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Abstract: In this paper, the microstructure, mechanical properties, and preparation of geopolymer
were investigated. The effects of the proportion of slag and fly ash, the modulus of water glass, and
the water-binder ratio on the microstructure, mechanical properties, and preparation of geopolymer
were analyzed. The research content of this paper is as follows: Taking the 7-day and 28-day
compressive strength and flexural strength of the geopolymer specimens as the evaluation criteria,
considering the proportion of slag and fly ash, the modulus of water glass, and the water-binder
ratio, the three factors and five levels are respectively considered for a total of 25 sets of orthogonal
experiments. Through the range analysis and variance analysis, the influence of each factor on the
mechanical properties was analyzed, and the best mix ratio was obtained. Using scanning electron
microscope and X-ray diffraction analysis and other testing methods, the mechanical properties,
microstructure, and phase composition of geopolymers under the influence of various factors were
studied and analyzed.

Keywords: geopolymer; mechanical properties; microstructure analysis

1. Introduction

Geopolymers are known as a new environmentally friendly inorganic cementitious
material within the material field [1,2], and have been a popular research topic worldwide in
recent decades. The initial geopolymer experimental research only used mineral materials
such as metakaolin but, as a result of the advancement of the industrial process and the
progress of research, the raw materials of geopolymers have also increased. Materials such
as industrial solid waste and construction waste such as red mud have been used as the
raw materials of geopolymers. The main components of these industrial solid wastes and
construction wastes are basically the same as those of the mineral raw materials such as
metakaolin, which are silicates or aluminosilicates, and high-performance geopolymers
can also be prepared. Some studies have shown that the properties of calcined industrial
solid waste result in mechanical properties of geopolymers prepared from fly ash, slag, and
calcined kaolin that are superior to those of naturally formed mineral raw materials such
as uncalcined kaolin and clay prepared geopolymers [3]. Geopolymers are also known as
mineral polymers, soil polymers, etc. [4]. The raw material sources are pozzolanic activity
or industrial solid wastes such as slag, fly ash, coal gangue, and red mud, in addition
to zeolite and metakaolin. The excitation effect of the hard aluminosilicate raw material
results in the formation of a three-dimensional network aluminosilicate mineral composed
of a silicon-oxygen tetrahedron and aluminum-oxygen tetrahedron as the skeleton.

The activator is one of the important components of geopolymers, and can be divided
into acidic and basic forms. Research on alkali excitation technology is in its early stages
and the research level is relatively mature [5]. The alkali excitation agent is considered
to be able to react with Ca* to form soluble or insoluble and anion or anionic chemical
compositions [6,7]. The strong alkaline activator can not only provide soluble silicate ions,
but also promote the rapid dissolution of Si and Al in the aluminosilicate raw materials
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and the formation of bonds such as Si-O-Al and Si-O-Al-O. Among these, caustic alkali
(NaOH, KOH), sodium water glass (Na;O-nSiO;), potassium water glass (K,O-nSiO5), or
the above-mentioned mixed solutions are adopted by the majority of researchers because
of their low price and easy availability.

As a result of the advancement in the industrial process, the selection of geopolymer
raw materials has tended to develop from traditional materials such as clay, metakaolin, ze-
olite, and feldspar, to industrial solid wastes such as fly ash, slag, and tailings [6,8-10]. This
has a direct impact on the properties of geopolymers, and the research level of geopolymers
has risen to a new level.

Fly ash is an industrial by-product from coal-fired power generation and steam pro-
duction. Fly ash and lime (Ca(OH);) react with water to form the same compound as
cement. As a widely recognized building material, its application as a concrete, mortar,
and slurry admixture is of great significance to the concrete industry [11-14], and it can
be rationally utilized as a geopolymer raw material. There is an amorphous phase in fly
ash that eventually reacts with the hydration product and crystalline impurities. Statistics
show that the annual output of fly ash is about 10,000 kt, and the rational utilization of fly
ash has a positive effect on protecting environmental components, such as water and soil,
reducing energy consumption and minimizing greenhouse gas emissions. The effect of its
application to concrete manufacturing is equivalent to reducing the carbon dioxide emitted
by global automobiles by 25% [15].

Slag is a finely ground by-product of slag produced in blast furnaces during steel man-
ufacturing and is effectively used to make mixed mortars, cement, and concrete [16]. It can
be used to replace Ordinary Portland Cement (OPC) by up to 35%-70%, and can be used
in the production of geopolymer concrete (geopolymer concrete, GPC) [17]. Slag contains
QO-type monosilicate, which is the same as the monosilicate in OPC clinker [18]; it can be
used to refine voids during hydration and exhibits high strength and high temperature
resistance. In addition, slag can improve concrete resistance to sulfate and alkali-silicon
reactions by reducing water demand [12], due to the amorphous nature of irregularly
shaped particles, indicating similar reactivity to fly ash. Geopolymers have the advan-
tages of a wide source of raw materials, low production energy consumption, mature
technology, fire resistance, chemical corrosion resistance, high mechanical strength, and
good durability [19-22]. Researchers have applied geopolymers having good mechanical
properties, corrosion resistance, weather resistance, and ease of construction to coatings,
thermal insulation materials, fire-resistant and anti-corrosion coatings, and heavy metal
solidification [23-25].

In 2014, Masih Mohammadi et al. [26] studied the effect of interfacial binders on the
bond strength of repaired concrete, and the effects of FSF15-FMA10 (containing 15% silica
fume, 10% metakaolin) and FMB10 (containing 10% metakaolin) were investigated. The
results showed that both binders improve the compressive strength of the reinforcement
layer at each level, and the stiffness of the overlay layer is increased relative to that of
the concrete matrix, resulting in an increase in the shear stress on the contact surface.
In addition, because of the low H,O/NayO molar ratio in the FMB10 type binder, the
higher ratio of aluminosilicate has a better reduction effect on calcium hydroxide, which
makes the transition zone structure more compact and improves the bond strength. It was
concluded that it is reasonable to use the polymer-based binder in concrete repair works
in low-humidity environments. Cilla et al. [27,28] conducted experimental studies on the
preparation of porous geopolymers with metakaolin, fly ash, and potassium silicate as raw
materials and using different surfactants. The results showed that, with the increase in
porosity, the permeability increased and the resistance to compressive strength decreased.
Nikolicc et al. [29] conducted an experimental study on the curing of Pb by mechanically
activated fly ash-based polymers, and the results showed that the geopolymers prepared
using mechanically activated fly ash had lower porosity and higher strength. The leaching
concentration of Pb is reduced, and the curing effect of Pb is better. In 2016, Alanazi et al. [30]
conducted an experimental study on the bond strength of metakaolin-based polymer
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mortar for cement concrete pavement repair, and the results showed that the failure of
splitting specimens mainly occurred due to interface bond failure. Comparisons with other
commercial pavement repair materials show that the metakaolin-based polymer mortar
substrate has superior bond strength. The curing time, temperature, and the degradation
degree of cement mortar have a significant influence on the interfacial bond strength of
geopolymer. The 3-day strength of metakaolinite polymer can reach 80% of that of the
28-day strength, but the strength is lower at 24 h. In 2020, Albidah et al. [31] conducted
an experimental study on the bond strength of metakaolin polymer repair mortar and the
concrete matrix under normal and high-temperature environments. The results showed
that the improvement in the bond strength between the geopolymer repair material and
the concrete matrix underwent a significant decrease in the high-temperature exposure
environment of 200 °C; however, after the polyvinyl alcohol fibers were mixed into the
geopolymer mortar, this occurred at room temperature and a high temperature of 200 °C.
The mass ratio of alkali-solid-metakaolin and Na,O-nSiO,-NaOH, and the molar ratio
of 5i0, /Al,O3, H;O/NayO and Na, O/ Al, O3, have significant effects on the stability of
geopolymer mortar at high temperature.

In this study, the industrial by-product slag and fly ash were used as raw materials, and
materials providing green environmental protection and good performance were prepared.
The influencing and significance of flexural mechanical properties, and the micro-structure
factors, phase composition, and functional group structure of geopolymers under different
proportions were analyzed by SEM, XRD, and infrared spectroscopy, showing the effect of
different proportions on geopolymer cementitious materials.

2. Materials and Methods
2.1. Materials
2.1.1. Fly Ash

The fly ash used in this test was grade I fly ash produced by Gongyi Borun Refractory
Co., Ltd. (Zhengzhou, China). The chemical composition is shown in Table 1. Al;O3 and
SiO; are the main chemical compositions of the fly ash used in this test. The CaO content
is only 5.6%, which indicates a low-calcium fly ash that is suitable for the preparation of
geopolymers [32]. The particle size of the fly ash is shown in Figure 1.

Table 1. The chemical constituents of fly ash.

Loss on Al,O53 SiO, Water CaO Alkali Fe3+ Free CaO Density Bulk Density
Ignition (%) (%) (%) (%) (%) (%) (%) (g/cm?) (g/cm?)
2.8 24.2 45.1 0.85 5.6 1.2 0.85 0.85 2.55 1.12
=== Hly ash
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Figure 1. The particle size of the fly ash.
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2.1.2. Slag

The slag selected in this experiment was taken from the S95 grade slag powder
produced by Henan Borun Foundry Co., Ltd. The vitreous content in the main chemical
composition is over 99%. The chemical composition is shown in Table 2. The particle size
of the slag is shown in Figure 2.

Table 2. The chemical constituents of slag.

SO Loss on Alkali Vitreous Water Density
3 Ignition Content Content Content (g/cm?®)
0.1 0.8 0.56 99 0.1 2.9
— — Slag powder
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Figure 2. The particle size of the slag.

2.1.3. Alkali Activators

Compared with sodium hydroxide, water glass activator is a complex mixture solution
composed of silicate and oxide. The level of water glass modulus (n(5iO,)/n(Na,O), M)
determines the physicochemical properties and mechanical properties, such as the degree
of polymerization and molecular structure of each component. The main parameters of the
sodium water glass used in this paper are shown in Table 3.

Table 3. Main parameters of sodium silicate.

Modulus SiO, NaO Fe Densit Water Insoluble Content
™) (%) (%) (%) v (%)
3.24 27.45 8.73 0.019 1.38 0.2

2.2. Orthogonal Experimental Design

In this study, the optimal mixing ratio of geopolymer was obtained by the orthogonal
test method; the compressive and flexural strength of geopolymers were used as test
indicators; and the key factors that have a significant impact on the mechanical properties
of geopolymers were obtained in combination with the previous test results. Moreover,
the level and combination, including the proportion of slag and fly ash, the modulus of
water glass, and the combination of the water-to-binder ratio, were used to control the
amount of water glass to 12%. In this study, the design of the experimental Scheme 1 was
combined with the actual needs of the application of reinforced impregnating glue, using
an orthogonal design table with 5 levels and 6 factors, and using three empty columns as
error terms. Considering the above three factors, 25 sets of experimental schemes were
carried out. The test factors and levels are shown in Table 4, and the orthogonal test table is
shown in Table 5.
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Table 4. The factors and levels of tests.
Level Factor A Factor B Factor C
Slag Mass Fraction (%)  Water-to-Binder Ratio Water Glass Modulus
1 40 0.36 0.8
2 50 0.38 1.0
3 60 0.40 1.2
4 70 0.42 1.4
5 80 0.44 1.8
Table 5. Orthogonal test L25 (5%) and test results.
Compressive Strength Flexural Strength
Sample (MPa) (MPa)
7-Day 28-Day 7-Day 28-Day
1 12.3 15.5 0.9 1.7
2 29.3 31.5 2.6 3.5
3 32.5 36.1 4.1 4.2
4 28.1 30.2 3.7 3.5
5 7.8 21.3 1.1 1.8
6 24.1 20.5 3.2 3.3
7 28.6 40.7 3.8 49
8 28.8 36.1 4.1 5
9 234 20.8 3.7 3.5
10 19.7 244 2.8 3.2
11 37.2 43.1 5.2 5.3
12 30.4 34 4.1 4.8
13 26.3 29.4 3.8 4
14 115 21.5 1.8 2.8
15 30 31.6 4.1 4.2
16 25.9 40.9 3.7 5.1
17 41.6 61.8 44 5.8
18 17.8 29.6 2.7 45
19 229 33.9 4 47
20 28.6 445 4.6 6
21 16.9 34.1 2.5 4.3
22 10.3 13.8 1.5 2.3
23 9.6 29.9 1.6 3
24 8.9 46.8 1.6 5.5
25 10.8 27.8 1.7 3.2

2.3. Sample Preparation

Water glass, slag, fly ash, and deionized water were weighed according to the mixing
ratio design requirements and poured into the mixing pot. To mix evenly, fast and slow
mixing was performed for 4 min according to the automatic mixing program of the NJ-160B
cement slurry mixer. The geopolymer slurry was injected into a 40 mm x 40 mm X 160 mm
test mold, and placed on a vibrating table for 30 s, and the surface of the test piece was
covered with plastic wrap to ensure that the test piece did not experience shrinkage
cracks due to water loss during curing. The slurry was placed in a standard curing room
(temperature is 20 £ 2 °C, relative humidity is more than 95%) for curing to a specified age
for strength testing. Parts were sampled for subsequent microscopic characterization.

2.4. Test Method
2.4.1. Mechanical Properties Testing

The flexural and compressive strength of geopolymer specimens was tested after
curing to the test age, as shown in Figures 3 and 4.
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Figure 4. Strength test of geopolymer: (a) flexural strength; (b) compressive strength.

The flexural strength of the specimen is calculated according to Formula (1):
Ry=15FL/b® )

where Ry is the flexural strength (MPa); Fy is the maximum load at failure (N); L is the
distance between the supporting cylinders (mm); b is the side length of the specimen
section (mm).

The flexural strength of the specimen is calculated according to Formula (2):

RC=FC/A (2)

where R, is the compressive strength (MPa); F. is the maximum load at failure (N); A is the
compressive area of the specimen (mm?).

2.4.2. Orthogonal Test

Orthogonal test schemes are used to optimize the design considering operability, and
economical and time costs, when selecting the optimal scheme from among numerous
factors and levels of influence. In the orthogonal test, the index refers to the characteristic
value of the evaluation test effect according to the test requirements, such as the 7-day
and 28-day compressive strength and flexural strength used in this study. Factors refer to
different reasons that directly affect the index, which can be expressed as factor A, factor
B, and factor C, such as the modulus of water glass, the proportion of slag and fly ash,
and water-binder ratio. Level refers to the different values taken by the selected factors
due to the change in the state or condition in the test, which are represented by level 1,
level 2, etc., such as the three levels of water glass modulus of 0.8, 1.0, and 1.2 in this
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study. Orthogonal testing can quickly identify the orthogonality factors and levels from a
large number of interfering factors with lower test times, so as to achieve the purpose of
significantly reducing test time, and is widely used in production and scientific research.
The range analysis method is a commonly used method in the orthogonal test, which
intuitively analyzes the order of the influencing factors in the test data; this is also known
as the intuitive analysis method. The variance analysis method is used to supplement the
range analysis to obtain the size of the test error and improve the accuracy.

2.4.3. Microstructure Testing

In this study, geopolymers of different proportions were selected for curing in a
standard environment, the hydration of the samples was terminated with anhydrous
ethanol solution, and the test ages of 3, 7, and 28 days were selected to prepare the samples
required for scanning electron microscope (SEM) tests, X-ray diffraction system (X-ray)
powder diffraction tests, and Fourier transform infrared (FTIR) spectrum analysis.

3. Results and Discussion
3.1. Mechanical Properties Analysis

In this study, the inspection indexes of the geopolymer orthogonal test were mainly
the 7-day and 28-day compressive strength and flexural strength, as shown in Table 5.

Polar difference methodology was used to visually analyze the geopolymer strength
test results. The 7-day and 28-day compressive and flexural strength results of the orthogo-
nal test were visually analyzed and calculated, as shown in Tables 6 and 7.

Table 6. Range analysis of compressive strength results.

7-Day Compressive Strength 28-Day Compressive Strength
Sample

A B C A B C
K1 22 23.28 14.32 26.86 30.82 20.82
K2 24.92 28.04 23.18 28.4 36 29.42
K3 27.08 23 27.16 31.9 32.22 42.14
K4 27.36 18.96 24.8 421 30.64 33.78
K5 11.3 19.38 23.2 30.34 29.92 33.44
R 16.06 9.08 12.84 15.24 6.08 21.32

Table 7. Range analysis of flexural strength results.

) 7-Day Flexural Strength 28-Day Flexural Strength
Leve
A B C A B C

K1 248 3.1 1.94 2.94 3.94 29
K2 3.52 3.28 3.1 3.98 426 3.74
K3 3.8 3.26 3.86 4.22 4.14 5.18
K4 3.88 2.96 3.46 522 4 4.32
K5 1.78 2.86 3.1 3.66 3.68 3.88
R 2.1 0.42 1.92 2.28 0.58 2.28

K1~K5 in the table respectively represent the average compressive and flexural
strength of each factor at levels 1~5; these can reflect the influence of each factor on
the mechanical properties at different levels, so as to obtain the optimal level of this factor.
R represents extremely poor properties, and reflects the influence of this factor on the
mechanical properties when the factor changes at different levels. A larger R indicates
that the factor is more important. Conversely, it indicates that the effect of this factor
is secondary.

According to Tables 5 and 6, it can be seen that the order of primary and secondary
factors affecting the mechanical properties of geopolymers is slag content, water glass
modulus, and water-to-binder ratio. The 28-day compressive and flexural strengths are the
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main factors. The second order is the modulus of water glass, the amount of slag, and the
water-to-binder ratio. This shows that the content of slag and the modulus of water glass
have the most significant effects on the compressive strength, and the water-binder ratio
has the smallest effect. The level with the largest K value in each factor is the optimal level;
that is, the factor level combination of the optimal mix ratio of the geopolymer obtained
by the orthogonal test is slag content of 70%, water-binder ratio of 0.38, and water glass
modulus of 1.2.

The trend diagrams of slag mass fraction, water-to-binder ratio, water glass modulus,
and compressive strength are shown in Figure 5a—c, respectively. Slag mass plots of
fractions, water-to-binder ratio, and water glass modulus versus flexural strength are
shown in Figure 5d—f, respectively. It can be seen from Figure 5 that the compressive
strength and flexural strength show a development trend of increasing first and then
decreasing with the increase in the mass fraction of slag, the water—binder ratio, and the
modulus of water glass. Adding slag can fill the pores between particles to make it denser
and more cohesive, thereby improving the strength; however, when the amount of slag is
large, the fluidity of the geopolymer is poor. It can be seen from the test results that adding
a small amount of fly ash to the slag not only improves the workability and durability of
the geopolymer, but also improves the later strength. The geopolymer slurry is dry and
hard, and the mixing property is poor when the water—gel ratio is small. The cementitious
materials cannot be mixed sufficiently and uniformly, and the gap between the materials
also increases accordingly. These factors directly affect the mechanical properties and
workability of geopolymers. In addition, when the water-to-binder ratio is too small, the
initial setting time of the geopolymer is too short, which is not suitable for engineering
applications. When the water—gel ratio is larger, the strength is reduced and the fluidity is
too large to be applied in practical engineering. The main influence of water glass modulus
on the performance of the geopolymer is that, the lower the modulus, the higher the
alkalinity. In addition, the alkalinity directly affects the degree of dissolution of Si** and
APP* in the gelling material during the reaction of the geopolymer. Higher alkalinity leads
to more soluble Si** and AI3* in the geopolymer raw material, and greater tendency to a
depolymerization reaction [33]. The resulting geopolymer gel is denser and without pores,
resulting in a consequent increase in compressive strength.

Although the visual analysis method is intuitive and clear, it also has limitations. Visual
analysis cannot assess the size of the error of the experiment. Therefore, it is necessary to
perform variance analysis on the orthogonal test results. The results of variance analysis
are shown in Tables 8-11. In these tables, the * means 0.01 < sig. < 0.05, and the ** means
0.001 < sig. <0.01.
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Figure 5. The variance analysis effect curve: (a): slag mass fraction versus compressive strength,
(b): water-to-binder ratio versus compressive strength, (c): water glass modulus versus compressive
strength, (d): slag mass fraction versus flexural strength, (e): water-to-binder ratio versus flexural
strength, (f): water glass modulus versus flexural strength.
Table 8. Variance analysis table of 7-day compressive strength results of orthogonal test.
Factor Deviation Sum of Degrees of Freedom F Value Fa Significant Level
Squares
Slag mass fraction 880.686 4 17.876 F0.05 (4,4) = 6.39 **
Water-cement ratio 269.054 4 5.461 F0.01 (4,4) =16
Water glass modulus 474.326 4 9.628 *
Error 49.27 4
Table 9. Variance analysis table of 28-day compressive strength results of orthogonal test.
Factor Deviation Sum of Degrees of Freedom F Value Fa Significant Level
Squares
Slag mass fraction 715.962 4 5.593 F0.05 (4,4) = 6.39
Water-cement ratio 133.13 4 1.04 F0.01 (44) =16
Water glass modulus 1192.598 4 9.316 *
Error 128.01 4
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Table 10. Variance analysis table of 7-day flexural strength results of orthogonal test.
Factor Deviation Sum of Degrees of Freedom F Value Fa Significant Level
Squares
Slag mass fraction 17.006 4 25.845 F0.05 (4,4) = 6.39 **
Water-cement ratio 0.674 4 1.024 F0.01 (44) =16
Water glass modulus 10.262 4 15.596 *
Error 0.66 4
Table 11. Variance analysis table of 28-day flexural strength results of orthogonal test.
Factor Deviation Sum of Degrees of Freedom F Value Fa Significant Level
Squares
Slag mass fraction 13.882 4 15.407 F0.05 (4,4) = 6.39 *
Water-cement ratio 0.966 4 1.072 F0.01 (4,4) =16
Water glass modulus 13.934 4 15.465 *
Error 0.9 4

Vo B bnd &
SUB020 10.0kV 12.9mm x2.00k SE(UL) 11/20/2021 00:40
(a)

Figure 6. Cont.

From Tables 7-10, it can be concluded that, for the compressive and flexural strength
of geopolymer at 7 days, the F value of the two factors of slag content and water glass
modulus has a confidence level of 95%. When the average time is greater than the F critical
value of 6.39, it has reached a significant level. The F value of the slag content is greater than
the F critical value of 16 when the confidence level is 99%; that is, it has reached a highly
significant level. For the compressive strength of geopolymer at 28 days, the F value of the
modulus factor of water glass is greater than the critical F value of 6.39 at a confidence level
of 95%. For the flexural strength of geopolymer at 28 days, the F value of the slag mass
fraction and water glass modulus factor is greater than the F critical value of 6.39 when the
confidence level is 95%, and both reach the significant level. This shows that the results of
the geopolymer orthogonal test are reasonable.

3.2. Microscopic Mechanism Analysis
3.2.1. SEM Analysis

The optimal proportion of geopolymer hydration at 3, 7, and 28 days, and the hydra-
tion products of Schemes 1 and 2 with an age of 28 days, from scanning, are shown in
Figure 6.

SU8020 10.0kV 12.6mm x1.00k SE(UL) 11/
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Figure 6. The scanning electron micrographs: (a) 3 days; (b) 7 days; (c) 28 days; (d) Scheme 1;
(e) Scheme 2.

The scanning electron microscope images of Schemes 1 and 2 of the optimal mix
ratio sample curing for 3, 7, and 28 days, and the control group for curing at 28 days,
are shown in Figure 6a—e. By comparing the scanning electron microscope images of the
28-day specimen with the best mix ratio and the 3-day and 7-day specimens, it can be
seen that the microstructure of the 3-day and 7-day specimens contains more macropores,
and the hydration products formed are relatively coarse and loose. The microstructure
of the 28-day specimen is denser, with more gel-like hydration products and fewer pores,
indicating that more hydration products are generated with the increase in curing days.
As shown in Figure 6¢c—e, the optimal mix ratio specimen is compared with the specimens
of Schemes 1 and 2. Scheme 1 exhibits a few tiny pores and fewer hydration products.
In addition, compared with the activity of fly ash, the activity of slag is higher, and
the alkali-induced reaction is an exothermic process. The generated heat accelerates the
geopolymerization process, which can generate more gel products in a shorter period. This
can fill the pores between the particles and make the microstructure denser. It was proven
that, with the increase in slag content to 70%, the gel-like hydration products increase
significantly, and the mechanical properties improve significantly. However, an excessive
amount of slag was shown to cause the drying shrinkage during the maintenance process
of the material to increase and the durability to decrease. This phenomenon can be reflected
in this test.

3.2.2. XRD Analysis

The XRD analysis of the geopolymer raw material fly ash and slag was carried out,
and the X-ray diffraction pattern is shown in Figures 7 and 8. The selection of XRD samples
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is consistent with that of SEM samples, and the X-ray diffraction patterns are shown in
Figures 9 and 10.

Figure 7 shows the X-ray diffraction pattern of fly ash, whose main components
are mullite, calcite, and hematite. Furthermore, the diffraction spectrum of fly ash was
quantitatively calculated by Jade software; the content of AlSiO13 was 61.1% and the
content of SiO, was 38.9%. The bulging peaks in the range of 15-40° in the fly ash spectrum
are amorphous mineral phases; as a result, fly ash has the potential of pozzolanic activity.
Figure 8 shows the X-ray diffraction pattern of the slag. There is an obvious amorphous
phase in the broad peaks between 20° and 40° at 26, and the crystallinity is very low,
showing that the main phase is an amorphous material, namely, a glassy phase with high
potential pozzolanic activity. In addition, it contains a small number of characteristic peaks
of mayorite (CapAlFeOs), and no other crystal diffraction peaks appear.
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Figure 7. X-ray diffraction pattern of fly ash.
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Figure 8. X-ray diffraction pattern of slag powder.

The XRD patterns of the optimal 3-day, 7-day, and 28-day mix ratio specimens are
shown in Figure 9. The main mineral compositions of the 3-day, 7-day, and 28-day spec-
imens are hydrated calcium aluminosilicate gel (C-A-S-H), hydrated calcium silicate gel
(C-5-H), and RO phase (solid solution of MgO, FeO, and MnO). A clear trend can be found
in which the peak intensity at 20 between 27.2 and 31.2° increases with standing time,
indicating an increase in the number of gel products. Figure 10 shows the XRD patterns of
the sample with the best mix ratio of Schemes 1 and 2 at 28 days. The 3-day, 7-day, and
28-day main phases are aluminosilicate (C-5-H). Among these, the sample with the best
mix ratio at 28 days was compared with Scheme 1; the increase in the slag content leads to
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the broadening of the peak between 27.2° to 31.2°, indicating that the amorphous content
increases, which is related to the relatively high amorphous content of the slag itself. The
strength of the specimen with the best mix ratio at 28 days increased, and the diffraction
peak became wider, indicating that the amorphous three-dimensional network structure of
aluminosilicate gel increased.
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Figure 9. X-ray diffraction patterns of 3-day, 7-day, and 28-day optimal proportioning samples.
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Figure 10. X-ray diffraction patterns of Scheme 1, Scheme 2, and 28-day optimal proportioning sample.

3.2.3. FTIR Analysis

A Spectrum 400 Fourier transform infrared spectrometer of PerkinElmer Company
was used to measure the changes in characteristic peaks of geopolymer specimens under
the influence of different factors, to study the changes of chemical groups, and to analyze
their structures.

As shown in Figure 11, the infrared spectra of fly ash, slag, the 28-day optimum mix
ratio specimen, and the 3—days optimum blend ratio specimen are shown. It can be seen
from the infrared spectrum of fly ash that there are obvious absorption peaks at 1480,
1062, 1003, 781, and 594 cm ™!, of which the absorption peak at 1480 cm~1 is the vibration
absorption peak of Mg-O; the absorption peaks near 1062 and 1003 cm~! are the same
as the asymmetric stretching vibration peak of Al(Si)-O-Si; 781 cm~! is the symmetrical
stretching vibration of Si-O; and the bending vibration peak of Al-O-Si is near 594 cm ™!
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Figure 11. Infrared spectrum of slag, fly ash, and optimum mix proportion test specimens at different ages.

In the infrared spectrum of the slag, the Mg-O vibrational absorption peak also appears
near 1479 cm~!; the absorption peaks at 1287 cm~! and 1138 cm ! are Al(Si)-O-Si and Si-O,
respectively. The stronger absorption peak at 873 cm ™! is the Si-O asymmetric stretching
vibration peak; 687 cm ™! is related to the vibration of O-Si-O; the absorption peak at 556
cm ! is related to Al-O-Si bending vibration peaks. In the infrared spectra of the 3-day and
28-day samples having the best mix ratio, there are relatively strong and broad absorption
peaks around 940 cm ™!, and the absorption peaks here are generated by the Si-O stretching
vibration of water glass. This indicates that the Si in slag and fly ash forms a network
connection with Si in water glass, and the strength of 28-day is significantly greater than
that of 3-day, indicating that the increase in curing days is beneficial to the formation of the
Al(Si)-O-Si network structure.

As shown in Figure 12, in the infrared spectrum of Scheme 2, the Si-O stretching
vibration peak near 942 cm~! is significantly lower than the infrared spectrum of the best
mix ratio specimen. The O content is relatively increased, indicating that the appropriate
water glass modulus and fly ash content are beneficial to the formation of the Al(Si)-O-Si
network. In the infrared spectrum of Scheme 1, it can also be seen that the Si-O stretching
vibration peak near 942 cm™! is significantly lower than the infrared spectrum of the
optimal mixture ratio specimen, indicating that the Si-O content of the optimal mixture
ratio specimen is high. In Scheme 1, the increase in the water glass modulus and the
water-to-binder ratio content is beneficial to the formation of the Al(Si)-O-Si network.

According to the analysis results of the chemical composition and infrared spectrum
of the geopolymer, the reaction mechanism of the alkali-excited geopolymer prepared
from low-calcium aluminosilicate includes two main stages: dissolution-depolymerization
and recombination—polycondensation [34,35]. The schematic diagram of the reaction
mechanism is shown in Figure 13 [36].

First, the chemical bonds of aluminosilicate raw materials such as fly ash, slag, and
metakaolin are broken under the action of alkali excitation, and are decomposed into a
silicon-oxygen tetrahedron [SiO4]*~ and aluminum-oxygen tetrahedron [AlO4]°~ mono
body. As the dissolution progresses, the monomers connect to each other to form dimers,
and the dimers react with other monomers to form trimers or multimers. The monomers
are finally polycondensed into amorphous sodium aluminosilicate hydrate (N-A-5-H) gels
having a three-dimensional network structure. In the early stage of the reaction, when
the reaction reaches saturation, the dissolution rate of Al is faster than that of Si in the
aluminosilicate minerals under alkaline conditions, resulting in a relatively high content
of A3+, Consequently, metastable Al-rich N-A-S-H gels (Si/Al ratio = 1.0-1.3, Al-rich
gel gel 1) are increased and precipitated as intermediates [37]. As the reaction proceeds,
more Si-O groups dissolve, increasing the concentration of Si** in solution and its ratio in
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N-A-S-H-gel (Si/ Al ratio = 2, silica-rich gel II). This structural reorganization determines
the final composition of the polymer’s three-dimensional network structure consisting of
a silicon-alumina framework and charge-balancing metal cations, in addition to the pore
structure and distribution in the material.
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Figure 12. Infrared spectrum of slag, fly ash, and differential mix proportion test specimens.
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Based on the silicon-aluminum ratio (Si/Al) reaction product, Davidovits geopolymer
structures are classified into three types: Poly sialate (PS) (-5i-O-Al-), Poly sialate-siloxo
(PSS) (-Si-O -Al-O-Si-) and Poly sialate-disiloxo organization (-Si-O-Al-O-5i-O-5i-) [38].
Accordingly, the molecular formula of the geopolymer can be expressed as Mn(-(S5iO,)z-
AlOy-)n-wH,0O, where zis 1, 2, or 3; M is an alkali metal (Na*, K*, etc.); n is the degree of
polymerization; and w is the bound water content. The geopolymers prepared from high
calcium aluminum silicate materials (high calcium fly ash, etc.) have two gel products,
namely, sodium silicate hydrate (N-A-S-H) and calcium silicate hydrate (C-5-H). Moreover,
in some cases, when AI** replaces Si** in C-S-H, C-S-H is converted to C-A-S-H [39]. High
temperature can enhance kinetic energy and thus increase the effect of solute molecules to
break bonds through solvent molecular and intermolecular gravitational forces [40]. When
the activator is below a certain level, several aluminosilicate precursors are left unreacted
due to the lack of a medium for the reaction to take place [41]. In addition, it was found that
the gel structure of the geopolymer is similar to that of the zeolite, but the geopolymer has
a relatively dense amorphous or semi-crystalline mesoporous structure, whereas natural
zeolites are usually crystalline. This may be due to the rapid dissolution of the glass
component when the aluminosilicate material is mixed with the alkaline solution. In this
case, the gel does not have enough time and space to grow into a well-crystallized structure,
resulting in the formation of microcrystalline, amorphous, or semi-crystalline structures. In
addition, according to the research of Provis [42], geopolymers are divided into low-calcium
and high-calcium systems according to the CaO content in the raw materials. The low-
calcium system is a three-dimensional network structure (N-A-S-H gel structure) having
low strength. The fly ash in this paper provides more CaO content for the geopolymer,
forming a high calcium system (layered (C-(A)-S-H gel structure) having higher strength.

4. Conclusions

Through the orthogonal test, the best mix ratio of the geopolymer was optimized
with the compressive strength and flexural strength as the evaluation criteria, and the
microstructure and mechanical properties of the geopolymer were studied. Based on the
test results, the following conclusions are drawn:

1.  The influence factors of compressive and flexural strength of geopolymers were
analyzed using the orthogonal test, and it was found that the content of slag and
the modulus of water glass had significant effects on the mechanical properties of
7-day and 28-day geopolymers, respectively. The geopolymers prepared at room
temperature were obtained. The compressive and flexural strengths of the polymer
can reach 65.3 and 6.1 MPa, respectively.

2. The calculation results based on the range analysis of the orthogonal test show that
geopolymer has high early strength and can rapidly improve the reinforcement
performance as an impregnating glue. The water-binder ratio and the amount of slag
have a significant influence on the constructability of the geopolymer. Selecting the
appropriate mixing ratio can yield a geopolymer with good working performance
and suitable fluidity. Therefore, the optimal mixing ratio was selected in the follow-up
study: the content of slag was 70%, the water-binder ratio was 0.38, and the modulus
of water glass was 1.2.

3. The microscopic morphology and phase composition of the geopolymer were ana-
lyzed by SEM, XRD, and FTIR. It was determined that the main final product of the
geopolymer was hydrated silicic acid, which contributed the most to the development
of the early strength of the geopolymer, including calcium gel and hydrated calcium
aluminosilicate gel, tetra calcium ferro aluminate mineral, and RO phase.
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