phases due to increasing
slag content as well as the formation of more crystalline
phases associated with the high calcium content in slag
[40]. New crystalline peaks of calcite (CaCOs) and calcium
silicate hydrate (C—S—H) were formed with increasing slag
replacement which complied with Phoo-ngernkham et al.
[58] who studied fly ash/GGBFS geopolymers. The high CaO
content contributed to the development of C—S—H gel and
the excess CaO reacted with CO, and formed calcite as
shown in Egs. (5)—(7). The formation of C—S—H gel was
supported by the SEM observation in Fig. 7. The increasing
intensity of C—S—H and calcite was associated with the
improvement of flexural strength and stiffness as shown in
Fig. 4d.

Ca?* (aq) + SiO,(OH); (aq) — C— S— Hgel (s) (5)

Ca®* (aq) + OH™ (aq) — Ca(OH), (s) (6)

Ca(OH); (s) + CO, (g) — CaCOs (s) (Calcite) + H,O 7)
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Fig. 8 — XRD diffractogram of fly ash and ladle furnace slag.

The dissolution of ladle furnace slag in alkali silicate so-
lution is dependent on the reactivity of the ladle furnace slag
and also the duration for dissolution and polycondensation
before setting and hardening. It is undenied that ladle furnace
slag has acceptable reactivity to act as pozzolan in geopolymer
formation. The fly ash/ladle furnace slag geopolymer had a
shorter setting time (1.5—3 h) compared to fly ash geopolymer
without addition (5—6 h). Therefore, when the setting time
was short, there was insufficient time for the dissolution of
ladle furnace slag, leading to remaining slag in the geo-
polymer sample. This could also be proven by the XRD dif-
fractogram which showed the presence of crystalline peaks
originated from ladle furnace slag. This implied that the ladle
furnace slag also acted as filler apart from acting as precursor.
As mentioned above, the ladle furnace slag released Ca con-
tent for the formation of CaCO3 and C—S—H. The remaining
slag refined the pore structure of geopolymer by filling up
voids, pores and gaps present in the geopolymer matrix [59].
On due course, the unreacted ladle furnace slag densified and
reinforced the geopolymer matrix which improved the flex-
ural strength.

3.6. Functional group identification

Fig. 10 represents the FTIR spectrum of fly ash, ladle furnace
slag and fly ash/slag geopolymers. The main broad absorption
band of fly ash was 1032 cm ™, which was associated with the
Si—O—T (T: Si or Al) asymmetrical stretching vibration [39].
The symmetrical vibrations of the tetrahedral linkage of Si—O
or Al-O were associated with the absorption band at about
775 cm ™! [24]. The main peak observed for ladle furnace slag
was at 858 cm ™, which corresponded to the bending vibration
of Ca—0 and Si—0 [60]. The bands at 2168 cm %, 2025 cm~* and
1419 cm ! corresponded to the stretching vibration of 0—C—0
of CO3 group [50], which indicated the presence of carbonate
minerals such as calcite in the slag.

The main band of fly ash at 1032 cm™? shifted to a lower
frequency (~970 cm™?) in both fly ash geopolymer and fly ash/
slag geopolymer, as a result of geopolymer matrix formation,
whereby the Al atoms’ incorporation into the tetrahedral
framework [61]. The greater the shifting, the higher Al pene-
tration degree from the glassy parts of fly ash into the [SiO4]*
network and thus the geopolymeric gel was formed [6]. The

Table 4 — Denotation of phases with chemical formula and ICDD#.

Symbol Compound Chemical Formula ICDD#

Q Quartz Si0O, 01-078-1259
M Mullite 3A1,05-2Si0, 00-006-0259
H Hematite Fe,04 01-089-2810
B Calcio-Olivine Ca,Si0O, 01-080-0941
Mw Merwinite CasMgSi,0g 01-089-2432
Mg Magnetite Fes04 01-089-0950
Ca Calcium Aluminium Oxide CaAl,0,4 01-070-0134
(@ Calcite CaCO3 00-002-0623
CSH Calcium Silicate Hydrate Caq.55103-5H,0 00-010-0417
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Fig. 9 — XRD diffractogram optimised fly ash geopolymer (12 M NaOH molarity, S/L ratio of 2.5 and Na,SiO;/NaOH ratio of 4.0)
and fly ash/slag geopolymers with various percentages of ladle furnace slag replacement.

formation of this gel phase suggested the depolymerisation
and structural reorganisation of amorphous phases in the fly
ash geopolymer which complied with the shipment of broad
hump obtained in the XRD results when fly ash was alkali-
activated (Fig. 9). Furthermore, absorption bands of O—C—0O
stretching (~1420 cm™" and ~2020 cm™?) were still observed in
geopolymers. The bending vibration of —OH were observed in
the range of 1650 cm™* [50].

The replacement of ladle furnace slag into the system
further shifted the band of Si—O—Si and Si—O—Al asymmetric
stretching to lower wavenumbers (973 cm™' — 966 cm™%). The
shift to lower wavenumber indicated that the simultaneous
development of cementitious gels of C—S—H and C—A—S—H
gels and decreasing formation of geopolymeric gel [40]. In
these systems, Ca®" was supposed to be coupled with the
Si—0—Al framework of geopolymeric gel, participating in the

e FA = LF S = F A Geopolymer == 10 wt% == 20 wt% = 30 wt% - 40 wt%
‘‘‘‘‘‘‘‘‘ 4' e U W 1650 1425 -
2165 2025 —~
s
- 1650 1425
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Fig. 10 — FTIR spectrum of fly ash, ladle furnace slag, fly ash geopolymer (12 M NaOH molarity, S/L ratio of 2.5 and Na,SiO/
NaOH ratio of 4.0) and fly ash/slag geopolymers with various percentages of ladle furnace slag replacement.
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balancing of negative charge allied with tetrahedral Al (I1I) and
replacing the alkali cations [62]. In addition, the bending vi-
brations of Ca—0O and Si—O appeared at ~870 cm™* in the fly
ash/slag geopolymers replaced with 20 wt.% to 40 wt.% of ladle
furnace slag. No band was detected in this region by fly ash
geopolymer. This band was associated with the presence of a
larger amount of CaO content from the slag [60]. As a result,
the formation of C—S—H and C—A—S—H gels were favoured
and thus improved the strength of geopolymers. This com-
plied with the flexural strength obtained in Fig. 4 as the thin fly
ash/geopolymers possessed a higher flexural strength than
thin fly ash geopolymers.

4, Conclusion

This paper has presented the formulation and flexural prop-
erties of thin fly ash geopolymers (10 mm) and the effect of
ladle furnace slag replacement on the flexural performance of
thin fly ash geopolymers. The optimal formulation of thin fly
ash geopolymers was 12 M NaOH molarity, S/L ratio of 2.5 and
Na,SiO3/NaOH ratio of 4.0 led to the highest flexural strength
of 6.2 MPa and stiffness of 0.14 GPa. The determining factor for
flexural strength was Na,SiOs/NaOH ratio > S/L ratio > NaOH
molarity. Geopolymer with optimised ratio exhibited more
homogenous and denser structure with lesser pores results in
higher flexural strength. A higher Na,SiOs/NaOH ratio of 4.0
was adopted for the synthesis of thin geopolymers as it could
produce more viscous slurry with the desired workability
which helped to retain the shape of the thin geopolymer and
avoid bending. The inclusion of ladle furnace slag boosted up
the flexural strength of thin fly ash geopolymer by 26% to
7.8 MPa with 40 wt.% of slag replacement as compared to pure
fly ash geopolymer. The stiffness of geopolymers improved up
to 0.19 GPa. The ladle furnace slag contributed as precursors
and fillers simultaneously, enhancing the compactness of thin
fly ash/slag geopolymer. Besides, the calcium-rich nature of
ladle furnace slag facilitated the formation of C—S—H gels in
the geopolymer structure which resulted in the increment of
flexural strength.

A relatively similar flexural strength was obtained in this
study (6.2 MPa and 7.8 MPa for fly ash geopolymers and fly ash/
slag geopolymer, respectively) with the specimen thickness as
thin as 10 mm, as compared to other researchers
(1.4 MPa—9.9 MPa) with thickness greater than 40 mm. The
Young's modulus was reduced due to the decreasing thick-
ness. Even so, the flexural performance of thin geopolymers in
this study was considerably good as the thin neat geo-
polymers (without the addition of fillers and aggregates) in
this study exhibited high strength/thickness and higher flex-
ural strength as compared to other researchers' geopolymer
specimens without additives or fillers. The thin geopolymers
have the potential to be utilised in wider range of applications
such as tiles manufacturing, floor imprints, thin wall panels,
roof tiles and geopolymer composite membrane. However,
further work such as thermal treatment, the inclusion of
fillers or additives should be carried out to improve the flex-
ural performance of thin geopolymers to increase the versa-
tility of thin geopolymers utilisation.
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