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Abstract: To study the key factors that affect the mechanical properties of polymer materials and
explore the relationship between mineral crystal formation and strength development, fly ash (FA)
polymer samples were prepared using sodium hydroxide, slag, liquid sodium silicate, and hydrated
lime as activators. A change in the compressive strength was observed, and X-ray diffraction
measurements were carried out to confirm the change. The effects of different types and amounts of
activators on the formation and transformation of mineral crystals in FA polymer samples as well
as on the development of compressive strength were studied. Moreover, the relationship between
the formation and transformation of mineral crystals and the development of compressive strength
was established. The results show that the strongly alkaline excitation environment established by
sodium hydroxide is the prerequisite for crystal formation and development of compressive strength.
Under this strongly alkaline excitation environment, slag, hydrated lime, and liquid sodium silicate
can increase the amounts of calcium and silicon, which promote the formation and development
of hydrated calcium silicate and hydrated calcium silicoaluminate in polymers and significantly
improve the compressive strength.

Keywords: polymer material; crystal; activator; mechanical properties

1. Introduction

The production and application of Portland cement, a traditional building material,
are affected by severe issues, including high energy consumption, high degree of pollution,
and significant greenhouse gas emissions, which seriously threaten the environment on
which society depends. In this context, countries around the world are taking steps to
reduce greenhouse gas emissions by limiting the production capacity of heavily polluting
industries with high energy consumption in order to meet strict global agreements. China
has promised to achieve goals regarding both carbon dioxide peaking and carbon neutrality.
In particular, China has promised to hit peak carbon dioxide emissions before 2030, which
are then slowly expected to decrease after reaching the peak. Furthermore, carbon dioxide
emissions should be offset by tree planting, energy conservation, and emission reduction,
and the country aims to achieve carbon neutrality by 2060. Therefore, the production
and use of Portland cement will be seriously reduced, thereby forcing scientists to devote
their research efforts to new green building materials with low energy consumption, no
pollution, and low carbon emissions. Polymer materials have gradually attracted increasing
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attention from the scientific community because of their numerous advantages, including a
low carbon footprint, good energy-saving properties, and environmental friendliness [1].

Compared with Portland cement, polymer materials constitute a new type of cemen-
titious materials that exhibit multiple advantages [2]. The raw materials used to prepare
polymer materials are industrial solid waste materials, such as fly ash (FA), coal gangue
powder, and slag powder; thus, the preparation of polymer materials does not require
the consumption of nonrenewable resources, such as limestone and clay [3]. Furthermore,
polymer materials do not need to be calcined at high temperature, which greatly reduces
the consumption of coal and electric energy as well as carbon emissions [4]. Regarding
recycling, when polymer materials reach the end of their service life, they can be reused, so
as to realize unlimited recycling [5]. Owing to all these advantages, polymer materials are
envisaged to replace Portland cement to become the mainstream building materials in the
near future.

However, the properties of polymer materials are affected by several disadvantages,
which limit their application prospects. First, polymer materials mainly involve the
polymerization of silicon–aluminum alloys and formation of the mineral crystals via
the polymerization of silicon–oxygen tetrahedra and aluminum–oxygen tetrahedra. The
mechanical properties of the polymerization products obtained via the polymerization
of silicon–aluminum alloys are poor, which hinders the possibility of replacing Portland
cement-based materials with polymer materials [6]. Although steam curing can improve
the mechanical properties of polymer materials to a certain extent, this method undoubt-
edly increases the preparation cost and carbon emissions [7]. Alternatively, the excitation
of activators also plays an important role in improving the mechanical properties of poly-
mer materials [8]. This is attributed to the fact that suitable activators can promote the
formation of high-strength mineral crystals and lead to the development of compressive
strength in polymer materials [9]. Therefore, it is very important to analyze in detail
the influence of different types and contents of activators on the formation of different
mineral crystals in polymer materials as well as establish the relationship between the
formation and transformation of micro mineral crystals and the mechanical properties of
polymer materials.

In this study, polymer materials were modified and activated by changing the type
and amount of activator with the objective of improving the mechanical properties of
polymer materials. X-ray diffraction (XRD) measurements were conducted to analyze the
relationship between the formation and transformation of mineral crystals and the mechan-
ical properties of the polymer materials. Furthermore, the influence of the type and content
of activator on the formation and transformation of mineral crystals in polymer materials
was innovatively investigated, the corresponding relationship between the formation and
transformation of mineral crystals and the development of compressive strength was put
forward, and finally the influence of the formation and development of different mineral
crystals on the establishment and development of compressive strength was obtained.
Thus, this study provides methods to further promote the performance improvement of
polymer materials.

2. Materials and Methods
2.1. Materials
2.1.1. Fly Ash and Ground-Granulated Blast-Furnace Slag

Primary Fly ash (FA) (Taiyue mineral products Co., Ltd., Shijiazhuang, Hebei, China)
was used as the raw material for the preparation of polymer materials. The specific surface
area of FA reached 350 m2 kg−1, and the particle fineness reaching the margin of a square-
hole sieve (45 µm) was less than 18%. Table 1 presents the chemical composition of FA
detected by X-ray fluorescence (XRF). Ground-granulated blast-furnace slag (GS) was
mainly used as a calcium-increasing agent for preparing the polymer materials; it was
provided by a mineral product processing plant in Shijiazhuang, Hebei province. The
specific surface area of GS reached 400 m2 kg−1, and the particle fineness reaching the
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margin of the square-hole sieve (45 µm) was less than 12%. Its chemical composition is also
listed in Table 1.

Table 1. Chemical composition (%).

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Others Loss

Fly ash 53.06 32.93 5.86 2.43 1.12 0.69 1.58 1.79 1.16

Ground-granulated
blast-furnace slag 31.35 18.65 0.57 34.65 9.31 1.26 0.84 2.25 0.73

2.1.2. Activators

Sodium hydroxide (NaOH, NH) powder and liquid sodium silicate (Na2SiO3, LSS)
were used as activators. NH is an analytical reagent. Industrial-grade LSS with purity
greater than 95% was used in this study, and Na2O, SiO2, and H2O accounted for 9.68,
25.26, and 65.02% of the total mass, respectively.

2.1.3. Other Materials

Industrial-grade calcium hydroxide (Ca(OH)2, CH) with purity greater than 95% was
employed herein. The specific surface area of CH reached 300 m2 kg−1, and the particle
fineness reaching the margin of the square-hole sieve (45 µm) was less than 22%. River
sand was used for the continuous grading test; its fineness modulus was 2.78. Tap water
was used in all the experiments.

2.2. Sample Preparation
2.2.1. Mix Proportions of Samples

The mix proportions of the polymer samples are listed in Table 2. Sample H-1 is the
experimental control sample, and only free water was used to excite the polymer materials.
Samples H-2 to H-5 were, respectively, mixed with GS, CH, LSS, and NH to excite the FA
polymer materials. These samples were used to analyze the effects of different activators
on the excitation, formation, and transformation of mineral crystals. Further, under NH
excitation, the GS content was gradually increased in samples H-6 to H-8. This resulted
in an increased calcium content, and the effects of calcium addition on the mechanical
properties and crystal structure of the polymer samples were also analyzed. In samples
H-9 and H-10, the contents of calcium and silicon were increased by adding CH and
LSS, respectively; these samples were used to test the effect of CH and LSS under the
NH excitation.

Table 2. Mix proportion of samples/g.

Fly Ash
Ground-

GRANULATED
Blast-Furnace Slag

Ca(OH)2 Water
Liquid

Sodium
Silicate

NaOH Sand L/S

H-1 450 / / 225 / / 1350 0.5
H-2 405 45 / 225 / / 1350 0.5
H-3 405 / 45 225 / / 1350 0.5
H-4 450 / / 147 120 / 1350 0.5
H-5 450 / / 225 / 20 1350 0.5

H-6 360 90 / 225 / 20 1350 0.5
H-7 270 180 / 225 / 20 1350 0.5
H-8 180 270 / 225 / 20 1350 0.5
H-9 270 180 / 147 120 20 1350 0.5
H-10 225 180 45 147 120 20 1350 0.5

2.2.2. Sample Preparation and Curing

To illustrate the preparation method of the polymer materials, sample H-10 was
considered as a representative example. First, NH and LSS were dissolved in the test water
according to the proportions presented in Table 2. Sodium hydroxide was added to the
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solution, and the resulting solution was stirred for 30 s. Subsequently, sand was added,
and the solution was quickly stirred for 1 min. Finally, the polymer material was poured
into a 40 × 40 × 160 mm3 standard mold. The prepared samples were placed in a curing
chamber, where the temperature was kept constant at 20 ± 2 ◦C, and the humidity was kept
at above 95%. After curing for 3 d, the mold was removed, while the samples remained in
the curing chamber until the desired curing time was reached.

2.3. Methods
2.3.1. Compressive Strength Test

A TYE-300 automatic press (Blue standard construction instrument Co., Ltd., Cangzhou,
Hebei, China) was used to test the compressive strength of the polymer materials that were
cured for 3, 28, and 60 d, respectively. The final results were obtained by averaging the
results from six different tests.

2.3.2. X-ray Diffraction Measurements

The polymer samples cured for 28 d were investigated by XRD (Rigaku SmartLab SE
intelligent X-ray diffractometer) (Rigaku, Beijing, China) to test the effects of different types
and contents of activators on the composition and transformation of the mineral crystal
structure of the polymer materials. General test conditions are as follows: X-ray tube:
voltage-40 kV, current-30 mA; anode target material: Cu target, Kα radiation; measurement
angle range (2θ): 5–70◦. Furthermore, the XRD results were used in combination with the
compressive strength data to analyze the relationship between the development of com-
pressive strength and the crystal formation and transformation in the polymer materials.

3. Results and Discussion
3.1. Compressive Strength Analysis
3.1.1. Effect of a Single Activator on the Compressive Strength

(1) Excitation by free water, ground-granulated blast-furnace slag, and calcium hy-
droxide

When only liquid water was used to mix the FA polymer materials, the mold of sample
H-1 could not be removed after curing for 3 d due to its low strength. Unless it was cured
for 28 or 60 d, sample H-1 did not exhibit a significant compressive strength. Furthermore,
samples H-2 and H-3, which were activated by GS and CH, respectively, did not possess a
significant compressive strength even after being cured for 60 d (Figure 1). It can thus be
inferred that FA polymer materials do not exhibit compressive strength when activated
only by free water, GS, or CH, separately. This also indicates that the addition of free water,
GS, or CH cannot promote the polymerization activity of FA.

(2) Excitation by liquid sodium silicate
When only LSS was used as the activator, although the mold of sample H-4 could

still not be removed after curing for 3 d, it exhibited a compressive strength of 1.2 MPa
after being cured for 28 d, and its compressive strength increased to 1.5 MPa after being
cured for 60 d (Figure 1). However, this does not necessarily indicate that LSS has an
activation effect on FA as LSS has its own coagulation ability. LSS can induce the generation
of compressive strength by absorbing active aluminum from FA and by combining its own
active sodium and silicon to form albite. This is the reason why sample H-4 exhibited a
very low compressive strength only after being cured for 28 d. This mechanism is further
discussed in the XRD results in Section 3.2.4.

(3) Excitation by sodium hydroxide
When NH was used as the activator, the compressive strength of sample H-5 changed

markedly. After curing for 3 and 28 d, the compressive strength of sample H-5 reached
1.7 and 4.8 MPa, respectively. The compressive strength increased further to 5.5 MPa after
curing for 60 d, which is significantly higher than that obtained for sample H-4 (Figure 1).
Different from the cases of excitation by free water, GS, and CH, the NH excitation can
effectively stimulate the polymerization activity of FA and induce a considerable com-
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pressive strength in the polymer sample. This is attributed to the fact that the addition of
NH significantly improves the pH of the reaction environment in polymer materials [10].
However, the addition of free water, GS, and CH cannot result in the pH being > 14, as
required by the polymerization reaction environment. This is the main reason why sample
H-5 exhibited a certain degree of compressive strength, while samples H-1 to H-4 did not
show any compressive strength. The reaction mechanism of the polymers is discussed in
detail in the XRD analysis in Sections 3.2.1 and 3.2.2).
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Figure 1. Compressive strength of the polymer samples.

The abovementioned results thus conclude that only NH can induce a highly alkaline
excitation environment (pH > 14), which stimulates the polymerization activity of FA,
promotes the dissolution and repolymerization process of the active substances, and
induces a considerable compressive strength in the polymer samples [11].

3.1.2. Influence of Ground-Granulated Blast-Furnace Slag in the Presence of a Constant
Sodium Hydroxide Content on the Compressive Strength

The effect of GS on compressive strength was analyzed for samples H-6 to H-8 using
a constant NH content while gradually increasing the GS content.

(1) Ground-granulated blast-furnace slag content of 90 g (20%)
When the NH content was maintained at 20 g but that of GS was increased to 90

g (20%), the compressive strength of sample H-6 after being cured for 3 d increased to
7.2 MPa. This value is higher than that of sample H-5 (without GS addition) by 5.5 MPa,
and the growth rate is 323% higher. After curing for 28 and 60 d, the compressive strength
of sample H-6 further increased to 12.6 and 14.5 MPa, respectively. These values are
higher than those of sample H-5 by 7.8 and 9 MPa, respectively, and the growth rates are
163 and 164% higher, respectively (Figure 1). The addition of GS can significantly improve
the compressive strength of FA polymer materials. This also indicates that addition of GS
can lead to significant improvement in the reactivity of FA; however, the positive effect of
GS could only be observed when the NH amount was at least 20 g. This also shows that a
highly alkaline excitation environment is a sufficient condition for polymer materials to
acquire improved compressive strength [12].

(2) Ground-granulated blast-furnace slag content of 180 g (40%)
With the increase in the GS content to 180 g (sample H-7), the compressive strength

of the sample improved significantly. After curing for 3, 28, and 60 d, the compressive
strength of sample H-7 increased to 12.5, 23.7, and 26.3 MPa and was 73.6, 88.1, and
81.4%, respectively, higher than those of sample H-6 for the same curing time (Figure 1).
This shows that increasing the GS content results in a significant improvement in the
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compressive strength of the FA polymer materials. It also shows that the polymerization
activity of FA increases with the increase in the GS content.

(3) Ground-granulated blast-furnace slag content of 270 g (60%)
When the GS content was increased to 270 g (sample H-8), although the compressive

strength of the sample continued to increase, the increase was only modest. The compres-
sive strength of sample H-8, after being cured for 3, 28, and 60 d, increased to 15.3, 26.4,
and 29.1 MPa and was only 22.4, 11.4, and 10.6%, respectively, higher than those of sample
H-7 (Figure 1). This indicates that as the GS content continues to increase, its positive effect
on the polymerization activity of FA begins to decrease significantly.

To conclude, GS can enhance the compressive strength only when sufficient NH is
added. Furthermore, when the NH content was kept constant at 20 g, the compressive
strength of the FA polymer samples first increased markedly and then increased more
slowly with the increase in the GS content [13].

3.1.3. Influence of Multiple Activators on the Compressive Strength

(1) Liquid sodium silicate
Although the beneficial effect of GS on the compressive strength is not clear, in the

following study, an attempt was made to improve the compressive strength by adding both
LSS and CH while keeping the NH and GS contents constant. When the LSS content was
120 g, the compressive strength of sample H-9 increased to 28.7, 40.2, and 45.3 MPa and was
87.6% (after being cured for 3 d), 52.3% (after being cured for 28 d), and 55.7% (after being
cured for 60 d) higher than that of sample H-8 (Figure 1). Sample H-4 exhibited a very low
compressive strength (less than 2 MPa) when only LSS was added; however, when the NH
and GS contents were 20 and 225 g, respectively, the compressive strength of sample H-9
was much higher than that of sample H-8 (without LSS addition). This indicates that LSS
can further improve the reactivity of FA; however, this can only occur in a highly alkaline
excitation environment (i.e., with sufficient NH addition) and with a sufficient content of
added GS (40%). LSS is mainly composed of active silicon; therefore, it can provide the
raw materials necessary for polymerization reaction environment [14]. The increase in
the active silicon content is conducive to the formation of hydrated calcium silicate and
calcium aluminosilicate, which significantly improved the compressive strength of sample
H-9, as confirmed by the XRD results.

(2) Calcium hydroxide
When a certain amount of CH (45 g) was added, the compressive strength of sample

H-10 increased to 36.8, 52.3, and 58.4 MPa (Figure 1), being 28.2% (after being cured for
3 d), 30.1% (after being cured for 28 d), and 28.9% (after being cured for 60 d) higher than
that of sample H-9 (without CH addition). Thus, the addition of CH can also significantly
improve the compressive strength of FA polymer samples; however, this can only occur
when sufficiently large amounts of NH, GS, and LSS are added. CH is mainly composed of
calcium ions. When dissolved in a polymerization environment, CH can provide a large
amount of active calcium, which can combine with the active silicon provided by LSS to
form hydrated calcium silicate gel [15], thereby significantly improving the compressive
strength of sample H-10, as confirmed by the XRD results.

Importantly, the strongly alkaline environment induced by NH, LSS, and CH can in-
crease the silicon and calcium contents, promote the formation of the polymerization prod-
ucts, enhance the polymerization efficiency, improve the formation of high-strength poly-
merization products, and further improve the compressive strength of the polymer samples.

3.2. X-ray Diffraction Analysis
3.2.1. X-ray Diffraction Analysis of the Raw Materials

(1) X-ray diffraction analysis of ground-granulated blast-furnace slag
Figure 2 shows the XRD patterns of the FA and GS raw materials. Alongside the

XRF results (Table 1) for GS, the XRD pattern shows that GS contains a large number of
elements, such as calcium, silicon, and aluminum; however, there is no GS characteristic
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peak in the XRD pattern, which indicates that GS is predominantly characterized by an
amorphous structure. This is attributed to the fact that GS is a glassy substance formed by
the melting of silicate and aluminosilicate as the main components when smelting pig iron
in a blast furnace, which cannot get crystallized after quenching. Therefore, GS is a raw
material with a high polymerization activity.

(2) X-ray diffraction analysis of fly ash
The results presented in Table 1 and the patterns shown in Figure 2 indicate that FA

contains a large amount of silicon, aluminum, and other elements; however, the content
of calcium is low. This leads to the appearance of quartz peaks (SiO2, PDF46-1045: 20.8◦,
26.6◦, 50.1◦, and 64.4◦) and mullite peaks (2Al2O3·SiO2, PDF15-0776: 16.4◦, 25.9◦, 30.9◦,
33.1◦, 35.2◦, 39.3◦, 40.9◦, 42.6◦, and 60.7◦) in the XRD pattern. This result is ascribed to the
formation of a high-temperature environment that is formed during the coal combustion
process (FA is formed after the complete combustion of coal), which promotes the fusion
of unburnable active silicon and active aluminum in coal and results in the formation of
mullite crystals in FA [16].

(3) X-ray diffraction analysis of sample H-1
When excited by free water, the visible XRD peaks for sample H-1, after being cured

for 28 d, are still only those for quartz and mullite. The intensity of the characteristic
peaks (quartz and mullite) did not increase, remaining almost the same as that of FA.
This shows that free water has no stimulating effect on FA, and FA does not undergo any
polymerization, rendering it impossible to form new mineral crystals. This is the main
reason why sample H-1 did not exhibit any compressive strength.
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3.2.2. X-ray Diffraction Analysis of the Single Activators

(1) X-ray diffraction analysis of sample H-4
The XRD patterns of the polymer samples after single excitation by LSS or NH are

shown in Figure 3. When excited by LSS, the characteristic peaks of the quartz and mullite
are still visible in the XRD pattern of sample H-4, albeit at a slightly lower angle (26.6◦

and 25.9◦) than those of sample H-1. This shows that a small amount of active silicon
and aluminum causes a low degree of polymerization after the addition of LSS. Moreover,
pronounced albite (Na2O·Al2O3·6SiO2, PDF19-1184) characteristic peaks at 21.9◦, 24.1◦,
and 27.6◦ appeared in the XRD pattern of sample H-4; these peaks were not present in the
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XRD pattern of sample H-1. The addition of LSS promotes the activity of active silicon and
aluminum in FA as well as the formation of albite, which is also the reason for the very
low compressive strength of sample H-4 (1.2 MPa, 28 d) [17]. LSS is mainly composed of
active sodium and silicon; therefore, it provides a large number of active substances to the
polymerization reaction environment and promotes the reaction activity of active silicon
and aluminum in FA [18]. The polymerization of active sodium with aluminum and silicon
results in the formation of albite, which is the main reason for the appearance of the albite
characteristic peak and the reduction in the intensity of the mullite characteristic peak in
the XRD pattern of sample H-4.
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(2) X-ray diffraction analysis of sample H-5
When excited by NH, the characteristic peaks of mullite at 16.5◦, 35.3◦, and 40.9◦ in

the XRD pattern of sample H-5 were further reduced compared with those of samples
H-1 and H-4. This shows that the amounts of active silicon and aluminum participating
in polymerization in sample H-5 are significantly higher than those in samples H-1 and
H-4, which indicates that NH exhibits a more pronounced excitation effect than other
single activators. Moreover, the XRD pattern of sample H-5 clearly shows the characteristic
peaks of gehlenite (PDF 35-0755, 16.5◦, 35.3◦, and 40.9◦); this peak was not visible in the
patterns of samples H-1 and H-4. The addition of NH significantly improves the pH and
creates a highly alkaline excitation environment, which promotes the gradual activation
of silicon, aluminum, and a small amount of calcium in FA [19]. Under the action of a
high concentration of OH−, active calcium polymerizes with silicon and aluminum to
form gehlenite [20], which is the main reason for the reduction in the intensity of the
characteristic peaks of mullite as well as the appearance of the gehlenite peak in the XRD
pattern of sample H-5.

Gehlenite is a hydrated calcium aluminosilicate gel (C-A-S-H) and it is a polymeriza-
tion product formed by alkali activation, which is the main reason behind the development
of the compressive strength for sample H-5 (4.8 MPa, 28 d, 300% higher than that of sample
H-4). GS and CH were added during the preparation of samples H-2 and H-3 (0 MPa,
28 d), which also provides a large quantity of active calcium and silicon for the formation
of gehlenite. However, samples H-2 and H-3 did not exhibit high compressive strength,
even after being cured for a long time. This proves that a prerequisite for polymer materials
to exhibit a high compressive strength is a strongly alkaline excitation environment [21].
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This is also the reason why samples H-1 to H-3 did not show any compressive strength.
Furthermore, the characteristic peak of albite appeared in the XRD pattern of sample H-4
but not in that of sample H-5, which also shows that the polymerization mechanism of
sample H-5 is completely different from that of sample H-4. Sample H-4 mainly relies
on the polymerization ability of LSS to form albite minerals, but it does not promote the
polymerization activity of FA. On the other hand, the strongly alkaline excitation environ-
ment of sample H-5 promotes the activity of FA, resulting in the rapid dissolution and
polymerization of active calcium, silicon, and aluminum from FA and the formation of
gehlenite [22], which induces a high compressive strength.

3.2.3. X-ray Diffraction Analysis of the Effect of Ground-Granulated Blast-Furnace Slag on
the Compressive Strength

(1) X-ray diffraction analysis of sample H-6
After having ensured that NH has established a highly alkaline excitation environment,

it was observed that the mineral crystals in sample H-6 changed noticeably with the
addition of GS. Table 1 and Figure 4 present that when the content of GS was 90 g (20%),
the intensities of the characteristic peaks of mullite (35.3◦ and 40.9◦) in the XRD pattern
of sample H-6 were significantly higher than those of sample H-5; however, there was
no significant change compared with the XRD pattern of sample H-1. This shows that
the polymerization efficiency of active silicon and aluminum in FA is reduced after GS
addition. Moreover, the intensity of the characteristic peak of gehlenite in the XRD pattern
of sample H-6 did not increase significantly compared with that of sample H-5, but anorthite
(CaO·Al2O3·2SiO2, PDF41-1486) characteristic peaks appeared at 22◦, 23.5◦, and 27.7◦.
These peaks were not visible in the XRD patterns of samples H-1 to H-5. In a highly alkaline
excitation environment, active materials (calcium, silicon, and aluminum) first dissolve
quickly from the GS particles and then polymerize to form anorthite [23,24]. Moreover,
there also exists a type of hydrated calcium aluminosilicate gel (C-A-S-H) that plays an
important role in the development of the compressive strength in FA polymer samples.
However, although a certain amount of GS was also added to sample H-2, due to the
lack of a highly alkaline excitation environment (pH > 14), GS did not exhibit an excellent
polymerization performance. As a result, sample H-2 did not possess a high compressive
strength (0 MPa, 28 d). However, in a highly alkaline environment, the polymerization of
FA easily produces gehlenite minerals, while GS can easily form anorthite minerals [25].
This is proven by the fact that the characteristic peak of anorthite appeared in the XRD
pattern after GS was added to sample H-6, while the characteristic peak of gehlenite
appeared only in the XRD pattern of sample H-5.

More importantly, the characteristic peaks of tobermorite (Ca5Si6O16(OH)2·4H2O,
PDF45-1480) and hillebrandite (Ca2(SiO3)(OH)2, PDF42-0538) can be clearly observed
in the XRD pattern of sample H-6, while these three characteristic peaks at 18.4◦, 29.4◦,
and 30.4◦ did not appear in the XRD patterns of samples H-1 to H-5. Tobermorite and
hillebrandite are generally considered as a type of hydrated calcium silicate gel (C-S-H) as
well as a major product of polymerization [26]. Owing to the poor crystallinity of hydrated
calcium silicate gel, it is generally difficult to determine its existence via XRD measurements.
Therefore, the formation of calcium silicate gel is usually inferred from the existence of
the tobermorite and hillebrandite peaks in the XRD patterns. The addition of GS provides
more active calcium and silicon for the polymerization environment. In a strongly alkaline
environment, active calcium and silicon continuously dissolve from the GS particles and
polymerize to form hydrated calcium silicate gel [27], which plays a key role for the
establishment and development of the compressive strength in sample H-6 ((12.6 MPa,
28 d, 163% higher than that of sample H-5)). Therefore, the addition of GS introduces active
calcium into the polymer material system, breaks the low-strength polymerization product
that originated from the traditional polymer material in an aluminum–silicon alloy, and
promotes the formation of high-strength hydrated calcium silicate and hydrated calcium
silicoaluminate [28], which significantly improve the compressive strength. However, the
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strengthening effect of GS must take place in a strongly alkaline excitation environment
(pH > 14).
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(2) X-ray diffraction analysis of sample H-7
With the increase in the GS content (180 g, 40%), the intensity of the characteristic peaks

of the mineral crystals in the XRD pattern of sample H-7 changed significantly compared
with those of sample H-6, as shown in Figure 3. The intensities of the characteristic peaks
of mullite (16.4◦, 31◦, 35.2◦, and 40.8◦) in the XRD pattern of sample H-7 were significantly
lower than those of sample H-6. This shows that the amount of FA participating in the
polymerization reaction in sample H-7 is significantly increased. Furthermore, it shows
that the increase in the GS content can enhance the polymerization activity of FA in a
strongly alkaline excitation environment [29]. At the same time, the intensities of the
characteristic peaks of gehlenite (16.4◦, 31◦, 35.2◦, and 40.8◦) and anorthite (22◦, 23.5◦, and
27.7◦) in the XRD pattern of sample H-7 were significantly higher than those of sample
H-6. This indicates that with the increase in the GS content, the contents of active calcium,
silicon, and aluminum in the polymerization environment are further increased, which
establishes favorable conditions for the formation of gehlenite and anorthite. The increase
in the GS content promotes the FA activity, favors the decomposition of mullite in a highly
alkaline environment, gives rise to the formation of active silicon and aluminum, and gets
polymerized with the active calcium provided by GS to form anorthite [30]. Consequently,
as the GS content increased, the intensities of the characteristic peaks of mullite in the XRD
pattern of sample H-7 decreased significantly, while the intensities of the characteristic
peaks of gehlenite and anorthite increased significantly. Furthermore, the intensities of the
characteristic peaks of tobermorite and hillebrandite (18.4◦, 29.4◦, and 30.4◦) in the XRD
pattern of sample H-7 were significantly higher than those of sample H-6. This shows that
in a highly alkaline reaction environment, as the GS content increases, the crystallinity of
the tobermorite and hillebrandite crystals is tremendously improved, which indicates the
formation of a larger amount of calcium silicate gel (C-S-H) [31]. Therefore, the increase in
the GS content promotes the formation of hydrated calcium silicate and hydrated calcium
silicoaluminate, which leads to dramatic improvement in the compressive strength of
sample H-7 (23.7 MPa, 28 d, 88.1% higher than that of sample H-6).

(3) X-ray diffraction analysis of sample H-8
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When the GS content was increased further to 270 g (60%), the mineral crystal char-
acteristics of sample H-8 changed even more considerably, as shown in Figure 3. First,
the intensity of the characteristic peak of mullite at 16.4◦ in the XRD pattern of sample
H-8 was much lower than that of sample H-7, while the intensities of the characteristic
peaks at other angles did not decrease significantly. Moreover, the intensity of the anorthite
characteristic peak in the XRD pattern of sample H-8 was not significantly higher than
that of sample H-7, while the intensities of the gehlenite characteristic peaks (37.4◦, 44.3◦,
and 52.1◦) increased to a certain extent. When the GS content was increased from 40 to
60%, the formation of anorthite did not increase further, while that of gehlenite increased
slightly. The increase in the GS content inevitably leads to a decrease in the FA content.
However, the content of active calcium in GS was significantly higher than that in FA, but
the content of active silicon in GS was lower than that in FA (Table 1). This resulted in the
significant increase in the content of active calcium in sample H-8, while the content of
active silicon continued to decrease [32]. This led to a large amount of active calcium in the
polymerization environment without active silicon, which affected the formation of the
polymerization products and finally prevented the increase in the formation of anorthite.

However, gehlenite was formed through the combination of active calcium in GS and
active silicon along with aluminum in FA. The increase in the GS content could still continue
to enhance the reaction activity of FA. However, due to the decrease in the active silicon
content in the polymerization environment, the formation of gehlenite only showed a slight
increase. As a result, the intensity of the characteristic peak of gehlenite increased slightly,
while that of anorthite did not increase. Moreover, the intensities of the characteristic peaks
of tobermorite and hillebrandite at 30.4◦ in sample H-8 were only slightly higher than those
in sample H-7. This indicates that the formation of tobermorite and hillebrandite was also
seriously affected by the lack of active silicon in the polymerization reaction, resulting in a
significant increase in the amount of active calcium, while the amount of calcium silicate gel
did not increase significantly. As a result, the intensities of the tobermorite and hillebrandite
peaks did not increase significantly. Therefore, the formation of calcium silicate hydrate and
hydrated calcium aluminosilicate gel in sample H-8 could not be continuously increased by
increasing the GS content (26.4 MPa, 28 d, only 11.4% higher than that of sample H-7) [33].
Thus, the rate at which the compressive strength increased was significantly reduced upon
continuously increasing the GS content in the same proportion.

3.2.4. X-ray Diffraction Analysis of the Compound Activators

(1) X-ray diffraction analysis of sample H-9
With the addition of LSS or CH, the mineral crystal composition in polymer sam-

ples develops in a more powerful direction, as shown in Figure 5. With the addition of
LSS (120 g), the intensities of the characteristic peaks of the quartz (26.6◦) and mullite
(16.4◦, 25.9◦, 33.1◦, 35.2◦, and 40.9◦) crystals in the XRD pattern of sample H-9 decreased
significantly compared with those of sample H-8. This shows that the polymerization
activity of quartz and mullite in FA was further improved after the addition of LSS. Fur-
thermore, the intensities of the characteristic peaks of gehlenite (36.9◦, 44.3◦, and 52.1◦) in
the XRD pattern of sample H-9 were significantly higher than those of sample H-8, and
a new characteristic peak of gehlenite appeared at 47.2◦ in the XRD pattern of sample
H-9. This indicates that with the incorporation of LSS, the amount of calcium silicate
gel formed in H-9 increased significantly, and this conclusion is further confirmed by the
fact that the characteristic peaks of anorthite (22◦, 23.5◦, and 27.7◦) in the XRD pattern of
sample H-9 were significantly more intense than those of sample H-8. More importantly,
the characteristic peaks of tobermorite and hillebrandite (18.4◦, 29.4◦, and 30.4◦) in the
XRD pattern of sample H-9 were significantly more intense than those of sample H-8.
Moreover, for sample H-9, new tobermorite characteristic peaks appeared at 45.1◦, 49.4◦,
and 54.9◦, and a new hillebrandite characteristic peak appeared at 49.4◦. This shows that
with the addition of LSS, the formation of hydrated calcium silicate and hydrated calcium
silicoaluminate in sample H-9 increased significantly, which is also the main reason for
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the considerable improvement in the compressive strength (40.2 MPa, 28 d, 52.3% higher
than that of sample H-8). The addition of LSS introduces a large amount of active silicon
into the polymerization reaction environment and alleviates the issues associated with the
excessive active calcium content and the insufficient active silicon content caused by the
continuous increase in the GS content [34]. However, the reinforcing effect of LSS could
only occur in a strongly alkaline polymerization environment. This is confirmed by the fact
that sample H-4 did not exhibit a good compressive strength when only LSS was added.
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(2) X-ray diffraction analysis of sample H-10
With the addition of CH (45 g), the intensities of the characteristic peaks of quartz

and mullite crystals in the XRD pattern of sample H-10 did not reduce further compared
with those of sample H-9. This shows that the addition of CH did not further improve the
polymerization activity of FA. However, the intensity of the characteristic peak of gehlenite
in the XRD pattern of sample H-10 was higher than that of sample H-9, but the growth
range was not clear. Moreover, the intensities of the characteristic peaks of anorthite (22◦,
23.5◦, and 27.7◦) in the XRD pattern of sample H-10 were significantly higher than those
of sample H-9, which shows that the addition of CH remarkably promotes the formation
of hydrated calcium silicoaluminate. Furthermore, the intensities of the tobermorite and
hillebrandite characteristic peaks in the XRD pattern of sample H-10 were significantly
higher than those in sample H-9, and a new tobermorite characteristic peak appeared
at 54.9◦, which indicates that the formation of calcium silicate gel was also significantly
improved. The addition of CH can further promote the formation of calcium silicate hydrate
and hydrated calcium aluminosilicate gel [35], which favors the significant improvement
in the compressive strength of sample H-10 (52.3 MPa, 28 d, 30.1% higher than that of
sample H-9). The addition of LSS leads to a significant increase in the content of active
silicon in the polymerization environment. LSS exists in a liquid form; the active silicon
contained can directly participate in the polymerization reaction [36]. However, the active
calcium obtained in GS and FA can be continuously dissolved from the inside of the GS and
FA particles only under strongly alkaline excitation conditions. This leads to a situation
in which the active silicon content is too high, and the active calcium content is clearly
insufficient in the initial stages of polymerization [37]. The addition of CH compensates for
this deficiency because the active calcium contained in CH can be directly released into the
polymerization environment through dissolution, which alleviates the issue of the slow
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dissolution process of active calcium in GS and FA [38–40]. Therefore, the addition of CH
provides active calcium for the polymerization environment and significantly increases the
formation volume of calcium silicate hydrate and hydrated calcium aluminosilicate gels.
As a result, the characteristic peaks of gehlenite, anorthite, tobermorite, and hillebrandite
in the XRD pattern of sample H-10 were considerably more intense.

4. Conclusions

In this study, fly ash polymer samples were prepared using sodium hydroxide (NH),
slag (GS), liquid sodium silicate (LSS), and hydrated lime (CH) as activators. X-ray diffrac-
tion measurements were conducted to analyze the relationship between the formation and
transformation of mineral crystals and the mechanical properties of the polymer materials.
Based on the results, following conclusions can be drawn:

(1) The strongly alkaline excitation environment established by the addition of NH is a
sufficient condition for the polymerization of polymer materials and the formation
of new mineral crystals. It is also a prerequisite to ensure that the addition of GS,
LSS, and CH can continue to enhance the formation of mineral crystals in polymer
materials.

(2) The addition of GS and the increase in its content can not only promote the poly-
merization activity of FA but also provide large amounts of active calcium, silicon,
and aluminum for the polymerization environment, which promotes the formation
of hydrated calcium silicate (tobermorite and hillebrandite) and hydrated calcium
silicoaluminate (gehlenite and anorthite) and significantly improves the compressive
strength. However, an increase in the GS content above 40% leads to the lack of
active silicon in the polymerization environment, which hinders the formation of the
polymerization products as well as the enhancement in the compressive strength.

(3) The addition of LSS can alleviate the issues associated with the insufficient active
silicon content caused by the increase in GS content; it can thus further promote
the formation of the polymerization products, thereby improving the compressive
strength of polymer samples.

(4) The addition of CH can limit the slow dissolution of active calcium in GS and FA,
provide active calcium for the polymerization reaction environment more efficiently,
promote the formation of the polymerization products, and significantly improve the
compressive strength.
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