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Abstract: This study presents the strength development and durability of heat and non-heat-cured
geopolymer mortars (GMs) produced using metakaolin (MK), ground granulated blast-furnace slag
(GGBFS), silica fume (SF), ground calcined perlite (GCP), raw perlite (RP), potassium hydroxide
(KOH), sodium metasilicate (NaySiO3), standard sand, and tap water. An optimal combination of
MK with various pozzolans and constant solid /liquid and alkaline activator ratios were determined.
It was found that the GMs, including MK and GGBFS with a 1.45 solid /liquid ratio and 2.0 alkaline
activator ratio, resulted in compressive strength at 88 MPa. Analysis of GMs was performed using
scanning electron microscopy (SEM), EDX (Energy Scattered X-ray Spectrophotometer), and X-ray
diffraction (XRD). According to the results obtained, mainly alumino-silicate-based formation, potas-
sium from KOH solution, and calcium from GGBFS were determined. The SEM images showed that
the grains with high silica content, approximately 6-7 um in size, are quartz crystals and embedded
in the gel structure. The heat-cured GMs were exposed to MgSO,4, Na;SO,, and HCI solutions for the
durability tests. The strength of the heat-cured GMs was higher than the non-heat-cured GMs, and
the durability of the heat-cured GMs was found as sufficient. The use of pozzolans in GMs resulted
in improvements in terms of strength and durability.

Keywords: pozzolans; geopolymers; strength; durability; microstructure

1. Introduction

Geopolymer is an alternative to ordinary Portland cement, which contributes to carbon
dioxide emissions and global warming [1]. Compared to Portland cement, a lower temper-
ature is required for its production and approximately 80% less CO, emissions occur [2,3].
Waste and industrial byproducts can be used as raw materials or inert fillers in geopoly-
mers [4]. In this case, production prices decrease and geopolymers become sustainable
construction materials. In the last decades, geopolymers have attracted increasing attention
as they have performances comparable to Portland cement [4]. Geopolymer is produced by
combining mineral materials with strong alkali solutions to form a three-dimensional amor-
phous alumino-silicate network [5]. As a result of the dissolution and rearrangement of
alumino-silicate, oligomers are formed that bind large polymers together [6]. Such geopoly-
mers produced from calcined materials such as metakaolin (MK) give high strength [4,7].
The crystal and chemical structures of natural minerals vary depending on the reaction of
silica and alumino with alkaline solutions [8]. Amorphous geopolymers are produced at
condensation temperatures between 20-90 °C while crystalline geopolymers are obtained
in an oven between the temperatures of 150 and 200 °C [9,10]. Generally, geopolymers
are produced through heat-curing for about 2-72 h [11,12]. While geopolymers do not
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form a calcium-silicate-hydrate gel, they use the polycondensation of silica and alumino
precursors to achieve sufficient strength [13].

MK is unique in that it is an all-natural material that is not a byproduct of an industrial
process [4]. It is obtained by the calcination of kaolin, a hydrated aluminosilicate mineral
clay [4]. Furthermore, MK is a high-performance material used in geopolymer production
due to its high SiO, and Al,O3 content. It is a white and amorphous alumino-silicate
obtained by sintering kaolin clay at 600-900 °C temperatures. The Si:Al ratio of geopoly-
mers produced from MK varies between 0.5 and 3.0. However, the high Si:Al ratio of a
geopolymer requires high Na content which can be achieved by the addition of sodium
hydroxide [14]. MK and slag-based geopolymers provide the highest performance in terms
of strength and durability in geopolymer production. High compressive strength was
achieved at the early stages with the geopolymers produced from calcined materials such
as MK [15,16].

Granulated blast-furnace slag (GGBEFS) is a byproduct obtained as a waste material in
crude iron production [17]. About 95% of GGBES consists of silica, calcium, magnesium,
aluminum, and oxygen. The amorphous Si/Al ratio of GGBFS-blended geopolymers
is between 2.3 and 3.1 [18]. Approximately 300 kg of slag is obtained from one ton of
iron production [19]. Therefore, GGBES is used in cement and geopolymer to provide
environmental and economic benefits [20]. The most distinctive feature of the use of GGBFS
in geopolymers is that it shortens the setting time [21]. GGBFS can be activated using a
mild alkaline solution, while metakaolin and fly ash can be activated using a medium or
high alkaline solution [22]. The increased GGBFS content in geopolymers leads to more
calcium dissolution, thus producing more C-S-H gels [21,22]. Comparatively, the inclusion
of GGBFS or high calcium material in the geopolymer system seems suitable for strength
development [21,22].

Raw perlite (RP) is an acidic and glassy volcanic rock containing 2-6% water. It
generally contains more than 70% silica and can be used in plaster, concrete, mortar, and
ceiling flooring [23,24]. When heated up to 800-1150 °C, its volume increases by 10-30% and
turns into low-density, high-heat-resistant, and white-colored expanded perlite (EP) [25,26].
EP is used as a heat and sound insulation material in the construction industry [26,27]. It is
a lightweight insulation product with porous and hygroscopic features having a specific
weight of 2.2-2.4 g/cm3, coarse density of 30-190 kg/m?, and a thermal conductivity
constant of 0.050-0.070 W/mK [26,27]. Recent studies have shown that ground calcined
perlite (GCP) can be used in the production of geopolymers [26,27]. Increasing perlite
fineness improves the compressive strength of geopolymer and chemical resistance to
aggressive environments [1,25]. In general, fine perlite reduces pores in geopolymer, creates
a more compact structure, and provides more strength [27]. The mechanical properties of
geopolymers can be enhanced by increasing the curing temperature and duration as well as
the activator molarity [23-27]. The addition of kaolin or metakaolin improves mechanical
properties [25]. However, compressive strength decreases as a result of the increase in the
amount of perlite used during the synthesis of geopolymers containing fly ash or GGBF [23].
Furthermore, partial replacement of the pozzolans with perlite leads to the formation of
amorph N-A-5-H gel [1,23,27].

Silica fume (SF) is a byproduct of the silica and ferrosilica industry [5,13,28]. Therefore,
the SiO; content of SF is related to the type of alloy produced [28]. SF is an excellent
pozzolanic material thanks to having a very fine grain structure and containing a high
ratio of SiO, [5,28]. The particle size of SF is usually 1 micron, and the surface area is
between 13,000 and 30,000 m2/ kg [13,28]. When SF is used with Portland cement, it causes
excessive water consumption due to its fineness [5,13,28]. It is known that while the use of
SF in geopolymers negatively affects workability, it positively affects the compressive and
flexural strengths [13,28]. This is explained by the denser and void-free microstructure of
the SF-modified geopolymer [13,28].

The aim of this study is to produce geopolymer mortars (GMs) by using MK, SF,
GGBFS, RP, GCP, and alkaline solutions to reduce the amount of waste accumulated
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in landfills. In this way, both the reduction of the damage to the environment and the
costs of transportation and disposal of wastes can be saved. The study evaluated the
strength development and durability of GMs containing multiple pozzolans under ambient
and thermal curing. Furthermore, as is known, the sulfate attack is one of the most
aggressive environmental degradations that affect the long-term durability of cement-
based materials [29,30]. If MK is to find future use in a wide variety of cementitious
applications, it is necessary to find out its effect on the sulfate resistance of concrete and
mortar [29,30]. Therefore, the behavior of heat-cured GMs under the influence of sulfate
and acid was also investigated. The use of GCP in GMs and the comparison with other
geopolymers in terms of strength and durability is a novelty in this study. Scanning electron
microscopy (SEM), EDX (Energy Scattered X-ray Spectrophotometer), and X-ray powder
diffraction (XRD) analyses were performed to reveal the mechanism and formation of gel
products that enhance the strength development of GMs. The results for emerging GMs can
serve as the basis for the development of a high-strength building material for structural
application. In addition, performance research on geopolymer binders containing GCP is
not sufficient in the literature. To this end, we considered investigating the effect of GCP
content on the mechanical performance, durability, and microstructure of GMs exposed to
different curing conditions.

2. Materials and Methods
2.1. Materials

GMs were produced using MK, GGBFS, RP, GCP, SE, standard sand, potassium hy-
droxide (KOH), and sodium metasilicate (NaySiO3) as shown in Figure 1. In addition,
magnesium and sodium sulfate solutions were used for the durability tests. MK, GGBFS,
SF, GCP, and RP were obtained from AVS Kaolin Industrial Minerals (istanbul Turkey), Bolu
Cement Factory (Bolu, Turkey), ETI Electrometallurgy (Antalya, Turkey), and GENPER
Companies (Istanbul, Turkey), respectively. The chemical and physical properties of min-
eral materials used in the study are given in Table 1. CEN standard sand was obtained from
Limak Cement Factory (Kirklareli, Turkey). The grain size distribution of the sand used
in the study is given in Table 2. Na,SiO3 (36% purity Na,;5iO3) and KOH were obtained
from Detsan Chemical Company (Eskisehir, Turkey) and were used at 0.65 M and 8 M in
an alkaline solution, respectively. The chemical properties of NaySiO3 and KOH are given
in Tables 3 and 4.

Figure 1. Materials used in the study: (a) MK; (b) GGBFES; (c) SF; (d) GCP; (e) RP; (f) Na,SiOs;
(g) standard sand; (h) KOH.
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Table 1. Chemical and physical properties of mineral materials used in the study.

. . Specific Specific
o,
%o SlOz A1203 F6203 T102 CaO MgO Kzo NaZO LOI Weight g/cm3 Surface szlg
MK 50.00 45.00 0.50 1.00 0.50 0.40 0.51 0.24 1.10 2.6 17,100
GGBFS  40.55 12.83 1.10 0.75 35.58 5.87 0.68 0.78 0.80 29 4150
SF 91.57 0.45 0.20 0.00 0.70 0.33 2.58 0.55 1.80 2.2 195,000
GCp 74.00 14.33 0.97 0.00 0.50 0.28 495 3.00 0.10 2.8 3470
RP 71.00 13.50 1.00 0.00 1.20 0.15 5.50 3.30 3.30 21 4530
Table 2. Grain size distribution of standard sand.
Properties
Sieve opening (mm) 0.08 0.16 0.50 1.00 1.60 2.00
Remaining % 99 87 72 34 6 0
Limit 9+1 87 +5 67+5 33+5 6£5 0
Table 3. Chemical properties of Na;SiOs.
NayO (%) SiO; (%) Density (20 °C, g/mL) Fe (%) Heavy Metal (%)
8.75 27.43 1.371 0.005 0.005
Table 4. Chemical properties of KOH.
KOH (%) K2CO3 (%) Cl1 (%) SO4 (%) NaOH (%) Fe (%)
90-92 0.2-0.5 0.0031 0.0017-0.005 1.0 0.0001-0.0003
2.2. Method

GMs were produced as heat-cured and non-heat-cured within the study. Sixty spec-
imens were produced for each group including twenty different mortar mixtures. Thus,
three hundred specimens were produced in total. The mixture ratios were determined at
the end of the trial mortar mixture productions. GGBFS was used at high rates in mix-
tures because it contributes sufficiently to the development of strength, is an industrial
waste material, is economical, environmentally friendly, and reduces carbon dioxide emis-
sions [17-22]. The ratios of standard sand, water, KOH, and Na,SiO3; were kept constant,
and the ratios of MK, GGBFS, SE, GCP, and RP were mixed with different proportions, as
shown in Table 5.

The mixtures were mixed in a mortar mixer and tested according to the TS EN 196-1
standard [31]. KOH was mixed with tap water for 24 h before the production and the
solution was prepared by mixing it with NaySiO;3 the next day. During the production,
the alkali solution consisting of KOH and Na,SiO3 was mixed with MK, SE, GGBFS, GCP,
and RP in different proportions in the mortar mixer. GCP was used in the 50% water-
saturated condition by weight. It was aimed to examine the change in geopolymers
with the change of the weight ratios of the materials by keeping the water ratio constant.
Volumetric stability of the mixtures was not aimed in the study because, since many mixture
components were interacting, volumetric expansion or shrinkage may occur in both fresh
and hardened mixtures.

The mixtures were then poured into 40 x 40 x 160 mm?® molds and compacted in
the shaking table. The group of specimens in the molds was kept for 24 h in a laboratory
environment at room temperature and then subjected to oven curing at 100 °C for 24 h, and
the other group of specimens in the molds was cured directly in a laboratory environment
at room temperature for seven days. This task was conducted without any covering or
coating process. Blistering or cracking was not observed on the GMs which were taken out
of the oven.
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Table 5. Mixing ratios of GMs by weight (%), and compound ratios.

C“gg‘e 1‘1:[1;" MK GGBFS GCP RP SF  Water KOH Na,SiO; Sand CaO/SiO, AL 03/Si0, CaO/AlLO;
1 912 1368 000 000 000 958 456 148 6157 0.48 0.55 0.88
MK- 2 684 1596 000 000 000 958 456 148 6157 0.57 0.48 1.20
GGBFS 3 456 1824 000 000 000 958 456 148 6157 0.67 0.40 1.65
4 228 2052 000 000 000 958 456 148 6157 0.77 033 233
1 570 1596 000 000 114 958 456 148 6157 0.54 0.41 134
MK- 2 456 1596 000 000 228 958 456 148 6157 0.52 0.34 1.53
GGBFS- 5 342 1596 000 000 342 958 456 148 6157 0.50 0.28 1.78
SF 4 228 1596 000 000 456 958 456 148 6157 0.48 0.23 213
MK- 1 570 1368 342 000 000 958 456 148 6157 0.4 0.41 1.08
GGBFS- 2 456 1482 228 000 114 958 456 148 6157 0.47 0.35 1.34
GCP- 3 342 1596 114 000 228 958 456 148 6157 0.51 0.30 1.69
SF 4 228 1710 000 000 342 958 456 148 6157 0.54 0.25 2.19
1 456 1710 114 000 000 958 456 148 6157 0.60 0.39 1.52
MK- 2 456 1596 228 000 000 958 456 148 6157 0.54 0.38 1.40
GGBES- 3 456 1482 342 000 000 958 456 148 6157 0.48 0.38 1.28
GCP 4 456 1368 456 000 000 958 456 148 6157 043 0.37 117
1 1824 000 000 456 000 958 456 148 6157 0.00 0.72 0.00
MK- 2 1596 000 000 684 000 958 456 148 6157 0.00 0.64 0.00
RP 3 1368 000 000 912 000 958 456 148 6157 0.00 0.57 0.00
4 1140 000 000 1140 000 958 456 148 6157 0.00 0.50 0.00

The flexural and compressive strength tests were performed on the specimens accord-
ing to standards after the curing process, as shown in Figure 2 [31]. Durability and unit
weights were examined on heat-cured GMs because of their higher performance compared
to non-heat-cured GMs. In addition, SEM, EDX, and XRD analyses were performed on the
heat-cured GMs which had the highest strength from each mixture.

Figure 2. Specimens and test method: (a) curing specimens; (b) compressive strength test; (c) flexural
strength test.

The heat-cured GMs produced for durability tests were kept in MgSO,, NapSOy, and
HCl solutions for fourteen weeks. A solution with a pH value of 2 was prepared by mixing
HCI at 30% purity and tap water. The pH meter was used to measure the pH values of
the solutions, as given in Table 6. By mixing MgSO,4 and NapSO, separately with tap
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water, two different solutions with 5% concentration were prepared. All the solutions
were then renewed within four-week periods during the experiment by adding water or
material and checking the pH when necessary. At the end of this period, the specimens
were removed from the solutions and washed with tap water and their surfaces were dried.
The mass loss and visual changes of the specimens were determined according to the ASTM
C267-01 standard [32]. The flexural and compressive strength tests were performed on the
specimens, and the results were interpreted by comparing them with control specimens at
the same age.

Table 6. pH values of solutions.

Solution pH
5% HCl 2.00
5% Nast4 7.75
5% MgSO, 8.15

3. Results and Discussion
3.1. Influence of Multi Pozzolans on the Unit Weight of Heat-Cured GMs

Unit weights were determined for the heat-cured GMs. As seen in Figure 3, unit
weights varied between 1.65 and 2.25 g/cm3. The lowest and highest unit weights were
obtained in the 4MK-GGBFS-GCP and 4MK-GGBFS, respectively. Due to the use of multiple
pozzolans and the complex geopolymerization reactions, irregular decreases and increases
in the unit weight of the mixtures were observed. In addition, the unit weights of the GMs
with GCP were lower than the others. This is because the unit weight of GCP is lower than
the other pozzolans used in the study. Since RP had a slightly lower unit weight, GMs with
RP also had lower unit weights.
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Figure 3. Unit weights of heat-cured GMs.

3.2. Influence of Multi Pozzolans on the Strength of Heat and Non-Heat Cured GMs

As seen in Figure 4, the flexural strength of the heat-cured GMs varied between 2.5 and
10.0 MPa, while the flexural strength of the non-heat-cured GMs varied between 0.7 and
4.5 MPa. Furthermore, as seen in Figure 5, the compressive strength of the heat-cured GMs
varied between 10 and 88 MPa, while the compressive strength of non-heat-cured mortars
varied between 2 and 32 MPa. In both curing effects, the strengths showed a similar
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tendency to decrease and increase. In the MK-GGBFS, decreasing MK and increasing
GGBFS ratios caused a decrease in strength. Partial displacement of MK by GBFS slightly
increased porosity due to C-A-S-H gel formation in the presence of calcium from GBFS.
The rapid curing of geopolymers and unreacted water caused the formation of gaps and
cracks in the internal structure and loss of strength [20,23,33]. The ratio of MK used in
the MK-GGBFS-SF was lower, and a small decrease in strength was observed with the
increase in the amount of SF and the decrease in the MK ratio. In the MK-GGBFS-GCP,
the GCP ratio increased and the GGBFS ratio decreased by keeping the MK ratio constant.
Thus, compared with mortar mixes containing SF, GCP, and RP, the higher availability of
GGBFS led to higher mechanical and durability properties due to additional C-A-S-H gel
formation [33,34]. As a result of the incomplete dispersion of SF, replacing MK with SF
resulted in a mortar with a higher porosity and lower strength [33,35]. In the MK-GGBFS-
GCP-SF, increases and decreases in strength were both observed with a decreasing GCP
ratio and an increasing SF ratio. The reason for this irregularity was explained by the
simultaneous decrease and increase in the ratio of four different pozzolans and the change
in the chemical composition required for alkali activation. However, replacing N-A-S-H
(Sodium aluminosilicate hydrate) with C-A-S-H gel led to a decrease in strength [33-36].
Furthermore, while the MK ratio decreased and the RP ratio increased in the MK-RP, no
significant change was observed in the strengths of the mixtures. Rocha et al. have found
similar strengths for GMs and proved that they can be used for applications where high
early strength is required [36].
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Figure 4. Flexural strength of heat-cured, and non-heat-cured GMs.

According to the results, sufficient strength showed that the production of GMs could
be realized without heat curing. The increase in the content of Al;O3 and S5iO, improved the
geopolymerization and produced N-A-S-H and C-A-S-H gel, thus enhancing the strength
properties of geopolymers [34,35]. When Figures 4 and 5 were examined, it was observed
that the flexural and compressive strengths of heat-cured mortars were much higher.
The increased curing temperature allowed rapid dissolution of the amorphous structures
in MK at about 100 °C [2,37]. In general, the heat-curing effect was mainly observed
in MK-GGBFS and MK-RP compared to the mixtures. In these two mixtures, flexural
strengths increased 2-2.5 times under heat curing while compressive strengths increased
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approximately 3-3.5 times. Thus, raising the curing temperature was advantageous for
removing water from the reaction system, which accelerated the growth of the gel phase.
The flexural and compressive strengths of the heat-cured MK-GGBFS-SF, MK-GGBFS-GCP-
SF, and MK-GGBFS-GCP increased approximately 1.3-1.5 and 2-2.5 times, respectively,
compared to the non-heat-cured GMs. For this reason, the strength of the heat-cured GMs
was considerably higher than that of the non-heat-cured GMs [2,37].
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Figure 5. Compressive strength of heat-cured, and non-heat-cured GMs.

3.3. Durability of Heat-Cured GMs

Alkaline-activated mortars or geopolymers with low or no calcium may be more resis-
tant to sulfate attack due to the high chemical stability of the N-A-S-H gel and the absence
of calcium, which inhibits the formation of expansion-related crystalline phases [33]. Ac-
cordingly, due to the interaction on the surface of the GMs kept in acid and sulfate solutions,
crack formation, whitening, and foaming were not observed, as seen in Figure 6. A slight
reduction in overall weight and strength was observed compared to the control GMs.

3.3.1. Mass Loss in Heat-Cured GMs under the Influence of Acid and Sulphate

When the GMs kept in the solution and the GMs not kept in the solution were com-
pared, there was a loss of mass at different rates depending on the ratios of the mixture
components. The mass losses of the mixtures containing GCP and RP were higher than
those in the other mixtures. Smaller mass losses were observed in GMs containing GGBFS,
SF, and high MK content. However, denser and low-permeability mortars did not allow ion
exchange between solution and matrix [33]. Thus, heat-cured GMs showed insignificant
mass losses while under the effect of acid and sulfate as seen in Table 7.

3.3.2. Strength of Heat-Cured GMs under the Influence of Acid and Sulfate

When the GMs kept in the solution and the GMs not kept in the solution were com-
pared, the compressive and flexural strengths decreased at different rates depending on
the ratios of the mixture components. The strength of mixtures containing EP and RP
decreased at a higher rate than those of other mixtures. Smaller mass losses were observed
in GMs containing GGBFS, SF, and high MK content. While strength loss was observed in
all mixtures under the influence of acid and sulfate, higher reductions in acid and sulfate
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effects were observed especially in MK-GGBFS-GCP and MK-RP. The increase in RP and
GCP ratios in the mixtures was generally caused by a decrease in the strength under the
influence of acid and sulfate, as seen in Figures 7 and 8. When the compressive and flexural
strengths were examined, the HCl, Na;SO4, and MgSOy solutions had similar effects on all
mixtures. For this reason, the strength losses brought the values close to each other. Fur-
thermore, the crystallization of NaySiO3 and SiO, on the surface of the GMs indicates that
the matrix decomposes, leading to a loss of strength [33]. However, this type of formation
was not observed in the study.

Figure 6. Heat-cured GMs kept in: (a) HCI solution; (b) NaySOy solution; (c¢) MgSOj solution.

Table 7. Mass loss of heat-cured GMs under the influence of acid and sulfate.

Mass Loss (%)

Mix Code No MgSO0, Na,SO4 HCl
1 121 0.34 1.04

2 0.86 0.53 0.52

MK-GGBFS 3 0.85 0.51 1.55
4 0.16 0.68 0.17

1 0.71 0.52 0.17

2 1.03 0.69 0.52

MK-GGBFS-5F 3 1.05 0.71 0.69
4 157 017 1.76

1 1.32 0.56 0.95

MK-GGBFS- 2 151 0.37 0.19
GCP-SF 3 1.62 0.35 0.17

4 161 0.72 115

1 1.74 0.39 0.39

MK-GGBFS- 2 131 0.56 0.93
GCP 3 1.64 0.37 0.36

4 1.03 0.84 0.42

1 1.66 3.93 442

2 2.59 287 438

MK-RP 3 1.84 3.05 423

4 233 347 413
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3.4. Influence of Multi Pozzolans on the Microstructure and Mineralogic Properties of
Heat-Cured Geopolymers

The samples with the highest strength from each mixture were used to carry out SEM
and XRD analyses. The differences in the morphologies of the five GMs were evaluated
in terms of their porosity, homogeneity, and microcracks. Homogeneous, dense, and
continuous matrices consisting of alumino-silicate gel were observed in SEM images along
with the agglomeration of grains and there were some gaps between grains.

Figure 9a,b shows that the microstructures of the samples are quite dense, and layered
structures are observed in different regions. These layered formations reveal the geopoly-
merization of multi pozzolans. This shows that the strengths are compatible with each
other, and the aggregate binder—paste interface is sufficient. From the dense microstructure
of the samples, it can be concluded that fine materials such as MK and GGBFS create high
geopolymerization. In general, the higher amount of MK in the mixture reveals a denser
microstructure. The increase in the variety of materials used in the mixtures indicates
that the homogeneity in the microstructure decreases. The fact that the grain sizes of
the materials entering the mixture are different is also another factor for this decrease.
The excessively microcracked morphology indicates delayed geopolymerization and the
pores presented microcracks, which is a characteristic of fast drying [36]. Since the highest
strength is obtained in 1IMK-GGBEFS and 1MK-GGBFS-SF samples, it is concluded that the
densities in the microstructure of the samples supported this situation.

Figure 9. SEM 250 x image of heat-cured GMs: (a) IMK-GGBFS; (b) 1IMK-GGBFS-SF; (c) 2MK-GGBFS-
GCP-SF; (d) IMK-GGBFS-GCP; (e) IMK-RP.

When Figure 9c—e are examined, it is seen that the pores are high in 1IMK-GGBFS-GCP
and IMK-RP samples, which causes a decrease in strength. In general, better gel formation
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is observed in mixtures containing GGBFS and SF compared to mixtures containing RP
and GCP. This is due to the relatively larger particle size and porous nature of RP and
GCP. In addition, it is concluded that the morphology of the samples is denser and the
porosity decreases with the increase of MK ratio. The constant molarity and constant curing
temperature of KOH and NaySiO3 used in the production of the mixtures are supported
by the reticulated structure formed in the geopolymerization mechanism. When the crack
formations in the samples are compared, it is noteworthy that the 1IMK-GGBFS sample is in
better condition than the other samples; however, the strength of IMK-GGBFS-SF is close
to IMK-GGBFS despite its relatively cracked structure. The unreacted raw MK particles
may act as structural defects reducing the compressive strength of the mortar [36,38].

EDX analysis was performed to determine the elements contained in the grains and
the gel structure and the ratios of the elements were determined. Local EDX analyses for
grains in the sample matrix and binding interface are shown in Figure 10. This shows a
predominantly alumino-silicate-based formation, potassium from the KOH solution used,
and calcium from the GGBFS. The images reveal that the geopolymerisation reactions of
GGBEFS activated with an alkaline solution produce a denser microstructure [23]. SEM
images show that the grains with high silica content, approximately 6-7 um in size, are
quartz crystals and embedded in the gel structure. Furthermore, the ratio of Si/Na or K
atoms in the alkali silicate solution affects the degree of polymerization of the dissolved
species [39,40]. In addition, silica content is higher both as oxides and compounds in all
regions selected in EDX analysis. The fact that the potassium and aluminum oxide ratios are
not very variable indicates a reaction around the silica particles. Thus, the high potassium
content gives information about the geopolymerization mechanism that occurs mostly on
the surface.

As seen in Figure 11, the phases in the samples were determined by examining the
crystal structures of the solids by XRD analysis. X-ray scattering techniques were applied
without changing the properties of the examined sample. The rough samples were ground
to a depth of ~63 um and the samples were kept in an oven at ~105 &= 5 °C for 4 h to be dried
and then they were measured in the standard scanning range (20 = 5°-70°). According to
XRD patterns, MK is mainly amorphous while the crystals identified in MK are kaolinite,
mullite, and quartz. Some peaks disappear after alkali activation, indicating that some crys-
tals are partly dissolved during the reaction [16,41]. Quartz, albite, leucite, lycetite, calcian,
and alumino-silicate minerals are identified in the GMs according to XRD diffractograms.
The highest peaks are observed in quartz and albite is found in all mixtures. Large peaks
displayed at 20°-25° 20 in the MK are characteristic of aluminosilicate glasses [16,42]. This
peak becomes much less in the patterns of MK pastes, indicating the rapid dissolution of
the raw material during the first hours of activation [16]. The XRD patterns of MK-based
geopolymer pastes generally appear at peaks at about 29° 20 in association with N-A-S5-H
type gel formation [16,43,44]. XRD plots show the X-ray pattern of MK and show peaks
of crystalline phases corresponding to illite, quartz, hematite, and anatase [45,46]. The
peaks around 30.27°, 32.1°, 34.2°, 37.9°, 40.2°, 41.3°, and 46.6° 20 in the patterns generally
indicate sodium carbonates [16].
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Figure 10. EDX analysis of heat-cured GMs: (a) IMK-GGBFS; (b) 1IMK-GGBFS-SF; (¢) 2MK-GGBFS-
GCP-SF; (d) IMK-GGBFS-GCP; (e) IMK-RP.
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Figure 11. XRD analysis of heat-cured GMs: (a) IMK-GGBFS; (b) IMK-GGBFS-SF; (c) 2MK-GGBFS-
GCP-SF; (d) IMK-GGBFS-GCP; (e) IMK-RP.

The reactive soluble aluminosilicate, when combined with calcium sources, increased
the silicon, aluminum, and calcium species in the aqueous phase, resulting in higher
polycondensation [22,47]. Thus, the dense structure was defined by the dissolution of
alkali-activated AI**, Si**, and Ca?* [22,47]. Excess Na* ions disrupted the charge bal-
ance in the internal structure, and the liquid content of Na;SiO3; promoted intergranular
bonding [22,48]. A high Si component promoted oligomer silicate formation by forming
abundant silicate component, while Al species caused high AI(OH), formation, resulting
in oligomers silicate [22,49]. Ca, Si, and Al were dispersed to form the Si-O-5i/Al/Ca
link of geopolymers and the tobermorite phase [22]. The Si-linkage of geopolymers was
combined with the ionic bond of Ca-O to form a stronger chemical bond. While Ca?*
formed a strong ionic bond with Si** through oxygen atoms, excess Ca?* combined with
OH to form Ca(OH),. Ca?* dissolved from GGBFS and reacted with OH in an alkaline
solution to form calcium hydroxide (Ca(OH);), which then reacted with carbon dioxide
(CO») to form calcite [22]. Thus, Ca®* from GGBFS contributes to strength development.
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4. Conclusions

The lower unit weight of GCP and RP led to lower unit weight in GMs;
As the rate of using pozzolan instead of MK increased, the strength of all mixtures
decreased;

e  The incomplete dispersion of SF caused the GMs to have higher porosity and lower
durability;

e  Partial displacement of MK by GBEFS increased porosity due to the formation of C-A-5-
H gel in the presence of calcium from GBFS;

e Due to RP’s low contribution to strength, replacing MK with 4.5% RP reduced strength
significantly. However, GMs containing GCP were found to be higher than GMs
containing RP. This indicated that GCP contributed more to geopolymerization in the
GMs compared to RP;

e  Compared with mortar mixes containing SF, GCP, and RP, the higher availability of
GGBEFS led to higher strength and durability due to additional C-A-S-H gel formation;

e  Theincrease in Al,O3 and SiO; content improved the geopolymerization and increased
the strength by producing N-A-5-H and C-A-5-H gels;

e Heat curing allowed rapid dissolution of the amorphous structures in MK, which
accelerated the growth of the gel phase;

e  Color change, crack formation, and mass loss were not observed in the GMs under the
influence of acid and sulfate;

e  The strength decreased as the amount of pozzolan substituted for MK increased under
the influence of acid and sulfate;

e  Considering the waiting times of the GMs in acid and sulfate solutions, strength losses
were found acceptable;

e SEM images showed aluminosilicate gel and grains combined with homogeneous,
dense, and continuous matrices. With the determination of the binder liquid phases in
the interface region, it was observed that the particles with a size of 67 pm with high
silica content were seen as quartz crystals in gel structure. The dense structure was
defined by the dissolution of alkali-activated AP, Si** and Ca?*;

e EDX analysis mainly included alumino-silicate, potassium from KOH solution, and
calcium from GGBFS. The soluble aluminosilicate, when combined with calcium
sources, increased the silicon, aluminum, and calcium species, resulting in higher
polycondensation;

o XRD diffractograms showed the presence of quartz, albite, leucite, lycetite, calcyan,
and alumino-silicate minerals in the GMs. The highest peaks were observed in quartz
and albite in all mixtures. A high Si component promoted oligomer silicate formation
by forming abundant silicate component;

e  The 32 MPa strength of non-heat-cured GMs showed that the production of GMs
could be carried out without heat curing. Ca?* from GGBFS contributes to strength
development.

In summary, the combined use of metakaolin and GGBFS in alkali-activated materials
gives sufficient results in improving sulfate resistance and microstructures, which are
of great importance for the practical application of geopolymers and the diversified use
of GGBFS.
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