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Abstract: The main objective of this research was to investigate the influence of curing temperature
on the phase transformation, mechanical properties, and microstructure of the as-cured and sintered
kaolin-ground granulated blast furnace slag (GGBS) geopolymer. The curing temperature was varied,
giving four different conditions; namely: Room temperature, 40, 60, and 80 °C. The kaolin-GGBS
geopolymer was prepared, with a mixture of NaOH (8 M) and sodium silicate. The samples were
cured for 14 days and sintered afterwards using the same sintering profile for all of the samples. The
sintered kaolin-GGBS geopolymer that underwent the curing process at the temperature of 60 °C
featured the highest strength value: 8.90 MPa, and a densified microstructure, compared with the
other samples. The contribution of the NayO in the geopolymerization process was as a self-fluxing
agent for the production of the geopolymer ceramic at low temperatures.

Keywords: kaolin; GGBS; sintering geopolymer; self-fluxing

1. Introduction

Kaolin is widely used as a source of aluminosilicate in geopolymer. However, the
direct use of kaolin in geopolymer i.e., without preliminary treatment, such as thermal,
mechanical or chemical treatment may yield a slower rate of aluminium (Al) dissolution.
Furthermore, sufficient time has to be allowed for interactions among the component
materials [1,2]. Parameters, such as the sodium hydroxide concentration and curing
regime, are important factors that must be taken into consideration when designing a
kaolin-based geopolymer product for a specific application [1]. The liquid content consists
of sodium silicate (Na;SiO3) and sodium hydroxide (NaOH). Sodium silicate acts as an
alkali activator, binder, plasticiser or dispersant. In contrast, sodium hydroxide with a high
pH will assist the dissolution reaction of the aluminosilicate sources which is followed by
precipitation [3,4].

Ground granulated blast furnace slag (GGBS) is one of the most used waste materials
in the production of geopolymer materials. The primary component in GGBS, i.e., Ca0O,
has been reported to be an effective component for the development of high compressive
strength in a geopolymer. The addition of CaO to the composition improves the hard-
ening process [5]. The optimum temperature and duration of curing are essential in the
geopolymerization reaction, in order to achieve high strength. During the curing process,
the geopolymer mortar and concrete undergo a polymerisation reaction.

Previous research has described the use of room temperature, or slightly elevated
temperatures in the range between 60 and 80 °C, for the synthesis of phosphate-based
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geopolymers [6]. Elevated temperatures have been shown to yield phosphate-based
geopolymers with improved mechanical properties (29.9 MPa), compared with those
obtained at room temperature (20.7 MPa). A previous study showed that the sintered
kaolin geopolymer was prepared by the powder pressing method and sintered until
1250 °C. The maximum flexural strength of 86 MPa was achieved at 1200 °C using a 12 M
kaolin geopolymer. However, sintering at 1250 °C leads to melting of the geopolymer
body [7].

The phase development after sintering is dependent on several parameters, including
the mineralogical phase composition of the raw materials, used for the preparation of
the ceramic mixtures, and the temperature at which the ceramic structure is sintered or
fired [4]. Conventional approaches for sintering glass-ceramics usually include two steps:
Vitrification of raw materials at high temperatures (1300 to 1500 °C), followed by nucleation
and crystal growth [8]. However, a study on the compressive strength of palm oil fuel
ash and fly ash based geopolymer mortars had used two-steps of the sintering profile
and it shows that the result obtained was also influenced by the source of aluminosilicate
material [9].

Investigation properties of kaolin geopolymer, following sintering, has not gained
much interest due to the limitation of the low reactivity properties of kaolin during geopoly-
merization. The purpose for sintering the geopolymer was to study the capability of using
raw kaolin as a geopolymer precursor with the addition of GGBS in phase transformation.
This explains the current research interest in investigating the effect of curing temperature,
in the range from room temperature up to 80 °C, on the sintered kaolin-GGBS geopolymer.
The following factors are considered: Strength properties, evolution of microstructure, and
phase transformation.

2. Materials and Methods

The investigated geopolymer samples were made from kaolin, and GGBS was mixed
with an alkali activator using a mechanical stirrer until a slurry with a solid to liquid ratio of
2:1 was produced. The homogenised mixture was poured into a mould. The alkali activator
was prepared 24 h prior to use, by mixing sodium hydroxide (NaOH) with sodium silicate
at NaySiO3 to NaOH ratio of 4:1. The NaOH flakes were purchased from Formosa Plastic
Corporation, Taiwan with a purity of 99%. The liquid sodium silicate was purchased from
the South Pacific Chemical Industries Sdn. Bhd., Malaysia with chemical composition of
30.1% Si0y, 9.4% NayO and 60.5% H,O (SiO, /NayO ratio of 3.20). The geopolymer slurry
was vibrated, to remove trapped air, and sealed with plastic at the exposed portion of the
mould during the curing stage. The samples were allowed to cure at room temperature for
24 h.

Next, the curing process was continued, using different curing temperatures. There
were four selected temperatures, namely: Room temperature (RT), 40, 60, and 80 °C, for 14
days. The samples were demoulded afterwards. The samples were divided into two sets,
“as-cured” and “sintered”. The as-cured samples were sintered using a heating profile, as
shown in Figure 1. Step 1 was sintered at a lower temperature (T1): 500 °C with a heating
rate of 2 °C/min. A higher temperature (T2) was applied in step 2: 900 °C with a heating
rate of 4 °C/min. The “soaking” time was set to 1 h for each step. The cooling rate was
10 °C/min. The kaolin-GGBS geopolymer was sintered using a bench-top muffle furnace.
The purpose of using two-steps of the sintering process in this work was to reduce the
major cracking, since the as-cured kaolin-GGBS geopolymer was directly sintered without
the powder pressing method.

The phase composition of the raw materials and kaolin-GGBS geopolymer were
determined using X-ray diffraction (XRD). A Bruker D8 Advance XRD, USA equipped
with a copper anode (Cu Ka, A 1.5406 A), was used for this process. Prior to this analysis,
dry-powder samples were compacted. Analysis results were recorded within a 20 range
of 5-80°, using a scanning rate of 0.1 deg/s, and the data were analysed using the X"Pert
HighScore Plus software. The semi-quantitative analysis calculates the estimated mass
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fractions of the accepted phases. The scale factor and reference intensity ratio (RIR) values
from the database are used to perform the calculation. A semi-quantitative result is
automatically calculated when all the required data are available. The result is shown in
the pattern list. Semi-quantitative results are only calculated if RIR values and scale factors
for all the accepted phases are available. Meaningful semi-quantitative results are achieved,
when the accepted phases represent 100% of the phases of the sample, where all the phases
must be identified.

Temperature (°C)

A
44— h —»
900°C [T
4°C/min
1h 10°C/min
500°C
2°C/min

— ¥ Time (minute)

Figure 1. Two-step sintering profile for sintering the kaolin-ground granulated blast furnace slag
(GGBS) geopolymer.

Fourier transform infrared spectroscopy (FTIR) was performed, using a Perkin Elmer
Spectrum One, USA, to characterise the structural surfaces of the raw materials and the
sintered kaolin-GGBS geopolymer within the range of 400-1400 cm~!. Using an agate
mortar, the potassium bromide (KBr) powder was mixed with a glass powder in a ratio
of 9:1. The powder mixture was compressed, using a hand-press machine, into the form
of transparent pellets each with a diameter of <5 mm. The microstructure was imaged by
a Zeiss Supra 35VP scanning electron microscope (SEM) using an accelerating voltage of
5 kV. The specimens were divided into small pieces and surface-ground in order to obtain
a flat surface. The samples were placed under a vacuum for 1 h and coated with Au-Pd on
their main surfaces, for imaging purposes.

3. Results and Discussion
3.1. Raw Materials Characterisation

The diffraction patterns obtained from raw kaolin and ground granulated blast fur-
nace slag are shown in Figure 2. Kaolin consists of kaolinite (Al4(OH)g(SisO1p)), silicon
oxide 5iO,, and fibroferrite (Fe(OH)(SO4)(H,O)s) in crystalline phases. According to the
semi-quantitative analysis, the kaolin used in this study is composed of: ~88% kaolinite,
~7% silicon oxide, and ~5% fibroferrite. Ground granulated blast furnace slag contains
proportions of both an amorphous glassy phase and a crystalline phase. Therefore, it can be
considered to be a semi-crystalline phase. The crystalline phase consists of Calcite (CaCOs3,
~35%), Akermanite (CapMg(Si,O7), ~32%), and Quartz (SiOy, ~34%). However, the phase
quantification of the semi-quantitative analysis was only for crystalline phases.

The FTIR spectrum of kaolin and GGBS was divided into three regions as shown
in Figure 3. The absorption bands within 3620 to 3696 cm~! was being observed in the
first region of kaolin indicating the ordered structure of kaolinite. However, the hydroxyl
intensities at this region did not occur in GGBS to its disordered structure, as per the
XRD results. The main functional groups of kaolin are Si-O and Al-OH at the third
region between 1300 to 450 cm~!. The intensity of ~1451 cm~! in GGBS second region
was due to the asymmetric stretching of the CO32~ ion, indicating traces of carbonates.
Davidovits (2013) characterized this band as the COj3 stretching vibration mode caused by
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the presence of calcite due to the reaction between excess calcium oxide and atmospheric
carbon dioxide [10].
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Figure 2. Quantitative analysis of phase composition of kaolin and GGBS.
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Figure 3. Fourier transform infrared spectroscopy (FTIR) spectrum of kaolin and GGBS.

Figure 4 shows a layered microstructure of kaolin in (a) and granulate-shape of GGBS
in (b). The probable thickness of the kaolin plates existed in ~100 nm based on the scale
in the micrograph. Meanwhile, GGBS have a large surface with deposition of spherical
particles. The shape of GGBS was influenced by the milling process processing [11].
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Figure 4. Microstructure of (a) kaolin and (b) ground granulated blast furnace slag.

3.2. Phase Composition of As-Cured and Sintered Kaolin-GGBS Geopolymer

Figure 5 presents the results of XRD analyses of the kaolin-GGBS geopolymer “after
curing for 14 days at four different temperatures”, compared with “after sintering at up
to 900 °C”. There were significant differences in the phase compositions between “after
curing” and “after sintering”. The crystalline phase of kaolinite and the silicon oxide phase
from kaolin were still remaining in all of the kaolin-GGBS geopolymer samples after curing
at all temperatures. The quartz phase of GGBS was observed in the as-cured samples. The
Albite Na(AlSi3Og) phase occurred at the higher curing temperatures, i.e., 60 and 80 °C.
This phase was transformed drastically after sintering, as shown in all of the samples of the
sintered kaolin-GGBS geopolymer. The phase composition percentages in the as-cured and
sintered kaolin-GGBS geopolymer samples are presented in Tables 1 and 2, respectively.

Table 1. Phase composition of the as-cured kaolin-GGBS geopolymer (%).

Curing Temperature (°C) RT 40 60 80
K: Kaolinite (Al4(OH)g(Si4O19)) 77 77 63 67
S: Silicon Oxide (SiO,)
. 5 5 5 4
(5102)64
Q: Quartz (5i05)
Si0, 18 18 14 2
AL: Albite (heat-treated) Na(AlSizOg) - - 20 27

Table 2. Phase composition of the sintered kaolin-GGBS geopolymer (%).

Curing Temperature (°C) RT 40 60 80
Q: Quartz (Si0Oy) 20 2 14 22
AL: Albite (heat treated) Na(AlSizOg) 32 74 43 48

A: Akermanite (Ca;Mg(Si;O7)
Ca;Mg(Si05) 10 10 7 12
N: Nepheline (Si-rich) Nay(AlgSij9O3p) 38 13 36 -
M: Magnetite (Fe3Oy) . } ) 6

Fe304

D: Diopside-ferrian, (Ca(MgFeq 5)(Si2Fe( 5)Og) - - - 38

The occurrence of kaolinite phase in the as-cured samples in the range of 63% to 77%
indicates incomplete geopolymerization. It shows that some of the silicon and aluminium
in the kaolin is mainly in the crystal form. Due to the high crystallinity of kaolin itself, the
dissolution process was prolonged and only occurred on the surface particles of the kaolin.
It was believed that the strength is related to the dissolution of ions in the kaolin. It was
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estimated that the slow reactivity of kaolin provided insufficient dissolved ions for further
reorganisation and polycondensation reactions to form hydrated products. In addition to
kaolinite, the crystallinity of the silicon oxide (5iO;) phase in kaolin was remaining in all
the as-cured samples, making up ~5% of the composition.
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Figure 5. Phase composition of the as-cured and sintered kaolin-GGBS geopolymer.

The degree of crystallinity of quartz (SiO;) from GGBS at 20 to 28° had increased after
14 days of curing, indicating the reaction between kaolin and GGBS during geopolymeriza-
tion. The addition of GGBS, with its disordered structure, had accelerated the combination
reactions, leading to the formation of the geopolymer. When kaolinite is heated, the ad-
sorbed water is liberated at above 100 °C, and the weakest part of the chemical bond is
broken. Then, dehydroxylation takes place at 450-600 °C. For kaolinite, dehydroxylation
might result in the disturbance of the Al(O,OH)4 octahedral sheet by the outer hydroxyl
groups, but does not have much effect on the SiOy tetrahedral sheet due to the more stable
inner hydroxyl groups.

The outer hydroxyls of the octahedral sheets may be more easily removed by heating
than the inner ones which will maintain a more ordered SiO, tetrahedral group within the
structure during dehydroxylation. After heating at 950 °C, the SiO,4 groups combine with
AlQOg groups to form the Al-Si spinel phase in a short-range order structure. Therefore,
kaolinite phases disappeared after sintering. According to Mierzwiriski et al. (2019), after
sintering of the geopolymer, the peaks for kaolinite should disappear while the peak for
quartz remains [12].

The loss of kaolinite and silicon oxide intensity after sintering suggests the formation
of the nepheline phase. This phase transformation occurs through the release of chemically
bonded hydroxyl groups of kaolinite. It is noted that the compressive strength values of
samples cured at 60 °C have approximately half of the strength of the sintered kaolin-GGBS
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geopolymer. The presence of nepheline in the sintered samples leads to an increase in
the compressive strength. The increase in strength was less pronounced at 80 °C, after
sintering, due to the disappearance of nepheline and the appearance of magnetite and
diopside-ferrian. Both magnetite and diopside-ferrian phases contain the element Fe,
which was contributed from the fibroferrite phase in kaolin.

The formation of magnetite (Fe304) and diopside-ferrian, Ca(MgFeg 5)(SizFe 5)Og,
occurred after sintering, in samples cured at 80 °C. The formation of this iron-based phase
was contributed from the fibroferrite phase in the raw kaolin. According to Chen and
Tuan (2001), the reaction of Fe,O3 to Fe3Oy4 can take place, liberating the O, gas, as the
temperature reaches ~1500 °C [13]. Therefore, the so-called “bloating” is due to the release
of O, gas from the reaction of Fe;O3 to Fe;0,. As a result, the microstructure of these
sintered materials featured large pores with an interconnected pattern. This was also
indicated physically by a decrease in the compressive strength. However, this phenomenon
occurs at a lower temperature during sintering at 900 °C, due to the self-fluxing reaction
during the geopolymerization process.

Albite phases occurred in samples after curing at 60 and 80 °C. This transformation
is due to the presence of a high alkalinity solution (NaOH, 8 M), which activates the
compound crystalline structure and leads to a straightforward chemical reaction between
different oxides to form new phases. According to Mierzwinski et al. (2019), in the synthesis
of geopolymers, the final properties are influenced by both the amorphous metakaolin
phase and the residual kaolin content [7]. Higher phases of kaolin content adversely affect
the mechanical strength of the geopolymer.

The formation of albite and nepheline after sintering was influenced by a reaction
between the kaolinite and the alkali activator, as elaborated in Equation (1). However,
the equations are not precisely balanced for many ceramic products and are more or less
non-stoichiometric. Furthermore, the various oxides in the starting powder can induce a
liquid phase during firing. The presence of the liquid phase can shift slightly the formation
temperature of each phase and its amount. Albite and nepheline consist of the same
elements, namely: Na, Al, Si, and O. During geopolymerization, the function of Na cations
was to balance the negative charges created by the formation of Si-O-Al bonding, or by
non-bridging oxygen ions remaining in the system. Meanwhile, OH" was consumed during
the hydrolysis of kaolin.

The NayO content was contributed by the Na,;SiO3 and NaOH solutions. Sintering
leads to a transformation of the crystalline phase, especially kaolinite, into an amorphous
reactive one. Therefore, most of the gained strength arises from the GGBS, in addition
to the enhancement effect of the NaO from the alkali activator. The densified area in the
sintered kaolin-GGBS geopolymer was contributed by Na,O, which was in accordance
with the research by Lao et al. (2020), regarding the influences of Na,O impurities in kaolin
that had promoted microstructure densification of a ceramic at a relatively low temperature
of less than 1200 °C [14].

A14(OH)8 (Si4010) + NapySiO3+ NaOH — Nay(AlgSi1oOs) + Na(AlSigog) (1)
(Crystalline kaolinite) (Alkali activator) ~Sintering  (Nepheline) (Albite)

(Amorphous akermanite) Sintering (Crystalline akermanite)

CazMg(Si207) — CazMg(Si207) (2)

Akermanite existed in an amorphous phase in GGBS. After sintering, the degree of
crystallinity of akermanite was increased in all the sintered kaolin-GGBS geopolymers
with the composition range from 7% to 12% as simplified in Equation (2). Heat-curing is
necessary to achieve a geopolymer with good strength properties. This could be attributed
to the higher strength obtained after sintering, compared with the as-cured samples. The
amorphous minerals of the mix led to the consolidation of texture which improves the
compressive strength of the geopolymer. Generally, akermanite belongs to the melilite
group, which possesses good wear resistance and corrosion resistance.
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3.3. Structural Spectra Analysis

The Fourier-transform infrared (FTIR) spectra collected on the as-cured and sintered
kaolin-GGBS geopolymer samples are shown in Figure 6. The presence of water in the
geopolymers is evidenced by the high-frequency bands at 3600 and 1646 cm ™!, related to
the O-H stretching and bending modes of molecular water, as shown in the first region,
respectively. Both bands indicate the kaolinite phase from kaolin. The presence of OH
groups is linked to the structure, and also water molecules, which are adsorbed onto the
surface or entrapped in the large cavities of the geopolymer framework. However, the
intensity of 3600 cm ! is broad, compared with the same peak in kaolin, which indicates
a considerable disorder of hydroxyl groups and water molecules. The reduction of peak
intensity suggests the transformation of crystalline kaolinite to an amorphous phase during
geopolymerization.

1st 2nd 3rd 1 80°C

— P v 2379
3767 3466
1 A 60°C /&
1 60 1 { 674
1 J 1 1016

%T
3 40°C

Room temperature
1 Room }
7 temperature [

T T T T T T 1 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm?) Wavenumbers (cm?)
(@) (b)

Figure 6. FTIR spectrum of the (a) as-cured kaolin-GGBS geopolymer and (b) sintered kaolin-GGBS
geopolymer.

The spectra collected on the cured geopolymer samples display, in the second region,
peaks at frequencies around 1400 cm~!. A peak in this region is characteristic of the
presence of the stretching vibration of CO,. This is related to the decomposition of CaCOj3
in the GGBS, releasing CO,. The magnitude of the calcite phase in the XRD pattern of

GGBS was reduced after curing. The decomposition of calcite is described in Equation (3).
CaCO3 — CaO + CO, 3)

The third region was considered as a significant fingerprint for the aluminosilicate
geopolymer. Generally, the peaks are becoming broad and smooth between wavenumbers
of 450 and 900 cm !, compared to kaolin. The difference in magnitude was the same as
for the phase of kaolinite obtained in the XRD results. The band at 467 cm~! indicates the
bending vibration of 5i-O-5i and O-5i-O occurring in the kaolin and as-cured samples.

A strong peak at ~1016 cm~! in all the sintered samples is associated with Al-O
and Si-O asymmetric stretching vibrations, characteristic of geopolymerization, and the
presence of an amorphous aluminosilicate network structure. A broad peak in the region
3400 to 3600 cm~! was due to the stretching vibrations of OH groups from the water
molecules. The amorphous nature of the geopolymer is influenced by the type of alkali
cation. The FTIR analysis confirms that dehydroxylation of the kaolin after sintering causes
the total removal of a hydroxyl group. This demonstrates that the dehydroxylation causes
a structural modification of the kaolinite present in kaolin.

Curing at a higher temperature does seem to influence the development of compres-
sive strength in a positive way. However, when the geopolymer was subjected to the
sintering process, 60 °C was found to be the optimum curing temperature resulting in
the highest strength. It is interesting to note, that curing at a higher temperature (80 °C)
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appears to weaken the compressive strength after sintering the geopolymer. It is believed
that the sintering mechanism broke-down the structure of the geopolymer, resulting in
dehydration and massively interconnected pores.

3.4. Compressive Strength

Figure 7 shows the compressive strength values for the cured and sintered kaolin-
GGBS geopolymer samples, which were cured at four different curing temperatures. Gen-
erally, the compressive strength was found to increase when the specimens were cured
from room temperature to 80 °C, and after sintering. However, a reduction was noticed
in the 80 °C sintered kaolin-GGBS geopolymer. This shows that heat-curing accelerates
the early strength development of materials. According to Dariusz et al., curing at highly
elevated temperatures (39.85 to 41.85 °C) for a prolonged period causes deterioration of the
sample due to the destabilisation of the silicate-Si-O-Al-O bond [12]. However, it depends
on the sources of materials used to produce the geopolymer.

10 Curing

9 M Sintering

Compressive strength (MPa)

40 60 80

Curing temperature (°C)

Figure 7. Effect of curing temperature on the compressive strength of cured and sintered kaolin-GGBS
geopolymer samples.

The compressive strength trend for as-cured samples indicates the influence of high
temperature in obtaining the early strength development of materials. The lowest com-
pressive strength obtained was 2.35 MPa when curing at room temperature. The strength
increased slightly, to 2.84 MPa, when the samples were cured at 40 °C. There were no
significant effects on strength due to a slight increment of the curing temperature, away
from room temperature (~27 °C) to 40 °C. The strength increased gradually to 4.04 and
6.16 MPa at 40 and 60 °C, respectively. The curing temperature played essential roles
in both the acceleration of chemical reactions and the determination of the extent of the
reaction during geopolymerization.

The highest resulting strength was observed at 60 °C, with 8.90 MPa after sintering, it
was reduced at 80 °C. However, very high curing temperatures may destabilise the hardener
and hinder proper geopolymerization. This shows that curing at a higher temperature had
distorted the reaction and led to the failure of the sintered kaolin-GGBS geopolymer.

The cubic shape of the kaolin-GGBS geopolymer sample was physically stable, without
major cracking observed after sintering, as shown in Figure 8. Each sample was differenti-
ated by its curing temperature, namely: Room temperature, 40, 60, and 80 °C. There was no
evident damage, such as the absence of edges and corners, in any of the sintered samples.
However, there were crack initiations in sintered kaolin-GGBS geopolymer samples for
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room temperature and 40 °C. Higher curing temperatures (i.e., 60 and 80 °C) resulted in
more stability with less crack initiation after sintering.

Room 5 a
Temperature W
(a) (b) (c) (d)

Figure 8. Visual appearance of kaolin-GGBS geopolymer samples with different curing temperatures. (a) Room temperature,

(b) 40, (c) 60, and (d) 80 °C.

This indicates that the phenomenon of crack initiation was reduced when the curing
temperature was increased. This is due to the quantity of excess water that did not
evaporate completely during curing. One of the factors, exerting a strong influence on
the process of crack initiation and propagation within the sintered geopolymer, is the
presence of pores in the structure. It is reasonable to assume that the effect of pores varies
depending on the curing temperature, water evaporation, and chemical composition in the
kaolin-GGBS geopolymer.

3.5. Microstructure Characterisation

Images of the microstructure of the samples, taken after curing for 14 days and
sintering at 900 °C, are shown in Figure 9. There were needle-shaped formations in the
microstructure of as-cured kaolin-GGBS geopolymer samples of: Room temperature, 40 and
60 °C. However, the needle-shaped formations were not found in the microstructure of
the 80 °C sample following curing. The effect of sintering can be seen from the changes of
microstructure in (b) after sintering at 900 °C. Generally, the kaolin-GGBS geopolymer was
densified after sintering, along with the formation of pores.

As seen in Figure 9a, an interlocking structure of flake-like kaolin appeared in the
microstructure of samples after 14 days of curing. Wei et al. (2017) reported that the
flake-like morphology was attributed to the substitution of Mg?* by AI** in the octahedral
positions of the kaolin structure [15]. The contribution of Mg2+ was from the akermanite
phase in GGBS. This proves the reaction that occurred between kaolin and GGBS, with an
alkali activator, during geopolymerization although the kaolin had not undergone heat
treatment.

The formation of needle-shaped particles was more pronounced in samples cured at
60 °C, compared with samples cured at lower temperatures. The needle-shaped particles
represent a small particle size, as observed at 60 °C, indicating that a smaller particle size
leads to a larger surface area and a finer grade of porosity between the particles, as shown
in Figure 10. The larger surface area contributed to the high reactivity of geopolymerization
indicated by the high compression strength obtained after sintering. The morphology of
“needles” and “broken flakes” represent the randomly ordered crystals of kaolinite due to
dehydroxylation. The disordered structure represents the huge reactive potential during
geopolymerization. The formation of pores was also observed at 80 °C after curing.
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Unreacted
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XZ, 808 180mm

Unreacted
kaolin

(a) As-cured kaolin-GGBS geopolymer. (b) Sintered kaolin-GGBS geopolymer.

Figure 9. Microstructure of as-cured (a) and sintered (b) kaolin-GGBS geopolymer samples, at
different curing temperatures.

The formation of pores occurred in all samples of the sintered kaolin-GGBS geopoly-
mer, as shown in Figure 9b. The unreacted kaolin is characterised by a layered structure,
similar to that in the raw micrographs, and this was observed in the sintered kaolin-GGBS
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geopolymer, RT, and 40 °C after sintering. The microstructure with an optimum densifica-
tion area was observed at the curing temperature of 60 °C. This is due to the dissolving
polymeric materials at the first stage (500 °C) of sintering. The formation of open pores
was also found in this micrograph. This microstructure was interrelated with the high
compressive strength obtained at this temperature. Pore pressure effects represent one
of the critical factors that affect the strength evolution of sintered geopolymer at a high
temperature. The higher pressure will accelerate water evaporation and create massive
pores, thus leading to the low strength of the samples.

Small

pores Large
pores

Microstructural
transformation after
sintering
Small Large
pores pores

60°C 80°C

Figure 10. Schematic image of the pores in larger and smaller particle sizes and the transformation
after sintering, based on the SEM images of kaolin-GGBS geopolymer at 60 and 80 °C.

In the 80 °C sample after sintering, geopolymerization was not well established due to
the short-range period of geopolymerization indicated by the rapid water loss. This can be
proved by the absence of needle-shape formations being observed in the microstructure of
the 80 °C after the curing sample. However, the existence of CaO leads to the early strength
development. The presence of calcite leads to the reinforcement of the mechanical strength
of the geopolymer [16]. The reshaping of the pores after sintering is due to the kaolin and
GGBS reactions. This led to the formation of micropores with an interconnected formation
during sintering. This was observed as a pronounced feature in Figure 9b at 80 °C after
sintering and indicated a reduction in compressive strength.

4. Conclusions

Despite the fact that similar phases were found, with comparable peak magnitudes
in all of the cured and sintered samples, the compressive strength values were different
in these samples. Thus, the development of compressive strength was linked with the
reaction during geopolymerization. The crystalline kaolinite phase remained in the as-
cured samples at four different curing temperatures. Kaolinite reacted with the alkali
activator during sintering and stimulus phase transformation to nepheline and other phases.
Curing at 60 °C resulted in the highest compressive strength with a densified microstructure.
The sintering of the kaolin-GGBS geopolymer was influenced by the as-cured properties.
The sintered kaolin-GGBS geopolymer also yielded the highest compressive strength.
Direct sintering of the as-cured geopolymer transformed the main kaolinite phases into
various phases. The adequate curing condition and two-steps of the sintering profile had
reduced the risk of cracking commonly occurring in as-cured geopolymers.
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