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Preface

Carbon neutrality and peak carbon dioxide emissions are hot topics to ensure the Earth’s

sustainable development. Cementitious materials are the most commonly used artificial engineering

materials worldwide. The production of Portland cement contributes a considerable portion of carbon

dioxide emissions. Some novel composite cementitious materials containing various kinds of solid

waste were developed to reduce the carbon footprint of concrete. For instance, novel cements with low

carbon dioxide emissions were studied and began to be used in different industries, such as UHPC,

ECC, geopolymers, some non-Portland cements, etc. They displayed many interesting performances

that satisfied the increasing requirement for infrastructure with mechanical and durable properties,

with a heavy load in severe built environments. Their hydration mechanism and properties are not the

same as those of typical Portland cement. The relationship of their composition, microstructure, and

properties has been comprehensively investigated in recent decades. This Reprint includes articles

focused on recent developments related to the preparation and microstructural characteristics of novel

cementitious materials, as well as their properties and applications in different fields. We hope that

this Reprint will be very useful for readers to more deeply understand novel cementitious materials.

Peiyu Yan, Yao Luan, and Chunsheng Zhou

Topic Editors
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ravaszova.s@fce.vutbr.cz (S.R.); janciku.a@fce.vutbr.cz (A.J.)
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Abstract: Tricalcium aluminate is an important phase of Portland clinker. In this paper, three
polymorphs of C3A were prepared by means of the solid-state synthesis method using intensive
milling of the raw material mixture which was doped with various amounts of Na2O and sintered
at a temperature of 1300 ◦C for 2 h. The final products were evaluated through X-ray diffraction
using Rietveld analysis. The effect of the Na dopant content on the change in the crystalline structure
of tricalcium aluminate was studied. It was proven that the given preparation procedure, which
differed from other studies, was close to the real conditions of the formation of Portland clinker, and
it was possible to prepare a mixture of different polymorphs of calcium aluminate. Fundamental
changes in the crystal structure occurred in the range of 3–4% Na, when the cubic structure changes
to orthorhombic. At a dosage of Na dopant above 4%, the orthorhombic structure changes to a
monoclinic structure. There are no clearly defined boundaries for the existence of individual C3A
phases; these phases arise at the same time and overlap each other in the areas of their formation at
different Na doses.

Keywords: tricalcium aluminate; polymorphism; cubic; orthorhombic; monoclinic; crystallite size

1. Introduction

Due to economic and environmental pressures, especially regarding the production of
a lower volume of CO2, modern cement materials are increasingly complex from a chemical
and mineralogical point of view [1]. The use of alternative fuels such as waste materials,
biomass, and municipal solid waste can reduce our dependence on fossil fuels, reduce
greenhouse gas emissions, and improve energy efficiency. However, this represents not
only economic advantages but also technological challenges. This trend inevitably leads
to a change in the properties of the individual phases of Portland cement. The properties
of these components can therefore differ significantly from those expected for traditional
Portland cement in previous years. This requires extensive research and testing [2–6].

Tricalcium aluminate (C3A) is one of the most important components of Portland
cement (OPC). Tricalcium aluminate with a melting point of 1540 ◦C belongs to the group
of the most represented calcium–aluminate phases in clinker, forming approximately 7 to
15 wt.% of it [7,8]. Currently, the formation of tricalcium aluminate during sintering is often
affected by various foreign ions. These ions change the resulting structure of tricalcium
aluminate and thus also the course of hydration of the cement phase. The most common
C3A modifiers are sodium and potassium ions in the form of alkalis [9]. They tend to be
contained in larger or smaller quantities in raw materials to produce clinker. Their content
is measured and controlled, which enables additional correction. In contrast, monitoring
the quantitative representation of ions introduced into the material due to the burning of
solid alternative fuels is relatively difficult to implement. Nowadays, cement plants use a

Materials 2024, 17, 735. https://doi.org/10.3390/ma17030735 https://www.mdpi.com/journal/materials1



Materials 2024, 17, 735

whole range of secondary fuels for firing clinker in the production of cement. The most
commonly used secondary raw materials in incineration are waste oil, used tires, meat, and
bone meal or sorted waste, which includes mixed plastics, textiles, textile fibers, carpets,
rubber, paper, plastic–paper composite packaging, and chipboard [7–10].

The most important property of C3A affects the processability of cement paste [11,12].
C3A occurs in clinker in three modifications depending on the content of alkalis,

especially sodium ions. Other oxides that cause C3A modification are K2O, SiO2, MgO, and
Fe2O3 [7,8,13,14]. Pure tricalcium aluminate occurs in a cubic structure. Modification with
Na2O in particular changes the cubic structure to an orthorhombic structure, monoclinic
structure, and two metastable structures, i.e., tetragonal (high-temperature polymorph) and
a weakly crystalline form, the so-called “proto-C3A”. The reactivity of the given structures
is different and so is their course of hydration [15–17].

One calcium ion is replaced by two sodium ions. One sodium ion takes the place
of the original Ca2+ and the other is in the center of the (Al6O18)18− ring. The general
formula of C3A modified by sodium ions can be written as Na2xCa3−xAl2O6 where x
denotes the amount of calcium ions substituted by sodium ions. As x increases from 0 to
0.25, the crystal system changes from cubic to orthorhombic and then to monoclinic at room
temperature. In the C3A crystal structure, there are eight sites on the triaxial axes where
additional atoms can be inserted. The size of Ca2+ and Na+ ions is similar, and it is therefore
possible to state that Na+ ions replace Ca2+ atoms in their places in the structure [18,19].
Sodium (Na), which replaces calcium (Ca) in the crystal lattice, occupies a space that is
about the same size but slightly larger. When calcium is substituted for sodium, the gaps
between the atoms are not filled, leading to a gradual change in the crystal structure. As
a result, the initially symmetric cubic lattice becomes a less symmetric orthorhombic or
monoclinic [20,21].

Tricalcium aluminate is formed by a solid–solid reaction between CaO and Al2O3
indirectly through the phases, with various ratios between CaO and Al2O3. Despite long-
term application, there is still no consensus regarding the kinetic and mechanistic aspects
of its formation [22–24].

The preparation of high-purity C3A single phases differs considerably from industrial
production. In addition to the classic method based on a high-temperature reaction in the
solid phase, there are also alternative methods such as the sol–gel method, combustion
syntheses, or synthesis using mechanochemical activation.

The literature [25] states that mechanochemical activation can significantly affect the
rate of reactions, whereby the most reproducible and consistent results were obtained under
conditions of good interparticle contact with controlled pretreatment to define the physical
structure. Mechanochemical activation supports the course of reactions in the solid phase,
as it increases the specific surface area and local thermal effects. This is a very energy-
intensive preparation, in which the individual processes occur at lower temperatures,
however, which, on the other hand, makes it possible to reduce the overall temperature and
firing time. The course of the reaction is similar to the high-temperature method [26,27].

Finding a suitable procedure for the sol–gel synthesis of calcium–aluminate phases
turned out to be somewhat problematic. For the preparation of calcium–aluminate phases,
the Pechini method and its modified versions, which also belong to the group of sol–gel
methods, have proven themselves. However, these methods are very far from the real
conditions for the formation of calcium aluminate phases in Portland clinker [28].

Therefore, this article is devoted to the traditional method of reaction in the solid phase,
which represents the oldest method used for the preparation of the calcium–aluminate
phase, but it is still the most frequently used nowadays. In this method, thorough homoge-
nization of the raw materials is very important. If the starting mixture is not homogeneous,
the product tends to be contaminated with unreacted starting substances. Preparing a pure
phase of the desired composition is often problematic with this method. Unwanted phases
are often present in the product. They are present in the product if the reaction does not
take place completely or if there are inhomogeneities in the reaction mixture. In the area
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of inhomogeneities, local phase equilibrium is established, and the corresponding phase
is formed.

Previous studies [9,15,16,19–21,29–31] on calcium–aluminate phases often use a differ-
ent methodology than the one used in this study. This article is devoted to the preparation
of various C3A polymorphs when the raw material mixture is doped with sodium, which
is added to the raw material mixture before sintering. The aim is to study the formation of
individual polymorphs that are formed in parallel. In this way, the preparation procedure
presented in this study is close to the real conditions of Portland clinker production. The
goal is to prepare pure phases through solid-state synthesis in the highest possible purity.

This article deals with the preparation of various polymorphs of tricalcium aluminate
by means of the solid-state method. The aim is to use a simple preparation method that
includes mechanical activation of the raw material mixture doped with different Na content
and one-step firing to prepare tricalcium aluminate at the highest possible purity.

To evaluate the purity of the prepared C3A samples, the Rietveld method was cho-
sen, which involved the Sherrer equation to monitor the crystallinity of the prepared
tricalcium aluminates.

2. Materials and Methods

2.1. Raw Material Mixture Composition

Calcium carbonate (CaCO3, p.a. purity, Penta, Praha, Czech Republic), aluminum
oxide (Al2O3, p.a. purity, Penta, Praha, Czech Republic), and sodium carbonate (Na2CO3,
p.a. purity, Penta, Praha, Czech Republic) were used as precursors for the synthesis of
tricalcium aluminate. The composition of the raw material mixture for the preparation of
tricalcium aluminate was based on already published data [9,30]. The CaCO3 and Al2O3
were mixed in a stoichiometric ratio of 3 mol CaO and 1 mol Al2O3, which corresponds
to the cubic C3A modification. Stabilization with sodium (added in the form of sodium
carbonate) is necessary to obtain the orthorhombic and monoclinic forms. The content of
Na2O added to the raw material mixture for the formation of orthorhombic and monoclinic
C3A is shown in Table 1.

Table 1. Composition of Na-substituted C3A raw material mixture.

Label CaCO3 [g] Al2O3 [g] Na2CO3 [g] Total

0.0% Na2O 22.40 7.60 0.00 30.000
0.5% Na2O 22.40 7.60 0.26 30.260
1.0% Na2O 22.40 7.60 0.51 30.510
1.5% Na2O 22.40 7.60 0.77 30.770
2.0% Na2O 22.40 7.60 1.03 31.030
2.5% Na2O 22.40 7.60 1.28 31.280
3.0% Na2O 22.40 7.60 1.54 31.540
3.5% Na2O 22.40 7.60 1.8 31.800
4.0% Na2O 22.40 7.60 2.05 32.050
4.5% Na2O 22.40 7.60 2.31 32.310
5.0% Na2O 22.40 7.60 2.57 32.570
5.5% Na2O 22.40 7.60 2.82 32.820
6.0% Na2O 22.395 7.605 3.08 33.080

In order to ensure a sufficient amount of Na, which suffers from the relatively high
volatility of sodium at high temperatures and resulting losses during sintering, Na2CO3
was added to the calculated stoichiometric ratio of CaO and Al2O3.

2.2. Tricalcium Aluminate Preparation

Milling and homogenization of the raw material mixture were carried out through
high-energy wet milling in a planetary mono mill (Pulverisette 6, Fritsch, Idar-Oberstein,
Germany). A 40 mL steel capsule and 25 steel balls with a diameter of 20 mm were used.
The basic ratio of dry ingredients and water was 30 g of the raw material mixture and 30 g
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of water. The water/powder ratio of 1.0 was used. The milling mode of 350 rpm for 15 min
was selected. A Malvern Mastersizer 2000 laser granulometer (Malvern Panalytical Ltd.,
Malvern, UK) with a hydro 2000 G fluid dispersion unit, using 2- 2-isopropanol as the
dispersing agent was used for determining the granulometry. After wet milling, all samples
were dried in a laboratory oven (Binder C170, Binder GmbH., Tuttlingen, Germany) at a
temperature of 105 ◦C for 24 h. The slurry spontaneously formed solid nodules during the
drying process, which were subsequently placed in 30 mL platinum crucibles. The sintering
process was carried out in a high-temperature furnace (2017 S, Clasic CZ s.r.o., Řevnice,
Czech Republic). The firing mode was designed so that the carbonates first decompose
at a temperature of 1000 ◦C for 1 h and then, the synthesis itself takes place in the solid
phase at a temperature of 1300 ◦C for 2 h. The heating rate was 8 ◦C/min. At the end of the
firing mode, the crucibles were removed from the furnace and immediately cooled by a
stream of cold air to room temperature. The sintered products were subjected to milling in
a vibratory disc mill (RS 200, Retsch, Haan, Germany) at 1000 rpm for 20 s. After that, 5 g
of sintered products in the form of powder was milled to the required fineness for X-ray
analysis in a mill (McCrone Micronising Mill, Glen Creston, London, UK) for 150 s in 15 mL
of isopropanol.

2.3. X-ray Diffraction Analysis

The XRD analysis was performed using a multifunctional diffractometer (XRD, Empyrean,
PANalytical B.V., Almelo, The Netherlands). The Θ-Θ reflection Bragg–Brentano para
focusing geometry device is equipped with a Cu anode (λ = 1.54184 Å), programmable
divergence slits, and a PIXcel3D detector(Empyrean, PANalytical B.V., Almelo, The Nether-
lands) with 255 active channels, with an accelerating voltage of 45 kV, a beam current of
40 mA, and a diffraction angle of 2 Θ in the range from 5 to 60◦ with a step size of 0.013◦
and 38 s per step. The total time per scan was 12 min. Each sample was measured four
times, and the scans were next simply summed. The polymorphic purity of the samples
was verified via XRD using the Rietveld method. The ICSD database (released in 2012)
was used to qualitatively analyze the diffraction patterns. HighScore plus software (3.0e,
PANalytical B.V., Almelo, The Netherlands) was used to identify the individual phases,
perform their quantification, and determine the amount of the amorphous phase.

2.4. Tricalcium Aluminate Crystallinity

The size of the crystallites was evaluated on a selected diffraction line with the major
crystallographic direction. Calculation of the crystallite size is based on the measure-
ment of full width at half maximum (FWHM) via the Scherrer equation [32] with Warren
correction [33]; see Equation (1):

L =
K·λ
cos θ

· 1
β
=

K·λ
cos β

· 1√
B2 − b2

(1)

L is the crystallite size, K is the Scherrer constant (the value of 0.89 was used), λ = Kα1 is
the wavelength of X-ray radiation, θ is the diffraction angle, B is the FWHM, and b is the
FWHM of the size/strain standard used (lanthanum hexaboride).

The instrument broadening was defined using the LaB6 standard. LaB6 peaks were
determined in the positions identical to the selected diffraction lines using HighScore plus
software, see Figure 1. The FWHM values of LaB6 were calculated from Equation (1) [34].
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Figure 1. Instrumental broadening measured using LaB6.

3. Results and Discussion

3.1. Tricalcium Aluminate Preparation

The distribution of particles after the homogenization of raw materials through high-
energy milling was determined using laser granulometry; see Figure 2.

Figure 2. Particle distribution (PSD) of the raw material mixture.

The median particle size of the raw material mixture before homogenization in the Pul-
verisette 6 laboratory mill (Pulverisette 6, Fritsch, Idar-Oberstein, Germany) was 12.3 μm.
After 15 min of milling at 350 rpm, the raw material mixture was refined with a median
particle size of 6.8 μm.

3.2. X-ray Diffraction Analysis

Table 2 shows the quantitative mineral composition of each sample. The results of the
Rietveld analysis are presented in Appendix A.
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Table 2. Rietveld refinement quantified phase composition of the samples.

Na2O [%] C3A-c C3A-o C3A-m Mayenite f-CaO Portlandite Total GOF

0.0 89.7 0.0 0.0 0.0 8.0 2.3 100.0 2.55
0.5 94.4 0.0 0.0 0.0 4.5 1.2 100.1 2.48
1.0 92.1 0.0 0.0 2.7 3.2 2.0 100.0 2.54
1.5 90.5 0.0 0.0 3.1 4.7 1.6 99.9 2.49
2.0 88.8 0.0 0.0 4.4 4.6 2.2 100.0 2.59
2.5 89.9 0.0 0.0 4.0 4.0 2.2 100.1 2.60
3.0 66.9 24.3 0.0 4.0 0.8 4.0 100.0 2.30
3.5 52.9 36.8 0.0 5.0 0.6 4.6 99.9 2.48
4.0 22.2 12.2 48.9 4.8 0.6 11.3 100.0 1.69
4.5 14.3 12.0 58.3 3.8 0.7 10.9 100.0 1.68
5.0 11.0 5.6 69.5 4.0 0.4 9.5 100.0 2.27
5.5 15.7 9.2 61.3 3.0 0.5 10.2 99.9 2.19
6.0 9.5 8.4 67.0 4.7 0.7 9.6 99.9 2.47

The majority of C3A phases were identified on the diffraction patterns: C3A cubic
(ICSD 00-038-1429), C3A orthorhombic (ICSD 1880), and C3A monoclinic (ICSD 100221).
The mineral mayenite (ICSD 00-009-0413), lime (ICSD 00-043-1001), and portlandite (ICSD
00-004-0733) as minor phases were also identified.

Figure 3 graphically shows the effect of Na doses on the change in the C3A poly-
morphism. The presence of higher Na content is a basic prerequisite for the formation of
non-cubic C3A phases. It can be seen in Table 2 and Figure 3 that at least 2.5–3% Na is
needed for the formation of non-cubic phases of tricalcium aluminate. At Na content of 3
to 4%, the formation of the orthorhombic C3A is supported. At higher doses of Na above
3.5–4%, the monoclinic phase C3A is formed.

Figure 3. Graphical representation of individual mineral contents at different Na contents.

The presence of portlandite is caused by the very rapid hydration of lime due to air
moisture. The reason for the higher content of lime, i.e., portlandite, can be determined
according to another study [31], with the release of free lime during the formation of a solid
solution of C3A with sodium ions calculated according to the following equation:

3Ca3Al2O6 + Na2O ↔ Na2Ca8Al6O18 + CaO (2)

6
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The synthesized cubic, Na-substituted orthorhombic, and monoclinic C3As were
evaluated as mixtures, indicating that accurate quantification is very difficult to perform.

Identification and quantification of cubic C3A is generally easy because the diffraction
lines are well defined and clearly match the reference pattern. Substitution of Na, however,
causes significant difficulties because the pattern of cubic and orthorhombic or monoclinic
forms significantly overlaps, see Figure 4. Therefore, it is quite difficult to clearly and
accurately fit the individual diffraction lines of cubic, orthorhombic, and monoclinic C3A
using the XRD technique.

 
Figure 4. Portion of XRD powder patterns: 1.0% Na2O (cubic C3A), 3.0% Na2O (cubic + orthorhombic
C3A), 4% Na2O (cubic + orthorhombic + monoclinic C3A), and 4% Na2O (mainly monoclinic C3A).

Unit Cell Volume

The Rietveld method was also used in studying the crystal structure to provide
more detailed information about the crystal lattice of the individual polymorph phases of
tricalcium aluminate. Table 3 shows the unit cell volumes determined using the Rietveld
method, graphically in Figure 5.

Table 3. Unit cell volume of cubic, orthorhombic, and monoclinic C3A.

Na2O [%]
Volume

[Å3]
Volume

[Å3]
Volume

[Å3]

0.0

C3A-cub

3551.29

C3A-ort

0.00

C3A-m

0.00
0.5 3549.51 0.00 0.00
1.0 3546.20 0.00 0.00
1.5 3542.38 0.00 0.00
2.0 3541.13 0.00 0.00
2.5 3540.49 0.00 0.00
3.0 3539.06 1778.56 0.00
3.5 3539.69 1779.86 0.00
4.0 3539.58 1786.13 1780.42
4.5 3541.50 1785.70 1779.76
5.0 3540.52 1787.93 1779.63
5.5 3537.95 1786.49 1782.00
6.0 3537.86 1786.68 1788.58
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Figure 5. Graphical representation of changes in the unit cell volume at different Na contents.

Sodium (Na), which replaces calcium (Ca) in the crystal lattice, occupies a space
that is slightly larger. When sodium is replaced by calcium, the spaces between the
atoms are not filled, leading to a gradual change in the crystal structure. As a result, the
initially symmetric cubic lattice becomes a less symmetric orthorhombic and subsequently
monoclinic structure. At Na content of 3%, the mixture contains cubic C3A with a unit cell
volume of around 3545 Å3 and orthorhombic C3A with almost half the volume of the unit
cell.

3.3. Tricalcium Aluminate Crystallinity

To supplement more detailed information and connections with the origin and devel-
opment of the C3A polymorphism, the development of crystallinity was monitored.

The size of the crystallites was evaluated in the normal to appropriate crystallographic
plane that had the main crystallographic direction and was sufficiently intense. A distinct
crystallographic plane determined by the Miller indices “hkl”: 004 was chosen, which
appears on the diffraction pattern at the position 2θ: 33.177◦; see Figure 6.
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Figure 6. Details of the reflection of the selected crystallographic plane (0 0 4) on the XRD pattern.

The Sherrer method was used to calculate the crystallite size. Table 4 and Figure 7
graphically show the crystallite sizes for individual samples.

Table 4. Crystallite size of cubic, orthorhombic, and monoclinic C3A (L Vol-FWHM).

Na2O [%] L [Å] L [Å] L [Å]

0.0

C3A-cub

1233.6

C3A-ort

0.0

C3A-m

0.0
0.5 1184.3 0.0 0.0
1.0 1264.8 0.0 0.0
1.5 1233.6 0.0 0.0
2.0 1249.0 0.0 0.0
2.5 1208.4 0.0 0.0
3.0 1320.5 332.7 0.0
3.5 1320.5 466.2 0.0
4.0 1320.5 602.2 680.0
4.5 659.3 467.9 1320.5
5.0 457.2 580.5 1047.8
5.5 455.6 711.2 1262.5
6.0 467.4 467.4 1212.5

Figure 7. Dependence of crystallite size on Na content.
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The course of the crystallite size corresponds to the changes in the unit cell during the
transformations of the individual crystal structures. Based on the calculation of the size
of the crystallites, it can be stated that the most significant changes in crystallinity occur
at Na2O content of between 3 and 4 percent when there is a fundamental polymorphic
change from cubic to orthorhombic. The average crystallite size of cubic C3A is around
1200 Å. When the sodium ions are incorporated into the C3A cubic structure, the size of
its crystallites rapidly decreases to an average value of 466 Å. At 4% sodium content, the
orthorhombic structure changes to a monoclinic structure. The average crystallite size of
the monoclinic structure is around 1104 Å and approaches the crystallite size of the original
cubic C3A.

4. Conclusions

The results obtained in this study allow the following conclusions to be reached:

• The various polymorphs of C3A were prepared through the method of solid-state syn-
thesis and a procedure close to the real conditions of the formation of Portland clinker.

• The presence of multiple polymorphs might be due to the particle size of the raw meal.
• Although powder diffraction has a fundamental limitation in the reliable identification

and quantification of C3A polymorphs, it is the only accessible approach.
• The stability of cubic tricalcium aluminate is up to 2.5% Na content.
• The formation of orthorhombic tricalcium aluminate using solid-state synthesis, as

described, requires Na content of at least 3–3.5% Na.
• The transition from an orthorhombic structure to a monoclinic structure takes place at

4–4.5% Na content.
• The most significant changes in crystallinity occur at 3–4% Na content.
• There are no clearly defined boundaries for the existence of individual C3A phases,

these phases arise at the same time and overlap each other in the areas of their
formation at different Na doses.
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Figure A1. Rietveld analysis results.
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Abstract: Cement-free concrete has a superior physical performance, such as in its strength and
durability, compared to OPC concrete; however, it has the disadvantage of large shrinkage. Large
shrinkage can cause cracks due to shrinkage stress in the long term. In this study, a shrinkage reducing
agent (SRA) was used to reduce the shrinkage of cement-free mortar; its content was increased from
0.0 to 1.5%. For an SRA content of 1.0%, a calcium sulfoaluminate (CSA) expansive additive (EA) (2.5,
5.0, and 7.5%) was added. To calculate the shrinkage stress of cement-free mortar using the SRA and
EA, the compressive strength, elastic modulus, and total and autogenous shrinkage were measured.
The unit shrinkage stress of cement-free mortar was obtained by multiplying the elastic modulus by
the length change and accumulated to obtain the shrinkage stress acting on the mortar according to
the age. The shrinkage stress of cement-free mortar showed different tendencies as the age increased.
At early ages, the shrinkage rate of the mortar occupied a large proportion of the shrinkage stress. In
the long term, the shrinkage stress was significantly affected by the elastic modulus. As a result, SRA
was found to be effective in reducing the shrinkage stress by decreasing both the elastic modulus and
shrinkage. However, EA increased the shrinkage stress over the long term due to an increase in the
elastic modulus even though it compensated for early-ages shrinkage.

Keywords: cement-free mortar; CSA expansive additive; elastic modulus; shrinkage reducing agent;
shrinkage stress

1. Introduction

Cement, the main material for developing concrete performance, emits a large amount
of carbon dioxide (CO2) during its production process. Thus, as part of efforts to realize
carbon neutrality, various studies have been conducted to reduce CO2 emissions in the
cement industry [1–7]. Among them, the most actively researched topic is cement-free
binder, which does not use cement at all. The materials typically used in the research
on cement-free binder are blast-furnace slag (BFS) and fly ash (FA), which are industrial
by-products. By simultaneously using these materials and an appropriate amount of
alkali activator to induce the reaction, a similar performance to ordinary Portland cement
(OPC)-based mortar and concrete can be achieved. In this way, cement-free binder using
industrial by-products is an eco-friendly material that can replace existing cement, and its
applicability has been verified through many studies [8–11].

Cement-free mortar has the advantages of high strength at early ages, excellent chlo-
ride resistance, chemical resistance, and durability [12]. However, cement-free mortar
tends to undergo a large shrinkage process, which also has a problem of increasing the risk
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of cracking [13]. The shrinkage of cement-free mortar mostly occurs at early ages. Over
the long term, the shrinkage increment decreases; however, it continuously occurs and
increases the risk of cracking. To address these problems, studies have been conducted
on the shrinkage characteristics of cement-free mortar. Cartwright et al. [14] prepared
alkali-activated slag (AAS) mortar using various activators and measured autogenous and
drying shrinkage. They found that AAS causes up to six times higher shrinkage than OPC.
Collins et al. [15] reported that higher shrinkage occurs to cement-free mortar because
it is subjected to higher capillary stress as its pore size is smaller than that of OPC. The
cracks caused by the shrinkage of cement-free mortar are considered to be the most serious
problem in applying the mortar to structures [13,16]. Cement-free binders have excellent
physical properties and high durability; however, this applies when there is no crack in
the matrix of the cement-free mortar and concrete. The application of cement-free binders
to structures can result in shrinkage leading to cracks depending on the constraints and
curing conditions. The generated shrinkage cracking may lead to uncertainty about the
durability of cement-free mortar over the long term [17,18].

Various methods can be applied to control shrinkage cracking. Among these, shrink-
age reducing agents (SRAs) and expansive additives (EAs) are commonly used as a material
approach. In the study of Abolfathi et al. [19], the polypropylene (PP), steel fiber (SF), and
hexylene glycol-based SRA were used for mitigating the shrinkage of alkali-activated slag
and fly ash (AASF) mortars incorporating a recycled fine aggregate (RFA), and its char-
acteristics were analyzed. As a result, although the initial compressive strength of AASF
mortar incorporating SRA was reduced, a similar level of strength to the reference specimen
was obtained at 28 days; in addition, the free and restrained shrinkage were mitigated
compared to the specimens incorporating PP and SF. Al Makhadmeh and Soliman [20]
established the mechanisms of SRA by conducting research on the behavior of SRA and its
interaction with the pore solution and systems of AAS. The high shrinkage of AAS systems
is due to the high ratio of mesopores and the formation of silica gel with a high tendency to
shrink. According to the results, SRA delayed the hydration and extended the setting time
by reducing the dissolution affinity of ions, and reduced shrinkage caused by C-A-S-H
syneresis by lowering the degree of the polymerization of C-A-S-H, the main hydrate.
Xu et al. [21] used a MgO-based expansion agent (MEA) for mitigating the shrinkage of
alkali-activated blast furnace slag–copper slag (AAS-CS). The addition of MEA exerted the
filling effect and shrinkage-compensating effect by promoting the formation of hydrotalcite
(Ht), an expansive hydrate, and the lowest shrinkage rate and highest compressive strength
appeared when 4.0 wt% of MEA was added. Choi et al. [22] used CSA EA to compensate
for the shrinkage of cement-free mortar and reported that the shrinkage stress of the mortar
was not significantly reduced because it increased the elastic modulus as it reduced the
shrinkage of the mortar.

In summarizing the existing research results, it can be seen that SRAs do not affect the
mineralogical composition of cement-free mortar and could reduce shrinkage by altering
the pore structure and surface tension depression [23]; however, they can also reduce the
compressive strength by affecting the hydration reaction. On the other hand, EAs not only
the reduce shrinkage of cement-free mortar by compensating for it with the expansion
effect of hydrates, but they also have the effect of increasing the compressive strength
or elastic modulus. When material supplementation is used to reduce the shrinkage of
cement-free mortar, the factors that affect the characteristics of cement-free mortar as well
as shrinkage must be comprehensively investigated, and technologies must be applied
that can accurately predict the stress caused by shrinkage and reduce shrinkage in a timely
manner. In this study, an SRA and EA were used to reduce the shrinkage of cement-free
mortar, and the shrinkage stress acting on the mortar was analyzed. To calculate the
shrinkage stress of cement-free mortar with an SRA and EA, the total and autogenous
shrinkages were measured for 150 days, and the elastic modulus was measured at early
ages (1 and 2 days of age) and at larger ages (28 and 91 days). In addition, a model equation
for the elastic modulus of cement-free mortar according to the SRA and EA contents was
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established by applying the experimental values of the elastic modulus by age to the ACI
209 model equation. The use of the shrinkage of cement-free mortar and the model equation
makes it possible to obtain the shrinkage stress of the mortar per unit time (unit shrinkage
stress), and the cumulative shrinkage stress acting on the mortar at any age can be obtained
by accumulating the unit shrinkage stress. The shrinkage stress of cement-free mortar
varied depending on the SRA and EA contents used for shrinkage reduction; this was
analyzed at an early age (2 days) and a later age (150 days).

2. Materials and Methods

2.1. Materials and Mixture Proportions of Cement-Free Mortar

Table 1 shows the physical properties and chemical compositions of the binders used
in cement-free mortar (ground granulated blast furnace slag (GGBFS) and FA), admixtures
used for shrinkage reduction (SRA and EA), and alkali-activator (A-Act.). GGBFS used as a
binder satisfies the type 3 criteria of KS F 2563 [24], and FA meets the type 2 criteria of KS F
5405 [25].

Table 1. Physical properties and chemical composition of materials used.

Type
Density
(kg/m3)

Blaine
(m2/kg)

CaO
(%)

SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
SO3

(%)
MgO
(%)

K2O
(%)

Na2O
(%)

L.O.I.
(%)

GGBFS 2908 468 43.4 34.6 14.3 0.6 5.0 5.1 0.5 0.2 −0.2

FA 2203 322 3.5 56.8 22.8 6.9 0.5 1.8 1.1 0.8 2.4

SRA 3160 - 1.4 29.0 0.2 0.1 - 0.1 - - 69.2

EA 2862 375 36.3 30.1 24.5 1.6 5.1 1.3 0.6 0.3 0.3

A-Act. 1026 - - 46.3 - - - - - 50.5 -

The GGBFS was produced from POSCO steelworks (Pohang, Republic of Korea) and
its major chemical components were CaO (43.4%), SiO2 (34.6%), and Al2O3 (14.3%). The
basicity coefficient (Kb = (CaO + MgO)/(SiO2 + Al2O3)) of the GGBFS was 0.99, which
was close to the neutral value for ideal alkali activation (1.0). Its hydration modulus
(HM = (CaO + MgO + Al2O3)/SiO2) was 1.82, which is higher than 1.4, the value for an
excellent hydration reaction. The FA was a product obtained by processing the industrial
by-products generated from KOREA MIDLAND POWER Co. (Boryeong, Republic of
Korea). Its main chemical components were SiO2 (56.8%), Al2O3 (22.8%), and Fe2O3 (6.9%)
with a M2O (K2O + Na2O) content of 1.9%. The EA was produced in Japan and was
based on calcium sulfoaluminate (CSA); it contained CaO (36.7%), SiO2 (30.4%), and Al2O3
(24.7%). The density and fineness of EA were 2.90 g/cm3 and 3100 cm2/g, respectively. The
SRA was a white powder and was composed of SiO2 and organic components. The SRA
used in this study was glycols-based. The density and ash content of SRA were 3.16 g/cm3

and 40%, respectively. The A-Act was a white water-soluble powder, and its main chemical
components were SiO2 and Na2O (96.8%). The alkali activator was in the form of a white
powder with a molar ratio of 0.95. In addition, alkali activators are manufactured separately
by adjusting the chemical components. The ratio between SiO2 and Na2O was 0.92. Figure 1
shows the particle size distribution curve of the fine aggregate. The fine aggregate used in
the mortar was river sand, which had a density of 2.51 g/cm3, a water absorption of 1.09%,
and a fineness modulus of 2.82.

Table 2 summarizes the mix proportions of cement-free mortar. A two-component
binder in which GGBFS and FA were mixed at a ratio of 7:3 was used, and the A-Act
content was 24% per unit of water content. Since the GGBFS:FA was fixed to 7:3 in the
previous study [22] which used EA only, for intercomparison with it, the mix ratio of binder
was determined to be the same as the previous study [22]. The water-to-binder (W/B) ratio
was 0.451 and the sand-to-binder (S/B) ratio was 1.2.
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Figure 1. Particle size distribution curve of fine aggregates.

Table 2. Mix proportions of the cement-free mortar.

Type
Water

(g)
Binder

(g)
Activator

(g)
Sand

(g)
SRA
(g)

EA
(g)

S0.0 451 1000 108 1200 0 0

S0.5 451 1000 108 1200 2.26 0

S1.0 451 1000 108 1200 4.51 0

S1.5 451 1000 108 1200 6.77 0

S1E2.5 451 1000 108 1200 4.51 25

S1E5.0 451 1000 108 1200 4.51 50

S1E7.5 451 1000 108 1200 4.51 75

The SRA contents were 0.5, 1.0, and 1.5% per unit of water content. For the cement-free
mortar that used both an SRA and EA, the SRA content was 1.0% and the EA content was
2.5, 5.0, and 7.5% compared to the unit binder content (since the dosage rate of EA had
been 0, 2.5, 5.0, and 7.5% in the previous study [22], for association with it, the dosage rate
of EA started from 2.5%). In total, seven types of cement-free mortar were prepared.

To prepare the cement-free mortar, the basic binder, A-Act, SRA, and EA were placed
in a test container and dry-mixed for 30 s. The weighed water was added to the mixture and
mixing was performed at 150 rpm for ten minutes to create a paste. Finally, the weighed
fine aggregate was added, and mixing was performed at 300 rpm for 90 s.

2.2. Test Methods
2.2.1. Compressive Strength Test

Figure 2 shows the compressive strength test. The compressive strength test was
conducted in accordance with ASTM C 39/M (2018) [26]. The specimens for this test were
prepared using a cylindrical specimen mold with a diameter of 100 mm and height of
200 mm. The test was conducted at 1, 2, 28, and 91 days of age. The specimens were cured
in a constant temperature and humidity chamber at a temperature of 23 ± 2 ◦C and a
relative humidity of 90 ± 2% for 1 day, and then water-cured at same temperature until the
ages of the compressive strength measurement. Before testing, the specimens were dried
for 2 h to avoid the influence of pore water pressure. The test results of the three specimens
were averaged and used as the compressive strength at each age.
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Figure 2. The compressive strength test.

2.2.2. Modulus of Elasticity Test

Figure 3 shows the elastic modulus test. The elastic modulus test was conducted in
accordance with ASTM C 469M-14 [27]. Specimens for this test were cylindrical with a
diameter of 100 mm and a height of 200 mm. The test was conducted at 1, 2, 28, and 91 days
of age. For the elastic modulus measurement, two strain gauges were installed on the
side of each specimen. The test was conducted after checking the normal operation of the
gauges by applying a load twice. After loading up to 40% of the ultimate load at a rate of
0.25 MPa/s, the elastic modulus was calculated through the regression of the deformation
under the load using an interpolation method. The measurements of the three specimens
were averaged and used as the elastic modulus. The specimens were cured in a constant
temperature and humidity chamber at a temperature of 23 ± 2 ◦C and a relative humidity
of 90 ± 2% for 1 day, and then water-cured at the same temperature until the ages of the
modulus of elasticity measurement.

   
(a) (b) (c) 

Figure 3. The elastic modulus test: (a) strain gauge; (b) test specimen; and (c) overall setup for
measurement.

2.2.3. Shrinkage Test

Figure 4 shows the specimen for conducting the shrinkage test. To measure the length
change rate of the mortar, 100 × 100 × 400 mm prismatic specimens were prepared. In
the center of each specimen, an embedded gauge (PMFL-50-2LT, Tokyo Sokki Kenkyujo
Co., Ltd., Tokyo, Japan) for the length change and a temperature sensor (Thermocouple t
type, Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan) were installed. Before pouring the
mortar, Teflon sheets and polystyrene boards were installed on the inner surface of the
mold to minimize the friction between the mold and the constraint in the longitudinal
direction. After pouring the mortar, polyester films were installed on the surface to prevent
the evaporation and absorption of moisture on the surface of the specimen. The cement-free
mortar specimens were demolded after one day of curing. For measuring the autogenous
shrinkage, the specimens were sealed with polyester films to control drying. For measuring
the total shrinkage, which is the sum of drying and autogenous shrinkage, the specimens
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were not sealed after demolding. The length change of the cement-free mortar was mea-
sured in a constant temperature and humidity chamber (temperature 20 ◦C and relative
humidity 60%). The length change rate data were received every 30 min and the total
measurement period was 150 days.

  
(a) (b) 

Figure 4. The specimen for conducting shrinkage test: (a) schematic and (b) photograph.

3. Results

3.1. Compressive Strength

Table 3 shows the compressive strengths of the cement-free mortars that used the SRA
and EA, which were used for shrinkage reduction. The binder of the cement-free mortar
shows a fast reaction at the beginning due to the stimulation of the A-Act, and the strength
rapidly increases at early ages [28,29].

Table 3. Compressive strength of cement-free mortar.

Age
(Day)

S0.0
(MPa)

S0.5
(MPa)

S1.0
(MPa)

S1.5
(MPa)

S1E2.5
(MPa)

S1E5.0
(MPa)

S1E7.5
(MPa)

1 2.88 2.27 2.17 2.12 3.90 4.28 4.57

2 34.45 27.74 26.02 27.85 28.95 33.28 33.45

28 45.39 38.65 37.74 37.57 40.89 46.13 48.77

91 52.35 47.26 42.10 41.65 43.58 50.03 50.90

Meanwhile, the reaction rate of this hydration mechanism varies depending on the
admixture used [30]. On day 1, the compressive strengths of the cement-free mortars that
used the SRA were lower than that of S0.0, which did not use the SRA; the compressive
strengths decreased as the content of the SRA increased. Bílek et al. [31] reported that
an increase in the content of the SRA may intensify this strength reduction phenomenon
because the SRA decreases the surface tension of mixing water to reduce the drying
shrinkage, thereby delaying the ionic reaction of the A-Act dissolved in the mixing water
and the alkali stimulation of the binder. In addition, Nguyen et al. [32] demonstrated that
the reduction in the hydration reaction caused by an SRA may last for an extended period.
In the experimental results of the present study, the cement-free mortar using the SRA
showed lower compressive strengths at 28 and 91 days of age than S0.0.

The cement-free mortar using the SRA and EA exhibited higher compressive strengths
than S0.0 on day 1, but its strengths were lower than that of S0.0 after day 2. The com-
pressive strengths of the cement-free mortars using the EA increased on day 1 due to the
expansion effect of the EA. The EA forms ettringite as a hydrate mainly at the early ages,
which increases the compressive strength and has the effect of reducing shrinkage. Since
this expansion effect of the EA was significant from days 1 to 2 and decreases afterwards,
the strength reduction phenomenon of the EA occurred over the long term [33].

3.2. Modulus of Elasticity

Figure 5 shows the experimental values of the elastic modulus of the cement-free
mortar using the SRA and EA and the prediction curve by the ACI 209 model equation [34].
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The elastic modulus of the cement-free mortar using SRA showed no significant difference
from that of S0.0 at day 1, but it was lower over the long term (after 28 days). This is
because the cement-free mortar using the SRA has many pores [35,36]. On the other hand,
the elastic modulus of the cement-free mortar using the SRA and EA was higher than that
of S0.0 because the hydrates of the EA, which are expansive substances, filled the pores of
the mortar and densified its inside, leading to the improved pore structure by the hydrates
of the EA along with the generated hydrates of the mortar [37].

  
(a) (b) 

Figure 5. Comparison of the elastic modulus from the experimental values and the ACI 209 model
equation: (a) usage of SRA and (b) usage of SRA and EA.

To analyze the change in the elastic modulus caused by the SRA and EA, a prediction
curve was derived by applying the experimental values of the elastic modulus to the ACI
209 model equation which can predict the influence of the material used on the elastic
modulus at early ages and at long ages, as follows:

Ecmt = Ecm28

√
t

a + bt
(1)

where Ecmt denotes the elastic modulus of cement-free mortar at age t, Ecm28 denotes the
elastic modulus at 28 days of age, and a and b denote the material constants.

Table 4 summarizes the material constants of the elastic modulus of the cement-free
mortar using SRA and EA. The R2 (coefficient of determination) between the experimental
values and the ACI 209 model equation ranged from 0.915 to 0.949. Based on S0.0 with no
admixture (SRA or EA), the change in the material constants of the elastic modulus caused
by the use of the admixtures was analyzed. a is the constant for the maximum value of
the elastic modulus. When the tendency of a was analyzed according to the contents of
the admixtures used (SRA and EA), a decreased as the content of the SRA increased, but
increased as the content of the EA increased when both the SRA and EA were mixed. This
is because the long-term elastic modulus was high when the EA was used. b is the rate of
change of the elastic modulus, which increases with age. b showed a tendency to increase
as the content of the SRA increased. When both the SRA and EA were mixed, b showed a
tendency to decrease as the content of the EA increased. The material constants a and b
obtained by applying the elastic modulus of the cement-free mortar using the SRA and EA
to the ACI 209 model equation can be used to predict the elastic modulus of the mortar at
any age.
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Table 4. Material constants and coefficient of determination of the elastic modulus of cement-free
mortar.

Type S0.0 S0.5 S1.0 S1.5 S1E2.5 S1E5.0 S1E7.5

a 8.496 8.122 8.020 7.831 8.456 8.735 9.016

b 0.697 0.710 0.714 0.720 0.698 0.688 0.678

R2 0.915 0.918 0.919 0.920 0.945 0.949 0.945

3.3. Shrinkage

Figure 6 shows the total shrinkage (εtsh) and autogenous shrinkage (εash) of cement-free
mortar depending on the contents of the SRA and EA. Table 5 summarizes the shrinkage
test results of the cement-free mortar using the SRA and EA at day 1, 2, and 150.

  
(a) (b) 

  
(c) (d) 

με

με

με

με

Figure 6. Shrinkage curves of cement-free mortar: (a) total shrinkage (SRA); (b) autogenous shrinkage
(SRA); (c) total shrinkage (S1.0 + EA); and (d) autogenous shrinkage (S1.0 + EA).

For S0.0 without an SRA or EA, the total shrinkage was measured to be −3932 με

on day 150. The total shrinkage was 41.6% (−1637 με) on day 1 and 47.1% (−1853 με) on
day 2, indicating that significant shrinkage occurred on these days. At early ages, when
significant shrinkage occurs, the elastic modulus increases, causing significant changes in
the early-ages shrinkage stress that acts on cement-free mortar. The total shrinkage of the
cement-free mortar using the SRA, however, was lower than that of S0.0 at early ages (0 to
2 days). The total shrinkage reduction rate increased as the content of the SRA increased.
The total shrinkage of S1.5 with the highest content of the SRA was approximately 19.9% of
that of S0.0 at day 1. The total shrinkage of S1.0 was also approximately 40.9% of that of
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S0.0 at day 1. The total shrinkage for the case of mixing the EA with S1.0 was even lower
than that of S1.0 at day 1. Particularly, S1E7.5, with the highest EA content, showed an
expansion of 7 με. As the content of the SRA and EA increased, the total shrinkage at day
150 decreased, but the total shrinkage reduction rate was lower compared to day 1.

Table 5. εash and εtsh − εash of cement-free mortar over 150 days.

Type
εtsh (με) εash (με) εtsh − εash (με)

1 d 2 d 150 d 1 d 2 d 150 d 1 d 2 d 150 d

S0.0 −1637 −1853 −3932 −1096 −1237 −2728 −541 −616 −1204
S0.5 −822 −969 −3826 −437 −626 −2518 −385 −343 −1308
S1.0 −670 −838 −3401 −424 −554 −2154 −246 −284 −1247
S1.5 −326 −621 −2887 −264 −443 −1839 −62 −178 −1048

S1E2.5 −365 −485 −2960 −184 −335 −1896 −181 −150 −1064
S1E5.0 −109 −344 −2452 +11 −119 −1594 −120 −225 −858
S1E7.5 +7 −7 −2024 +29 +24 −1523 −22 −31 −501

Cement-free mortar also exhibited significant autogenous shrinkage at early ages. The
autogenous shrinkage curve of S0.0 according to the age showed a tendency similar to that
of the total shrinkage. The autogenous shrinkage at day 150 was 40.2% on day 1 and 45.3%
on day 2. When the SRA was used, the autogenous shrinkage reduced. The autogenous
shrinkage of S1.0 was approximately 38.7% of that of S0.0 on day 1 and the reduction rate
was similar to that of the total shrinkage. When the EA was added to S1.0, the autogenous
shrinkage reduced. Depending on the content of the EA, expansion was also observed. The
cement-free mortar using the SRA and EA showed a reduction in autogenous shrinkage
even at day 150, at which its reduction rate, compared to S1.0, showed a tendency similar
to that of the total shrinkage reduction rate. In this instance, the difference between the
autogenous and total shrinkage reduction rate was found to be less than 7.5%. The total
shrinkage is the sum of the autogenous and drying shrinkage, and the SRA and EA, which
are used to reduce the shrinkage of cement-free mortar, have the effect of reducing the total
shrinkage [38–40].

To validate the shrinkage results obtained in this study, previous studies conducted
under a similar topic were investigated. The total shrinkage at 150 days in this study was
in the range of 2000–4000 με and this result was similar to [23], which had a similar range
using the SRA up to 2%. In addition, the drying shrinkage at 56 days using the SRA and
EA were approximately 1000 με and in the range of 500–1000 με, respectively, and these
results were similar to [33]. It can be confirmed that although the exact results were slightly
different due to the different types of the SRA and EA and mixture proportions, the range
of results were similar between this study and previous studies. In a previous study, AAM
mortar with the CSA EA showed shrinkage reduction at an early age due to the expansion
characteristic of the CSA EA, but there was no further reduction after 3 days [22]. In this
study, shrinkage reduction occurred for 150 days when the EA and SRA were used together,
which we believe is due to the influence of the SRA.

3.4. Stress of Shrinkage (2 Days)

For cement-free mortar, significant shrinkage occurs at early ages. Such shrinkage may
cause stress depending on the constraint conditions, and this stress may cause cracking
at early ages when the strength of cement-free mortar is low [41]. The use of admixtures,
such as the SRA and EA, can reduce the shrinkage of cement-free mortar. However,
changes in the elastic modulus over time must be considered because the shrinkage stress
is affected by both the shrinkage rate and the elastic modulus. Since both the shrinkage and
elastic modulus of cement-free mortar change over time, the shrinkage stress (f (sh,t+Δt)) is
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calculated by adding the stress caused by shrinkage per unit of time (Δfsh) to the shrinkage
stress acting on the cement-free mortar (f (sh,t)) [22,42], as follows:

f (sh,t+Δt) = f (sh,t) + Δfsh (2)

Δfsh = E × Δεsh (3)

Figure 7 shows the unit shrinkage stress and cumulative shrinkage stress of cement-
free mortar until day 2. The unit shrinkage stress (Δfsh) is the shrinkage stress calculated
per unit of time and is obtained by multiplying the shrinkage rate, which varies every
30 min, by the elastic modulus. The cumulative shrinkage stress is the shrinkage stress
acting on the cement-free mortar at time t and is obtained by adding the unit shrinkage
stress to the shrinkage stress of the cement-free mortar.

  
(a) (b) 

  
(c) (d) 

Δ
Δ

Figure 7. Shrinkage stress over 2 days caused by the shrinkage of cement-free mortar: (a) unit
shrinkage stress (Δt: 30 min) according to usage of SRA; (b) cumulative shrinkage stress according
to usage of SRA; (c) unit shrinkage stress (Δt: 30 min) according to usage of S1.0 and EA; and
(d) cumulative shrinkage stress according to usage of S1.0 and EA.

The unit shrinkage stress of S0.0 increased from 0 to 0.146 days (3.5 h). The shrinkage
stress reached a maximum of 0.028 MPa and then decreased until 0.5 days. Until 0.5 days,
the unit shrinkage stress was high because the total shrinkage rapidly increased even
though the elastic modulus was not yet large. However, after 0.5 days, the low unit
shrinkage stress was maintained. The average unit shrinkage stress during the period from
0.5 to 2 days was approximately 0.004 MPa. Thus, the cumulative shrinkage stress of S0.0
increased until 0.5 days, and its increment decreased after 0.5 days.
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The unit shrinkage stress of the cement-free mortar using the SRA was not large until
0.5 days. As the content of the SRA increased, the maximum unit shrinkage stress showed
a tendency to decrease. This is because the shrinkage of the cement-free mortar using SRA
was not high at the beginning and its elastic modulus was also low compared to that of
S0.0. The unit shrinkage stress of the cement-free mortar using the SRA reached its peak
at 0.25 to 0.31 days. The occurrence of the maximum unit shrinkage stress was delayed
compared to S0.0 because the increase in the elastic modulus was delayed even though
the cement-free mortar using the SRA also had the same tendency to exhibit significant
shrinkage at the beginning.

The shrinkage of the cement-free mortar using the SRA and EA at early ages was
further reduced and expansion occurred for a certain period. The unit shrinkage stress
indicated that the expansion stress occurred for all specimens at the beginning and then
shrinkage stress occurred. The duration of the expansion stress was shortest (11 h) for
S1E2.5, which had the lowest content of the EA, and longest (16.5 h) for S1E7.5. The
maximum value of the expansion stress was not proportional to the content of the EA
because the time point at which expansion occurred and the time point at which the elastic
modulus increased were different depending on the specimens. The cumulative shrinkage
stress of S1E2.5 and S1E5.0 on day 2 exhibited larger values than S1.0 without the EA. This
is because the elastic modulus was increased by the EA.

3.5. Stress of Shrinkage (150 Days)

The shrinkage stress of cement-free mortar is affected by the shrinkage rate and elastic
modulus. As outlined in Section 3.4, the shrinkage significantly changes and has a large
impact on shrinkage stress at early ages; however the influence of the elastic modulus
increases as the age increases because the rate of the change of shrinkage decreases and
the elastic modulus increases with time. Figure 8 shows the unit shrinkage stress and
cumulative shrinkage stress of cement-free mortar until day 150.

The unit shrinkage stress results show that the unit shrinkage stress significantly
varied until day 20. This is because the shrinkage measured by the data logger before
day 20 had deviations of the unit time. After day 20, curves with a certain tendency were
observed because the shrinkage of cement-free mortar did not significantly increase and
thus the rate of the change of shrinkage per unit of time was small. In the unit shrinkage
stress results over 150 days, S0.0 showed the highest shrinkage stress and the unit shrinkage
stress of the cement-free mortar using the SRA decreased. The unit shrinkage stress shows a
tendency to slightly increase after 20 days because the elastic modulus is large even though
the shrinkage increment is small. At day 150, S0.0 showed the highest unit shrinkage stress
(0.002397 MPa) and S1.5 showed the lowest unit shrinkage stress (0.001344 MPa).

The cumulative shrinkage stress results show that the shrinkage stress of S0.0 signifi-
cantly increased at the beginning, and the cumulative shrinkage stresses rapidly increased
until later ages. Meanwhile, the cumulative shrinkage stresses of the cement-free mortars
using the SRA increased gently compared to that of S0.0. At day 150, S0.0 showed the
highest cumulative shrinkage stress of 4.306 MPa. As the content of the SRA increased,
the cumulative shrinkage stress decreased at day 150. Compared to S0.0, the cumulative
shrinkage stress decreased by 40.7%, 42.4%, and 56.6% for S0.5, S1.0, and S1.5, respectively.

The unit shrinkage stress of the cement-free mortar made by adding the EA to S1.0 also
significantly fluctuated until day 20, and the expansion section caused by the EA occurred
at the beginning. The EA decreased the shrinkage of the cement-free mortar; however, a
high unit shrinkage stress compared to S1.0 was observed over the long term due to the
increase in the elastic modulus. When the unit shrinkage stress was compared in terms of
the content of the EA, S1E2.5 exhibited the highest unit shrinkage stress (3.824 MPa) at day
150 followed by S1E5.0 (3.323 MPa) and S1E7.5 (3.157 MPa), but there was no significant
difference in the unit shrinkage stress.

26



Buildings 2024, 14, 1852

  
(a) (b) 

Δ

  
(c) (d) 

Δ

Figure 8. Shrinkage stress over 150 days caused by the shrinkage of cement-free mortar: (a) unit
shrinkage stress (Δt: 30 min) according to usage of SRA; (b) cumulative shrinkage stress according
to usage of SRA; (c) unit shrinkage stress (Δt: 30 min) according to usage of S1.0 and EA; and
(d) cumulative shrinkage stress according to usage of S1.0 and EA.

4. Conclusions

An SRA and EA were used to reduce the shrinkage of cement-free mortar; the shrink-
age stress was calculated using the compressive strength, elastic modulus, and shrinkage
test results, and the shrinkage stress acting on the cement-free mortar at early ages and
over the long term was analyzed. We draw the following conclusions from our results.

1. Using an SRA only, the compressive strengths decreased as the content of the SRA
increased due to the low surface tension of the mixing water and a delay in the
hydration reaction. When using both an SRA and EA, the initial compressive strengths
were higher than those of S0.0 due to the expansion effect; however, this phenomenon
was not continued over the long term.

2. At early ages (2 days), the unit shrinkage stress decreased, and the occurrence of the
maximum unit shrinkage stress was delayed when using the SRA since it had the low
elastic modulus compared to the S0.0 specimens. Meanwhile, the expansion occurred
when using both the SRA and EA and the duration of the expansion increased as the
EA content increased. In addition, the cumulative shrinkage stress was larger than
S1.0 due to the increase in the elastic modulus by the EA.

3. At later ages (150 days), the influence of the elastic modulus increased the cumulative
shrinkage stress. As the SRA content increased, the cumulative shrinkage stress
decreased due to the low shrinkage rate and low elastic modulus. Meanwhile, the
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cumulative shrinkage stress of the specimens incorporating the EA increased despite
the reduced shrinkage rate due to the increase in the elastic modulus.

The use of the shrinkage stress monitoring technique based on the shrinkage and elastic
modulus of mortar makes it possible to predict the long-term shrinkage stress of cement-
free mortar and quantitatively evaluate the reduction in the shrinkage stress by expansive
materials that are used for shrinkage reduction. In addition, the influence of shrinkage
on the mechanical performance of structures can be evaluated through research on the
shrinkage stress of structures that use cement-free binders according to constraint and
curing conditions. In further research, for better understanding the microstructure change
at early ages, the correlation between the shrinkage stress and microstructure of cement-
free mortar should be investigated through X-ray diffraction (XRD), mercury intrusion
porosimetry (MIP), gas pycnometry (GP), and scanning electron microscopy (SEM).
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Abstract: Due to the molding-free property and dry shrinkage of extrusion-based three-dimensional
printable concrete (3DPC), the precision issues of 3DPC have not been solved effectively. One of the
viable solutions for 3DPC precision improvement is to print using ultra-thin filaments. The challenges
of ultra-thin-filament printing are extrudability, flowability, and fast solidification. To overcome these
challenges and enhance precision, a customized 3D concrete printer with an ultra-thin diameter
nozzle (6 mm) and fully sealed extrusion system was developed, and the mix design of ultra-thin-
filament 3DPC (UTF-3DPC) was studied, including ingredients such as fly ash (FA), silica fume (SF),
ordinary Portland cement (OPC), sodium dodecyl sulfate and cellulose (SDSC), water reducer, water,
and sand. The function of UTF-3DPCs flowability and fast solidification with the proportion of water
and SDSC was explored to obtain the optimal mix design. The standard compressive and flexural
strengths of UTF-3DPC specimens were compared with the mold-cast vibrated and the mold-cast
non-vibrated concrete. Their meso-scale and micro-scale structures were analyzed to expose the
strength mechanism, according to the scanning electron microscope (SEM) images. A suitable mix
design of UTF-3DPC was obtained and UTF-3DPC strength reached 80% of standard mold-cast
concrete. The findings reported here provide a pathway to improve the precision of 3DPC and extend
the application of 3D printing technology in engineering.

Keywords: 3D printable concrete; ultra-thin filaments; flowability; fast solidification; strength;
microstructure

1. Introduction

3D printed concrete (3DPC) has been increasingly applied in the construction of
under-5-story houses [1,2], post-tensioned segmental bridges [3,4], facilities in gardens
or parks [5,6], complex templates [7], etc. worldwide. Engineering applications of 3DPC
benefit us with intelligent fabrication [8], being molding-free, less labor and material
consumption [9], being eco-friendly [10,11], etc. However, some barriers still hinder
extensive applications in civil engineering, such as lack of reinforced concrete printing,
full-graded concrete printing, and quality standards/specifications. Especially, we lack
a series of standards or specifications to evaluate the precision, strength, durability, and
anti-crack ability of 3DPC products including indoor, on-site experimental, and real-scale
structures.

Among those issues, the precision of extrusion-based 3DPC is a non-negligible factor
for structural security and integrity, which is mainly influenced by the configuration of the
printer, such as filament, nozzle size, XYZ motion systems accuracy, and too significant
dry shrinkage. Generally, filament or nozzle size is the primary factor for precision and
surficial flatness. As shown in Figure 1, the thicker filament causes inevitable voids and
surficial unevenness. The thinner the filament or nozzle is, the higher precision is and the
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better surficial flatness. Usually, the thinner the nozzle and filament are, the worse the
extrudability of the concrete slurry has.

 

Figure 1. Void may occur during path planning (a), and void appears during actual printing (b).
A 15 mm size is used for printing; the extrusion width changes to 25 mm (c). The designed layer
height is 105 mm, and the actual layer height is 100 mm (d).

As shown in Table 1, current research based on printers with larger than 10 mm nozzles
has been mostly reported. One exceptional example is cement-based materials printing
by a printer with a 1.63 mm nozzle [12], where the aggregates are absent. There are few
reports that the concrete printer with smaller than 10 mm nozzle succeeded in the research
community, because the concrete slurry is hard to be extruded out continuously and fast
solidify in a short time by a printer with thinner than 10 mm diameter nozzle, even though
these admixtures, such as nano attapulgite clay [13], sodium carboxymethyl cellulose water-
soluble polymer powder [14], hydrous magnesium aluminosilicate nanoclay [10], kaolinite
clay [15], nano clay [16], cellulosic materials [17], polyacrylamide aqueous solution [18],
are doped in to increase viscosity and reduce the yield stress. However, too small yield
stress will reduce the buildability of 3DPC. Yield stress and viscosity are used to define
the flowability of 3DPC. Besides the flowability, the fast solidification is also important for
3DPC. After extrusion, the deposited slurry should have sufficient strength to support the
continuously constructed layer without excessive deformation or damage.

Table 1. Print nozzle diameter and research contents used by other researchers.

Author The Size of Nozzle Research Results

Bai, G., et al. [11] 30 mm Explore the feasibility of eco-friendly concrete

Li Wang, et al. [19] 38 mm Explore high belite sulfoaluminate and medium-heat
Portland cements for large-scale 3D printing

Ma, et al. [20] 10 mm Interlayer reinforcement in the process of printing.

L. Wang, et al. [21] 12 mm Realize the real-time quantification of fresh and
hardened mechanical property for 3D printing material

Jay G. Sanjayan, et al. [22] 25 × 10 mm rectangle Explore the effect of surface moisture on inter-layer
strength of 3D printed concrete

T.T. Le, et al. [23] 9 mm Research on the hardened properties of
high-performance printing concrete

A. Perrot, et al. [24] 35 mm circular nozzle and
21 × 42 mm rectangular nozzle

Assess the possibility of adapting the 3D printing
technique to earth-based material.

Suvash Chandra Paul, et al. [25] 10 × 20 mm rectangular nozzle and
8 mm diameter nozzle

Explore the fresh and hardened properties of 3D
printable cementitious materials for building

and construction

Jian Hui Lim, et al. [26] 13 × 30 mm rectangular nozzle
Research on flexural characteristics of 3D printed

geopolymer composites with in-process steel
cable reinforcement
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Table 1. Cont.

Author The Size of Nozzle Research Results

Biranchi Panda, et al. [27] 20 × 20 mm square nozzle and
15 × 30 mm rectangular nozzles.

Measurement of tensile bond strength of 3D printed
geopolymer mortar

G. Ma, et al. [28] 8–30 mm nozzle Printable properties of cementitious material containing
copper tailings

Arun R. Arunothayanet, et al.
[10] 30 mm nozzle Digital fabrication of eco-friendly ultra-high

performance fiber-reinforced concrete

Shin Hau Bong, et al. [5] 30 mm nozzle Ambient temperature cured ‘just-add-water’
geopolymer for 3D concrete printing applications

Panda, B., et al. [13] 30 × 15 mm Improving the 3D printability of high volume fly ash
mixtures via the use of nano attapulgite clay

Sadegh Ghourchian, et al. [29] 150 × 50 mm Modelling the development of capillary pressure in
freshly 3D-printed concrete elements

Chao Liu, et al. [30] 20 mm nozzle
Influence of hydroxypropyl methylcellulose and silica

fume on stability, rheological properties, and printability
of 3D printing foam concrete

Nan Zhang, et al. [31] 240 mm nozzle Short-duration near-nozzle mixing for 3D
concrete printing

Bing Lu, et al. [32] 25.4 mm nozzle Effect of printing parameters on material distribution in
spray-based 3D concrete printing

Brahim Mazhoud, et al. [33] 21 × 40 mm2 rectangular nozzle Underwater 3D printing of cement-based mortar

Lowke, D., et al. [34] 8 mm diameter nozzle Injection 3D concrete printing in a carrier liquid

To enhance the precision of 3DPC, a customized concrete 3D printer with 6 mm di-
ameter nozzle and fully sealed extrusion has been developed. To successfully fabricate
the ultra-thin filament 3DPC (UTF-3DPC), fly ash (FA), silica fume (SF), ordinary Port-
land cement (OPC), sodium dodecyl sulfate and cellulose (SDSC) at an optimal ratio are
introduced to mix fine aggregates and water. The flowability and fast solidification of
UTF-3DPC are measured to optimize the yield stress and viscosity. The standard samples
are printed by our customized printer. The compressive and flexural strengths of UTF-
3DPC have been tested and compared with ordinary standard mold-cast-vibrating and
mold-cast-non-vibrating specimens. To expose the printability and strength mechanism of
3DPC, SEM imaging has been conducted. In previous research [35], the impact of different
printing paths on the performance of 3DPC has been studied.

2. Material, Mix Design, Fabrication, and Testing Methods

2.1. Customized Concrete 3D Printer

To attain the robust fabrication of UTF-3DPC, we have developed our customized
concrete 3D printer and fabricated specimens. Our customized concrete 3D printer is
characterized by an ultra-thin nozzle with the diameter of 6 mm. Its benefits include higher
accuracy and better surface flatness. It consists of an entire framework, XYZ motion system,
extrusion system, slurry conveying system, mainboard, and embedded operating system
as shown in Figure 2a,c. The entire framework is combined by base tray and gantry crane
with the size of 500 mm long, 500 mm wide, and 700 mm high. The extruder in Figure 2b is
mounted on the beam in the gantry crane, which controls X and Z axis movement, while
the base tray moves along the Y axis. All X, Y, and Z axes movements in the XYZ motion
system are driven by stepper motors and screw rods. The extruding system is featured
by the fully sealed extrusion, including the extruder, plastic tube, and material tank. The
concrete slurry sealed in the material tank is propelled by the conveying system into plastic
tube and extruded out through the nozzle on the extruder. The slurry conveying system
includes air compressor and the piston in the material tank. The mainboard and embedded
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operating system are used to control nozzle or trays moving path as given route. The
maximum printing size of the specimens is 200 mm × 200 mm × 180 mm. The cylindrical
material tank with an inner diameter of 50 mm is placed vertically next to the printer to
ensure smooth propelling. The plastic tube with an inner diameter of 8 mm is used to
deliver slurry into the extruder. An air compressor provides the high-pressure air to propel
the piston at a stable velocity.

Figure 2. (a) The model diagram of the customized ultra-thin nozzle printer. It consists of entire
framework, XYZ motion system, extrusion system, slurry conveying system, mainboard, and embed-
ded operating system. (b) The extruder with 150 mm height and a 6 mm ultra-thin nozzle. (c) The
real image of customized ultra-thin nozzle concrete 3D printer.

2.2. Materials and Mix Proportion

The optimal admixtures and mix design have been explored to ensure extruding the
slurry out. To extrude the slurry smoothly, ingredients such as fly ash (FA), silica fume
(SF), ordinary Portland cement (OPC), sodium dodecyl sulfate, and cellulose (SDSC) at a
certain ratio are introduced to mix natural sand, water reducer, and water, and to fabricate
the concrete specimens. The SEM images of the main ingredients are shown in Figure 3.
The magnitude of 1000 times witnesses 2–10-micron spherical particles of FA in Figure 3a.
SF behaves as 200–500-nanometer spherical particles in Figure 3b, while OPC as angular
particles with the size of 1–50 micron in Figure 3c, and SDSC as angular particles with the
size of 10–50 microns as well as fiber of 30 microns long in Figure 3d. The natural sand
ranges from 0.08 mm to 2 mm.
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Figure 3. SEM images of such main ingredients as (a) FA, (b) SF, (c) OPC, and (d) SDSC.

As a supplementary material for OPC, FA hydrates together with OPC, and adheres
other ingredients and aggregates. Since the nozzle diameter of the customized concrete
3D printer is smaller than the nozzle diameters mentioned in most papers, more attention
needs to be paid to the study of the extrudability and flowability of the concrete slurry.
To be extruded smoothly, SF and SDSC are introduced to reduce the shear force between
particles and the friction of the slurry and the nozzle or pipe. Also, SDSC is employed as a
water-retaining material to lock the water inside the slurry under high pressure and avoid
bleeding water out of the slurry. SDSC carrying water also feeds cementitious material
with water to extend the hydration process. As for the admixture, polycarboxylic acid high-
performance water-reducing agent is used as water reducer to control the workability of
the slurry. After previous research [35] and experiments, the ratio of fine aggregates and ce-
mentitious materials is set to approximately 0.5. To explore optimal water or SDSC, six mix
designs include W550SDSC14, W600SDSC14, W650SDSC14, W600SDSC7, W600SDSC14,
and W600SDSC21 as shown in Table 2.

The chemical composition of the materials used is identical to that used in previous
research [35].
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Table 2. Mix ratios design of flowability test (kg/m3).

Mix Ratios
Design

Water OPC FA SF Sand
Water

Reducer
SDSC

W550SDSC14 550
800 400 50 800 0.12

14
W600SDSC14 600 14
W650SDSC14 650 14

W600SDSC7 600
800 400 50 800 0.12

7
W600SDSC14 600 14
W600SDSC21 600 21

2.3. Specimen Fabrication

According to mix designs, all ingredients are put together, stirred evenly to obtain
the slurry. Then the slurry is infused into the cylindrical tank. Before being sealed in the
tank, air in the pipe and tank should be discharged out to ensure continuous extrusion.
After 3D models of specimens are sliced into layers and filaments as shown in Figure 4a,
printing paths from bottom to top are generated, which guide the nozzle to move and
simultaneously extrude slurry out at a certain velocity under high-pressure air produced
by air compressor. As shown in Figure 4b, 6 mm-diameter filaments are stacked into a layer.
After stacking the current layer, the nozzle will move upward 5 mm to print a new layer
until the specimen in Figure 4c is printed out. To print concrete specimens smoothly, 6 mm
diameter filament or nozzle and 30 mm/s of nozzle moving velocity have been finally
adopted. Every single printing layer is 5 mm high. The infill density is set as 100%. The air
pressure of delivering the slurry is set as 0.4 MPa.

 
Figure 4. The sliced 3D model (a), filaments in a layer (b), printed specimen (c), and polished
specimen of UTF-3DPC (d).

After curing for 28 days in a standard thermal and humid environment, specimens
are polished into standard concrete specimens (40 mm × 40 mm × 160 mm), as shown in
Figure 4d.
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2.4. Flowability and Fast Solidification Testing
2.4.1. Flowability

According to multiple standards, GB/T 2419-2005 [36], several methods are introduced
to test the flowability of concrete slurry, including the consistometer [5,11] and flow table
test [11,28]. The consistometer is used here because the penetrating cone bears friction and
resistance of the concrete slurry, which is similar to 3DPC.

During the experiment, the mixed mortar was placed in the consistometer, and the
depth of the cone barrel of the consistency instrument was 150 mm. The mortar inside the
cone barrel was punctured and the depth that the cone punched can be measured in the
consistency. By this method, the performance of the mortar with different mix ratios is
tested first, and the material performance is evaluated and printed after the relevant data is
obtained.

Flowability plays a significant role in 3DPC. During the 3D printing process, concrete
requires a lower yield stress and an appropriate plastic viscosity. The yield stress is
computed from the depth of penetration h of the standardized cone used in this study (tip
angle θ = 30◦, mass of m = 300 g) as Equation (1) [33]:

τ0 =
m × g × cos2θ

πh2 × tanθ
(1)

where g is the gravity acceleration.
The dosage of water and the amount of SDSC are the main factors which affect the

flowability. Because the printer nozzle is ultra-thin (6 mm), even a small change in the
amount of water will have a great impact on the flowability of the slurry. As shown in Table 1,
5 mix designs are adopted according to the controlled variable method. To find out optimal
water or SDSC proportion, mix designs W550SDSC14, W600SDSC14, and W650SDSC14 take
water as variable floating ±50 g, and mix designs W600SDSC7, W600SDSC14, W600SDSC21
take SDSC as variable floating ±7 g. Three specimens are made in the same mix design.

2.4.2. Fast Solidification

According to ASTM GB/T 2419-2005, the velocity of solidification is depicted by the
time of initial solidification, which is tested by the penetrometer. For successful printing,
the materials used in 3DPC should be continuously extruded through the nozzle without
any blockage or segregation. After extrusion, the deposited material should have sufficient
strength to support the continuously constructed layer without excessive deformation
or damage.

2.5. Strength Testing

To investigate the hardened properties, the flexural and compressive testing have been
carried out. The distance between the two support columns in the flexural testing is taken
as 100 mm. Flexural strength is calculated according to Equation (2). After the flexural test,
two specimens are generated for compressive test with a compressive area of 40 × 40 mm.
The arithmetic mean value of the measured flexural strength of three specimens in each
group is taken.

fts =
2P
πA

= 0.637
P
A

(2)

The compressive strength is calculated as

fcc =
P
A

(3)

where fts is the splitting tensile strength (MPa), P is failure load (N), A is specimen split
surface area (mm2), and fcc is compressive strength (MPa).
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2.6. SEM Imaging

To expose the strength mechanism of UTF-3DPC, the microstructures of concrete are
imaged by SEM scanning. The instrument for SEM pictures is JSM-7500F scanning electron
microscope produced by Japan Electronics Corporation. The software, Image-Pro Plus 6.0,
is used to analyze the porosity of specimens. This software can perform pixel analysis
based on the microscopic images.

3. Results and Discussion

By means of the controlled variable method, the optimal mix design of UTF-3DPC
is obtained. UTF-3DPCs flowability, fast solidification, strength, and microstructure are
evaluated. The precision of 3DPC has been effectively enhanced by ultra-thin filament.

3.1. Flowability

To find out the optimal flowability, the penetration resistance and yield stress of
5 mix ratios of UTF-3DPC have been measured as shown in Figure 5. Comparison of
the yield stress of W550SDSC14, W600SDSC14, and W650SDSC14 shows that the yield
stress decreases continuously from 387 Pa to 124 Pa as the dosage of the water increases
as shown in Figure 5f. Also, as the dosage of SDSC increases continuously from 7 g to
21 g, the yield stress decreases from 248 Pa to 144 Pa as shown in Figure 5f. The yield
stress of W600SDSC14 is 185 Pa, which is in the middle of all UTF-3DPC. Generally, the
appropriate yield stress ensures UTF-3DPC being extruded continuously and robustly.
Extrusion testing proves that 185 Pa is the best yield stress for UTF-3DPC, which is less
than 250.2 Pa of 30 mm-rectangular-nozzle 3DPC [5], but it is contained in 66–230 Pa of
20 mm-circular-nozzle 3DPC [30].

From Figure 5f, it can be seen that with the increase in water dosage from 550 to 600,
the water dosage only increased by 50, but the yield stress decreased by 31%. As the yield
stress decreased, the flowability gradually increased, indicating that with an increase in
the water content, the flowability gradually increased, but it is important to note that the
flowability may affect the printing quality. The reason is that the incorporation of water
makes the adhesion force between the various components of the 3DPC become worse,
and it is not so easy to gather into groups.

As a water retaining agent, SDSC can reduce the water loss to a certain extent and
promote the flowability, especially when extrusion-based UTF-3DPC slurry is compressed
by air pressure. The absence of SDSC always causes water to seep out of UTF-3DPC slurry
under the air pressure. The most important function of SDSC is to increase the water
retention of concrete and make the slurry be extruded smoothly. Therefore, it is necessary
to strictly control the water consumption and the amount of SDSC during the experiment
to achieve a balance between the flowability and fast solidification of concrete.

3.2. Fast Solidification

The solidification results of the experiment are shown in Figure 5. The horizontal
dashed line in Figure 5a–e represents the penetration resistance of 3.8 MPa, which corre-
sponds to the initial setting time of the printing material. The solidification time curves
of five different mix ratios of concrete have been fitted, respectively. It is indicated that
they are all approximately in line with the relationship of exponential functions such as
y = AeBx. It can be seen that the amount of water is dominating in the entire solidification
testing process.

From Figure 5, it can be seen that as water dosage gradually increases, the slope of
the curve gradually decreases, which means that the hardening rate of 3DPC gradually
decreases, which is in line with expectations. However, for the increase in the amount of
SDSC used, its effect of enhancing early strength and accelerating hydration reactions is
not as significant.

The late solidification means that sufficient strength cannot be obtained in the early
stage to support the printing of subsequent layers. On the contrary, too early solidification
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causes the decrease of the adhesive strength between the previous layer and the subsequent
layer, which is also an unfavorable factor for constructability. So, either too early or late
solidification results in UTF-3DPC tilting or even collapsing during the printing process.
The initial setting time of our proposed UTF-3DPC is about 8 h, which is much longer than
the solidification time of other larger-filament printers [5].

 
Figure 5. Comparison of fast solidification and flowability data under five different mix ratios.
(a) W550 means adding water 550 mL, SDSC7 means adding SDSC 7 g, (b) W600 means adding water
600 mL, SDSC14 means adding SDSC 14 g, (c) W650 means adding water 650 mL, SDSC14 means
adding SDSC 14 g, (d) W600 means adding water 600 mL, SDSC7 means adding SDSC 7 g, (e) W600
means adding water 600 mL, SDSC21 means adding SDSC 21 g. (f) The flowability data of printing
materials with different mixing ratios.
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3.3. Printability Evaluation

Extrudability is a comprehensive manifestation of flowability and rapid solidifica-
tion. The satisfactory extrudability is manifested by uniform discharge, no clogging, and
excessive discharge. When a pressure of 2 bar was applied, the granular slurry cannot
be continuously extruded out due to too low air pressure or too dry slurry. Appropriate
water, spherical SF and FA, and SDSC are introduced to increase flowability. When 5 bar air
pressure is used for extrusion in the experiment process, too much slurry was extruded at
one time, which caused the experiment to fail. After reducing the air pressure to 4 bar and
increasing the amount of water reducing agent, the extrusion can be performed normally.

It can be seen that many attempts are needed in the process of using the technology of
full seal extrusion, and different material properties need different technical parameters to
improve the printing quality. Compared with direct extrusion, the construction process of
full seal extrusion is more complex, but to some extent, it can improve printing accuracy.

In the experiment, it was found that the printing effect is the best when the yield stress
is 50 Pa to 65 Pa through observation and measurement. As can be seen from Figure 6, the
relevant data of the fitting curve can be used to obtain the best water consumption and the
best dosage of SDSC for the best printing effect. The percentages mentioned here refer to
the ratio of SDSC and water to the absolute mass of the cementitious material.

 

(a) (b) 

Figure 6. The (a) Change in yield stress with changes in water consumption curve and (b) change in
yield stress with changes in SDSC consumption curve.

In fact, in ordinary 3DPC of larger than 10 mm nozzle, the extrusion is just used to
deliver the concrete slurry from material tank to pump hopper, while printing is attained
by self-gravity of the slurry and auger force. The extruder of our UTF-3DPC printer does
not include pump hopper and the auger, because the pump and auger disturb the sealed
slurry, which causes failure of printing process. Many attempts prove that fully sealed
extrusion guarantees smooth printing.

3.4. Opening Time and Printing Speed

To obtain optimal printing speed, the printing speeds of 10 mm/s, 30 mm/s, and
50 mm/s were used. Table 3 summarizes the extrudability and buildability parameters of
the mixtures printed at different speeds. The successful extrudability and buildability are
denoted as ‘Y’, while the failures are denoted as ‘N’.

The main difficulty encountered in the printing process is that extrusion-based 3DPC
needs to match the printing speed and extrusion speed; otherwise, cracks, breaks, or
accumulations occur. When the slurry is extruded out at 10 mm/s printing speed, the
slurry accumulates, while at a speed of 50 mm/s, the slurry bears excessive tension and
becomes discontinuous.
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Table 3. Evaluation of extrudability and buildability of the mixtures.

Print Speed
(mm/s)

W550
SDSC14

W600
SDSC14

W650
SDSC14

W600
SDSC7

W600
SDSC21

10 N/N Y/N Y/N Y/N Y/N
30 N/N Y/Y Y/N Y/N Y/Y
50 N/N Y/N Y/N Y/N Y/N

Note: Y/Y denotes successful extrudability/buildability; Y/N denotes successful extrudability but unsuccessful
buildability.

3.5. Strength Analysis

Because the common compressive and flexural directions of concrete are in the Z
direction, the specimens of the three different molding methods are all carried out in the
Z direction. Under the above mix ratios (Table 1), three types of specimens have been
produced, namely printing, mold-cast-vibrating, and mold-cast-non-vibrating. The average
compressive strengths of these three in Figure 7a are 20.1 MPa, 31.6 MPa, and 22.35 MPa,
respectively. Compared with the mold-cast-vibrating specimens of the same mix ratio,
the compressive strengths of the printed and mold-cast-non-vibrating specimens decrease
by 36% and 29%, respectively. The average flexural strengths of these three types are
4.54 MPa, 5.98 MPa, and 4.92 MPa, respectively. The printed and mold-cast-non-vibrating
specimens are 24% and 17.7% lower than the mold-cast-vibrating specimens. Compressive
and flexural strength loss of the printed specimens result from relatively loose bonding
between the middle filaments, as shown in Figure 8a, which is mainly due to the fact that
40 mm width of specimens is not exactly divided by 6 mm of filaments.

(a) (b) 

Figure 7. Comparison of compressive (a) and flexural (b) strengths of specimens with the same mix
ratio and different molding methods. Printing represents printed specimens. Vibrating represents
mold-cast-vibrating specimens. Non-Vibrating represents mold-cast-non-vibrating specimens.

From the perspectives of flexural strength and compressive strength, there appears to
be a significant gap, which is due to the obvious anisotropy of 3DPC, meaning that there
are significant differences in strength in the X, Y, and Z directions during strength testing.
During flexural strength testing, the combination bending strength of multiple printed
filaments is measured until all filaments have broken, at which point the entire specimen
is completely destroyed. For compressive strength testing, during the experiment, due
to possible gaps between the filaments, individual filaments may crack, at which point
the experimental equipment recognizes the damage and stops testing, only measuring
a filament of the strength. This is also one of the reasons why printed specimens have
significantly lower strengths compared to cast specimens.
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Figure 8. (a,d) are the cross-section and meso-scale view of the printed specimen. (b,e) are the
cross-section and meso-scale view of the mold-cast-non-vibrating specimen. (c,f) are cross-section
and meso-scale view of mold-cast-vibrating specimen.

3.6. Porosity Analysis

As shown in Figure 8a–c, macro-scale comparison of printing, mold-cast-non-vibrating,
and mold-cast-vibrating specimens cross section shows that mold-cast-non-vibrating and
mold-cast-vibrating specimens present more uniformly distributed porosity structures
than printed ones. Obvious voids occur in the printed specimen. Down to meso-scale
level, in Figure 8d,e, printing and vibrating specimens possess smaller pores than non-
vibrating, which is proved by the statistics on the total porosity area and proportion in
Figure 9a. The largest macro-scale porosity of the printed specimen is due to the fact
that 40 mm width of the specimen is not exactly divided by 6 mm width of the filament,
which causes inborn void in the middle section. Consequently, the voids weaken the
strengths of the printed specimen. The meso-scale picture of the printed specimen is taken
in the filament section. Because our UTF-3DPC is compressed dense in the material tank,
the compressed slurry is denser than mold-cast-vibrating and mold-cast-non-vibrating.
As soon as the voids between filaments are solved, the UTF-3DPC is more promising style
than traditional construction.

According to Figure 9b–d, various porosities are evenly distributed in three specimens.
But pore sizes of the printed specimen range from 0.1 to 0.4 mm, the mold-cast-non-
vibrating 0.04 to 0.8 mm, and the mold-cast-vibrating 0.01–0.08 mm, which also confirms
that the strength of the mold-cast-vibrating specimen is the best among these three.

However, it should be noted that during the process of porosity analysis, only a
portion of the image is selected for analysis, and the most characteristic image is used to
demonstrate the different effects brought about by different forming methods. Differences
in other sectional specimens can be further explored through X-ray scanning.

Further down to micro-scale level, comparison between micro-scale images of these
three indicates that calcium silicate hydrate (C-S-H) effectively adheres to SF, FA, SDSC, and
sand in Figures 10–12. C-S-H, which is a gel-like substance formed after cement hydration
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reaction, can be well distinguished in micro-images. FA, as a supplementary cementing
material, presents as round balls, while SF acts as a lubricant to reduce shear force between
various components, which facilitates better extrudability of the material. But the existence
of voids and cracks in different sizes and proportions results in the different macro-scale
strength of these three specimens. As shown in Figures 10a, 11b and 12b, the printed and
the mold-cast-vibrating specimens are denser than the mold-cast-non-vibrating. Due to the
compressing action of the piston, the UTF-3DPC has the approximate density as the mold-
cast-vibrating specimen. If the bad adhesion between filaments is improved, the strength of
the printed specimen will reach the strength of the mold-cast-vibrating specimen.

 

Figure 9. Comparison of porosity of specimens made by three different methods. (a) The total
porosity and pore area of the specimens. (b) is the pore distribution of the printed specimen. (c) is
the pore distribution of the mold-cast-non-vibrating specimen. (d) is the pore distribution of the
mold-cast-vibrating specimen.
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Figure 10. 1000 (a), 5000 (b), 10,000 (c), and 20,000 (d) times magnified SEM images of printed specimens.

 

Figure 11. 500 (a), 1000 (b), 5000 (c), and 10,000 (d) times magnified SEM images of mold-cast-non-
vibrating specimens.
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Figure 12. 500 (a), 1000 (b), 5000 (c), and 10,000 (d) times SEM images of the mold-cast-vibrating specimens.

4. Conclusions

To improve the precision of 3DPC, the ultra-thin filament 3DPC (UTF-3DPC) is pro-
posed and a customized concrete 3D printer with 6 mm circular nozzle and fully sealed
extrusion system is developed. To obtain optimal flowability, extrudability, and fast solidi-
fication of UTF-3DPC, FA, SF, SDSC, and water reducer are introduced to mix with OPC,
water, and sand in different proportions. To obtain the optimal mix ratio, the yield stress,
the penetration volume, and the initial setting time of UTF-3DPC of different mix ratios are
measured according to the standard methods. Optimal mix ratio, appropriate printing and
extruding speed, and air pressure ensure succeeding the fully sealed UTF-3DPC printing.
To verify the practicability of UTF-3DPC, the compressive and tensile strengths of UTF-
3DPC are compared with mold-cast-vibrating and mold-cast-non-vibrating specimens. To
explore the underlying mechanism of UTF-3DPC strength, the macro-scale, meso-scale, and
micro-scale porosity structures are imaged via camera and SEM method. Some conclusions
are made as follows:

1. UTF-3DPC can effectively improve print accuracy, but adjustments to printing param-
eters are significant during the printing process to achieve good print results;

2. The 6 mm-filament 3DPC can be printed successfully at 30 mm/s printing speed,
0.4 MPa air pressure;

3. UTF-3DPC includes FA, SF, SDSC, water reducer, sand, water, and OPC. FA and SF are
helpful to optimize the gradation of UTF-3DPC. SDSC plays a key role in improving the
flowability, extrudability, and printability, and retaining water under the air pressure;

4. The optimal dynamic yield stress and initial setting time of UTF-3DPC are 175 Pa to
200 Pa, and 8 h, respectively;

5. The strength of UTF-3DPC reaches 80% of mold-cast-vibrating concrete;
6. If the inter-filament adhesion of UTF-3DPC can be improved, the strength of UTF-

3DPC will be further enhanced;
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7. The meso-scale and micro-scale structures of UTF-3DPC indicate that air pressure
is beneficial to enhance its strength due to fully sealed extrusion system. Under the
air pressure, fully sealed UTF-3DPC becomes denser than mold-cast-non-vibrating
concrete;

8. The findings reported here provide a pathway to improve the precision of 3DPC and
extend the application of 3D printing technology in engineering.
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Abstract: Geopolymers, as a novel cementitious material, exhibit typical brittle failure characteristics
under stress. To mitigate this brittleness, fibers can be incorporated to enhance toughness. This study
investigates the effects of varying polypropylene fiber (PPF) content and fiber length on the flowability,
mechanical properties, and flexural toughness of coal gangue-based geopolymers. Microstructural
changes and porosity variations within the Fiber-Reinforced Geopolymer Mortar(GMPF) matrix
were observed using scanning electron microscope (SEM) and Low field NMR(LF-NMR) to elucidate
the toughening mechanism of PPF-reinforced geopolymers. The introduction of fibers into the
geopolymer matrix demonstrated an initial bridging effect in the viscous geopolymer slurry, with
a 3.0 vol% fiber content reducing fluidity by 5.6%. Early mechanical properties of GMPF were
enhanced with fiber addition; at 1.5 vol% fiber content and 15 mm length, the 3-day flexural and
compressive strengths increased by 30.81% and 17.4%, respectively. Furthermore, polypropylene
fibers significantly improved the matrix’s flexural toughness, which showed an increasing trend
with higher fiber content. At a 3.0 vol% fiber content, the flexural toughness index increased by
198.35%. The data indicated that a fiber length of 12 mm yielded the best toughening effect, with an
84.03% increase in the flexural toughness index. SEM observations revealed a strong interfacial bond
between fibers and the matrix, with noticeable damage on the fiber surface due to frictional forces,
and fiber pull-out being the predominant failure mode. Porosity testing results indicated that fiber
incorporation substantially improved the internal pore structure of the matrix, reducing the median
pore diameter of mesopores and converting mesopores to micropores. Additionally, the number
of harmless and less harmful pores increased by 23.01%, while the number of more harmful pores
decreased by 30.43%.

Keywords: geopolymer; polypropylene fiber; mechanical properties; flexural toughness;
microscopic analysis

1. Introduction

With the accelerated pace of urbanization, the production of ordinary Portland cement
(OPC) has reached 4 billion metric tons and is expected to further increase in the next
decade. However, traditional cement production not only consumes vast amounts of raw
materials but also releases significant amounts of carbon dioxide during the calcination of
limestone, causing long-term adverse environmental impacts. To address this challenge,
researchers have explored the use of alkali-activated industrial solid wastes, including fly
ash (FA), silica fume (SF), ground granulated blast furnace slag (GGBS), coal gangue (CG),
and silica fume, to produce geopolymer concrete. Although geopolymer concrete also
exhibits issues such as high brittleness and low tensile strength, it offers several advantages
over OPC concrete, including a wider range of material sources, lower carbon emissions,
higher early strength, and excellent durability.
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The mechanical properties of geopolymers are very similar to those of cement, exhibit-
ing excellent compressive strength and relatively poor tensile strength, which results in a
certain degree of brittleness. To improve this brittleness, small fibers are typically randomly
mixed into traditional concrete to form what is known as fiber-reinforced concrete (FRC).
In common brittle materials, once cracks initiate, they tend to propagate rapidly, leading
to a sharp decline in the load-bearing capacity of the matrix. However, in FRC, the fibers
distributed within the concrete matrix can intercept crack propagation, slowing down or
even stopping crack formation. This phenomenon, known as the crack bridging effect,
significantly enhances the toughness of the concrete and maintains its load-bearing capacity
even after the initial crack appears. Inspired by this approach, researchers have attempted
to incorporate fibers into geopolymers to improve their brittleness, achieving varying
degrees of success. Table 1 summarizes recent studies on fiber-reinforced geopolymers,
providing specific details on their findings.

Table 1. Research progress of fiber geopolymers in recent years.

Study Fiber Type
Fiber

Content
Fiber

Length
Geopolymer

Matrix
Key Findings

Li et al. [1] Steel fiber 0.5 vol% 13 mm GBFS-based
Steel fibers are less susceptible to corrosion, while

effectively enhancing both compressive and
flexural strength.

Zhang et al. [2] Carbon fiber 0.6 vol% 6 mm Fireclay-based
Carbon fibers with a length of 6 mm demonstrated better

crack initiation toughness and resistance to
unstable cracking.

Zhang et al. [3] Polypropylene
fiber 1.0 vol% 35 mm FA- and

GBFS-based

Polypropylene (PP) fibers exacerbated the adverse effects
of frost heave stress and thermal stress on the

geopolymer matrix (GPM), leading to a reduction in
frost resistance.

Li et al. [4] Polyethylene fiber 1.5 vol% 12 mm FA-, SF-, and
GBFS-based

High fiber content of polyethylene fiber (PEF)
significantly enhanced the compressive strength and

fracture toughness of the specimens.

Zhang et al. [5]
Polypropylene

fiber and
polyethylene fiber

2.0 vol% 12 mm FA- and
GBFS-based

The addition of PP fibers reduced the tensile strength
and crack control ability. However, with a PP fiber
replacement rate of 50%, the highest tensile strain

capacity was achieved (9.66%).

Zhao et al. [6] Sisal fiber 1.0 vol% 20 mm GBFS-based

The addition of SF reduced the density and electrical
conductivity (EC), while simultaneously increasing the

porosity, long-term flexural strength, and
compressive strength.

Liu et al. [7] Glass fiber 0.6 vol% 9 mm FA-based
Glass fibers significantly improved the splitting tensile

strength and enhanced the pore characteristics,
contributing to a more uniform pore distribution.

Intarabut et al. [8] investigated the use of basalt, steel, and polypropylene fibers to
enhance fly ash-based geopolymers and found that each fiber type exhibited different
failure modes. Steel and polypropylene fibers demonstrated complete bond-slip responses
due to their higher ductility, whereas basalt fibers, being brittle, failed through fiber rupture
without slip during the pull-out response. Piti [9] addressed the high flexibility but low
stiffness of polypropylene fibers by hybridizing them with steel fibers. The results showed
that hybridization with steel fibers could improve the flexural performance, toughness,
and residual strength of polypropylene fiber-reinforced geopolymers to varying degrees.
Ömer [10] studied the effects of polypropylene, steel, and polyamide fibers on the mechani-
cal and durability properties of fly ash-based geopolymers. Experimental results indicated
that fiber addition enhanced the mechanical properties, with polypropylene and steel fibers
significantly increasing the flexural toughness, while polyamide fibers showed a less pro-
nounced effect. Jiratchaya [11] discovered that incorporating bamboo and glass fibers into
metakaolin-based geopolymers effectively enhanced flexural strength. Compared to glass
fibers, the rough bamboo fibers formed stronger interlocking structures with the matrix,
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exhibiting superior bonding capability and increasing flexural strength by 1.9 times with 1%
bamboo fiber addition. Zhang Peng et al. [12] found that polypropylene fibers were most
effective in enhancing the toughness of fly ash-based geopolymers, achieving a flexural
strength of 21.1 MPa at 28 days with a 1.2% fiber content. Mohseni [13] reported a 28% in-
crease in flexural strength with the addition of PF to geopolymer samples. Al-Mashhadani
et al. [14] examined the reinforcing effects of polypropylene, steel, and polyvinyl alcohol
fibers on fly ash-based geopolymers, concluding that fiber addition did not significantly
increase the compressive strength of the mortar. Steel and polyvinyl alcohol fibers in-
creased compressive strength by only 3.37% and 4.26%, respectively, but flexural strength
showed significant improvements compared to the control mortar. Guo and Pan [15]
found that fiber volume fractions exceeding 0.2% negatively impacted flexural strength,
recommending an optimal fiber usage rate of 0.2% for fly ash slag-based geopolymers.

In summary, while research on using fibers to enhance the mechanical properties of
cement-based materials has yielded substantial results, studies on the modification of new
cementitious materials like geopolymers with fibers remain insufficient. Most research
focuses on fly ash-based geopolymers, with few studies examining fiber-reinforced coal
gangue-based geopolymers. Therefore, this study explores the effects of different fiber
contents and lengths on the workability and mechanical properties of polypropylene
fiber-reinforced coal gangue-slag-based geopolymers (GMPF). Additionally, SEM and
LF-NMR microscopic characterization methods are used to observe the microstructure
within the matrix and investigate the mechanisms by which fibers affect flexural toughness.
This research aims to elucidate the mechanical and toughness enhancement effects of
polypropylene fibers on coal gangue-based geopolymers, providing references for the
application of fiber-reinforced geopolymer composites and the recycling of coal gangue.

2. Materials and Methods

2.1. Raw Materials

(1) Binder Materials and Aggregates

The preparation of geopolymers primarily utilizes two raw materials: coal gangue
powder (CG) and ground granulated blast furnace slag (GBFS). Coal gangue powder is
a mature industrial product obtained by crushing, ball milling, and high-temperature
treatment in a calcination furnace of raw coal gangue. The GBFS is sourced from an
industrial park in Northern Xinjiang, China, and is gray-white. According to the GB/T
18046-2017 standard [16], this slag falls under the S75 grade, meeting the standards for
use in cement, mortar, and concrete. For mortar preparation, a mixture of aeolian sand
(AS) and river sand (RS) is used as aggregates. This combination leverages the hardness
and particle shape of aeolian sand with the smoothness and particle size distribution of
river sand, aiming to achieve better workability and mechanical strength. The physical and
chemical properties of the materials are shown below, and the elemental composition of
the raw materials is analyzed by X-ray fluorescence (XRF), as presented in Table 2. Figure 1
illustrates the X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses
of the raw materials. XRD analysis reveals that coal gangue and aeolian sand are mainly
composed of quartz, sodium feldspar, and mica phases, while the XRD of slag mainly
exhibits a broad hump shape, indicative of an amorphous phase. The particle size analysis
of aeolian sand and particle gradation of river sand are shown in Figure 2. The fineness
modulus of river sand is 2.77, complying with standard ASTM C33-18 specifications [17].

Table 2. Chemical composition analysis of raw materials.

Materials SiO2 Al2O3 CaO Fe2O3 Mg2O3 Na2O K2O Other

CG 53.45 43.46 0.317 0.781 0.11 0.17 0.291 1.421
GBFS 32.85 8.62 45.16 0.63 5.69 1.08 0.497 5.473

AS 59.3 11 8.42 9.125 1.52 3.76 3.45 3.425
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(a) XRD analysis of CG (b) XRD analysis of GBFS (c) XRD analysis of ASμm 

   
(d) SEM analysis of CG (e) SEM analysis of GBFS (f) SEM analysis of AS 

Figure 1. XRD and SEM analyses of raw materials.

 
(a) CG, GBFS, and AS particle size analysis (b) Grain gradation of river sand 

Figure 2. Particle size analysis and particle grading.

(2) Alkali Activator

The alkaline activator is prepared by mixing liquid sodium silicate and sodium hy-
droxide. The original liquid sodium silicate has a modulus (Na2O/SiO2) of 3.28, with a
Na2O content of ≥8.35% and a SiO2 content of ≥26.54%. Sodium hydroxide is of analytical
grade, with a purity of ≥98%, and the water used in the experiment is laboratory-grade
purified water. To prepare the activator, the NaOH and Na2SiO3 solutions are thoroughly
stirred, then covered and allowed to age at room temperature for 24 h. Once completely
cooled, the solution is ready for use.

(3) Polypropylene Fiber

The main physical and mechanical properties of polypropylene fibers are presented in
Table 3.
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Table 3. Principal physical and mechanical properties of polypropylene fibers.

Equivalent Diameter (μm)
Tensile Strength

(MPa)
Initial Modulus (MPa) Elongation at Break (%)

Density
(g/cm3)

38 550 4.7 × 103 85 0.91

2.2. Experiment Design

The mix parameters listed below are original contributions by the author. Prior
to conducting this experiment, the baseline mix parameters for geopolymer mortar were
determined through preliminary testing. The mix proportions for preparing fiber-reinforced
geopolymer matrices are provided in Table 4. To prepare the specimens, coal gangue and
slag powders are first mixed with the corresponding masses of aeolian sand and river
sand aggregates and stirred for 2 min. Once mixing is complete, the pre-prepared alkaline
activator solution and water are added rapidly and stirred for 3–5 min. After observing
uniform mixing of the slurry, the geopolymer precursor is obtained. The precursor is then
slowly poured into molds with dimensions of 40 mm × 40 mm × 160 mm, compacted,
covered, and allowed to cure for 24 h. After demolding, the specimens are placed in a
standard curing chamber at a temperature of 20 ± 2 ◦C and a humidity of 95% until the
specified age for testing. The specific experimental procedures are outlined in Table 5.

Table 4. Base mix ratio of geopolymer preparation (g).

Coal Gangue GBFS Water Na2SiO3 NaOH Aeolian Sand River Sand

270.00 270.00 142.83 198.09 37.09 540.00 540.00

Table 5. Experimental protocol for fiber-reinforced geopolymer.

Specimen
No.

Coal Gangue
(g)

GBFS(g) Water(g)
Alkali Activator

(g)
Fiber Content (g)

Fiber Length
(mm)

GMPF0-0 270.00 270.00 142.83 235.18 0 0
GMPF0.5-15 270.00 270.00 142.83 235.18 1.17 15
GMPF1.0-15 270.00 270.00 142.83 235.18 2.33 15
GMPF1.5-15 270.00 270.00 142.83 235.18 3.50 15
GMPF2.0-15 270.00 270.00 142.83 235.18 4.66 15
GMPF3.0-15 270.00 270.00 142.83 235.18 6.99 15
GMPF1.0-6 270.00 270.00 142.83 235.18 2.33 6
GMPF1.0-9 270.00 270.00 142.83 235.18 2.33 9

GMPF1.0-12 270.00 270.00 142.83 235.18 2.33 12
GMPF1.0-15 270.00 270.00 142.83 235.18 2.33 15
GMPF1.0-19 270.00 270.00 142.83 235.18 2.33 19

2.3. Testing Methods
2.3.1. Mechanical Performance Testing and Flowability Testing

Flowability testing follows the recommended method outlined in GB/T 2419-2005
“Test methods for fluidity of cement mortar” [18]. Initially, the mortar is poured into the
truncated cone mold in two batches. Subsequently, the truncated cone mold is quickly
lifted, allowing the mortar to flow freely on the flow table. The flow table is then activated
to vibrate 25 times at a frequency of once per second. After the completion of the vibration,
the diameters in two perpendicular directions are measured using calipers, and the average
diameter is taken as the flowability result for the mortar batch.

After curing for 3, 7, and 28 days, flexural and compressive strength tests are conducted
using a hydraulic servo-controlled universal testing machine. Three prism specimens are
taken for flexural strength testing, and the average of three test results is recorded. During
flexural strength testing, the loading rate is 1 mm/min until contact with the specimen
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surface is made, then it increases to 40 N/s. For compressive strength testing, the broken
halves of the specimens are placed in fixtures, and the loading rate is set at 2.4 kN/s. The
final compressive strength result is the average of six test results.

2.3.2. Flexural Toughness Testing

Flexural toughness is evaluated using the Japanese Society of Civil Engineers (JSCE)
SF4 assessment method. The flexural toughness and flexural toughness coefficient are
calculated according to the following methods.

The method for calculating flexural toughness is as follows:

Tb =
∫

p(δ)dδ (1)

where Tb is the flexural toughness, which is the area under the load–displacement curve at
the corresponding deflection. P(δ) is the load–displacement curve during the three-point
bending test.

The method for calculating the flexural toughness coefficient is as follows:

σb =
Tb
δtb

× L
bh2 (2)

where σb is the flexural toughness coefficient; Tb is the flexural toughness; δtb is the
deflection at 1/150 L; and L, b, and h are the length, width, and height of the specimen,
respectively.

2.3.3. Scanning Electron Microscopy (SEM) and Low-Field Nuclear Magnetic Resonance
(LF-NMR) Analysis

Samples, after 28 days, are soaked in anhydrous ethanol for 24 h to halt hydration
reactions. Subsequently, the samples are dried to a constant weight. The central portion
of the remaining samples is then crushed into fragments approximately 5 mm in size for
scanning electron microscopy (SEM) analysis. Half of the fractured specimens are used
for volume measurement and then subjected to low-field nuclear magnetic resonance (LF-
NMR) analysis. The internal microstructure of the samples is observed using a Japanese
JSM IT-800 field emission scanning electron microscope (JEOL, Tokyo, Japan) under an ac-
celeration voltage of 15 kV. The China NIUMAG MacroMR large-aperture nuclear magnetic
resonance imaging analysis system (MacroMR02-110H-D, Suzhzhou Niumag Analytical
Instruments Corporation, Suzhou, China) is utilized to analyze the internal porosity, pore
size distribution, and pore throat distribution of the samples. The magnetic field strength
is set to 0.3 T, and the frequency field is set to 23 MHz.

3. Results

3.1. Flowability

The impact of different fiber dosages on flow performance is illustrated in Figure 3a.
The dosage of 15 mm polypropylene fibers increases from 0 to 3 vol%, leading to a gradual
decrease in flow performance. When the dosage reaches 3 vol%, the flow performance is
at its lowest, with a decrease of 9.6% compared to the unfibered state. It can be observed
from the graph that within the range of 0–1.5 vol% fiber dosage, the decrease in flowability
is relatively moderate, ranging from 0.85% to 2.56%, compared to the reference group.
However, when the fiber dosage exceeds 1.5 vol%, the decrease in flow performance
accelerates noticeably, with flowability decreasing by 2.24% and 5.6% for the GMPF2.0-15
and GMPF3.0-15 groups, respectively, compared to the reference group. Figure 3b illustrates
the effect of different fiber lengths on flow performance with a fiber dosage of 1 vol%.
From the GMPF0-0 group to the GMPF1.0-9 group, there is a slight improvement in flow
performance. When the fiber length is 9 mm, the flowability of the GMPF slurry increases
by 2.4% compared to the unfibered state. However, with fiber lengths of 12 mm, 15 mm,
and 19 mm, flowability gradually decreases. The GMPF1.0-19 group exhibits the lowest
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flowability, with a decrease of 5.8% compared to the GMPF1.0-9 group. Overall, the effect of
different fiber lengths on flow performance is relatively minor when the fiber dosage is less
than 1.5 vol%. This is mainly due to the hydrophobic nature of polypropylene fibers, which
typically exhibit low water absorption and are not easily wetted by water. Consequently,
water droplets form on the fiber surface and quickly slide off, providing lubrication in the
system [19]. Additionally, short fibers in the matrix can fully encapsulate the remaining
water to wrap the aggregates, thereby enhancing flow performance. However, for long
fibers, more polymer matrix adheres to the surface, demonstrating a preliminary bridging
effect. This effect is more significant for the inherently viscous geopolymer precursor,
leading to a 3.8% decrease in flow performance compared to the reference group for the
GMPF1.0-19 group.

 
(a) Fiber contents (b) Fiber lengths 

Figure 3. Influence of different fiber contents and fiber lengths on flowability.

3.2. Mechanical Performance
3.2.1. Influence of Different Fiber Contents on Mechanical Strength

Figure 4a presents the flexural strength results at 3d, 7d, and 28d for different fiber
dosages. It can be observed that the inclusion of polypropylene fibers leads to a significant
improvement in the early flexural strength of the GMPF specimens. The GMPF1.5-15 group
achieves a flexural strength of 4.55 MPa at 3d, representing a 30.81% increase compared
to the GMPF0-0 group. The GMPF2.0-15 group exhibits the highest flexural strength at
7d and 28d, reaching 5.1 MPa and 6.1 MPa, respectively, corresponding to increases of
24.33% and 11.53% compared to the reference group. As the curing period increases, the
efficiency of polypropylene fibers in enhancing the flexural strength of geopolymer matrix
gradually diminishes. Comparisons among different fiber dosage groups reveal a trend
of initially increasing and then decreasing flexural strength with increasing fiber dosage.
The highest flexural strength is achieved at a fiber dosage of 2.0 vol%, with a 25.65%
increase compared to the reference group. When the fiber dosage is between 0.5 vol% and
1.0 vol%, the improvement in flexural strength at 28d is extremely limited. Additionally, the
flexural strength of the GMPF samples with a 3.0 vol% polypropylene fiber dosage shows
a decreasing trend, with a 7.1% decrease compared to the preceding group. Xu et al. [20]
observed a similar phenomenon with basalt fiber in fly ash-based geopolymer, where an
excessive dosage of basalt fiber adversely affected the flexural strength.

Figure 4b demonstrates the effect of different fiber dosages on compressive strength.
At 3d and 7d, the inclusion of fibers positively contributes to the growth of compressive
strength. The results indicate that at 3d, the GMPF0.5-15 sample achieves the highest
compressive strength of 23.46 MPa, compared to 14.01 MPa for the control sample. At
28d, the sample with a 1.5 vol% polypropylene dosage exhibits the highest compressive
strength, with a 17.4% increase compared to the control group. The data suggest that when
the polypropylene fiber dosage exceeds 1.5 vol%, further increases result in a decreasing
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trend in compressive strength. Shaikh et al. [21] found a decrease in compressive strength
with PE fibers in geopolymer; however, unlike the substantial decrease in strength observed
with PE fibers, this study indicates that PP fibers do not cause a cliff-like drop in matrix
compressive strength. It is well known that polypropylene fibers are primarily randomly
distributed within the matrix. When the matrix is subjected to tensile stress, the high
modulus of elasticity of the fibers enables them to both disperse stress and bear some of the
load, thereby enhancing the flexural and compressive strength of the sample. On the other
hand, increasing the fiber dosage introduces more bonding interfaces and micro-pores,
which affect the polymerization reaction of the geopolymer. Additionally, excessive fiber
incorporation will disrupt the uniform distribution of fibers within the matrix, adversely
affecting the mechanical strength of the matrix.

 
(a) Flexural strength results (b) Compressive strength results 

Figure 4. Mechanical strength results with different fiber contents.

3.2.2. Influence of Different Fiber Lengths on Mechanical Performance

Figure 5a illustrates the flexural strength results for different fiber lengths. Similar to
the previous section, the enhancement of early flexural strength by 1 vol% polypropylene
fibers is remarkable. The GMPF1.0-6 group achieves the highest flexural strength at
28d, reaching 6.06 MPa, representing a 22.17% increase compared to the reference group.
Furthermore, the data indicate that longer fibers do not necessarily result in higher flexural
strength. When the fiber length ranges from 9 mm to 19 mm, the flexural strength fluctuates
around 5.5 MPa, showing an 11.1% increase compared to the reference group.

Figure 5b depicts the influence of fiber length on compressive strength. The results
indicate that fibers of various lengths positively affect compressive strength at 3d and 7d.
At 7d, the compressive strength with 15 mm polypropylene fibers is 41.8% higher than that
without fibers. The enhancement in flexural strength diminishes with increasing curing
time, with the difference in compressive strength between fiber-reinforced samples and
the reference group being relatively small at 28d, with a 5.31% increase observed in the
GMPF1.0-15 group. This characteristic is similar to the conclusion drawn for polypropy-
lene fibers in cementitious materials, where the influence of fiber length on compressive
strength is weak [22]. The experimental results suggest that 6 mm long polypropylene
fibers are more suitable for coal gangue-based geopolymer. It was found during mixing
that short fibers disperse more uniformly in the geopolymer slurry and can form a better
interlocking structure with the geopolymer matrix, exhibiting stronger mechanical proper-
ties. Additionally, polypropylene fibers can partially inhibit crack formation in the matrix
under compression, thereby enhancing compressive strength. However, due to their lower
modulus of elasticity, they cannot prevent cracks from continuing to propagate once they
appear, resulting in a weaker enhancement in compressive strength.
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(a) Flexural strength results (b) Compressive strength results 

Figure 5. Mechanical strength results with different fiber lengths.

3.3. Flexural Toughness
3.3.1. Load–Deflection Curve

The bending load–deflection curves for specimens with different fiber contents are
presented in Figure 6a. The data indicate a gradual increase in both maximum bending
force and maximum deflection with increasing fiber content. It is observed that at a
polypropylene fiber content of 2.0 vol%, the maximum bending force increases by 29.8%,
and the maximum deflection increases by 36.47%. Additionally, particular attention should
be paid to the change in curve morphology at a polypropylene fiber content of 3.0 vol%. In
the GMPF3.0-15 group, prior to reaching the maximum bending force, the load–deflection
curve is nearly linear, with a smaller slope, and the peak at the maximum bending force is
smoother, indicating that the specimen absorbs significantly more energy before failure
compared to the other groups, highlighting the most pronounced improvement effect of
fibers on the matrix.

 
(a) Various ber contents (b) Di erent ber lengths 

Figure 6. Load-deflection curves of GMPF specimens under bending.

The bending load–deflection curves for different fiber lengths are illustrated in Figure 6b.
The change trends in the curves are relatively consistent as the fiber length increases from 6
mm to 19 mm. The load–deflection curve can be roughly divided into three stages: initially,
when the specimen begins to bend, the testing rate is slow, and the curve exhibits the
“cushioning zone”, with relatively low stress but considerable displacement; subsequently,
the bending force rapidly increases while the displacement changes only slightly, indi-
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cating the elastic stage of bending; finally, when reaching the maximum bending force,
cracks appear, the bending force drops rapidly, and the displacement continues to increase,
entering the strain-softening stage, leading to specimen failure. The experimental results
demonstrate that even with an increase in fiber content from 0 to 3 vol% and fiber length
from 6 mm to 19 mm, the GMPF composite material does not exhibit strain-hardening
characteristics similar to fiber cementitious materials; its load–deflection curve displays
typical brittle failure characteristics. Studies by Lin et al. [23]. suggest that compared to
steel and polyoxymethylene fibers, polypropylene fibers have poorer bonding ability with
the matrix and limited fiber bridging capacity, which may explain the insignificant change
in the failure mode.

In summary, the incorporation of polypropylene fibers into coal gangue-based geopoly-
mer composite materials has a beneficial effect on flexural performance. The fibers prevent
crack propagation within the geopolymer mortar phase through bridging effects, resist
stress applied to the specimens, and transmit stress to regions of the mortar with stronger
resistance to bending [24]. Furthermore, the composite material absorbs more energy when
subjected to stress. Once cracks appear in the specimen, the fibers fracture and debond
from the matrix one by one, dissipating energy in the process, effectively enhancing the
material’s flexural strength.

3.3.2. Influence of Fibers on Flexural Toughness Coefficient

The flexural toughness was assessed using the Japanese Society of Civil Engineers
(JSCE) SF4 evaluation method, as described in Section 2.3.2. Toughness can be regarded as
the energy absorbed by the specimen when a certain rotation occurs and can be represented
by the area under the load–deflection curve. Residual strength refers to the strength of
the specimen when the load decreases to a stable value after surpassing its peak in the
load–deflection curve. The calculated results for the relevant parameters are presented in
Table 6.

Table 6. Results of toughness and related parameters calculation.

Specimen No.
Ncu

(N)
Δcu

(mm)
τcu

(MPa)
Tb

(N·mm)
σb

(N·mm−2)
τc

(MPa)

GMPF0-0 2117.6 0.55 4.96 262.095 1.19 0.15
GMPF0.5-15 2259.2 0.619 5.30 308.739 1.25 0.34
GMPF1.0-15 2365.4 0.421 5.54 326.805 1.94 0.31
GMPF1.5-15 2518.8 0.52 5.90 334.398 1.61 0.47
GMPF2.0-15 2748.8 0.641 6.44 456.190 1.78 0.54
GMPF3.0-15 2374.4 0.547 5.57 779.261 3.56 0.90
GMPF1.0-6 2583.6 0.426 6.06 312.085 1.83 0.19
GMPF1.0-9 2352.2 0.421 5.51 264.699 1.57 0.35
GMPF1.0-12 2281.2 0.437 5.35 383.111 2.19 0.39
GMPF1.0-15 2427.2 0.556 5.69 326.805 1.47 0.31
GMPF1.0-19 2257.8 0.378 5.29 300.754 1.99 0.38

Note: Ncu represents the maximum bending force (N); Δcu denotes the corresponding deflection at the maximum
bending force (mm); τcu stands for flexural strength (MPa); Tb represents the absolute toughness value (N·mm);
σb denotes the flexural toughness coefficient (N·mm−2); and τc signifies residual strength (MPa).

The results of the GMPF toughness coefficient calculations are presented in Figure 7,
illustrating a noticeable enhancement in the flexural toughness coefficient with fiber incor-
poration. When the fiber content is 1.0 vol%, the flexural toughness coefficient increases
by 63.02% compared to the control group. Similarly, at a fiber content of 3.0 vol%, the
flexural toughness coefficient experiences a remarkable increase of 198.35%. This indi-
cates a significant reinforcement effect of polypropylene fibers on the flexural toughness
of geopolymer mortar, with the enhancement effect increasing proportionally with the
fiber content, mirroring findings similar to those reported by Sukontasukkul et al. [9] in
fly ash-based geopolymers. The effect of fiber length on toughness coefficient variations
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exhibits a fluctuating pattern, with enhancements ranging from 23.52% to 84.03% compared
to the GMPF0-0 group as the length increases from 6 mm to 19 mm. The enhancement effect
of polypropylene fiber length on flexural toughness is notably significant compared to the
control group, while variations within the same group are minor. For instance, compared
to the GMPF1.0-12 group, the GMPF1.0-15 group experiences a 48.97% increase in flexural
toughness coefficient. Experimental results demonstrate that a fiber length of 12 mm yields
the most significant enhancement in flexural toughness.

Figure 7. Flexural toughness coefficient and residual strength of GMPF.

Figure 6 illustrates the relationship between residual strength and different fiber
contents and lengths. Experimental results indicate an increase in residual strength with
higher fiber content. Compared to the control group, residual strength increases by 123.24%,
103.05%, 206.72%, 249.54%, and 484.09% with fiber contents of 0.5 vol%, 1.0 vol%, 1.5 vol%,
2.0 vol%, and 3.0 vol%, respectively. Simultaneously, the influence of fiber length on
residual strength grows with increasing length. As fiber length increases from 6 mm to
19 mm, the rate of residual strength improvement ranges from 103.05% to 152.59%. The
effect of fiber length on the growth of flexural residual strength appears relatively gradual,
attributed to the enhancement of post-peak performance by longer fibers. Longer fibers
can provide more interlocking force and energy absorption after the material reaches its
peak strength, thereby strengthening the interface bonding between fibers and the matrix,
consequently delaying material failure.

In summary, residual strength denotes a specimen’s capacity to resist loads after failure,
and the inclusion of fibers significantly improves the post-failure stress condition of fly ash-
based geopolymers, allowing for a residual flexural strength even after failure. Moreover,
considering that fibers in mortar form a robust supporting structure with aggregates, this
enhances the overall integrity of the matrix structure, reduces significant deformation of
mortar, and mitigates the brittle failure characteristics of fly ash-based geopolymers.

3.4. Microscopic Analysis
3.4.1. SEM Analysis

SEM analysis was conducted on the non-fiber-incorporated group, GMPF0-0, and the
fiber-incorporated group, GMPF1.0-15, with the results depicted in Figure 8. From the SEM
images of the GMPF0-0 group, it is evident that the compressed GMPF matrix is surrounded
by a large amount of amorphous polymer cementitious material. The gel is predominantly
irregularly clustered, covering the surface of the matrix, thus densifying the internal
structure of the matrix. Additionally, in Figure 8a, unreacted CG particles are observed,
existing within the matrix as fillers, reducing micro-defects such as cracks and voids,
consequently enhancing the compactness of the structure. Nevertheless, Figures 8b and 8c
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still reveal the presence of numerous cracks, where larger and wider cracks are primarily
due to compressive failure of the matrix, while finer cracks result from significant curing
shrinkage of the GMPF matrix itself.

   
(a) GMPF0-0 ×500 (b) GMPF0-0 ×2000 (c) GMPF0-0 ×5000 

   
(d) GMPF1.0-15 ×100 (e) GMPF1.0-15 ×100/400 (f) GMPF1.0-15 ×400 

Figure 8. SEM images of GMPF at different magnifications.

Figure 8d–f illustrate the microscopic structure of GMPF fibers with a content of
1.0 vol% and a length of 15 mm. It can be observed that the addition of fibers signifi-
cantly reduces the occurrence of micro-cracks. The highly elastic PP fibers are distributed
within the matrix, optimizing the stress distribution within the matrix, mitigating stress
concentration at matrix defects, thus enhancing the compressive strength of the specimens.
This is consistent with the trend observed in macroscopic mechanical property changes;
when the fiber content is 1.0 vol%, compressive strength increases by 5.31%, and flexural
strength increases by 8.2%. However, due to the presence of non-polar chemical bonds
on the surface of PP fibers, they exhibit an extremely hydrophobic surface structure. This
hydrophobic surface weakens the interaction between PP fibers and the matrix, resulting
in the existence of partial cracks and voids between the fiber–matrix interface, leading to a
decrease in the density of the matrix structure.

In Figure 8d,f, it can be observed that there is no adherent polymer gel on the fiber
surface, and numerous small cracks and voids exist between the fiber and the matrix,
weakening the interface bonding ability of the fiber and the matrix, thus diminishing the
bridging effect of the fiber. In Figure 8e, it is observed that the connection ends of the fibers
exhibit significant tearing and friction marks after loading, with multiple longitudinal
cracks appearing on the fiber surface, indicating that polypropylene fibers still possess
strong mechanical interlocking capability with the geopolymer matrix. This may be a
reason for the slight increase in flexural strength of GMPF specimens but a significant
improvement in flexural toughness.

3.4.2. Pore Size and Pore Throat Distribution

The pore size and pore throat distribution of the GMPF specimens were analyzed
using the low-field nuclear magnetic resonance test method, and the analysis results are
presented below.

Figure 9a illustrates the variation in pore distribution among different groups of
GMPF. It can be observed from the figure that the pore distribution curve roughly consists
of three peaks, with peak values corresponding to pore sizes of 0.01 μm, 0.5 μm, and 10 μm,
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respectively. Therefore, following the classification method for pore sizes in cementitious
materials, pores ranging from 0 to 0.1 μm are termed micropores, pores ranging from 0.1
to 10 μm are termed mesopores, and pores larger than 10 μm are termed macropores [25].
Additionally, it is noted that peak pores are mainly distributed around the peak near
0.01, followed by the peak near 0.5 μm, while the distribution of pores near 10 μm is
minimal. This indicates that the overall pore structure of the GMPF matrix is predominantly
composed of micropores, with relatively fewer mesopores and macropores, suggesting
a compact overall structure. Compared to the reference group, with the increase in fiber
content, the content of micropores in the matrix gradually increases, and the median pore
size peak of mesopores shifts to the left, while the median pore size peak corresponding
to macropores shows a trend of rightward movement. This indicates that fibers in the
matrix can effectively fill the pores of mesopores, converting mesopores with pore sizes
ranging from 0 to 10 μm into mesopores with smaller pore sizes ranging from 0.1 to 1 μm
and micropores below 0.1 μm. The trend of an expanding pore size of macropores is due
to the segmented mesopores merging with other pores in the geopolymer precursor state,
transforming mesopores into macropores. The impact of different fiber lengths on pore
structure has not varied significantly, with a more significant effect observed on micropores.
Generally, longer fibers lead to a higher content of micropores, while changes in mesopores
and macropores are minimal, indicating that the internal pore structure of the matrix has
not deteriorated.

 

μ μ μ

(a) Pore size distribution (b) Pore throat distribution 

Figure 9. Distribution of different GMPF pore types and pore throat sizes.

Table 7 presents the porosity and distribution of harmful pores in GMPF specimens.
The definition of harmful pores follows the classification method summarized by Aca-
demician Wu Zhongwei, categorized based on the pore size’s damaging effect on the
mechanical strength of concrete structures, into harmless pores (0 ≤ r < 20 nm), slightly
harmful pores (20 ≤ r < 100 nm), harmful pores (100 ≤ r < 200 nm), and multiple harmful
holes (r ≥ 200 nm). The data results show that the porosity increases with the increase in
fiber content. When the fiber content increases to 1.0 vol%, 2.0 vol%, and 3.0 vol%, the
total porosity of the matrix increases by 11.89%, 9.34%, and 18.64%, respectively. This
is because the addition of fibers during specimen preparation introduces some small air
bubbles, which are difficult to compact, thus remaining in the matrix. However, considering
the combination with mechanical properties, the increase in porosity has not excessively
reduced the compressive strength of the GMPF matrix. Its compressive strength still shows
improvement compared to the reference group, indicating that the enhancement effect of
PP fibers on the mechanical properties of the GMPF matrix outweighs the weakening effect
caused by the increase in porosity. On the other hand, due to the hydrophobic nature of
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polypropylene fiber surfaces, there are gaps between the fibers and the matrix bonding
surface, which form pores during geopolymer curing. This phenomenon has been observed
in the SEM images of fiber–matrix bonding surfaces in Section 3.4.2. The analysis shows
that the longer the fibers, the more pronounced this phenomenon, and more bubbles are
introduced when fibers are added. Therefore, when the fiber length is 19 mm, the porosity
increases by 18.6% compared to the reference group.

Table 7. Porosity and distribution of harmful pores in GMPF.

Specimen
No.

Total Porosity (%) Harmless Hole (%)
Slightly Harmful

Pores (%)
Harmful Hole

(%)
Multiple Harmful

Holes (%)

GMPF0-0 28.59 15.43 8.49 0.53 4.14
GMPF1.0-15 31.99 20.51 7.86 0.74 2.88
GMPF2.0-15 31.26 18.37 7.72 1.30 3.86
GMPF3.0-15 33.92 20.55 8.94 1.02 3.42
GMPF1.0-6 31.35 19.18 8.27 0.91 2.99
GMPF1.0-12 31.45 18.49 8.71 1.02 3.22
GMPF1.0-19 33.91 29.80 1.63 0.76 1.72

Note: harmless hole (0 ≤ r < 20 nm), slightly harmful pores (20 ≤ r < 100 nm), harmful hole (100 ≤ r < 200 nm),
multiple harmful holes (r ≥ 200 nm).

The calculation of the harmfulness of GMPF pore sizes reveals that pores in the
geopolymer matrix primarily appear in the form of harmless and slightly harmful pores,
with harmful and multiple harmful holes accounting for only 4.67%. This indicates that the
internal structure of the fly ash-based geopolymer matrix is sound, and the polymerization
reaction is sufficient, allowing the formed geopolymer gel to effectively fill harmful pores,
forming a robust skeletal structure. With the addition of polypropylene fibers, the pore
structure of the fiber–geopolymer composite material is significantly improved. When the
fiber content increases from 1.0 vol% to 3.0 vol%, the proportion of harmless and slightly
harmful pores increases from 23.94% to 28.37%, 26.09%, and 29.45%, respectively, while
the proportion of multiple harmful holes decreases from 4.14% to 2.88%, 3.86%, and 3.42%.
This is mainly attributed to the filling effect of the fibers in the matrix, converting multiple
harmful holes into less harmful, slightly harmful, and harmless pores, optimizing the
internal pore structure of the specimens, and increasing the density of the GMPF matrix.
Therefore, the fiber-incorporated group exhibits higher mechanical performance. When the
fiber content is fixed at 1.0 vol%, varying fiber lengths show a more significant effect on
pore structure changes. When the fiber lengths are 6 mm, 12 mm, 15 mm, and 19 mm, the
proportion of harmless and slightly harmful pores increases from the original 23.94% to
27.45%, 27.2%, 28.37%, and 31.43%, respectively, while the proportion of multiple harmful
holes decreases from 4.14% to 2.99%, 3.22%, 2.88%, and 1.72%, respectively. It is evident
that longer fiber lengths result in more harmless and slightly harmful pores and fewer
multiple harmful holes, indicating a better internal pore structure of the matrix. Overall,
the optimal pore structure is achieved when the polypropylene fiber content is 1 vol%
and the length is 19 mm, resulting in the best mechanical strength, consistent with the
conclusions in Section 3.2.2.

4. Conclusions

(1) As the PP fiber content increased, more geopolymer paste adhered to the fiber surface,
leading to a more pronounced bridging effect in the viscous geopolymer precursor
and reducing the fluidity of the GMPF slurry. When the fiber content was less than
1.5 vol%, the fiber length did not significantly affect the flow performance.

(2) The 6 mm polypropylene fibers are more suitable for geopolymers as they disperse
more uniformly, forming better interlocking structures and enhancing mechanical
properties. The fibers significantly improve the post-failure stress performance and
flexural strength of the material, creating a robust support structure within the mortar.
This reduces deformation and mitigates brittle failure.
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(3) Tears and friction marks were observed at the ends of the fibers where they connect
with the matrix after loading, indicating that the fibers effectively suppressed the
formation of microcracks. This optimized the internal stress distribution, reducing
stress concentration at defects and significantly enhancing the flexural toughness.

(4) LF-NMR results indicated that the incorporation of polypropylene fibers improved
the internal pore structure of the geopolymer. As the fiber content increased, the
number of small pores increased, and the median pore size of medium and large pores
expanded. While fiber length did not alter the overall pore structure, it significantly
affected the micropores.
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Abstract: With the aim of improving the machined surface quality of die steel, this paper
takes Cr12MoV quenched die steel as the research object and proposes a ball head milling
surface morphology prediction model that comprehensively considers influencing factors,
including tool vibration, eccentricity, as well as deformation. By setting key parameters,
such as line spacing, feed per tooth, cutting depth, and phase difference, the system an-
alyzed the influence of each parameter on the residual height and surface roughness of
the machined surface. High-speed milling experiments were conducted, and the surface
morphology of the samples was observed and measured under a microscope. The simula-
tion results show good agreement with the experimental data, with errors within 7%~15%,
proving the accuracy of the model. This study can provide theoretical support and method-
ological guidance for surface quality control and processing parameter optimization in
complex mold surface machining.

Keywords: surface morphology simulation; ball-end milling; Cr12MoV; Z-map algorithm;
tool vibration

1. Introduction

Quenched steel is known for its high hardness, wear resistance, and ease of machining,
making it extensively applied in industries, like aerospace, construction machinery, and
automotive manufacturing [1,2]. In the automotive industry, quenched die steel is one
of the indispensable processing tools. The surface condition after high-speed milling is
crucial for the study of surface integrity and is also a key factor in ensuring component
performance [3]. Moreover, it exerts a direct influence on the operational lifespan of the
mold. Therefore, it is particularly crucial to delve into the morphological characteristics
of the processed surface in order to accurately grasp its mechanism of action and make
precise predictions of surface morphology. This not only helps to improve the accuracy
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of mold processing, but also effectively reduces production costs, which has important
theoretical value and practical guidance significance.

In recent years, significant progress has been made in the research of three-dimensional
surface morphology simulation, which has significantly improved the surface quality and
prediction accuracy of complex curved surface part machining. Quinsat et al. [4,5] in-
troduced a 3D surface morphology simulation model that considers tool rotation and
translation during machining, yielding more accurate results; their model also allows ma-
chining parameters to be adjusted based on the predicted surface roughness. Zhuo, Y. [6]
and others have developed a new prediction method that takes into account the vibration
and material removal effects in the course of cutting. This method is particularly suitable
for modeling and testing the surface morphology of thin-walled parts during peripheral
milling. Experiments have shown that it has good accuracy and practicality. Urbikain,
G. [7] and others combined geometric modeling and empirical modeling to predict the sur-
face roughness when machining free-form surfaces using a new barrel end mill. They also
included the factor of tool runout. By using geometric models based on tool travel paths
and mathematical models based on cutting conditions, these models have been validated
through experiments on Al7075T6 aluminum alloy and Ti6Al4V titanium alloy, demonstrat-
ing high-precision predictive ability. The error of geometric models usually does not exceed
15%, while the error of empirical models does not exceed 10%, among which the feed rate
exhibits a notably pronounced effect on the resulting surface roughness. This study pro-
vides a reliable tool for efficient and precise machining of complex curved parts. Buj-Corral
et al. [8] constructed a numerical model based on the principle of intersection between
geometric cutting tools and workpieces, investigating the influence of feed rate and radial
depth of cut on the surface topography generated during ball-end milling operations. The
results showed that lower surface roughness and shorter processing time can be achieved
simultaneously at smaller cutting depths and higher feed rates, which helps to reduce
milling and polishing costs and improve processing efficiency and surface quality. Zhang
Xiangyu et al. [9] employed an orthogonal experimental design to examine how various
process parameters (spindle speed, feed rate, milling depth, milling width) influence the
surface roughness of a tin-bismuth alloy. They identified an optimal parameter combination
that reduced surface roughness to 0.233 μm, markedly improving the machined surface
quality. Wang et al. proposed a method to control surface roughness in five-axis milling
through surface morphology analysis. A predictive model was constructed to simulate
surface topography based on an elliptical tool trajectory, with a focused examination of
how tool runout and workpiece curvature impact the resultant surface characteristics. By
solving nonlinear over-determined equations, they optimized the feed rate to ensure a
uniform roughness distribution at various positions on the workpiece. This approach
improves the uniformity and quality of surface finish while maintaining steady machining
efficiency. Wang, L. [10] et al. devised a technique to regulate surface roughness in five-axis
milling by analyzing surface features. Researchers worldwide have carried out extensive
studies concentrating on modeling and simulating milled surface topography, with the
aim of accurately analyzing machined surfaces and effectively controlling their quality.
Zhang Wei et al. [11] constructed a model for secondary machining of surface texture using
ellipsoidal milling cutters and explored how various milling parameters affect surface
texture characteristics. The accuracy of texture simulation was verified through milling
experiments. Juan Wei et al. [12] developed a model to predict surface characteristics in
ball-end milling using homogeneous coordinate transformation matrices, examining how
different parameters influence the resulting surface morphology. Sylvain et al. [13] devel-
oped a model for predicting milling surfaces using N-buffer technology, which can take

64



Materials 2025, 18, 2355

into account local fluctuations in feed rate and is suitable for predicting surface features of
free-form surfaces. Gao et al. [14] applied a Z-map algorithm alongside milling experiments
to study how cutting impact and tool wear affect surface morphology. They found the
simulated data closely matched experimental results, confirming the prediction model’s
accuracy. This study establishes a theoretical framework to support the optimal selection
of machining parameters. Lei Zhang et al. [15] studied the influence and prediction of tool
wear on the surface roughness of workpieces. The tool wear area and wear position angle
have a significant impact on the surface roughness of workpieces. When the wear area
and position angle are controlled within a reasonable range, it actually helps to improve
the surface quality of workpieces. Dong et al. developed an improved Z-map algorithm
that does not require segmentation of cutting tools for simulating milling surfaces and
confirmed its effectiveness and high consistency with simulated surface features through
testing [16]. Lazoglu et al. proposed an analytical model for ball-end milling, integrating
key machining parameters—including feed rate, flute count, step-over distance, and cutting
depth—to predict surface topography and roughness outcomes [17]. Felh ő et al. carried
out experimental studies on surface roughness modeling in face milling by systematically
adjusting process parameters, including feed rate, cutting speed, and axial depth of cut. A
predictive model was established based on response surface methodology, which enabled
precise prediction of the surface roughness after milling and clarified the individual effects
of each cutting parameter on the surface roughness characteristics [18]. Scholars, such as
Yu Yongquan, have explored the surface characteristics of non-circular gears and found
that the determining factors for the remaining height are the feed interval and feed rate per
turn [19]. Xu Jin et al. [20] carried out a comprehensive investigation on the mechanism
underlying surface texture formation during the milling of ultra-high-strength steel AF1410.
The study also pointed out how geometric elements and dynamic deformation jointly affect
surface roughness in milling operations, and the error range of simulation results was
controlled within 10.9%, thus verifying the practicality of the model. Li Yuan et al. explored
the principle of surface forming at different positive angles during nanosecond laser milling
of aluminum alloys [21]. At the same time, Lu Xiaohong and her team [22] constructed
a model to simulate surface morphology. After actual milling experiments, the model
demonstrated high accuracy.

Through a comprehensive review of the existing literature, it is found that most of
the existing surface topography simulation models are based on idealized assumptions,
which often simplify the dynamic behavior of the tool and ignore the influence of important
factors, such as tool vibration, eccentricity error, and deformation. Although Cr12MoV
die steel is widely used in die and mold processing because of its high hardness and
good wear resistance, there is still little research on the evolution of surface morphology,
and there is a lack of a three-dimensional surface morphology prediction model that can
comprehensively consider the dynamic influence of multiple factors. In order to make up
for the above shortcomings, a surface morphology prediction model suitable for Cr12MoV
die steel ball end milling was constructed. The proposed model incorporates factors, such
as tool vibration, spindle eccentricity, and tool deformation. Based on the cutting edge
trajectory modeling and Z-map algorithm, the simulation and prediction of 3D surface
topography were implemented using a MATLAB (MathWorks, Natick, MA, USA, Version
R2023a) platform. This method provides an effective theoretical basis and reference for
optimizing processing parameters and reducing processing costs.
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2. Materials and Methods

2.1. Establishing a Mathematical Model for the Cutting Edge in Ball-Head Milling

A precise description of the milling motion is the core requirement for developing a
surface morphology simulation model in ball-end milling. For this purpose, it is critical to
establish the trajectory equation of the cutting edge of the ball-end mill. Such an equation
accurately describes the motion track of each discrete point along the cutting edge during
milling. In this work, the center of the ball-end cutter is defined as the origin of the
coordinate system, since the ball-end milling cutter contacts the workpiece through its
cutting edges. As illustrated in Figure 1, Point Q is any point on the cutting edge. The
distance from point Q to the coordinate system origin O is the radius R of the ball head.
The included angle between the straight line OQ and axis Z is represented by θ. In the
figure, after any point Q of the cutting edge of the tool is projected to the XY plane, the
included angle between the projection point Q1 and point O and axis X is ϕ, the Z-axis
is consistent with the cutter’s axial direction. The cutting edge is divided into n discrete
points, and the coordinates of each point Q are expressed as (x, y, z).

⎡
⎢⎣x

y
z

⎤
⎥⎦ =

⎡
⎢⎣R sin θ cos(tan β ln(cot(θ/2)))

R sin θ sin(tan β ln(cot(θ/2)))
−R cos θ

⎤
⎥⎦ (1)

Figure 1. Geometric coordinate model of ball end milling cutter.

In the equation, (x, y, z) represents the coordinates of point Q at any location within
the tool coordinate system, θ denotes the angular position of Q along the cutting edge, and
R refers to the radius of the ball-end portion of the ball-end milling cutter.

The angle formed between the line connecting the projection point Q1 to the origin
O and the positive direction of the Y-axis is defined as the phase angle. If the tool has z
cutting edges, the phase angle corresponding to the i-th cutting edge can be described by
Equation (2):

ϕi = ϕ1 + 2π(i − 1)/z (2)

In this study, we define the phase difference (Δϕ) as the angular offset between adjacent
cutter teeth. This parameter is crucial for modeling the overlapping trajectory and resulting
surface morphology during the ball-end milling process. The angular spacing between
adjacent cutting edges of a ball-end milling cutter is evenly arranged. By rotating the first
cutting edge through an angle ϕi, the position of the i-th cutting edge can be determined.
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Consequently, the coordinates of any point Q located on the i-th cutting edge during the
machining process can be formulated as:

⎡
⎢⎢⎢⎣

xi

yi

zi

1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

cos(ϕi − ϕ1) − sin(ϕi − ϕ1) 0 0
sin(ϕi − ϕ1) cos(ϕi − ϕ1) 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ (3)

In the formula, (xi, yi, zi)—Q is the coordinate of the first cutting edge.
During the milling process, the tool tip does not actually participate in cutting but

instead squeezes the workpiece [23]. Therefore, in the actual processing, it is often necessary
to determine the appropriate processing angle according to the specific requirements. For
the convenience of research, In this paper, the machining inclination angle is divided into
a lateral inclination angle α and a forward inclination angle β, as illustrated in Figure 2.
Introduce angle transformation matrices as M1 and M2.

Figure 2. Machining inclination angle of ball nose milling cutter.

By reasonable angle transformation, the transformation matrices of sideslip angle and
forward tilt angle can be obtained as follows:

M1 =

⎡
⎢⎢⎢⎣

1 0 0 0
0 cos α − sin α 0
0 sin α cos α 0
0 0 0 1

⎤
⎥⎥⎥⎦ (4)

M2 =

⎡
⎢⎢⎢⎣

cos β 0 − sin β 0
0 1 0 0

sin β 0 cos β 0
0 0 0 1

⎤
⎥⎥⎥⎦ (5)

2.2. Calculation Model for Residual Height of Milling Surface Morphology

Figure 3 illustrates a schematic representation of the residual height in the surface
morphology. The arcs O and O1 are the surface morphologies formed between adjacent
teeth during the milling process, and point N is the vertex of the residual height of the
surface morphology. As can be seen, the value of residual height MN is expressed by the
following formula:

MN =
8z0 +

√
64z2

0 − 16(x2
1 − 2x1x0 + x2

0 + 4z2
0 − r2)

8
(6)
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Figure 3. Schematic diagram of residual height of surface morphology.

2.3. Multi Factor Modeling of Ball End Milling Cutter Motion Trajectory
2.3.1. Modeling of the Influence of Tool Vibration on Cutting Edge Motion Trajectory

During milling, tool vibration inevitably alters the cutting trajectory and directly
affects the quality of the finished workpiece surface. Therefore, this article assumes that
the tool vibrates along the X, Y, and Z directions without interfering with each other, and
represents the tool vibration by the displacement of the center of the ball of the ball end
milling cutter in the X, Y, and Z directions, in order to construct a tool vibration model.
This assumption is based on the following considerations: (1) The stiffness distribution
characteristics of the tool structure in the high-speed milling process often lead to the axial
vibration to dominate, while the mutual interference effect is relatively weak; (2) This paper
focuses on the influence of vibration on the residual height of the surface; (3) Available
literature indicates (for example, Sun et al. [24]) that under normal machining parameters,
the mutual interference between XYZ vibrations has a limited influence on the surface
prediction error. The structural design and dynamic stiffness distribution of high speed
milling tools often lead to dominant vibrations in a single direction at any given time,
particularly under steady cutting conditions. Therefore, in order to balance the complexity
and computational efficiency of the model, the interference of lateral vibration is simplified
in this study.

The vibration of the cutting tool is similar to that of a spring damping system, and the
dynamic model of the system can be expressed by Equation (7) [24].

d2x
dt2 + 2ξxwx

dx
dt + w2

xx(t) = w2
x

kx
Fx(t)

d2y
dt2 + 2ξywy

dy
dt + w2

yy(t) =
w2

y
ky

Fy(t)
d2z
dt2 + 2ξzwz

dz
dt + w2

zz(t) = w2
z

kz
Fz(t)

(7)

In this formula, Fx(t) represents the cutting force on the X-axis; Fy(t) represents
the cutting force on the Y-axis; Fz(t) represents the cutting force on the Z-axis; ξ is the
damping coefficient of the vibration system; ω is the natural frequency of the vibration
system under dynamic conditions; k is the modal stiffness of the vibration system under
dynamic conditions.

By solving the above vibration equation, the coordinate transformation matrix due to
tool vibration can be obtained as:

M3 =

⎡
⎢⎢⎢⎣

1 0 0 −x(t)
0 1 0 −y(t)
0 0 1 −z(t)
0 0 0 1

⎤
⎥⎥⎥⎦ (8)
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2.3.2. Modeling of the Influence of Tool Eccentricity on Cutting Edge Motion Trajectory

In order to enhance the accuracy of the simulation, potential misalignment between
the tool axis and the spindle axis must be considered in the model (i.e., the eccentricity
introduced during tool mounting; see Figure 4).

Within the coordinate frame of the workpiece, let e be the radius of the eccentric
circle caused by spindle rotation, and let μ be the eccentric angle between the tool and
spindle axes. Then, the correction matrix for the tool’s eccentric cutting-edge motion can be
expressed as:

M4 =

⎡
⎢⎢⎢⎣

1 0 0 −ecosμ

0 1 0 −esinμ

0 0 1 0
0 0 0 1

⎤
⎥⎥⎥⎦ (9)

Figure 4. Schematic diagram of eccentricity of ball nose milling cutter.

2.3.3. Modeling of the Influence of Tool Deformation on Cutting Edge Motion Trajectory

In high-speed milling, the tool is subject to vibration and deformation under cutting
forces. Let x(zj,t) and y(zj,t) denote the tool’s deformation in the x and y directions,
respectively. The deformation of the ball-end mill in the x-direction is given by [25]:

x
(
zj, t

)
=

Fx

6EI

[
(rx(θ)− z)3 − (L − Z)3 + 3(L − Z)2(L − rx(θ))

]
(10)

In the formula, I denotes the moment of inertia acting on the ball-end milling cutter;
E represents the elastic modulus of the tool material; L denotes the length of the ball-end
milling cutter; Fx representing the component of cutting force in the x-direction; rx(θ)
represents the center position of the instantaneous cutting edge along the x-axis.

In the direction of the z-axis, the surface plastic deformation of the workpiece together
with its vibration are the key contributing factors. The plastic strain attains its peak value
at the workpiece surface and exhibits a negative exponential distribution. In the direction
perpendicular to the workpiece surface, this value rapidly decreases. The plastic strain [26]
can be obtained as follows:

ε(z) = J1e−J2z

J1 = cos(α0)√
3 sin ϕ cos(ϕ−α0)

J2 = − 1
(n+1)d ln

[
1 − (n+1)

(
Fx cos ϕ−Fy sin ϕ(

√
3 sin ϕ)

n+1
cosn(ϕ−α0)

)
Kaeap cosn α0

] (11)
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In the formula, α0 represents the rake angle of the tool; n represents the hardening
index; K represents the yield strength; d indicates the depth of deformation; ae represents
the line spacing, and ap denotes the cutting depth.

The plastic deformation can be obtained from Equations (12) and (13):

δ =
∫ d

0
J1e−J2zdx (12)

δd = − J1

J2
e−J2d (13)

Therefore, the matrix used to correct the influence of tool shape changes on tool paths
can be expressed as:

M5 =

⎡
⎢⎢⎢⎣

1 0 0 u
(
zj, t

)
+ x(t)

0 1 0 v(zj, t) + y(t)
0 0 1 δd + z(t)
0 0 0 1

⎤
⎥⎥⎥⎦ (14)

After establishing the geometric model of the spherical cutting edge and calculating
the transformation matrices, the motion path equation for any point on the tool’s cutting
edge can be described by the following formula:

⎡
⎢⎢⎢⎣

x′
y′
z′
1

⎤
⎥⎥⎥⎦ = M5M4M3M2M1

⎡
⎢⎢⎢⎣

x
y
z
1

⎤
⎥⎥⎥⎦ (15)

2.4. Modeling Method for Surface Morphology

Given that the surfaces of most milled workpieces belong to free-form surfaces, de-
scribing free-form surfaces can be cumbersome. In mechanical manufacturing, there are
three primary mathematical representations for free-form surfaces: Bézier, Coons, and
NURBS for free-form surfaces: Bezier, Coons, and NURBS (Non-Uniform Rational B-Spline)
surfaces. B-spline surfaces have many advantages, especially their ability to locally adjust
when depicting complex shape related parts, making NURBS surfaces an ideal choice.
Therefore, this article decides to adopt NURBS surface reconstruction based on flexibility
to achieve discrete point fitting and obtain surface morphology. The specific steps of this
process are shown in Figure 5.

In order to realize the accurate reconstruction of the machining surface, this paper
adopts the non-uniform rational B-spline (Non-Uniform Rational B-Splines, NURBS) sur-
face fitting method and reconstructs the workpiece surface morphology by combining
the tool trajectory data obtained from simulation. The specific implementation process
mainly includes the following four stages: (1) Parameter initialization. Set the basic cutting
parameters including feed rate, number of teeth and cutting time, establish the spatial
domain of the machining area, and initialize the height matrix H to record the residual
height value corresponding to the tool trajectory at each position. (2) Perform trajectory
discretization and point cloud generation. By traversing the feed path and time steps,
calculate the spatial coordinates of the tool at each moment; determine whether the current
coordinate (x, y) falls within the predefined spatial domain. If the condition is met, locate
the corresponding position in the height matrix H and compare the calculated height value
z with the original value at that position. If the z value is smaller (indicating material
removal), update the matrix H and save the point to the point cloud dataset. (3) Perform
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NURBS fitting and error correction on the generated point cloud. Input the point cloud
data into the NURBS surface reconstruction model and calculate the distance deviation s
between each sample point and the initial control surface. If s < 0, it indicates that the point
is below the theoretical surface, and it needs to be expanded outward along the normal;
if s > 0, iterate in the direction of the control points until the error meets the convergence
criteria. (4) When all the sampling points converge, the NURBS reconstruction process
of surface processing simulation is completed, and the final three-dimensional surface
morphology simulation results are obtained.

Figure 5. Matlab simulation flowchart of surface morphology.

Compared with traditional Bezier surface, NURBS fitting has higher local control and
modeling flexibility, which can better adapt to the processing simulation requirements of
complex surface structure.

2.5. Materials and Experiments

The machine tool used in this experiment is the DMU 60mono BLOCK five axis
(DMG MORI company, Pfronten, Bavaria, Germany) high-speed vertical machining center,
with a spindle speed of up to 10,000 r/min, as shown in Figure 6. The cutting tool used
is a SH300-H solid carbide ball-end mill (Xiamen Jinlu, Xiamen, China). A white light
interferometer (Figure 7) was used for surface measurement, and the workpiece material
was Cr12MoV quenched steel (Daye Special Steel Co., Ltd., Daye, Hubei, China) (70 HRC).
See Table 1 for main material parameters.
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(a) (b) (c)

Figure 6. Numerical control machine tool used in the experiment. (a) External view of the five-axis
CNC milling machine. (b) Processing state with 45 ◦ inclination of main shaft. (c) Local enlarged
drawing of surface contact.

Figure 7. White light interferometer.

Table 1. Chemical composition of Cr12MoV [27].

Element C Cr Mo V Mn

content 1.45–1.70 11.00–12.50 0.4–0.6 0.15~0.30 ≤0.40
element Si Ni Cu S P
content ≤0.40 ≤0.25 ≤0.30 ≤0.030 ≤0.030

3. Simulation Analysis of the Influence of Processing Parameters on
Milling Surface Morphology

In order to study the influence of different process parameters on milling surface mor-
phology, single-factor simulation and experimental research are carried out in this section. In
order to ensure the scientific and engineering relevance of the experimental design, based
on the available literature, the milling parameters selected in this study under the same
processing conditions are: line pitch (ae: 0.4–0.7 mm), feed per tooth (fz: 0.4–0.8 mm/z), and
cutting depth (ap: 0.3–0.6 mm), as shown in Table 2, ensuring the representativeness of the
experimental results when milling Cr12MoV die steel at high speed.
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Table 2. Single-factor simulation and experimental scheme of different milling parameters.

Serial Number
Line Spacing ae

(mm)
Feed per Tooth

fz (mm/z)
Cutting Depth

ap (mm)
Spindle Speed

n (r/min)

a 0.4 0.4 0.3

10,000
b 0.5 0.5 0.4
c 0.6 0.6 0.5
d 0.7 0.7 0.6
e - 0.8 -

3.1. Simulation Study on the Influence of Line Spacing on Surface Morphology

In traditional milling processes, due to the large line spacing, machining residues
are mainly line spacing residues. When milling mold steel with ball end milling cutters,
different line spacing can obtain different surface morphologies. Therefore, this study
first analyzed the effect of line spacing ae on the surface morphology in simulation. To
further explore the influence mechanism and variation trend of line spacing ae on surface
morphology, a single factor simulation design scheme for line spacing was carried out as
shown in Table 2. The tool was fed unidirectionally with a fixed inclination angle of 30◦,
spindle speed n = 1000 (r/min), line spacing ae: 0.4~0.7 mm, feed per tooth fz = 0.4 mm/z,
cutting depth ap = 0.3 mm, Figure 8a–d illustrates the simulated surface morphologies
under these conditions.

(a) ae = 0.4 mm (b) ae = 0.5 mm

(c) ae = 0.6 mm (d) ae = 0.7 mm

Figure 8. The effect of line spacing on surface morphology (red indicates peaks, and blue indicates valleys).

From the simulation results of Figure 8a–d, it can be seen that when other cutting
parameters remain constant and only the milling line spacing ae changes, the surface mor-
phology is periodically and uniformly distributed along the line spacing direction and feed
direction. However, the change in line spacing ae only affects the surface morphology in the
line spacing direction. With the continuous increase of line spacing ae, the surface morphol-
ogy undergoes significant changes in the line spacing direction. The length dimension of
the micro unit in the line spacing direction gradually increases with the continuous increase
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of line spacing ae, and the frequency of residual height in the line spacing decreases with
the increase of line spacing ae. The value of residual height gradually increases, while the
length in the feed direction remains basically unchanged.

3.2. Simulation Study on the Influence of Feed per Tooth on Surface Morphology

According to the simulation analysis, it is evident that variations in feed per tooth
lead to distinct differences in the resulting surface morphology. During the ball-end milling
process, the feed per tooth fz is a key factor influencing the surface characteristics. To
explore how the feed per tooth fz affects surface formation, a single-factor simulation was
performed (see Table 2), line spacing ae: 0.4 mm, feed per tooth fz = 0.4~0.8 mm/z, cutting
depth ap = 0.3 mm, Figure 9a–e show the simulated surface morphologies under these
feed rates.

The simulation results of surface morphology shown in Figure 9a–e indicate that the
surface presents a periodic and uniform distribution pattern in both the feed direction and
the line spacing direction. Nevertheless, there are slight differences in the variation law. In
contrast to the influence of line spacing on surface contour, the feed per tooth fz primarily
influences the surface profile along the feed direction. With the increase of feed per tooth fz,
the length of the microstructure along the feed direction grows continuously, the frequency
of residual height decreases, and the residual height value gradually rises.

(a) fz = 0.4 mm/z (b) fz = 0.5 mm/z

(c) fz = 0.6 mm/z (d) fz = 0.7 mm/z

(e) fz = 0.8 mm/z

Figure 9. Effect of changing the feed per tooth on the surface topography (red indicates peaks, and
blue indicates valleys).
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3.3. Simulation Study on the Influence of Cutting Depth on Surface Morphology

Variations in cutting depth during the milling process have a significant impact on the
surface morphology. To investigate how milling depth influences surface characteristics and
their changing patterns, this study carried out a single-factor simulation scheme focusing
on the variation of cutting depth ap. The specific data can be observed in Table 2, with
line spacing ae: 0.4 mm, feed per tooth fz = 0.6 mm/z, and cutting depth ap = 0.3~0.6 mm.
Figure 10a–d shows the simulation results of the workpiece surface morphology.

As shown in the simulation results in Figure 10, it is evident that the length of mi-
crostructural units on the machined surface slightly increases with the rise of cutting depth
ap, although this increase is limited. The reason for this phenomenon is that a higher cutting
depth ap causes an enlargement of the milling radius of the ball-end mill engaged in the
workpiece, thereby contributing to the growth of the microstructure length. However,
since the radius of the cutter’s ball end is significantly larger than the cutting depth ap,
the overall increase in microstructure length remains relatively small. Additionally, as the
cutting depth ap continues to rise, the residual height generated by the tool path interval
and feed direction also increases correspondingly, resulting in a continuous growth of
surface roughness values.

 
(a) ap = 0.3 mm (b) ap = 0.4 mm 

(c) ap = 0.5 mm (d) ap = 0.6 mm

Figure 10. The effect of cutting depth on surface morphology (red indicates peaks, and blue indicates
valleys).

3.4. Simulation Study on the Influence of Phase Difference on Surface Morphology

During high-speed ball-end milling, the phase difference Δϕ between adjacent cut-
ting edges plays a crucial role in determining the formation of the workpiece surface
microstructure. Traditional simulation models often overlook the relative angular rela-
tionship between cutting teeth. In this work, a surface morphology prediction model is
established that accounts for the overlapping offsets of adjacent cutter trajectories, which
significantly enhances simulation accuracy. This model is used to explore the effects of
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different initial phase angles ϕ0 on cutting trajectory interference behavior and surface
residual height (Figure 11).

The figure shows the simulated morphology of ball head milling when Δϕ is randomly
set to 0◦, 30◦, 60◦, and 90◦. It can be observed that (1) when the phase difference is a certain
value, the surface texture direction is always the same, and the surface morphology is
arranged in a regular pattern; (2) when the phase difference is random (i.e., the cutting edges
are out of phase by a random angle), the surface morphology and texture arrangement
become chaotic, with no regular pattern, and no regular texture arrangement is formed;
(3) when the phase difference changes from 0◦ to 90◦, the surface morphology gradually
changes from a quadrilateral to a hexagon, and the direction angle of the surface texture
gradually increases with the increase of the phase difference; (4) when the phase difference
is 0◦, the surface morphology is a regular quadrilateral morphology, and when the phase
difference is 90◦, the surface morphology is a regular hexagonal pattern.

 
(a)  = 30° (b)  = 60° 

 
(c)  = 90° 

Figure 11. The effect of phase difference Δϕ on surface morphology (red indicates peaks, and blue
indicates valleys).

4. Experimental Study on Surface Morphology of High-Speed Ball
Head Milling Processing

4.1. Experimental Study on the Influence of Line Spacing on Surface Morphology

In order to validate the accuracy of the simulation results regarding the effect of line
spacing on surface morphology, this paper designed a single factor experiment on milling
line spacing. Firstly, the samples were machined under the specified conditions, and then
the surface morphologies of different experimental samples with milling line spacing were
observed under a microscope, as illustrated in Figure 12a–d.

Through the comparison and analysis of the experimental data and the simulation
results, it can be concluded that the simulated milling surface morphology is relatively
consistent with the experimental findings. Figure 13 presents the variation trend of the
three-dimensional surface roughness by comparing the experimental measurements with
the simulated values.
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As illustrated in Figure 13, the simulated surface roughness values of the workpiece
show a high degree of consistency with the experimental measurements. With the contin-
uous increase in line spacing ae, the surface roughness values exhibit a gradual upward
trend. This phenomenon is mainly attributed to the fact that a larger line spacing expands
the distance between adjacent tool paths, resulting in more uncut material remaining on the
workpiece surface. Consequently, the residual height in the line spacing direction increases,
causing the overall three-dimensional surface roughness to rise. The deviation between
the simulation results and experimental data is within the range of 7% to 15%, and the
simulated values are generally smaller than the corresponding experimental values.

(a) ae = 0.4 mm (b) ae = 0.5 mm

(c) ae = 0.6 mm (d) ae = 0.7 mm

Figure 12. Experimental results of the influence of line spacing on surface morphology.
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Figure 13. Comparison of surface roughness between different ae experiments and simulations.

4.2. Effect of Feed per Tooth on Surface Morphology

Based on simulation experiments, it is known that the difference in feed per tooth will
result in different surface morphologies. To validate the simulation results for feed per tooth,
we conducted a single-factor experiment varying the feed per tooth on surface morphology,
this paper designed a single factor experiment on feed per tooth. Firstly, the samples were
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processed for morphology, and then the surface morphology of different experimental
samples was observed microscopically to obtain the measured surface morphology of
samples with different feed per tooth rates, as shown in Figure 14a–e.

(a) fz = 0.4 mm/z (b) fz = 0.5 mm/z

(c) fz = 0.6 mm/z (d) fz = 0.7 mm/z

(e) fz = 0.8 mm/z

Figure 14. Experimental results of the influence of feed per tooth on surface morphology.

Through the comparison and analysis of the experimental data obtained from actual
machining and the simulation results generated by MATLAB software, it is evident that
the simulated surface morphology is relatively consistent with the experimental findings.
Figure 15 shows the comparison of the 3D surface roughness obtained from experimental
measurements and simulation results.

As illustrated in Figure 15, the comparison between the experimental results of surface
roughness Sz and the simulated data shows that both exhibit a consistent variation pattern.
In particular, the surface roughness increases progressively as the feed per tooth fz rises.
This behavior is mainly caused by the fact that a larger feed per tooth fz produces a
higher residual height along the feed direction, thereby amplifying the surface roughness.
However, there remains an error between the experimental and simulated results, ranging
from approximately 7% to 15%, primarily due to the increase in cutting force generated
by a higher feed per tooth fz during machining. In actual machining, surface morphology
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with varying depths and sizes is further formed due to factors such as tool deformation
and cutting vibration. However, in the simulation cutting process, it is a relatively stable
and ideal environment, and the resulting surface morphology is also relatively stable and
regular, resulting in certain errors be-tween simulation values and experimental values.
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Figure 15. Comparison of surface roughness between fz experiment and simulation.

4.3. The Influence of Cutting Depth on Surface Morphology

To validate the accuracy of the simulation results regarding the effect of cutting depth
on surface morphology, this paper designed a single factor experiment on cutting depth.
Firstly, the samples were processed for morphology, and then the surface morphology of
different experimental samples was observed microscopically. As shown in Figure 16a–d,
the measured surface morphology corresponds to samples processed with different cut-
ting depths.

(a) ap = 0.3 mm (b) ap = 0.4 mm

(c) ap = 0.5 mm (d) ap = 0.6 mm

Figure 16. Experimental results of the influence of cutting depth on surface morphology.
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Through the comparative analysis of the experimental results obtained from actual
machining and the simulation results generated by MATLAB software, it is observed that
the simulated surface morphology is relatively consistent with the experimental findings.
The corresponding comparison of the experimental and simulated values of the three-
dimensional surface roughness is illustrated in Figure 17.
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Figure 17. Comparison of surface roughness between ap experiments and simulations.

Figure 17 presents the comparison of the measured and simulated values of the
three-dimensional surface roughness Sz corresponding to different cutting depths. It is
observed that with the increase of cutting depth ap, both experimental and simulated
surface roughness values rise accordingly. This is mainly due to the fact that a larger
cutting depth results in a higher radial cutting force, which strengthens the tool’s motion
and vibration, thus causing the surface roughness to increase. Consequently, there is a
certain deviation between the simulation and experimental results, ranging from 7% to
15%.

Haining Gao et al. [14] evaluated quenched Cr12MoV steel and found that the maxi-
mum deviation between simulated and experimental roughness reached 21.9%, while the
maximum deviation in this study was 15%, which is within a controllable range and has
good reference value. The main reason for the differences lies in the different experimental
equipment used. Three axis CNC machine tools were used, while a five axis high-speed
vertical machining center was used in this study. The spindle stiffness of the machine
tool was better, the cutting speed was faster, and the maximum spindle speed could reach
18,000 r/min. The vibration was smaller, and the milling process was more stable and
conducive to forming a regular surface morphology. The influence of tool wear was not con-
sidered (in order to reduce the impact of tool wear on this study, new blades were replaced
after each milling). Therefore, the roughness deviation in this study is relatively small.

4.4. The Influence of Phase Angle on Surface Morphology

To further verify the actual effect of phase angle on the surface morphology of ball
head milling, this paper designed high-speed milling experiments under different tooth to
tooth phase difference conditions. Selecting random angles of 0◦, 30◦, 60◦, and 90◦ with
Δϕ as the research objects, ensuring that other cutting parameters (feed rate, line spacing,
cutting depth, etc.) remain consistent.

According to the high-speed ball head milling experiments shown in Figure 18a–e,
By comparing and analyzing the experimental data with the simulation outcomes, it is
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evident that the simulated surface morphology in the milling process is relatively consistent
with the experimental observations. From Figure 18, it can be seen that when the phase
difference remains constant, the surface texture direction is always the same, and the
surface morphology is arranged in a regular pattern. When the phase difference randomly
changes, the arrangement of morphology and texture becomes chaotic. Due to the fact that
the number of cutting edges of the ball end milling cutter is 2, the morphology gradually
changes from a quadrilateral to a hexagon when the phase difference is from 0~90◦, and
the texture direction gradually increases. When the phase difference is 0, the surface
morphology is a regular quadrilateral morphology, and when the phase difference is 90◦,
the surface morphology is a regular hexagonal morphology.

  
(a)  = 0° (b)  = 30° 

  
(c)  = 60° (d)  = 90° 

 
(e)  = arbitrary° 

Figure 18. Experimental results of the influence of phase difference Δϕ on surface morphology (Δϕ).
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5. Conclusions

This study proposes a ball-end milling surface morphology prediction model that
considers factors, such as tool vibration, eccentricity, and deformation. Based on the
theoretical model, the effects of different machining parameters (such as feed rate, line
spacing, cutting depth, and phase angle) on surface morphology and roughness were
investigated. A validation milling experiment was conducted on quenched steel Cr12MoV
workpieces. The main results and conclusions are summarized as follows:

A simulation model based on the Z-map algorithm and MATLAB was developed,
and the surface morphology of quenched steel was simulated and analyzed, revealing
the formation mechanism of the surface morphology. The simulation results showed
good consistency with experimental values. The deviation in three-dimensional surface
roughness remained within the range of 7% to 15%, confirming the model’s accuracy
and reliability. The main reason for the residual deviation is that the simulation assumes
ideal conditions without considering factors such as tool axial movement or vibration.
In addition, in the actual cutting process, there is a small gap between the tool and the
workpiece, which may cause surface scratch and material smearing and increase roughness.
Furthermore, tool wear and the rigidity of the machine tool spindle also affect the surface
roughness. The combined effects of these factors will lead to surface morphology errors
between the simulation and experimental values.

Different machining parameters have a significant impact on the surface morphology
of the workpiece. The line spacing (ae) and feed per tooth (fz) significantly affect the surface
residual height. As the line spacing and feed per tooth increase, the surface residual height
and surface roughness also increase markedly. The cutting depth (ap) has a relatively minor
effect on surface morphology, but as the cutting depth increases, the surface roughness
also tends to rise. Through simulation analysis, it is observed that the surface morphology
of machining presents periodic distribution in the feed path and the interval direction of
adjacent tool trajectory.

The phase difference between cutting edges plays a crucial role in influencing the
surface morphology of machined surfaces. When the phase difference is at a specific
value, the surface texture direction remains consistent, resulting in regular and periodic
surface patterns; introducing the phase angle makes the model’s predictions closer to
actual measurements, providing a theoretical basis and design reference for tool structure
optimization and high-quality surface control.
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Nomenclature

The key parameters and symbols used in this study are listed below:

ae line spacing (radial distance between adjacent cutter paths)
ap cutting depth (axial depth of material removal)
fz feed per tooth (distance advanced per cutter tooth)
phase difference (Δϕ) phase difference between adjacent cutter teeth (in degrees)
residual height uncut material height between adjacent scallop tracks
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Abstract

This study focuses on developing a novel clinker-free cement, specifically comprising
phosphorus slag-based cementitious materials (PSCMs), by utilizing lime and industrial
byproducts, including granulated electric furnace phosphorus slag and fluidized bed com-
bustion bottom ash. The optimal composition of PSCM was determined by investigating
the effects of different proportions of activators (water glass and sodium sulfate) and
retarder (potassium fluoride) on the setting time and the mechanical strength of PSCMs.
Performance evaluations demonstrated that the compressive and flexural strengths of the
optimal PSCM formulation at 28 days were 64.1 MPa and 7.5 MPa, respectively. Notably,
concrete prepared with the optimal PSCM exhibited superior freeze–thaw resistance and
sulfate resistance compared to Portland cement concrete of equivalent strength grades.
The comprehensive characterization of selected PSCM compositions, conducted using
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimet-
ric analysis (TGA), and scanning electron microscope–energy-dispersive spectrometry
(SEM-EDS), provided in-depth insights into the interrelationship among mechanical prop-
erties, durability, and microstructural characteristics. SEM-EDS analysis confirmed that
calcium aluminosilicate hydrate and sodium aluminosilicate hydrate are the predominant
hydration products of PSCMs. FTIR and TG analyses elucidated the continuous hydration
behavior of PSCMs during the curing process, while SEM observations revealed a densely
compact microstructure in the hardened PSCM paste.

Keywords: phosphorus slag; fluidized bed combustion bottom ash; alkali-activated mate-
rials; strength; durability; microstructure

1. Introduction

The growing global population and ongoing urbanization are expected to boost the
construction industry, implying there will be consistent demand for building materials
such as cement in the foreseeable future. Over the past decade, global cement production
has consistently exceeded 4 billion tonnes per year, leading to significant environmental
challenges such as carbon dioxide emissions and high energy consumption. Portland ce-
ment production, which requires the calcining of limestone at high temperatures, accounts

Materials 2025, 18, 3266 https://doi.org/10.3390/ma1814326685
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for about 7–8% of global CO2 emissions [1–3]. Approximately 50–60% of these emissions
come from the calcination reaction (a key step in the production process), around 35–40%
come from fossil fuel combustion, and come 10–15% from activities such as transportation,
space heating, and plant utilities [3–5].

To mitigate CO2 emissions in cement production, a viable approach is to use industrial
solid waste as a partial substitute for cement clinker. This method enables the production
of low-clinker cement with comparable or enhanced strength and durability [6,7]. Ad-
ditionally, using industrial solid waste in clinker-free cement significantly reduces CO2

emissions and energy consumption. Supplementary cementitious materials (SCMs) such as
fly ash (FA), ground granulated blast furnace slag (GGBFS), steel slag, and metakaolin have
demonstrated effectiveness in producing clinker-free cement, and are increasingly accepted
in the construction market [8–13]. However, the availability of these SCMs, particularly
FA and GGBFS, depends on their upstream industries, which may decline in quantity and
quality as these industries evolve. Therefore, to support the low-carbon and sustainable
development of the cement industry, it is imperative to explore new sources of SCMs for
low-clinker or clinker-free cement production.

Granulated electric furnace phosphorus slag (PS), a byproduct of yellow phosphorus
production, is generated at a ratio of 8–10 tonnes of PS per tonne of yellow phospho-
rus [14,15]. PS primarily consists of SiO2 and CaO, with an amorphous glass phase content
reaching up to 85% by weight, which confers significant pozzolanic reactivity suitable for
cementitious materials [16–19]. However, the low Al2O3 content and high SiO2 concentra-
tion limit its early reactivity [20–26]. Moreover, the presence of P2O5 and F in PS retards
the hydration of Portland cement, adversely affecting early strength development [27,28].
Consequently, the utilization of PS remains limited, resulting in substantial stockpiles
and the environmental contamination of soil and water. Therefore, further research into
effective utilization strategies for PS is urgently required.

Significant efforts have been undertaken to enhance the reactivity of phosphorus slag
(PS) through increasing its specific surface area, elevating curing temperatures (including
steam curing), and incorporating chemical activators [29–32]. These approaches have not
only improved PS utilization, but also promoted resource conservation and environmental
protection. However, challenges persist, particularly concerning the high energy consump-
tion during grinding and the elevated costs associated with high-temperature curing.

Research findings [33–36] indicate that aluminosilicate materials such as fly ash, GG-
BFS, and metakaolin, when combined with alkaline components, can produce alkali-
activated materials (AAMs), characterized by low carbon emissions and reduced energy
consumption. These AAMs exhibit superior chemical and freeze–thaw resistance compared
to Portland cement [37–40], positioning them as promising energy-efficient and environ-
mentally friendly building materials [8–13,41]. Phosphorus slag can also be utilized to
produce AAMs [42–46]. Extensive studies have explored the development and applica-
tion of these PS-based AAMs, yielding significant results [47,48]. However, research on
alkali-activated PS materials highlights several challenges [18,20,22,24,41,47,49]. First, their
production often requires blending PS with Portland cement, GGBFS, fly ash, or metakaolin,
leading to a relatively low proportion of PS. Second, concerning fluidized bed combustion
bottom ash (BA), the presence of which in emissions has exhibited a steady increase over
recent years [50], there are currently no public reports regarding its application in the
preparation of alkali-activated materials (AAMs).

This study proposes a novel clinker-free cement composed of phosphorus slag-based
cementitious material (PSCM), developed by utilizing lime and industrial solid wastes,
including granulated electric furnace phosphorus slag (PS) and fluidized bed combustion
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bottom ash (BA). This approach promotes the recycling and reuse of these materials. The
effects of varying dosages of activators (water glass and sodium sulfate) and retarder
(potassium fluoride) on the PSCM’s properties (setting time and strength) were first inves-
tigated to determine the optimal composition. Additionally, the sulfate and freeze–thaw
resistances of PSCM concrete were examined. Finally, the hydration and microstructure
of selected PSCM compositions were analyzed using X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), thermogravimetry (TG), and scanning electron
microscopy (SEM). This paper aims to achieve the following objectives:

(1) To develop PSCMs with a strength grade of 42.5 using phosphorus slag and fluidized
bed combustion bottom ash;

(2) To evaluate the freeze–thaw resistance and sulfate resistance of concrete prepared
with the developed PSCMs;

(3) To investigate the relationship between the performance and microstructure of the
hardened paste of the developed PSCMs through microstructural analysis.

2. Experimental Programs

2.1. Materials

Ground granulated electric furnace phosphorus slag (PS), fluidized bed combustion
bottom ash (BA), and lime (L) were utilized as the primary ingredients of phosphorus
slag-based cementitious materials (PSCMs) in this study. The materials used in this study
are as follows: Granulated electric furnace phosphorus slag (PS), produced by Hubei
Yatai Chemical Co., Ltd. (Yichang, China), has a specific surface area of 397 m2/kg.
Circulating fluidized bed combustion bottom ash (BA), supplied by Hubei Yihua Group
Co., Ltd. (Yichang, China), is of the low-sulfur type and has a specific surface aera of 579
m2/kg. Lime (L) was provided by Hubei Yichang Runchu Building Materials Co., Ltd.
(Yichang, China). The slaking time and slaking temperature of the lime are 7 min and 60 ◦C,
respectively. The chemical compositions are detailed in Table 1, and the XRD patterns of PS
powder and BA are shown in Figure 1. As illustrated in Figure 1, the amorphous glass phase
is the primary mineralogical component of PS, indicating its high reactivity [18,27,37]. In
contrast, BA is primarily composed of quartz with a minor amount of mullite. ISO standard
silica sand, compliant with Chinese Standard GB/T 17671-2021 [51], was used to prepare
test specimens for evaluating PSCM performance. River sand with a fineness modulus of
2.5 and crushed limestone (5–20 mm) served as aggregates in the PSCM concrete.

  
(a) (b) 

Figure 1. XRD patterns of industrial solid waste used in this study: (a) ground granulated electric
furnace phosphorus slag (PS), and (b) fluidized bed combustion bottom ash (BA).

87



Materials 2025, 18, 3266

Table 1. Chemical composition of phosphorus slag (PS), fluidized bed combustion bottom ash (BA),
and L (wt. %).

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 P2O5 Loss on Ignition

PS 38.09 3.85 0.33 43.64 1.98 3.05 0.37 1.27 4.21 0.52
BA 55.74 27.52 3.85 2.26 1.59 1.36 0.51 1.35 0.22 3.69
L 0.44 0.18 0.07 93.4 0.95 / / 0.79 / 4.10

Meanwhile, water glass and sodium sulfate were employed as activators for PSCMs.
The water glass used was a commercially sourced aqueous solution with a modulus of 1.2,
whereas the sodium sulfate was a commercially available analytical reagent. Furthermore,
potassium fluoride (KF) of analytical grade was added as a retarder to modulate the setting
time of alkali-activated PSCMs.

2.2. Mix Proportions and Samples Preparation

The formulations of the PSCM mixtures considered in this study are tabulated in
Table 2.

Table 2. Formulations of PSCM mixtures.

Mixture No.

Cementitious Component (%) Activator a

Retarder a

(i.e., KF) (%)PS BA Lime (L)
Water Glass (WG)

(Na2O wt. %)
Sodium Sulfate

(SS) (wt. %)

BA0-WG5 95 0 5.0 5.0 0 1.0
BA0-WG6 95 0 5.0 6.0 0 1.0
BA0-WG7 95 0 5.0 7.0 0 1.0
BA0-WG8 95 0 5.0 8.0 0 1.0
BA15-WG5 80 15 5.0 5.0 0 1.0
BA15-WG6 80 15 5.0 6.0 0 1.0
BA15-WG7 80 15 5.0 7.0 0 1.0
BA15-WG8 80 15 5.0 8.0 0 1.0

BA0-WG7-SS1 95 0 5.0 7.0 1.0 1.0
BA0-WG7-SS3 95 0 5.0 7.0 3.0 1.0
BA0-WG7-SS5 95 0 5.0 7.0 5.0 1.0
BA15-WG7-SS1 80 15 5.0 7.0 1.0 1.0
BA15-WG7-SS3 80 15 5.0 7.0 3.0 1.0
BA15-WG7-SS5 80 15 5.0 7.0 5.0 1.0

BA15-WG7-SS3-KF0 80 15 5.0 7.0 3.0 0.0
BA15-WG7-SS3-KF0.5 80 15 5.0 7.0 3.0 0.5
BA15-WG7-SS3-KF1 80 15 5.0 7.0 3.0 1.0

BA15-WG7-SS3-KF1.5 80 15 5.0 7.0 3.0 1.5
a The dosages of admixtures, including activator and retarder, are expressed as percentages of the total mass of
PS, BA, and L.

PSCM paste, mortar, and concrete were prepared according to the formulations pre-
sented in Table 2. A 5 L capacity mortar mixer was utilized to mix the PSCM mortar with
a water-to-binder ratio (W/B) of 0.5, including water from the activator solution, and a
sand-to-binder ratio of 3. Cementitious components (PS, BA, and L) and ISO standard silica
sand were initially mixed for 30 s. The alkaline activator solution and mixing water were
then gradually added until a uniform mortar was achieved. Fresh mortar was immediately
cast into prisms measuring 40 mm × 40 mm × 160 mm and covered with plastic film to
prevent moisture evaporation. After 24 h, the specimens were demolded and cured at a
temperature of 20 ± 2 ◦C and a relative humidity of 95% until they reached the designated
testing age.

The preparation procedure for the PSCM paste assessed for setting time closely fol-
lowed that of the PSCM mortar. For the PSCM concrete samples the mix proportions of
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which are shown in Table 3, all components—including cementitious components (PS,
BA, and L), aggregates (river sand and crushed limestone), retarder, alkaline activator
solution, and mixing water—were mixed using a 60 L mixer. The thoroughly mixed
PSCM was cast and vibrated as per conventional concrete practices. Cubic specimens
(150 mm × 150 mm × 150 mm and 100 mm × 100 mm × 100 mm) as well as the prismatic
specimen (100 mm × 100 mm × 400 mm) were prepared to evaluate compressive strength,
sulfate attack resistance, and freeze–thaw resistance, respectively. After demolding at for
24 h, these specimens were cured at 20 ± 2 ◦C and 95% until testing.

Table 3. The mix proportions of PSCM concrete.

Concrete No. W/B

Mix Design (kg/m3) Activator c Retarder c

PSCM Sand
Crushed

Stone
Water Glass (WG)

(Na2O wt. %)
Sodium Sulfate (SS)

(wt. %)
KF (wt. %)

PSCM-C30 0.44 333 a 746 1121 7 3 1
PSCM-C50 0.33 500 a 578 1122 7 3 1
OPC-C30 0.44 333 b 746 1121 0 0 0
OPC-C50 0.33 500 b 578 1122 0 0 0

a The mass ratio of the components in PSCM, namely, PS, BA, and L, is 80:15:5. b Ordinary Portland cement
concrete of strength grades C30 and C50 (OPC-C30 and OPC-C50), prepared using P·O 42.5 Portland cement,
served as the reference groups in this study. This cement, supplied by China Huaxin Cement Co., Ltd. (Wuhan,
China), exhibited compressive strengths of 31.4 MPa at 3 days and 47.5 MPa at 28 days. c The dosages of
admixtures, including activator and retarder, are expressed as a percentage of the mass of the PSCM.

2.3. Methods

Figure 2 illustrates the testing methodology employed in this study.

 

Figure 2. Testing methodology of study.

2.3.1. Determination of the Setting Time and Strength of PSCMs

The setting time of PSCMs was determined using a standard consistency paste in
accordance with GB/T 1346-2024 [52], utilizing a Vicat apparatus equipped with a needle
designed to penetrate the samples with paste at regular intervals.

The strength of PSCMs was evaluated using prismatic mortar specimens measuring
40 mm × 40 mm × 160 mm. These prismatic specimens were prepared as described
in Section 2.2. The flexural and compressive strength were measured at 3 and 28 days,
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following the testing protocol prescribed by GB/T 17671-2021 [51]. Specifically, the flexural
strength was calculated as the average of the measurements obtained from three prism
specimens (40 mm × 40 mm × 160 mm), while the compressive strength was determined
as the arithmetic mean of the results for six specimens.

2.3.2. Determination of PSCM Concrete Performance

The compressive strength of PSCM concrete, with mix proportions as detailed in
Table 3, was evaluated at 3 and 28 days according to GB/T 50081-2019 [53]. Additionally,
tests for sulfate attack resistance and freeze–thaw resistance were conducted following the
methods specified in GB 50082-2024 [54], namely, the Test Method for Rapid Freezing and
Thawing and the Test Method for Resistance of Concrete to Sulfate Attack.

2.3.3. Microstructure Examination

The mixtures BA0-WG7-KF1, BA0-WG7-SS3-KF1, BA15-WG7-KF1, and BA15-WG7-
SS3-KF1 of the PSCM paste, as presented in Table 2, were selected for microstructural
examination. Cubic specimens with dimensions of 40 mm × 40 mm × 40 mm were
prepared according to the formulations shown in the table, using a water-to-binder ratio
(W/B) of 0.30.

For each mixture, fresh paste was cast into cubic molds and immediately covered
with plastic film to prevent moisture loss. After 24 h, the specimens were demolded and
subsequently cured at 20 ± 2 ◦C and 95% until the ages of 3 days and 28 days. Samples were
taken for microstructural investigation from the central sections of the cubic specimens at
the designated testing age. These samples were then immersed in ethanol for at least 24 h
to facilitate dehydration and subsequently dried in an oven at 40 ◦C for an additional 24 h.
Samples intended for XRD, FTIR, and TG-DTG analysis were ground to fine powders with
particle sizes less than 10 μm, while those prepared for SEM observations were trimmed to
approximate dimensions of 3 mm × 3 mm × 1 mm.

XRD analysis was conducted using an AXS D8-Advance X-ray diffractometer (Bruker,
Karlsruhe, Germany) with a scan range of 5◦ to 70◦ (2θ) and a step size of 0.02◦. FTIR
analysis was performed utilizing a Thermo Nicolet Fourier transform infrared spectroscopy
(PerkinElmer, Waltham, MA, USA), covering a wavenumber range from 4000 cm−1 to
400 cm−1. Thermogravimetric analysis (TGA) was conducted using a Netzsch STA 449F3
thermogravimetric analyzer (Netzsch, Bavaria, Germany) under an air atmosphere with
the temperature increasing from 20 ◦C to 1000 ◦C at a heating rate of 3 ◦C/min. SEM-EDS
analysis was performed using a JSM-IT800 environmental scanning electron microscope
(JEOL, Tokyo, Japan) at an acceleration voltage of 20 kV.

3. Experimental Results and Discussion

3.1. Effect of Activator on the Strength of PSCM

Based on previous research [28], two formulations of clinker-free phosphorus slag-
based cementitious materials (PSCMs) were selected: BA0 (0% BA, 5% lime) and BA15
(15% BA, 5% lime). This section experimentally investigates the effects of water glass (WG)
and sodium sulfate (SS) dosages on the compressive and flexural strength of PSCMs. WG
dosages, defined as the mass ratio of Na2O from WG to the total cementitious materials
(PS + BA + L), were set at 5%, 6%, 7%, and 8%. SS dosages, expressed as the mass ratio of
SS to the total cementitious materials, were set at 1%, 3%, and 5%. Detailed formulations
are provided in Table 2.
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3.1.1. Effect of the Water Glass Dosage

The flexural and compressive strengths of mixtures BA0 and BA15, with water glass
dosages of 5%, 6%, 7%, and 8%, are diagrammed in Figures 3 and 4, respectively.

 
(a) (b) 

Figure 3. Effect of water glass dosage on strength of mixture BA0: (a) flexural strength and (b)
compressive strength.

 
(a) (b) 

Figure 4. Effect of water glass dosage on strength of mixture BA15: (a) flexural strength and (b)
compressive strength.

As shown in Figures 3 and 4, increasing the water glass dosage from 5% to 8% re-
sulted in a consistent increase in compressive strength for both BA0 and BA15 PSCM
mixtures (Figures 3b and 4b). Flexural strength initially increased but then decreased
(Figures 3a and 4a). Notably, at a 7% water glass dosage, the 3-day flexural strengths of
BA0 and BA15 reached peak values of 3.3 MPa and 3.2 MPa, respectively. In fact, the for-
mation of alkali-activated materials involves the geopolymerization of aluminosilicate con-
stituents in raw materials (precursors) at room temperature or high temperatures [55–59].
This process can be divided into three stages: the depolymerization stage, the repoly-
merization stage, and the hardening stage [56–59]. Specifically, the steps are as follows:
(1) Aluminosilicate components in precursor are dissolved in the alkaline activator so-
lution, releasing free silicon–oxygen and aluminum–oxygen tetrahedral units. (2) These
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tetrahedral units repolymerize through hydroxyl condensation reactions, and (3) the silicoa-
luminate network structure gradually hardens, forming calcium aluminosilicate hydrate
(C-A-S-H) and sodium aluminosilicate hydrate (N-A-S-H) gels. Therefore, higher water
glass dosages increased the concentrations of OH−, silicon–oxygen tetrahedral units, and
aluminum–oxygen tetrahedral units, thereby promoting the geopolymerization reactions
of phosphorus slag-based materials. This enhancement significantly improved mechanical
properties, particularly compressive strength.

Furthermore, Figure 4 shows that under identical water glass dosage conditions,
mixture BA15 exhibits lower 3-day flexural and compressive strengths, as well as 28-day
compressive strength, compared to mixture BA0. This indicates that incorporating flu-
idized bed combustion bottom ash (BA) reduces the early-age strength of alkali-activated
phosphorus slag-based materials. This phenomenon is closely associated with the chem-
ical compositions of BA and PS: BA is a low-calcium silicon–aluminum material, while
PS is high-calcium (Table 1). Generally, alkali-activated high-calcium silicon–aluminum
materials, such as ground granulated blast furnace slag (GGBFS), primarily form C-A-S-H
hydration products with high calcium contents. In contrast, alkali-activated low-calcium
silicon–aluminum materials, including metakaolin and fly ash, predominantly generate
N-A-S-H-based products [55,56,60]. At room temperature, the reaction rate of alkali activa-
tion for the low-calcium silicon–aluminum material is relatively slow, leading to extended
setting times and reduced early-age strength. Consequently, the incorporation of BA, which
has a lower calcium oxide content, resulted in a significant reduction in the strength of
PSCMs, especially at 3 days. However, when the water glass content was 7%, both Mixtures
BA0 and BA15 met the strength requirements for 42.5-grade Portland Phosphorus slag
cement specified in JC/T 740-2006 [25], with the exception of the 3-day flexural strength,
which was slightly below the threshold (not less than 3.5 MPa).

Additionally, as can be observed from Figures 4 and 5, the flexural and compressive
strengths of PSCMs exhibit distinct variation trends with increasing WG dosages. Specif-
ically, the compressive strength increases steadily as the WG content rises, whereas the
flexural strength initially increases and subsequently decreases. This divergence can be
attributed to the different sensitivities of compressive strength and flexural strength to
microstructural characteristics; the compressive strength is primarily influenced by overall
compactness, while the flexural strength is more sensitive to the uniformity of pore dis-
tribution [61]. At low WG contents, the enhanced geopolymerization reaction generates
additional hydration products, thereby increasing the overall compactness of the hardened
paste and promoting both compressive and flexural strengths. However, when the WG
content exceeds a critical threshold, the microstructural uniformity deteriorates, leading to
uneven pore distribution and a reduction in flexural strength.

92



Materials 2025, 18, 3266

 
(a) (b) 

Figure 5. Effect of sodium sulfate (SS) dosage on strength of mixture BA0-WG7: (a) flexural strength
and (b) compressive strength.

3.1.2. Effect of the Sodium Sulfate Dosage

Sodium sulfate (SS) was introduced as an additional activator to enhance the early-age
flexural strengths of Mixtures BA0-WG7 and BA15-WG7, both of which contain 7% water
glass (as detailed in Table 2). The effects of varying dosages (1%, 3%, and 5%) of SS on
the compressive and flexural strengths of these mixtures were examined. The results are
shown in Figures 5 and 6.

 
(a) (b) 

Figure 6. Effect of sodium sulfate (SS) dosage on the strength of mixture BA15-WG7: (a) flexural
strength and (b) compressive strength.

As shown in Figures 5a and 6a, the addition of sodium sulfate (SS) enhanced the
flexural strengths of mixtures BA0-WG7 and BA15-WG7. Specifically, for mixture BA0-
WG7, the 3-day flexural strength increased from 3.3 MPa (without SS) to 3.5 MPa and 3.7
MPa with the addition of 1% and 3% SS, respectively, representing increases of 6.1% and
12.1%. The 28-day flexural strength also rose from 6.6 MPa (without SS) to 7.2 MPa and 7.1
MPa. For mixture BA15-WG7, the 3-day flexural strength increased from 3.2 MPa (without
SS) to 3.3 MPa and 3.5 MPa with 1% and 3% SS, while the 28-day flexural strength increased
from 6.9 MPa (without SS) to 7.3 MPa and 7.5 MPa. However, a further increase in SS
content to 5% resulted in a decrease in flexural strength for both mixtures. Additionally,
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Figures 5b and 6b show that the effect of SS on the compressive strengths of mixtures
BA0-WG7 and BA15-WG7 follows a similar trend to its effect on flexural strength, but
with smaller changes in magnitude. This was because the composite activation of WG and
SS accelerated the hydration rate of phosphorus slag-based materials (namely, mixture
BA0-WG7 and BA15-WG7), thereby shortening their setting time. Additionally, besides
C-A-S-H and N-A-S-H gels, a certain amount of monosulfate was also produced [61–63],
which enhanced the early-age strength, particularly the flexural strength. However, when
the SS dosage exceeded 3%, the paste exhibited rapid setting, affecting the morphology
and uniformity of the hydration products, and adversely impacting the uniformity and
porosity of the hardened paste, ultimately leading to a reduction in strength.

Figures 5 and 6 demonstrate that mixtures BA0-WG7-SS3 and BA15-WG7-SS3 both
comply with the compressive and flexural strength requirements stipulated in JC/T 740-
2006 [25] for P.PS 42.5 Portland Phosphorous Slag Cement at both 3 and 28 days. To
promote the utilization of diverse industrial solid wastes in low-carbon cementitious mate-
rials, subsequent experiments focus on the mixture BA15-WG7-SS3. We then investigate
the regulation of setting time for this mixture, followed by the preparation of PSCM con-
crete. Subsequently, experimental studies evaluate the freeze–thaw resistance and sulfate
resistance of the PSCM concrete.

3.2. Effect of Retarder Dosage on the Setting Time and Strength of PSCMs

During the investigation of the effect of sodium sulfate dosage on mixture BA15-WG7-
SS3, it was observed that this PSCM mixture exhibits a relatively rapid setting time. To
address this, potassium fluoride (KF) was introduced as a retarder to adjust the setting
time. This section studies the effects of varying KF dosages on the initial and final setting
times, as well as the compressive and flexural strengths of the mixture. The results are
summarized in Figures 7 and 8.

Figure 7. Effect of KF dosage on setting time of mixture BA15-WG7-SS3.

As shown in Figure 7, the setting time of PSCM increased with a higher KF dosage.
This is due to the reaction between fluoride ions (from KF) and calcium ions (from PS, BA,
and L) during the early stages of hydration, leading to the formation of CaF2, which has
extremely low solubility. The deposition of CaF2 on the surface of unhydrated PSCMs
particles inhibits their further dissolution and subsequent hydration, thereby prolonging
the setting time [64]. As the KF dosage increases, this inhibitory effect becomes more
pronounced, allowing KF to effectively regulate the setting time of PSCMs. However,
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excessive KF dosages (e.g., 1.5%) result in a significant retarding effect, thereby reducing
the strength of PSCMs (Figure 8).

Figure 8 indicates that as the KF dosage increases from 0% to 1.0%, both the flexural
and compressive strengths of mixture BA15-WG7-SS3 gradually improve. Specifically, at
3 days, the flexural strength rises from 1.8 MPa to 3.5 MPa, and the compressive strength
increases from 10.0 MPa to 19.0 MPa; at 28 days, the flexural strength increases from 6.5 MPa
to 7.5 MPa, and the compressive strength rises from 38.9 MPa to 64.1 MPa. However, when
the KF dosage further increases to 1.5%, the PSCM strength begins to decline. At this point,
the 28-day flexural and compressive strengths are 6.3 MPa and 53.7 MPa, respectively. This
can be attributed to the influence of the retarder on the depolymerization–repolymerization–
hardening process of AAMs [56,58,64]. Specifically, when the mixture BA15-WG7-SS3 is
mixed with water, free silicon–oxygen tetrahedral units and aluminum–oxygen tetrahedral
units, along with calcium ions, are derived via dissolution from phosphorus slag (PS) and
fluidized bed combustion bottom ash (BA) under the combined activating effects of water
glass and sodium sulfate. Subsequently, these ions undergo polycondensation reactions to
form gel products such as C-A-S-H and N-A-S-H gels, which gradually harden.

 
(a) (b) 

Figure 8. Effect of potassium fluoride dosage on strength of mixture BA15-WG7-SS3: (a) flexural
strength and (b) compressive strength.

In the absence of KF, the reaction rates at each stage are significantly faster, leading to
a relatively porous microstructure of the formed products and consequently lower strength
in the hardened paste (Figure 8, KF% = 0). However, with the incorporation of KF, insoluble
CaF2 forms on the surfaces of cementitious material particles, inhibiting the dissolution
of silicon–oxygen and aluminum–oxygen tetrahedra units in the precursor. This delays
the formation and growth of products such as C-A-S-H and N-A-S-H gels, resulting in
a more improved microstructure of the hydration products and a reduction in the total
porosity of the hardened paste, thereby enhancing its strength. When the KF dosage is 1.0%,
the strength of the hardened paste reaches its peak, with 3-day flexural and compressive
strengths of 3.5 MPa and 19.0 MPa, respectively. However, when the KF dosage increases to
1.5%, the excessively strong retarding effect reduces the quantity of C-A-S-H and N-A-S-H
gels, leading to a decline in the hardened paste strength. Nevertheless, compared to the
samples lacking KF, here, the microstructure at 3 days and 28 days was more uniform and
denser, resulting in higher strength.
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Moreover, Figures 7 and 8 demonstrate that at a KF dosage of 1.0%, such as in mix-
ture BA15-WG7-SS3, meets the setting time and strength requirements specified in JC/T
740-2006 [25] for P.PS 42.5-grade Portland Phosphorous Slag Cement. Therefore, the opti-
mal PSCM formulation was determined to be BA15-WG7-SS3-KF1.0, which was used to
prepare a PSCM concrete that would be evaluated for freeze–thaw resistance and sulfate
attack resistance.

3.3. Freeze–Thaw Resistance and Sulfate Attack Resistance of PSCM Concrete
3.3.1. Freeze–Thaw Resistance

The freeze–thaw resistance results of PSCM concrete are shown in Table 4. Figure 9
presents the appearances of PSCM-C50 and OPC-C50 specimens after 175 freeze–thaw
cycles.

Table 4. Freeze–thaw resistance results of PSCM concrete.

Concrete
No.

Mass Loss of Specimens After n Freeze–Thaw Cycles,
ΔWn/%

Relative Dynamic Elastic Modulus of Specimens After n
Freeze–Thaw Cycles, P/%

0 50 100 150 175 0 50 100 150 175

PSCM-C30 0 0 0.5 / / 100 88.1 64.2 / /
PSCM-C50 0 0 0 0.08 0.10 100 91.2 83.1 68.3 61.1
OPC-C30 0 0.4 1.7 / / 100 79.1 53.5 / /
OPC-C50 0 0 0.1 1.24 2.07 100 96.2 81.7 62.8 56.6

Table 4 shows that after 100 freeze–thaw cycles, although the mass loss rates of both
PSCM-C30 and OPC-C30 specimens were below 5%, the relative dynamic elastic modulus
of PSCM-C30 was 64.2%, while that of OPC-C30 decreased to 53.5% (below the threshold
of 60%). This indicates that PSCM-C30 exhibited superior freeze–thaw resistance compared
to OPC-C30, achieving resistance grades of F100 and F50, respectively. For C50 concrete,
after 150 freeze–thaw cycles, the mass loss rates for PSCM-C50 and OPC-C50 were 0.08%
and 1.24%, respectively, and their relative dynamic elastic moduli decreased to 62.8% and
68.3%, respectively. Both achieved a freeze–thaw resistance grade of F150. However, after
extending the freeze–thaw cycles to 175 (Figure 9), although the mass loss rates of both
specimens remained below 5%, the relative dynamic elastic modulus of OPC-C50 dropped
to 56.6%, while that of PSCM-C50 remained above 61.1%. In conclusion, at the same
strength grade, the PSCM concrete demonstrated a slightly better freeze–thaw resistance
than the Portland cement concrete.

 

 

 

 

 

 
(a) (b) 

Figure 9. Appearance of PSCM concrete specimens after 175 freeze–thaw cycles: (a) PSCM-C50 and
(b) OPC-C50 specimens.
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3.3.2. Sulfate Attack Resistance

The sulfate attack resistance results for PSCM concrete are displayed in Table 5.

Table 5. Sulfate attack resistance results of PSCM concrete.

Concrete No.

Compressive Strength Corrosion Resistance Coefficient of PSCM Concrete After n
Cycles of Dry–Wet Testing with Sodium Sulfate Solution, Kf (%)

30 60 90

PSCM-C30 110 99 85
PSCM-C50 121 112 103
OPC-C30 93 71 /
OPC-C50 104 95 74

As shown here, after 30 cycles of dry–wet testing with a sodium sulfate solution, the
compressive strength corrosion resistance coefficients for all concrete specimens, except
OPC-C30, exceeded 100%. This indicates that during the initial stage of sulfate attack,
these specimens exhibited higher compressive strength values compared to standard-cured
specimens of the same age. However, as the numbers of dry–wet cycles increased to 60 and
90, the coefficients significantly decreased. This phenomenon is due to the simultaneous
early-stage hydration of PSCMs and sulfate attack [23,47,49]. Initially, newly formed
hydration and sulfate attack products such as monosulfate filled the pores of the hardened
paste, improving pore structure and reducing porosity, thereby enhancing compressive
strength. However, prolonged erosion and intensified attack led to an accumulation of
erosion products, resulting in micro-crack formation and propagation within the concrete
matrix, which adversely affected the sample’s mechanical properties [18,24].

Furthermore, Table 5 demonstrates that the corrosion resistance coefficients for PSCM-
C30 concrete were 99% and 85% after 60 and 90 dry–wet cycles, respectively, while that for
OPC-C30 was only 71% after 60 cycles (below the threshold of 75%). This indicates that the
sulfate resistance grade of PSCM-C30 is KS90, whereas that of OPC-C30 is rated at KS30.
Similarly, for PSCM-C50 and OPC-C50, the corrosion resistance coefficients were 103%
and 74%, respectively, after 90 dry–wet cycles, indicating that the sulfate resistance grade
of PSCM-C50 is higher than that of KS90, while that of OPC-C50 is rated at KS60. These
results suggest that, at the same strength grade, PSCM concrete exhibited significantly
higher sulfate resistance than Portland cement concrete. This enhanced performance may
be attributed to the activating effect of sulfate on PSCMs.

3.4. Microstructural Investigation on PSCM
3.4.1. XRD Analysis

Based on the aforementioned findings, the optimal proportion of PSCMs was selected
to investigate hydration hardening behavior and microstructural characteristics. Moreover,
three specific PSCM compositions, namely, mixtures BA0-WG7-KF1, BA0-WG7-SS3-KF1,
and BA15-WG7-KF1, were additionally chosen. By systematically analyzing the effects
of the presence or absence of BA and SS on the hydration processes and microstructural
features of PSCM, the intrinsic relationships between material composition, microstructural
characteristics, and macroscopic properties (e.g., mechanical strength and durability) of
PSCMs were thoroughly explored.

Figure 10 illustrates the XRD patterns of samples derived from the pastes of mixtures
BA0-WG7-KF1, BA0-WG7-SS3-KF1, BA15-WG7-KF1, and BA15-WG7-SS3-KF1, as listed in
Table 2.
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(a) (b) 

  
(c) (d) 

Figure 10. XRD patterns of paste samples from the selected PSCM compositions: (a) BA0-WG7-KF1,
(b) BA0-WG7-SS3-KF1, (c) BA15-WG7-KF1, and (d) BA15-WG7-SS3-KF1.

As shown in Figure 10, the four PSCM compositions display a broad diffraction
peak within the 25◦ to 35◦ range of their XRD patterns. Additionally, diffraction peaks
corresponding to quartz crystals were observed in the XRD patterns of the two PSCM
compositions containing fluidized bed combustion bottom ash (BA) (Figure 10c,d), while
no other crystalline phases were detected. Based on the chemical compositions of PS and
BA (Table 1), as well as the XRD analysis results (Figure 1), it can be inferred that the broad
diffused peak between 25◦ and 35◦ originated from incompletely hydrated PS, while the
quartz crystals were introduced by BA. These findings indicate that the main hydration
products of alkali-activated PSCMs are amorphous substances, specifically C-A-S-H and
N-A-S-H gels, with no significant crystalline phases detected. This is consistent with the
subsequent SEM analysis results presented in Section 3.4.4. It can also be seen in Figure 10
that the intensities of diffraction peaks within the range of 25–35◦ in the XRD patterns
for these four PSCM compositions at 28 days are weaker compared to those of the 3 day
samples. This observation suggests that PS is progressively consumed as the curing time
extends. This consumption facilitates the formation of additional amorphous hydration
products, thereby significantly enhancing the strength of the hardened paste. Furthermore,
comparing Figure 10a with Figures 10b and 10c with Figure 10d reveals that the addition
of sodium sulfate does not significantly alter the types of main products in the PSCMs.

3.4.2. FTIR Analysis

Figure 11 presents the FTIR spectra of the selected PSCM samples, cured for 3 days and
28 days. The consistency of the spectra across all samples indicates that the incorporation
of fluidized bed combustion bottom ash (BA) or sodium sulfate has minimal impact on the
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primary hydration products in water glass-activated PSCMs during both early and late
hydration stages.

In the FTIR analysis of cementitious materials, vibrational absorption bands with
wavenumbers below 1000 cm−1 primarily correspond to silicates and carbonates in the
hydration products, while those above 1600 cm−1 are typically attributed to chemically
bound water [65–74]. Specifically, the bands at approximately 460 cm−1, 670 cm−1, and 975
cm−1 are associated with the vibration of Si–O–T bonds (where T represents tetrahedral Si
or Al), the bands at 1422 cm−1 and 1479 cm−1 correspond to the vibration of O–C–O bonds
in CO3

2−, and the bands at 1640 cm−1 and 3440 cm−1 are attributed to chemically bound
water. The vibrational absorption bands corresponding to Si–O–T, O–C–O, and H–O–H
bonds are identified in the spectra (Figure 11).

As shown in Figure 11, two broad and intense bands at approximately 459 cm−1 and
978 cm−1, along with a weak band at 669 cm−1, are observed in the spectra of all samples.
These bands are attributed to the bending, asymmetric stretching, and symmetric stretching
vibrations of Si–O–T bonds, respectively [70–72]. The presence of these characteristic
vibration bands indicates the formation of C-A-S-H and N-A-S-H gels in the hydration
products of the PSCM compositions. Moreover, the intensity of the two broad intense bands
at approximately 459 cm−1 and 978 cm−1 increases with curing age, suggesting increases
in the contents of C-A-S-H and N-A-S-H gels over time. Meanwhile, the band at 669 cm−1

becomes sharper as curing progresses, indicating the enhanced structural ordering of the
C-A-S-H and N-A-S-H gels with prolonged curing. These findings regarding the increased
quantity and improved structural orderliness of C-A-S-H and N-A-S-H gels provide a
compelling explanation for the age-dependent strength gain in the four PSCM mixtures
(Figures 5, 6 and 8).

 
(a) (b) 

  
(c) (d) 

Figure 11. FTIR spectra of the selected PSCM compositions: (a) BA0-WG7-KF1, (b) BA0-WG7-SS3-
KF1, (c) BA15-WG7-KF1, and (d) BA15-WG7-SS3-KF1.
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The bands at 1642 cm−1 and 3440 cm−1 are assigned to the bending and stretch-
ing vibrations of the chemically bonded H–O–H in the hydration products of the sam-
ples [65,69,73], which may be imparted by the presence of C-A-S-H and N-A-S-H gels
or monosulfate. Additionally, the spectra of all samples exhibit characteristic bands at
approximately 1423 cm−1 and 1479 cm−1. These bands are attributed to the asymmetric
stretching vibrations of O–C–O bonds in the CO3

2− ions present in different polymorphs
of CaCO3 (calcite and vaterite) [65–68,70–73]. These polymorphs are likely formed as a
result of the carbonation of hydration products during the preparation of powder samples
for FTIR analysis. Nevertheless, calcium carbonate crystals were not detectable by XRD in
these samples (Figure 10), which may indicate either low crystallinity or a small amount.

3.4.3. TG-DTG Analysis

Thermogravimetric analysis was performed to examine the hydration products of the
selected PSCM compositions. The thermogravimetric (TG) and derivative thermogravimet-
ric (DTG) curves for these compositions after curing for 3 days and 28 days are presented
in Figure 12.

The result of thermogravimetric analyses of alkali-activated slag and Portland cement
samples are discussed in References [71,75–78]. In this paper, the broad endothermic mass
loss peak observed below 200 ◦C in the DTG curve of PSCM paste samples can be attributed
to water adsorbed into or bound to the binder to varying degrees [71,77]. Specifically, mass
loss peaks at approximately 90 ◦C are attributed to the removal of free water present in
the pore network of the binder or adsorbed from the atmosphere, while mass loss peaks
(or shoulders) at about 120 ◦C are attributed to the dehydration of hydration products,
including monosulfate phases (AFm) and C-A-S-H and N-A-S-H gels. The intensity of this
broad mass loss peak increases with prolonged curing time, indicating that the ongoing
hydration reaction of PSCM results in the formation of more hydration products, such as
C-A-S-H and N-A-S-H gels and AFm. This finding is consistent with the FTIR analysis
results (Figure 11).

Moreover, the mass loss peaks at approximately 365 ◦C in the DTG curves of com-
positions BA0-WG7-KF1 and BA0-WG7-SS3-KF1 cured for 28 days can be attributed to
the dehydration of C-A-S-H and N-A-S-H gels [72,78]. In contrast, the mass loss peaks at
about 425 ◦C in the DTG curves of samples BA0-WG7-KF1, BA15-WG7-KF1, and BA15-
WG7-SS3-KF1 cured for 3 days are attributed to the dehydroxylation of portlandite, which
originates from the hydration of lime. Notably, the absence of a mass loss peak due to
portlandite in the DTG curves of the three afore-mentioned compositions cured for 28 days,
as well as mixture BA0-WG7-SS3-KF1 cured for both 3 days and 28 days, is evident. This
absence is likely due to the consumption of portlandite during the continuous hydration
of PSCMs and the carbonation of portlandite during the preparation of powder samples
for TG analysis. Additionally, the DTG peaks at approximately 780 ◦C in all curves of
the PSCM samples cured for 3 days and 28 days are attributed to the decarbonization of
calcium carbonates.
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(a) (b) 

  
(c) (d) 

Figure 12. TG-DTG curves of the selected PSCM compositions cured for 3 days and 28 days: (a) BA0-
WG7-KF1, (b) BA0-WG7-SS3-KF1, (c) BA15-WG7-KF1, and (d) BA15-WG7-SS3-KF1.

3.4.4. SEM-EDS Analysis

The morphologies of the hydration products and microstructures of selected PSCM
paste samples cured for 3 days and 28 days were investigated using SEM. The correspond-
ing SEM images are shown in Figure 13.

As illustrated in Figure 13a,d,g,j, the 3-day PSCM samples exhibit a microstructure
characterized by cracks, pores, and unhydrated cementitious material particles wrapped
in C-A-S-H and N-A-S-H gels. No portlandite (CH) crystals were detected in the SEM
images of these samples, likely due to the low CH content at this early stage, which renders
them undetectable. By 28 days, the hardened PSCM paste showed a significant reduction
in cracks and pores, resulting in a more compact microstructure. This improvement can
be attributed to the ongoing hydration as the curing period extended, leading to the
substantial consumption of PS, BA, and CH, and the formation of additional C-A-S-H and
N-A-S-H, as confirmed by FTIR and TG-DTG analyses. The resulting hydration products
reduce porosity, refine the microstructure, and enhance the mechanical properties of the
hardened paste. Additionally, no calcium aluminate hydrate crystals were observed in any
PSCM samples, including those incorporating sodium sulfate (e.g., BA0-WG7-SS3-KF1 and
BA15-WG7-SS3-KF1), where no ettringite or gypsum crystals were found. These findings
are consistent with those of XRD, FTIR, and TG analyses.
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(a) BA0-WG7-KF1, 3d, ×2000 

 
(b) BA0-WG7-KF1, 28d, ×2000 

 
(c) BA0-WG7-KF1, 28d, ×10000 

 
(d) BA0-WG7-SS3-KF1, 3d, ×2000 (e) BA0-WG7-SS3-KF1, 28d, ×2000 

 
(f) BA0-WG7-SS3-KF1, 28d, ×10000 

 
(g) BA15-WG7-KF1, 3d, ×2000 

 
(h) BA15-WG7-KF1, 28d, ×2000 (i) BA15-WG7-KF1, 28d, ×10000 

 
(j) BA15-WG7-SS3-KF1, 3d, ×2000 (k) BA15-WG7-SS3-KF1, 28d, ×2000 

 
(l) BA15-WG7-SS3-KF1, 28d, ×10000 

Figure 13. SEM images of selected PSCM paste specimens at different ages.

Figure 14 presents the elemental distribution within the hydration samples of the
selected PSCM at 7 days of age, as determined by SEM-EDS analyses.
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(a) BA0-WG7-KF1, 7d, ×2000 

 
(b) BA0-WG7-SS3-KF1, 7d, ×2000 

 
(c) BA15-WG7-KF1, 7d, ×2000 

 
(d) BA15-WG7-SS3-KF1, 7d, ×2000 

Figure 14. SEM-EDS analysis results for the hydration samples of the selected PSCM at 7 days of age.

As illustrated in Figure 14, the hydration samples of the selected PSCM exhibited high
concentrations of calcium (Ca) and silicon (Si), along with trace amounts of aluminum (Al)
and sodium (Na). Based on the results presented in the figure, the molar ratios of calcium,
aluminum, and sodium to silicon in each hydration sample of the selected PSCMs were
calculated. The detailed data are systematically summarized in Table 6.
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Table 6. Molar ratios of calcium, aluminum, and sodium to silicon in the hydrated samples of the
selected PSCMs.

Molar Ratios
The Selected PSCM Ca/Si Na/Si Al/Si 

BA0-WG7-KF1 2.03 0.30 0.13 
BA0-WG7-SS3-KF1 1.90 0.45 0.12 
BA15-WG7-KF1 1.41 0.48 0.15 
BA15-WG7-SS3-KF1 1.03 0.81 0.15 

As shown in Table 6, the incorporation of SS resulted in a decrease in the calcium-
to-silicon molar ratio (Ca/Si) from 2.03 to 1.90 (samples BA0-WG7-KF1 and BA0-WG7-
SS3-KF1). Conversely, the sodium-to-silicon molar ratio (Na/Si) increased from 0.30 to
0.45 (samples BA0-WG7-KF1 and BA0-WG7-SS3-KF1). Similarly, for the BA15-WG7-KF1
sample, the incorporation of SS led to a reduction in the Ca/Si molar ratio from 1.41 to 1.03
(samples BA15-WG7-KF1 and BA15-WG7-SS3-KF1), as well as an increase in the Na/Si
molar ratio from 0.48 to 0.81 (samples BA15-WG7-KF1 and BA15-WG7-SS3-KF1). These
findings confirm that the incorporation of SS leads to a decrease in the Ca/Si ratio and an
elevation in the Na/Si ratio within the hydration products of PSCMs.

It can also be seen in Table 6 that the incorporation of BA resulted in a marked decrease
in the Ca/Si ratio of the hydration products of PSCMs, while both the Na/Si ratio and the
Al/Si ratio exhibited significant increases. Specifically, after introducing BA, the Ca/Si
ratio in sample BA0-WG7-KF1 decreased from 2.03 to 1.41 (sample BA15-WG7-KF1), while
the Na/Si ratio increased from 0.30 to 0.48 and the Al/Si ratio increased from 0.13 to
0.15 (samples BA0-WG7-KF1 and BA15-WG7-KF1), respectively. Similarly, following the
addition of BA, the Ca/Si molar ratio in sample BA0-WG7-SS3-KF1 decreased from 1.90 to
1.03 (sample BA15-WG7-SS3-KF1), whereas the Na/Si ratio increased from 0.45 to 0.81 and
the Al/Si ratio increased from 0.12 to 0.15 (samples BA0-WG7-SS3-KF1 and BA15-WG7-
SS3-KF1), respectively. These findings indicate that the incorporation of BA effectively
promotes a reduction in the Ca/Si molar ratio, as well as increases in both the Na/Si and
Al/Si ratios within the hydration products of PSCMs.

The SEM-EDS analysis results demonstrate that the hydrated samples of the optimally
formulated PSCMs exhibit a reduced Ca/Si ratio, along with increased Al/Si and Na/Si ra-
tios. These observations may provide a plausible explanation for the improved mechanical
properties and durability of PSCMs.

Based on the aforementioned microstructural analysis results, it is reasonable to
infer that the predominant hydration products of the developed PSCMs are C-A-S-H
and N-A-S-H gels, with no detectable crystalline phases such as ettringite, gypsum, or
calcium aluminate hydrates present. The absence of these crystalline phases significantly
contributes to the material’s pronounced shrinkage and the prevalence of microcracks in its
microstructure. Future research will focus on an in-depth investigation of the mechanisms
governing PSCM shrinkage control.

3.5. Cost Analysis for the Optimal Formulation of PSCMs

Based on the market prices of each component [79], a cost analysis was performed for
the optimal PSCM formula (BA15-WG7-SS3-KF1), with the results presented in detail in
Table 7.

As shown in Table 6, the total cost of the optimal PSCM formulation is approximately
CNY 385 per ton, which is substantially lower than that of Grade 42.5 ordinary Portland
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cement (CNY 440 per ton). This highlights the significant cost advantages of PSCMs when
used in practical applications.

Table 7. Cost analysis of the optimal PSCM formulation developed in this study.

Components
Item 

PSCM 
P·O 42.5 

PS  BA L WG (by Na2O) SS KF 
Mass percentage, % 80 15 5 13.6 a 3.0 1.0 100 

Component price [79], CNY/ton 160 100 400 550 860 12,000 440 
Component Cost, CNY 128 15 20 74.6 25.8 120 440 

Total cost, CNY/ton 383.4 440 
a The mass percentage of WG is calculated based on its Na2O mass fraction and the optimal Na2O dosage specified
in the PSCM formulation.

4. Conclusions

A type of clinker-free cementitious material, namely, phosphorus slag-based cementi-
tious material (PSCM), was prepared through alkali activation using industrial solid waste,
including granulated electric furnace phosphorus slag (PS) and fluidized bed combustion
bottom ash (BA), along with lime (L) as a precursor component. Initially, the effects of
varying dosages of alkaline activators, including water glass and sodium sulfate, as well as
retarder (potassium fluoride, KF), on the properties (setting time and strength) of PSCM
were investigated to determine the optimal formulation. Subsequently, the sulfate resis-
tance and freeze–thaw resistance of PSCM concrete prepared using this optimal formulation
were evaluated. Finally, the hydration and microstructure of selected PSCM compositions
were characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), thermogravimetry (TG), and scanning electron microscope (SEM). The following
conclusions have been drawn:

(a) When the mass ratio of precursor components for PSCM, i.e., granulated electric
furnace phosphorus slag (PS), fluidized bed combustion bottom ash (BA), and lime
(L), is 80:15:5, the optimal dosages of water glass (WG), sodium sulfate (SS), and
retarder (KF) are 7%, 3%, and 1%, respectively. The designed PSCM exhibits an initial
setting time of 50 min and a final setting time of 70 min, with flexural strengths of 3.5
MPa at 3 days and 7.5 MPa at 28 days, and compressive strengths of 19.0 MPa at 3
days and 64.1 MPa at 28 days. These setting times and strength values comply with
the requirements for P.PS 42.5-grade Phosphorous Slag Portland Cement specified in
the Chinese standard JC/T 740-2006 [25];

(b) The durability evaluation results indicate that PSCM concrete prepared using the
optimized PSCM formulation exhibited superior sulfate resistance and freeze–thaw
resistance compared to ordinary Portland cement (OPC) concrete of the same strength
grade. Under the test conditions employed in this study, the sulfate resistance grades
of PSCM-C30 and PSCM-C50 both exceeded KS90, whereas those of OPC-C30 and
OPC-C50 were KS30 and KS60, respectively. Additionally, the freeze–thaw resistance
grades of PSCM-C30 and OPC-C30 were F100 and F50, respectively, while those of
PSCM-C50 and OPC-C50 were F175 and F150, respectively

(c) The microstructural investigation demonstrates that the primary hydration products
of the designed PSCM are calcium aluminosilicate hydrate (C-A-S-H) and sodium
aluminosilicate hydrate (N-A-S-H) gels, with no detectable crystalline phases such
as ettringite, gypsum, or calcium aluminate hydrates. FTIR and TG-DTG analyses
confirm that the hydration reaction of PSCM continues to progress as the curing time
increases, leading to the formation of additional C-A-S-H and N-A-S-H gels. SEM
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observations reveal that the microstructure of the hardened PSCM paste becomes
progressively denser with extended curing time. This can be attributed to the ongoing
hydration reaction of PSCM, which results in the formation of additional hydration
products, thereby significantly improving the microstructure of the hardened paste,
and enhancing both its mechanical strength and its durability.
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Abstract

The cements industry is increasingly under pressure to reduce carbon emissions while main-
taining performance standards. Limestone calcined clay cement (LC3) presents a promising
low-carbon alternative; however, its performance depends significantly on the type and
reactivity of clay used. This study investigates the effect of three common low-grade clay
minerals—kaolinite, montmorillonite, and illite—on the behavior of LC3 blends. The clays
were thermally activated and characterized using X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), X-ray fluorescence spectroscopy (XRF), and Blaine air permeability
testing to evaluate their mineralogical composition, thermal behavior, chemical content,
and fineness. Pozzolanic reactivity was assessed using the modified Chapelle test. Mi-
crostructural development was examined through scanning electron microscopy (SEM) of
the hydrated specimens at 28 days. The results confirmed a strong correlation between
clay reactivity and hydration performance. Kaolinite showed the highest reactivity and
fineness, contributing to a dense microstructure with reduced portlandite and enhanced
formation of calcium silicate hydrate. Montmorillonite demonstrated comparable strength
and favorable hydration characteristics, while illite, though less reactive initially, showed
acceptable long-term behavior. Although kaolinite delivered the best overall performance,
its limited availability and higher cost suggest that montmorillonite and illite represent
viable and cost-effective alternatives, particularly in regions where kaolinite is scarce. This
study highlights the suitability of regionally available, low-grade clays for use in LC3

systems, supporting sustainable and economically viable cement production.

Keywords: clay minerals; kaolinite; illite; montmorillonite; reactivity; modified Chapelle tests
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1. Introduction

The cement industry is confronted with sustainability issues, which have led to the
development of various technologies aimed at reducing CO2 emissions. LC3 has emerged
as a promising ternary blended composite and has gained significant attention in recent
years. Its comparable mechanical properties and favorable environmental impact make it a
sustainable alternative to OPC. LC3 has gained widespread importance as it uses easily
sourced materials that require little processing and have a comparatively high rate of
substitution for cement clinker. This results in a composite cement with lesser embodied
energy and reduced carbon dioxide emissions, analogized to Portland cement.

The usual composition of LC3 is 30%, 15%, 50%, and 5% of calcined clay, limestone,
cement, and gypsum, respectively. The calcined kaolinite has been extensively studied in
LC3 systems and has demonstrated excellent pozzolanic reactivity [1–3]. Its beneficial use
in LC3 is well documented; for instance, replacing 50% of cement mortar with metakaolin
and limestone significantly enhances the mechanical performance and durability properties
of the cement mortar [4–6]. Recent focus has shifted to evaluating the viability of alternative
clay minerals—specifically illite and montmorillonite—as prospective pozzolanic materials
in LC3 systems. Despite their natural abundance and potential for local sourcing, these clays
have been less investigated. However, the pozzolanic characteristics of calcined kaolinites,
compared to other clay minerals, for example, illite and montmorillonite, in LC3 systems
have not been frequently studied and remain inadequately understood. Due to their use
in producing paint, paper, and ceramic goods, kaolinite clays are highly competitive with
other industries. The development of LC3 might be less expensive and more accessible if
other commonly available clay minerals, like montmorillonite and illite, were used.

Clays are hydrous aluminum silicate-based minerals with layered sheet structures and
particles that are usually smaller than 2 μm [7]. These minerals are essential to fine-grained
metamorphic rocks like slate and phyllite and sedimentary rocks like shale, mudstone,
and siltstone. Typically, they form through weathering and hydrothermal reactions at low
temperatures. The three main clay minerals are kaolinite [Al2Si2O5(OH)4], montmorillonite
[(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O], and illite [(Al2)(Si4−xAlx)O10(OH)2·K1−x] [8]
(Figure 1). These minerals have a layered structure consisting of two distinct types. The
layered structure of these minerals is made up of two different kinds of layers. In the first
layer, four oxygen atoms form bonds with the Si4+ cation in silicon tetrahedra. On the other
hand, the second layer consists of an octahedral-shaped aluminum hydroxide layer with
an Al3+ cation at its center [9].

In some clay minerals, magnesium (Mg2+) can substitute for aluminum (Al3+) in the
octahedral layer [10]. Kaolinite is categorized as a 1:1 clay mineral, with H-bonds linking
the OH− groups of one layer to the O2− groups of another, resulting in a stable structure
that restricts cation intercalation [9]. Montmorillonite and illite, on the other hand, are
2:1-type clay minerals where the oxygen anions (O2−) from one layer are positioned next
to those from an adjacent layer [11].

Heating raw clays produces metaclays, which are the source of calcined clays’ re-
activity. As pozzolanic substances, these metaclays react with portlandite to produce
(1) ettringite, (2) calcium silicate hydrate (C-S-H), and (3) AFm phases. The addition of
limestone to Portland cement causes the calcite to react with the clinker’s C3A, forming
both hemi and monocarboaluminate phases. In LC3, the aluminate from metaclays further
reacts with calcite, facilitating the development of carboaluminate phases.

Most previous studies on metakaolin’s impact on hydration have focused on high-
to medium-grade kaolinitic clays [12–15]. However, these materials are not economically
viable, particularly in regions like the Southern Hemisphere, where they can be up to three
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times more expensive than Portland cement [16]. These cost disparities emphasize the
economic advantage of using illite and montmorillonite in LC3 formulations, especially in
regions with constrained construction budgets. Although they have lower alumina content,
their structural and chemical properties indicate they could still offer satisfactory levels of
pozzolanic reactivity if they are calcined correctly. There is limited information on calcined
common clays, such as low-grade illite and montmorillonite, which are abundant and
have significant potential as clinker substitutes [17–19]. Alongside chemical and strength
performance, the influence of supplementary cementitious materials on microstructure and
crack propagation is increasingly being explored. The behavior of fractures in cementitious
composites is intricately connected to their hydration products, the refinement of pores, and
the characteristics of interfacial transition zones. Supplementary cementitious materials
like calcined clays have the capacity to modify these microstructural characteristics, which
may enhance durability and resistance to cracking. Proposed advanced numerical models
simulate this behavior, demonstrating the impact of reactive mineral additions on stress
redistribution and crack development under load [20,21]. Integrating these elements offers
a more comprehensive understanding of the structural effects associated with the use of
alternative clays in LC3 formulations.

Figure 1. Clay minerals (color and their expected structure based on Li et al. [9].

This research investigates the influence of calcined kaolinite, illite, and montmoril-
lonite on the hydration mechanisms and strength development of LC3 blends. The activated
clays were tested for reactivity using the modified Chapelle test. The hydration mechanisms
were analyzed using XRD and TGA, while strength development was evaluated through
the heat of hydration, setting time, consistency, and compressive strength evaluation.

2. Materials and Methods

2.1. Materials and Activation

The current work explored the potential use of three low-grade clays, kaolinite (Ka),
illite (IL), and montmorillonite (Mn) for LC3 production from the different sources of
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Pakistan. Ka clays were explored from Pai Khel, district Mianwali (Punjab). Mn clay was
collected from the Hub, District Lasbela, (Baluchistan), and the IL clay was collected in
Jhampir (Sindh), Pakistan. Ordinary Portland Cement (OPC) and limestone used were
collected from the Maple Leaf Cement Factory Pvt. Limited, Pakistan.

Kaolinite (Al2Si2O5(OH)4) consists of layers formed by two sheets linked by hydrogen
bonds, resulting in a stable non-swelling structure [8]. Illite and montmorillonite are 2:1 clay
minerals, having an octahedral sheet of alumina packed between two silicon tetrahedral
sheets [8]. However, the montmorillonite has weaker bonds that are easy to break, while the
illite layers are firmly bonded by potassium and require a high activation temperature [22].
Therefore, the raw clays were heat treated at two different temperatures. Ka and Mn were
calcined at 750 ◦C, while IL required 850 ◦C due to its thermal stability. Each 1 kg batch
was heated in an alumina crucible in a laboratory furnace for one hour and then rapidly
cooled. The calcination temperatures were selected based on the dehydroxylation behavior
observed from thermal analysis.

2.2. Characterization Techniques

The mineralogical and chemical compositions of the raw and calcined clays were
evaluated using several XRD, XRF, PSD, and TGA. International standard protocols were
followed during the testing procedures. X-ray fluorescence spectroscopy was conducted on
powdered samples employing a PANalytical Smart Zetium X-ray fluorescence spectrometer.
X-ray diffraction (XRD) analysis was carried out using a BTX III Benchtop XRD Analyzer.
The samples were ground into a powder and passed through a 200-mesh screen after curing
for seven and twenty-eight days. The analysis used Cu Kα radiation at 30 mA and 30 kV.
The scanning angle lies between 5◦ and 50◦ 2θ, with a step size of 0.025◦ and a scanning
time of 1.58 s per step. TG/DTA analysis was performed using a LINSEIS STA PT 1600
(TG-DSC), heating the samples at a 10 ◦C/min rate from 50 ◦C to 950 ◦C using N2 as a
purge gas. Additionally, a correlation matrix was developed to link the clay’s reactivity
with the efficiency of LC3.

Blaine fineness assessments were performed in accordance with ASTM C204 standards
via a Blaine air permeability device. Samples were subjected to oven drying, grinding, and
sieving through a 75 μm (No. 200) mesh prior to testing to ensure homogeneous packing
and eliminate agglomerates. The fineness values were documented in cm2/g, indicating
the particular surface area associated with particle arrangement and possible reactivity in
cementitious systems.

Blaine’s fineness assessments revealed substantial disparities between raw and cal-
cined clays. Upon calcination, all clays demonstrated a significant increase in specific
surface area resulting from structural degradation and dehydroxylation [23]. Calcined
kaolinite exhibited the highest fineness among the clays, signifying enhanced grindabil-
ity and a morphology favorable for achieving a large surface area [24]. Montmorillonite
demonstrated a significant enhancement in fineness following calcination, nearly matching
that of kaolinite. Illite exhibited the least fineness among the calcined clays, indicative of
its denser structure and reduced grinding efficiency [25]. Compared to OPC, all calcined
clays exhibited significantly higher surface areas, indicating an improved potential for
pozzolanic reaction. Limestone demonstrated the greatest fineness due to its soft and easily
grindable characteristics. The variations in fineness are anticipated to impact the early
dissolution behavior and, in turn, influence the hydration kinetics of LC3 systems [26]. The
Blaine fineness analysis of clay samples, cement, and limestone are tabulated in Table 1.
Figure 2 shows the particle size distribution (PSD) determined using a Malvern Mastersizer
2000 laser diffraction analysis.
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Table 1. XRF analysis of clay minerals, limestone, and mortar blends (OPC and LC3) in raw (R) and
calcined (C) forms.

Clay Type SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Cl
Blain Finess
(cm2/g)

LO1

Ka (R) 58.7 28.8 3.5 2.3 0.2 0.3 0.1 0.2 0.0 6552 12.15
Ka (C) 53.16 34.28 3.36 2.67 0.04 0.01 0.02 0.06 0.00 10,930 2.97
Mn (R) 41.45 29.23 2.32 9.60 0.68 2.55 0.65 0.03 - 4545 10.34
Mn (C) 41.45 27.13 2.02 8.76 0.60 2.55 0.65 0.03 - 10,000 0.69
IL (R) 56.40 19.57 6.98 4.73 1.71 1.49 1.39 0.1 0.72 4650 10.29
IL (C) 54.06 18.64 7.13 4.64 1.80 1.57 1.59 0.08 0.17 8765 0.48
Limestone 19.28 5.44 2.09 42.5 0.96 0.78 0.37 0.15 0.00 11,535 43.93
OPC 19.4 4.81 3.54 60.9 2.58 2.65 0.25 0.77 0 3200 2.5

Figure 2. Particle size distribution (PSD) analysis of the raw material used.

The XRD analysis of Ka indicated the presence in kaolinite minerals, with a prominent
peak at 11.3◦ 2θ (Figure 3) [27]. The IL sample exhibited diffraction peaks corresponding
to illite, along with minor quantities of quartz, kaolinite, and calcite [28]. The Mn sample
showed sharp peaks of montmorillonite near 6◦ 2θ [29], accompanied by detectable peaks
of kaolinite, quartz, and traces of illite and calcite. After thermal activation, the XRD
patterns of the calcined clays were analyzed to assess the effectiveness of the calcination
process. Kaolinite demonstrated a significant reduction in crystallinity after being calcined
at 750 ◦C, as indicated by the absence of kaolinite peaks, which signifies its transformation
into an amorphous phase. Calcined Mn exhibited the removal of montmorillonite peaks
and the appearance of weak peaks for albite and calcite [30]. In the calcined IL sample,
minor illite peaks remained, indicating partial transformation. Quartz peaks remained
stable in all samples, suggesting that quartz was unaffected by calcination.

The thermogram and derivative thermal analysis are revealed in Figure 4a,b. The
thermograms revealed variations in mass loss patterns among the clays. Kaolinite (Ka)
exhibited minimal mass loss below 300 ◦C, while illite (IL) showed slight mass loss, and
montmorillonite (Mn) displayed the most significant mass reduction in this range [31].
This region corresponds to the removal of adsorbed water. In the 300–600 ◦C range, all
samples showed a second mass loss peak attributed to the dehydroxylation of structural
hydroxyl groups. The dehydroxylation of Mn and IL extended up to approximately 750 ◦C
and 800 ◦C, respectively [32,33]. The DTG curves indicated distinct differences in thermal
decomposition behavior, suggesting variations in mineral composition and structural
stability among the clays. These thermal trends were consistent with XRD observations
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regarding phase transformation upon calcination [32]. The XRD and DTG results were
consistent with each other.

Figure 3. X-ray diffraction analysis of the raw clays. where K is kaolinite, M is montmorillonite, Q is
quartz, H is hematite, and I is illite.

 

Figure 4. Weight loss (a) and derivative weight loss (b) of raw and calcined clay minerals.
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The activated clays must demonstrate sufficient pozzolanic reactivity to ensure the
rigorous integrity of the binder. The modified Chapelle test was employed to determine
the reactivity of the calcined clays. This test measures the reactivity of clay by heating a
mixture of calcium oxide and calcined clay under reflux conditions. The process involves
mixing one gram of calcined clay with two grams of CaO and 250 mL of deionized water.
Following this, the blend is heated for sixteen hours at 90 ◦C. After cooling, 250 mL of
deionized water is combined with 60 g of sucrose. The resulting mixture is titrated against
HCl (0.1 M). The amount of bound portlandite is calculated based on the volumes of
HCl solution added for the blank and calcined clay samples. The pozzolanic activity is
calculated using Formula (1). The pictorial procedure of the tests is shown in Figure 5.

PA = 2
V1 − V2

V1
.
74
56

.1000 (1)

 
Figure 5. Pictorial presentation of the modified Chapelle test.

2.3. Development of LC3

To develop LC3, a mixture of 2 parts clay and 1 part limestone was used to replace 50%
of OPC based on previous research [34]. The cement paste was mixed using a mechanical
mixer at 1600 rpm for 3 min. The LC3 mortar was fabricated with a 1:2.75 binder-to-sand
ratio and a 0.485 water-to-binder ratio following ASTM specifications. The sand used in
the mortar formulation was well-graded Lawrence pure sand, characterized by a fineness
modulus of 2.7, a specific gravity of 2.65, water absorption of 1.9%, and a loose density of
1340 kg/m3. The mortar mixture design is displayed in Table 2, and Figure 6 illustrates it.
A Hobart mixer was used to blend the mortar for three minutes. Three layers of mortar
were poured into the 50 mm mold, and each layer was tamped 25 times. Finally, a table
vibrator was used for a minute to compact it. The molds were wrapped in a low-density
polyethylene sheet to prevent heat loss, keep the temperature steady at 25 ◦C, and maintain
relative humidity at 75%. Following 24 h, the cubes were removed from the molds and
cured in a humid room until they reached the necessary age.

Table 2. Mix the proportions of OPC LC3-mortar pastes.

OPC Clay (kg/m3) Limestone Sand Water

kg/m3 Ka Mn IL kg/m3 kg/m3 kg/m3

LC3-Ka 170 212 --- ---- 98 1039 115
LC3-Mn 170 ---- 212 --- 98 1039 115
LC3-IL 170 --- --- 212 98 1039 115
Control Mix 569 --- --- --- --- 1039 115
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Figure 6. Pictorial representation for the development of LC3 and OPC blends.

2.4. Experimental Setup

Several tests were performed on the fresh and hardened cement mortar blend. Fresh
properties, including normal consistency and setting times, were assessed according to
ASTM standards, according to ASTM C187 (2016) and ASTM C230 (2020) [35,36], respec-
tively. The compressive strength of the hardened material was evaluated at 7 and 28 days,
with results averaged from three specimens using a universal testing equipment that ap-
plies a load of 2000 kN and operates at a loading rate of 1.2 mm/min, in compliance
with ASTM C109 standards [35]. An isothermal heat conduction calorimeter was used
to measure the heat of hydration, monitoring early-stage hydration for up to seven days
following ASTM C1702 [36]. TGA and XRD were performed on powdered, cured samples
to evaluate hydration mechanisms and phase development.

Figure 7 depicts the detailed methodology, workflow, and strength development mech-
anism of LC3 mortar incorporating kaolinite, montmorillonite, and illite. It includes raw
material processing, calcination to form metakaolin, meta-smectite, and meta-illite, followed
by reactivity assessment using the modified Chapelle test. LC3 mortar is developed by mixing
calcined clay, limestone, gypsum, and water. The following stages involve hydration product
analysis (XRD, TGA), performance testing (strength, flowability, setting time), and heat of
hydration monitoring (1–7 days) to evaluate the influence of each clay type.

Figure 7. Comprehensive methodology of the performed research work.
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3. Results and Discussion

3.1. Reactivity of the Clays
3.1.1. The Modified Chapelle Test

The pozzolanic reactivity of calcined clays was assessed using the modified Chapelle
test. Figure 8 illustrates the portlandite consumption by different types of calcined clay
minerals, categorized by their crystalline structure. The amount of portlandite reacted
varies according to the type of clay, with Ka consuming the most portlandite (1072 mg of
Ca (OH)2 per gram of Ka), followed by Mn (881 mg of Ca(OH)2 per gram of Mn), and IL
(783 mg of Ca(OH)2 per gram of IL). The Ka clay exhibited the highest reactivity, indicating
higher reactivity due to its 1:1 kaolinitic structure [32]. The structural mineralogy of IL clay
is the reason for its decreased reactivity [37]. The high testing temperature contributed to
significant portlandite consumption across all clays.

Figure 8. The consumption mg of Ca (OH)2 per gram of clay minerals.

3.1.2. Mineralogical Evaluation of Calcined Clays

To comprehend the reactivity tendencies identified in the Chapelle test, clays were
examined for their mineralogical, chemical, and physical properties. Table 3 summarizes
the reactivity-related characteristics of the three clays. Ka, a 1:1 layered clay, demonstrates
the most advantageous reactivity characteristics among the examined clays. Ka possesses
a highly crystalline structure, the smallest particle size (D50 = 8.5 μm), and the highest
Al2O3 content (39.50%). Its unique dehydroxylation temperature range (700–750 ◦C) and
substantial bound portlandite formation, as indicated by the Chapelle test, affirm its
superior pozzolanic reactivity. Mn, a 2:1 clay mineral with medium crystallinity, shows
good reactivity. It has a slightly smaller particle size (6.1 μm) and dehydroxylates within
a similar range (700–750 ◦C) but contains lower Al2O3 (27.13%) and higher K2O (2.55%),
which may limit its reactivity compared to Ka. IL, also a 2:1 clay, has the largest particle
size (16.8 μm), lower crystallinity, and a less favorable oxide composition for reactivity,
particularly its lower Al2O3 (18.64%) and higher Fe2O3 (7.13%). It dehydroxylates at
a higher temperature (800–850 ◦C), and the reduced bound portlandite observed post-
calcination reflects its relatively average pozzolanic reactivity.
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The main focus of this research is the impact of these clays on the performance of LC3.
However, the characterization conducted after calcination, such as reduced crystallinity (XRD),
dehydroxylation behavior (TGA), and oxide content, offers valuable insights into the inherent
reactivity of each clay. These findings correspond with the results of the Chapelle test and
help clarify the differences observed in hydration and strength development. These variations
highlight how structural order [38], particle fineness [39], oxide composition [40], and thermal
behavior together affect the reactivity potential of clays in LC3 formulations. The mineralogical
and compositional characteristics are anticipated to substantially affect the hydration mechanisms
and strength development in LC3 systems, as examined in the subsequent sections.

3.2. Heat of Hydration

Figure 9 displays the cumulative heat of hydration (kJ/kg) for OPC and the various LC3 blends
over the hydration period. Heat of hydration was measured on cement paste using an isothermal
conduction calorimeter by ASTM C1702 (2017). The values are reported per kilogram of total binder
(including clinker, calcined clay, limestone, and gypsum), ensuring a fair comparison between
OPC and LC3 systems despite the difference in clinker content. OPC shows the highest total heat
release, mainly due to its higher clinker content, which is only partially replaced in LC3 systems [41].
Among the various LC3 blends, LC3-Ka showcases the highest initial heat release during the first
three days of hydration, attributed to the rapid pozzolanic reactions of metakaolin. This early
activity underscores the high reactivity of calcined kaolinite [42]. However, after approximately three
days, the heat release from LC3-Ka experiences a notable slowdown. By day five, its cumulative
heat release drops below that of the other LC3 blends. Interestingly, the heat evolution of LC3-Ka
begins to rise again around the seventh day, indicating a secondary phase of reactivity. The initial
spike in heat release, followed by a decline and subsequent increase for LC3-Ka, reflects a typical
two-phase hydration behavior in LC3 systems. The early peak is driven by the swift reactivity
of metakaolin and clinker hydration, while the temporary reduction in heat release suggests a
decreased availability of portlandite. The increase in heat evolution after five days is linked to the
delayed formation of carboaluminate phases and ongoing pozzolanic activity, which is aligned
with previous studies [34,43]. LC3-IL, despite its lower pozzolanic reactivity, demonstrates a slightly
higher cumulative heat release than LC3-Mn over the same time frame [44]. This discrepancy
may be attributed to variations in particle morphology or packing density, which can influence the
accessibility of water and clinker particles during the hydration process. These findings emphasize
the significance of clay mineralogy in shaping hydration kinetics, as both early and later-stage
reactions differ based on the type of calcined clay utilized in the LC3 system.

Figure 9. Heat of hydration of OPC and LC3 clay blends.
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3.3. Hydration Products
3.3.1. X-Ray Diffraction (XRD)

The hydration products were examined using XRD techniques. The type of calcined
clay in LC3 significantly impacts the hydration products formed. Figure 10 presents the
XRD spectra for the OPC and LC3 systems after 7 and 28 days of hydration. The hydration
products formed in LC3 blends depend on the types of calcined clay present [45].

Figure 10. XRD assessment of LC3 and OPC clay blends at the age of 7 and 28 days.

After seven days, the primary phases detected in OPC via XRD are portlandite and
ettringite [46]. The peaks become more intense with increasing age. In contrast, the ternary
binders LC3-Ka, LC3-Mn, and LC3-IL also show the presence of hemicarboaluminate (Hc)
and monocarboaluminate (Mc), due to the interaction of calcined clay and limestone, which
promotes carbonate formation. These peaks become more pronounced with age, as seen
in the 28-day results [47]. Although all LC3 systems generated comparable hydration
products, their kinetics and intensities exhibited significant variation depending on the
mineralogy of the calcined clay. The hemi and monocarboaluminate peaks are prominent in
LC3-Ka, followed by LC3-Mn and LC3-IL. LC3-IL exhibits the lowest peak intensity due to
its slower pozzolanic reaction, as indicated by its lower compressive strength and reactivity
results. However, the OPC spectra exhibit higher-intensity ettringite and portlandite peaks
than the LC3 blends [48]. The intensity of the portlandite peaks decreases with age thanks
to the limestone and calcined clay pozzolanic reaction. This is also due to LC3’s secondary
hydration reactions and clinker dilution effect [45,49]. However, the decrease is slower in
LC3-IL, though all binders eventually reach similar levels. The limited development of the
Mc and Hc phases in LC3-IL corresponds with its lower 28-day compressive strength, as a
deficiency in reactive alumina restricts the potential for advantageous secondary reactions.
This relationship underscores that the mineralogical properties of clay minerals directly
influence both phase development and mechanical performance. Distinct peaks of quartz
(Q) are observed at approximately 26.6◦ 2θ, and those of calcite (Cc) at around 29.4◦ 2θ
are more prominent in LC3 systems due to the presence of unreacted phases from calcined
clay and limestone filler. These peaks serve as indirect evidence of the degree of reaction.
Notably, LC3-IL exhibits more pronounced Q peaks at 28 days, indicating lower pozzolanic
reactivity, which aligns with the mechanical performance data [49].
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The hydration products from different ternary binders were similar, but the hydration
behaviors varied based on the mineralogy of calcined clay employed. These findings
emphasize that not all calcined clays exhibit uniform reactivity, and that mineralogy is
key in optimizing LC3 performance, particularly in formulations where early strength and
durability are essential. The pozzolanic and secondary hydration reactions in non-kaolinitic
LC3 blends are determined to exhibit comparable efficiency to those involving kaolinite.

3.3.2. Thermogravimetric Analysis (TGA)

The TGA results were differentiated to obtain the derivative thermogravimeter (DTG)
curve, which is shown in Figure 11. The curve mainly has three weight-loss regions. The
weight loss between 150 ◦C and 300 ◦C is attributed to the decomposition of ettringite,
carbonates (Mc and Hc), and C-(A)-S-H [50]. The decomposition of portlandite (Ca(OH)2

(CH) results in a peak between 400 ◦C and 500 ◦C [51]. Weight loss above 600 ◦C results
from the disintegration of calcium carbonate (CaCO3) [52].

Figure 11. DTG of OPC and LC3 clay blends at 7 and 28 days.

As hydration progresses, ettringite, Mc, Hc, and C-S-(A)-H increase significantly in
all the blends. However, due to the presence of Hc and Mc phases, the loss in LC3 blends
is significant. In the OPC sample, there is also a substantial increase in CH. However, in
the LC3 mixtures, except for LC3-IL, the weight loss due to CH significantly decreases
after 28 days. This decrease is due to the pozzolanic reaction between calcined clay and
portlandite, which forms additional C-A-S-H gel and consumes CH in this process. This
trend is specifically observable in LC3-Ka and LC3-Mn blends, where the reactivity of
kaolinite and montmorillonite causes a significant decrease in the CH peak. Conversely, the
lower reactivity of illite in LC3-IL results in a more gradual pozzolanic reaction, elucidating
the relatively minor fluctuation in CH content over time. These variations underscore
the mineralogical differences among the clays used and their respective reactivities, with
kaolinite showing the highest reactivity and illite the lowest. This interpretation aligns
with the XRD and compressive strength results, reinforcing the notion that kaolinite- and
montmorillonite-rich clays facilitate more rapid portlandite consumption, while illite-rich
clays exhibit a slower reaction. Moreover, the diminished availability of portlandite for
carbonation results in a gradual decline in the quantity of CaCO3 produced in LC3 blends,
unlike the OPC system, where CH persists and thus enhances CaCO3 generation. In LC3,
the blend initially has a higher calcite content due to the limestone in the binder [53].
However, as hydration progressed, the observed calcite content reduced because there
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was less portlandite available for carbonation as a result of its gradual consumption in the
pozzolanic reaction [14].

3.3.3. Scanning Electron Microscopy (SEM)

The SEM micrographs in Figure 12 illustrate the morphological differences between
the hydration products of OPC and those generated in LC3 systems with various clay
types at the age of 28 days. The OPC matrix exhibits a mostly crystalline microstructure,
distinguished by many plate-like CH crystals and needle-shaped ettringite/AFm phases,
interspersed within a matrix of C-S-H and secondary aluminous hydrates [54]. This
illustrates the traditional hydration process characterized by the development of portlandite
and ettringite [55].

 

Figure 12. SEM analysis of OPC and all LC3-blends (LC3-Ka, LC3-Mn, LC3-IL).

The LC3-Ka system demonstrates a denser and more homogeneous microstruc-
ture, characterized by a notable reduction in visible portlandite and a fine distribution
of C-S-H/C-(A)-S-H phases [56]. The reduced presence of CH indicates the increased
pozzolanic activity of kaolinite, which actively consumes portlandite during secondary
hydration reactions. The microstructural refinement in LC3-Ka correlates with its en-
hanced mechanical performance and reactivity, as demonstrated by TGA and compressive
strength findings.

The LC3-Mn sample exhibits a compact structure characterized by well-developed
C-S-H/C-(A)-S-H gels and moderate CH content [57]. Montmorillonite, despite having
a lower alumina content than kaolinite, likely continues to dissolve over time due to its
layered 2:1 structure, which aids in the formation of hydration products that are morpho-
logically similar to those found in kaolinite-based blends [57]. The mechanical data indicate
that LC3-Mn attained strength values comparable to those of LC3-Ka at 28 days.

The LC3-IL blend exhibits a more porous and less cohesive microstructure charac-
terized by discrete CH crystals and a limited distribution of C-S-H gels. The existence of
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unreacted or partially reacted phases indicates that illite, although a low-cost and readily
available material, demonstrates slower reaction kinetics and reduced pozzolanic reactivity
at early ages [58]. The gradual development of hydration products over time, as evidenced
by the progression of compressive strength, suggests that illite is a viable supplementary
cementitious material for long-term or non-structural applications. Nevertheless, the incre-
mental formation of hydration products. However, the progressive formation of hydration
products over time, as evidenced by the increase in compressive strength, suggests that
illite continues to be an effective supplementary cementitious material in long-term or
non-structural applications.

The SEM analysis supports the TGA and XRD analysis and chemical and mechanical
properties of the subsequent clays, demonstrating that the pozzolanic potential of the clays
is evident in both bulk hydration behavior and the resulting microstructural development.
The reduction in portlandite and the densification of the binder matrix in LC3 systems,
especially with kaolinite and montmorillonite, indicate improved durability and mechanical
integrity in blended cement formulations.

3.4. Setting Time and Consistency of Blends

Figure 13 displays the findings from the investigations on normal consistency and
setting time. All LC3 binders demonstrated slightly superior consistency compared to
OPC, with LC3-IL achieving the highest value. This improvement in consistency can be
attributed to the finer particle size and increased surface area of the calcined clay particles,
resulting in greater water demand [59]. Among the various blends, LC3-IL required a larger
volume of water to achieve standard consistency, likely due to the platy morphology and
relatively low pozzolanic activity of illite, which impedes early hydration reactions.

Figure 13. Consistency and setting time of the OPC and LC3 clay blends.

In terms of setting time, all LC3 binders exhibited longer initial and final setting times
compared to OPC. This trend is consistent with previous findings that the incorporation of
calcined clay and limestone tends to dilute the clinker content and retard the formation
of C-S-H gel in the early age [57,60]. Among the various blends, LC3-IL required a larger
volume of water to achieve standard consistency, likely due to the platy morphology and
relatively low pozzolanic activity of illite, which impedes early hydration reactions. In
contrast, LC3-Ka and LC3-Mn showed relatively moderate increases in setting time, owing
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to the higher reactivity of kaolinite and montmorillonite, which promote earlier nucleation
and growth of hydrates. The mineralogical composition, degree of reactivity, and physical
properties of the calcined clays utilized in LC3 systems significantly affect the setting
time and consistency [61]. However, despite these variations, all LC3 mixtures meet the
minimum setting time criteria outlined in ASTM C191.

3.5. Compressive Strength

The development of compressive strength in LC3 mortars at both 7 and 28 days, as
illustrated in Figure 14, reveals notable performance trends influenced by the type of
calcined clay utilized. To aid comparison, the 7-day and 28-day compressive strength
values of the OPC mix are also indicated as horizontal reference lines in Figure 13. Among
the ternary blends, LC3-Ka exhibited the highest compressive strength, reaching 20.4 MPa
at 7 days and 30.8 MPa at 28 days, closely competing with OPC, which recorded values of
23.0 MPa and 31.9 MPa for the respective timeframes. This strong early-age performance
can be attributed to the high reactivity of kaolinite, a 1:1 layered silicate mineral, which
accelerates the pozzolanic reaction and promotes the rapid consumption of portlandite [62].
However, it was slightly lower than OPC due to its lower clinker content and dilution
effect. The acceleration caused by the clay was insufficient to offset the dilution effect [63].
LC3-Mn, composed of montmorillonite clay, exhibited compressive strengths of 17.9 MPa
at 7 days and 27.9 MPa at 28 days, slightly inferior to LC3-Ka but demonstrating significant
temporal enhancement. The 2:1 layered structure of montmorillonite promotes gradual
secondary hydration [30], consistent with the delayed yet consistent formation of hydration
products indicated by XRD and DTG analyses (see Figures 10 and 11). The moderate
decrease in CH content from 7 to 28 days, as evidenced by TGA results, corroborates this
postponed pozzolanic effect.

Figure 14. Compressive strength of LC3 mortars containing kaolinite (LC3-Ka), montmorillonite
(LC3-Mn), and illite (LC3-IL) at 7 and 28 days. The black horizontal lines indicate the corresponding
compressive strength values of the OPC control (at 7 and 28 days).
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In contrast, LC3-IL, which includes illite clay, demonstrated the lowest strength at an
early age, measuring 16.3 MPa at 7 days, but experienced a significant increase to 23.9 MPa
by 28 days. This approximately 70% enhancement suggests that, despite illite’s relatively
inert nature due to its partially crystalline and impure structure, it still contributes to
long-term strength development through gradual pozzolanic reactions. The XRD spectra
confirmed a reduction in carboaluminate peaks in LC3-IL, while the TGA results showed
minimal consumption of calcium hydroxide at an early age, both of which support the
notion of delayed pozzolanic activity. Nonetheless, the illite-based LC3 achieved approxi-
mately 75% of the strength of OPC by 28 days, indicating that even low-reactivity clays
can significantly enhance long-term performance [63]. The observed trends underscore the
significant influence of clay mineralogy on hydration kinetics and strength development
in LC3 systems. The high reactivity of kaolinite contributes to enhanced early strength,
while montmorillonite offers moderate but consistent strength gains. In contrast, illite
primarily aids strength development at later ages. The interaction between limestone and
various clay types, evidenced by the formation of carboaluminates and the consumption
of calcium hydroxide, underscores the need for customized LC3 formulations to optimize
performance. Pearson’s correlation coefficient (R = 0.998) was determined between the
portlandite fixation values (modified Chapelle test) and the 28-day compressive strengths of
LC3 mortars presented in Figure 15, indicating a nearly linear positive association between
pozzolanic reactivity and mechanical performance.

Figure 15. Correlation between 28-day compressive strength of LC3 blends and pozzolanic reactivity
of calcined clays as determined by the modified Chapelle test.

3.6. Overall Performance Summary

Figure 16 displays a radar chart that compares the normalized performance of different
LC3 blends—specifically, LC3-Ka, LC3-Mn, and LC3-IL—against OPC across seven key
parameters. All parameters have been normalized based on the highest value recorded
among all mixes, allowing for direct visual comparison. This approach emphasizes perfor-
mance distribution instead of absolute values, complementing the detailed trends reported
earlier. LC3-Ka demonstrated consistently high performance, closely aligning with OPC
in compressive strength, setting time, and pozzolanic reactivity, underscoring kaolinite’s
suitability for LC3 production. LC3-Mn exhibited moderate results across most indicators,
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while LC3-IL, despite lower early strength and reactivity, performed well in terms of wa-
ter demand and setting characteristics. These performance trends reflect the underlying
mineralogical differences among the clays. While all three clay types are viable for LC3

applications, kaolinite offers the most balanced and structurally robust performance. Illite,
though less reactive, remains a promising low-cost alternative for non-structural or blended
cement uses.

Figure 16. Radar graph showing the overall performance.

4. Conclusions

This study examined the classification and applicability of diverse low-grade clays
in LC3 systems, emphasizing their thermal properties, reactivity, and contribution to
mechanical performance. The results indicated that optimal calcination temperatures
are specific to each clay type, with kaolinite and montmorillonite undergoing effective
transformation at 750 ◦C, whereas impure illite necessitated higher thermal energy for
complete dehydroxylation.

The findings from XRD, TGA, and reactivity assessments revealed a significant cor-
relation between the degree of dehydroxylation and the mechanical behavior of the LC3

blends. Kaolinite-based LC3 consistently demonstrated superior performance during both
early and later curing stages, highlighting its potential as a dependable supplementary
SCM, even in its low-grade form. Montmorillonite also exhibited encouraging results,
whereas illite, despite a slight deficiency in early-age strength, showed satisfactory strength
development over time.

The modified Chapelle test has proven to be a reliable indicator of clay reactivity, pro-
viding practical support for the early screening of clay sources. This study emphasizes that,
rather than focusing solely on low-grade clays, widely available low-cost non-premium
clays can be significant components in sustainable cement formulations when processed
accurately. Optimizing blend composition and tailoring calcination parameters are essential
for utilizing these resources in low-carbon construction materials.

Despite demonstrating the highest strength and reactivity, kaolinite is frequently costly
and unavailable in many regions of the Southern Hemisphere. Montmorillonite and illite,
due to their cost-effectiveness and local abundance, with illite being the least expensive,
present viable options. Montmorillonite, specifically, attained equal strength at 28 days and
can serve as an efficient substitute for kaolinite when early strength is not critical.
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Abstract

This study investigated the potential use of fluorine-containing semiconductor industrial
sludge as a mineralizer in Portland cement clinker production. Raw mixes were pre-
pared by partially replacing raw materials with 6%, 9%, and 12% sludge and sintered
between 1300 and 1500 ◦C. The clinker burnability, phase composition, and chemical in-
tegrity were evaluated through FreeCaO measurements, X-ray diffraction (XRD) with
Rietveld refinement, and X-ray fluorescence (XRF) analyses. The results showed that
sludge addition reduced the sintering temperature by up to 150 ◦C, enabling near-complete
clinker formation at 1300 ◦C for blends containing 9% and 12% sludge (FreeCaO ≤ 0.6 wt.%
compared to 62 wt.% in the reference sample). Fluorine incorporation stabilized the re-
active β–C2S polymorph and shifted the alite (C3S) phase distribution from stable M1 to
metastable M3 and T3 phases. Additionally, the C3A phase content decreased, and a unique
fluorine-containing phase, Al7Ca6O16F, formed, promoting clinker formation. Lowering
the sintering temperature led to energy savings of 15–22.5% and reduced CO2 emissions
by 0.10–0.20 tons per ton of clinker, positively impacting the environment. This study
demonstrates that recycling industrial sludge can enhance cement production efficiency
and support environmental sustainability.

Keywords: fluorine mineralizer; semiconductor sludge; cement clinker; energy savings;
CO2 emissions

1. Introduction

The cement industry, a significant contributor to global CO2 emissions, is in urgent
need of alternative raw materials and innovative technologies. Accounting for approx-
imately 8% of total anthropogenic releases, the industry’s high temperatures (1450 ◦C)
for clinker production demand enormous amounts of thermal energy [1,2]. The reliance
on natural raw materials such as limestone and clay further exacerbates environmen-
tal impacts [3], including landscape disruption, biodiversity loss, dust emissions, and
groundwater depletion. Increasing energy consumption and the depletion of limited re-
sources underscore this urgent need for exploration. The time to act is now to reduce both
the carbon footprint and the energy intensity of cement manufacturing, highlighting the
importance of alternative raw materials and sustainable practices [4].
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Over the past decades, various industrial by-products have been successfully utilized
as partial substitutes for cement production. Fly ash, blast furnace slag, silicomanganese
slag, and sewage sludge, for instance, have been incorporated into raw mixes, achieving
resource conservation and reducing CO2 emissions [5,6]. These practices align with the
principles of the circular economy, demonstrating that waste streams can be transformed
into valuable resources and integrated into sustainable construction practices [7,8].

Recently, semiconductor industry waste, particularly chemical mechanical polishing
(CMP) sludge, has attracted increasing attention. This sludge, despite being classified as
hazardous waste, holds significant potential. Its high concentrations of CaO, Al2O3, and
fluorine (F) can significantly influence clinker mineralogy and sintering behavior [9]. The
high fluorine content imparts fluxing properties that may lower the melting temperature of
clinker raw mixes and promote phase formation [10,11]. This potential of semiconductor-
derived fluorine-rich sludge as a mineralizing agent is a beacon of hope in the quest for
sustainable cement production [12,13].

Most previous studies have focused on conventional mineralizers (such as CaF2

or cryolite) and general industrial by-products [14,15], with limited emphasis on the
mechanistic role of fluorine-rich sludge in clinker phase transformations, mineralogical
stability, and energy savings [16–18]. This research gap underscores the need to clarify not
only the chemical contribution of such sludge but also its impact on phase equilibrium,
silicate and aluminate competition, and reaction kinetics during clinkerization.

In this context, the present study investigates the incorporation of semiconductor
industrial sludge containing 11.4 wt.% fluorine into Portland cement clinker production.
Raw mixes were prepared with 6%, 9%, and 12% replacement levels and sintered at
temperatures ranging from 1300 ◦C to 1500 ◦C. The main objectives were to identify the
optimal parameters for significant temperature reduction, evaluate the mineralogical and
chemical transformations induced by sludge addition, and quantify the resulting energy
savings and CO2 emission reductions.

This study not only demonstrates the feasibility of valorizing semiconductor sludge as
a novel mineralizer but also provides essential insights for potential industrial-scale appli-
cations and long-term performance assessment. The findings, which highlight a promising
pathway to reduce the carbon footprint of cement manufacturing, are a significant step
forward in the advancement of waste recycling and the development of eco-efficient and
sustainable cement production technologies.

2. Materials and Methods

2.1. Raw Materials

In this study, reagent-grade calcium carbonate (CaCO3, Junsei, extra pure), aluminum
oxide (Al2O3), silicon dioxide (SiO2), and iron (III) oxide (Fe2O3) (Samchun, extra pure)
were employed as baseline raw materials for clinker preparation. In addition, a fluorine-
rich semiconductor sludge, obtained from a local manufacturing facility in South Korea,
was incorporated due to its elevated concentrations of calcium oxide (CaO, 36.8 wt.%),
aluminum oxide (Al2O3, 19 wt.%), and fluorine (11.4 wt.%). The sludge was chemically
characterized using inductively coupled plasma optical emission spectrometry (ICP-OES),
carbon/sulfur analysis, and ion chromatography, with principal oxides expressed as weight
percentages in Table 1. CaO and Al2O3 were expected to enhance the stability of silicate
and aluminate phases, while the high fluorine concentration was anticipated to act as
a mineralizing flux, lowering melting points and facilitating clinker phase formation. Ordi-
nary Portland Cement (OPC), conforming to KSL 5201 (2013) and exhibiting a compressive
strength of 42.5 MPa, was used as the reference material [19,20].
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Table 1. Chemical composition of semiconductor waste sludge (wt.%).

Sample SiO2 CaO P2O5 MgO F Fe2O3 Al2O3 C SO3 Others LOI

Sludge (Sc) 3.84 36.8 3.29 3.16 11.4 0.36 19 4.39 3.88 >0.3 28.6
Note: LOI (Loss on Ignition) accounts for volatiles lost during heating; “Others” include trace elements
below 0.3 wt.%.

2.2. Raw Mix Preparation and Chemical Modulus Calculation

Raw mixes were prepared by partially substituting clinker raw materials with semi-
conductor sludge at mass replacement levels of 6%, 9%, and 12%. The specific proportions
of raw materials and sludge in each blend are provided in Table 2. These substitution levels
were determined from preliminary trials and supporting literature: 6% were selected to
examine the initial effect of sludge incorporation on clinker properties, whereas 9% and
12% represented incremental levels commonly employed in cement research. Substitutions
beyond 12% were excluded to mitigate potential clinker quality deterioration and to avoid
practical challenges during the sintering process.

Table 2. Raw mix design (g).

Sample CaCO3 Al2O3 SiO2 Fe2O3 Sludge (Sc) % (F) Content %

Reference 78.88 3.72 15.07 2.33 0 0
Blended 6 74.42 2.55 14.74 2.29 6 0.68
Blended 9 72.19 1.97 14.58 2.27 9 1.03
Blended 12 69.95 1.38 14.41 2.25 12 1.37

The schematic diagram in Figure 1 illustrates the process of incorporating semicon-
ductor sludge into cement clinker production. In this process, fluorine-rich semiconductor
waste is blended with conventional raw materials and then processed through the stan-
dard cement manufacturing steps. The presence of semiconductor sludge helps lower
the required sintering temperature, which leads to reduced energy consumption and in-
creased efficiency in clinker production. This approach not only offers energy savings but
also promotes the utilization of industrial waste, contributing to more sustainable cement
manufacturing practices.

To evaluate the suitability of the raw mixes for clinker formation, key chemical moduli
were calculated based on oxide weight percentages:

• Lime Saturation Factor (LSF): Indicates the proportion of calcium oxide relative to
silica, alumina, and iron oxide, and is critical for clinker burnability [21].

LSF =
CaO

2.8 × SiO2 + 1.2 × Al2O3 + 0.65 × Fe2O3
× 100 (1)

• Silica Modulus (SM): Ratio of silica to the combined alumina and ferric oxides, impact-
ing the silicate phase formation [22].

SM =
SiO2

Al2O3 + Fe2O3
(2)

• Iron Modulus (IM): Ratio of ferric oxide to alumina, influencing aluminate and ferrite
phase content [23].

IM =
Fe2O3

Al2O3
(3)
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Figure 1. Clinker production process using semiconductor sludge.

The calculated moduli for all blended raw mixes were within optimal ranges
(LSF ~92.0, SM ~2.5, IM ~1.6), indicating favorable conditions for clinker production.

2.3. Sample Preparation and Sintering Procedure

All raw materials were weighed according to the mix proportions specified in Table 2
to ensure sample consistency and reproducibility. The powders were homogenized in an
HT-1000 ball mill for one hour using zirconia grinding media of 10 mm and 20 mm in
diameter. The use of dual-sized media promoted both impact and attrition mechanisms,
thereby enhancing particle size reduction and mixing uniformity.

Following milling, distilled water was gradually added at 35 wt.% of the total powder
mass to achieve optimal plasticity for shaping [24]. The resulting paste was pressed
manually into spherical pellets of ~25 g each, ensuring consistent size and geometry for
uniform sintering behavior. The pellets were then dried at 120 ◦C for 24 h to eliminate
residual moisture and prevent cracking or bloating during high-temperature treatment.

Dried spheres were sintered in a high-temperature electric furnace with an air-heating
system, using a heating rate of ~10 ◦C/min. Sintering was conducted between 1300 ◦C and
1500 ◦C in 50 ◦C increments, after which the specimens were allowed to cool naturally to
~50–60 ◦C. Each sintering cycle was carefully controlled with respect to heating rate, dwell
time, and furnace atmosphere to ensure reproducibility.

For comparison, reference spheres prepared from reference clinkers were subjected
to the same sintering conditions, providing a baseline for evaluating the properties and
performance of the sludge-incorporated samples.

Figure 2 presents photographs of cement clinker samples following the sintering
process. The reference clinker sintered at 1300 ◦C displays a finer particle morphology,
indicative of incomplete sintering. In contrast, the reference clinker processed at 1350 ◦C
exhibits a coarser texture with larger and more aggregated particles, reflecting enhanced sin-
tering progression. Notably, the blended clinker containing 12% semiconductor sludge and
sintered at 1500 ◦C demonstrates a distinctly darker color and the presence of well-defined
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crystalline structures, suggesting significant phase development and possible alterations in
mineralogical composition resulting from the higher temperature and sludge incorporation.

Figure 2. Photograph of dusted clinkers after sintering.

2.4. Analytical Methods
2.4.1. Determination of Free Calcium Oxide (FreeCaO)

The content of free calcium oxide, which indicates incomplete clinker formation, was
determined using a chemical extraction method. Finely ground clinker was weighed
with high precision and mixed with ethylene glycol, a solvent that selectively dissolves
this phase. The suspension was incubated in a temperature-controlled water bath at
50–60 ◦C for about 30 min to ensure complete dissolution while minimizing interference
from calcium silicate and carbonate phases. After incubation, the mixture was vacuum
filtered to separate the undissolved solids, and the clear filtrate containing the dissolved
fraction was carefully collected to avoid loss or contamination [25].

The filtrate was titrated with a standardized 0.1 M hydrochloric acid solution. Bromo-
cresol green was used as the pH indicator because it exhibits a distinct color change around
pH 4.7–5.2, allowing for the accurate determination of the titration endpoint. During
titration, hydrochloric acid neutralizes the dissolved FreeCaO, and the color change from
blue to yellow indicates the endpoint [26]. The volume of hydrochloric acid consumed at
the endpoint was accurately recorded, and the FreeCaO content was calculated using the
stoichiometric relationship between CaO and hydrochloric acid. The calculation accounted
for the sample weight and dilution factors to express FreeCaO as a percentage of the
clinker sample [27].

2.4.2. X-Ray Fluorescence (XRF) Spectroscopy

The major oxide compositions of clinker samples were quantitatively analyzed by
X-Ray Fluorescence (XRF) spectroscopy using a RIGAKU Supermini 200 instrument
(RIGAKU, Tokyo, Japan). To prepare the samples for analysis, powdered clinker was
pressed into pellets and covered with polyethylene (P.E.) film to prevent contamination and
sample loss while maintaining a consistent surface for measurement. This thin P.E. film is
X-ray-transparent, allowing for accurate excitation and the detection of characteristic fluo-
rescence without interfering with the analysis [28]. Each sample underwent measurement
for 30 min to ensure high precision, accuracy, and reproducibility. The analysis targeted
key oxides including calcium oxide (CaO), silicon dioxide (SiO2), aluminum oxide (Al2O3),
iron (III) oxide (Fe2O3), magnesium oxide (MgO), sulfur trioxide (SO3), sodium oxide
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(Na2O), and potassium oxide (K2O) [29]. The resulting quantitative data were used to
verify the chemical composition of the clinker after sintering, confirming that the sintering
process achieved the intended oxide proportions [30]. Furthermore, these measurements
enabled a direct comparison with the raw mix proportions, providing insight into the
consistency and efficiency of the clinker production process.

2.4.3. X-Ray Diffraction (XRD) Analysis

The mineralogical phase identification and quantification of clinker samples were
systematically performed using a Bruker D6 Phaser X-ray diffractometer (Bruker, Karlsruhe,
German), operated at an accelerating voltage of 40 kV and an emission current of 15
mA. This instrument configuration ensures sufficient X-ray intensity for clear diffraction
signals and optimal resolution [31]. To prevent hydration and alteration of the clinker
phases during sample preparation, samples were finely ground while suspended in 95%
isopropanol [32]. The use of isopropanol as a grinding medium minimizes exposure to
atmospheric moisture, thus preserving the original mineral phases for accurate analysis.
The powdered samples were then evenly spread on a zero-background sample holder
designed to reduce noise and enhance signal clarity [33,34].

Diffraction data were collected by scanning over a 2θ angular range from 5◦ to 70◦,
employing a step size typically between 0.02◦ and 0.05◦ 2θ, with a total scan time of
approximately 3 h. This extended scan duration and acceptable angular resolution en-
able the acquisition of high-quality diffraction patterns with well-defined peaks, allowing
for the precise identification of both major and minor mineralogical phases. For quan-
titative phase analysis, the Rietveld refinement technique was applied using HighScore
Plus software version 3.0.5. The Rietveld method involves fitting a calculated diffraction
pattern to the observed data by adjusting crystal structure parameters, peak shapes, back-
ground, and instrumental effects [35]. This comprehensive approach facilitates the accurate
quantification of phase abundances, even in complex multiphase clinker samples. The
resulting phase compositions provide critical insight into clinker quality, informing the
optimization of raw material mixtures and sintering conditions to achieve desired cement
performance characteristics.

2.5. Limitations and Future Work

This study demonstrated the potential of fluorine-rich semiconductor sludge as
a mineralizer for reducing clinker sintering temperature; however, several limitations
remain. Microstructural characterization techniques such as Scanning Electron Mi-
croscopy with Energy-Dispersive Spectroscopy (SEM/EDS), optical microscopy, and
Fourier-Transform Infrared Spectroscopy (FTIR) were not employed in the present work.
Incorporating optical microscopy in future investigations would allow for a more precise
determination of phase size distribution and morphology, thereby complementing the
crystallographic data obtained by XRD. Such analyses could provide deeper insights into
the mechanisms by which fluorine affects phase formation and stabilization.

Moreover, this research was limited to clinker formation and phase evaluation under
laboratory-scale sintering conditions. The hydration behavior, setting time, and mechan-
ical properties of cementitious systems produced with the modified clinkers were not
investigated. To establish the practical applicability of this approach, future studies will
involve comprehensive mortar- and paste-level performance evaluations, including heat of
hydration measurements, compressive strength testing, and durability assessments.

In addition, only natural cooling conditions were applied in this study. Exploring
alternative cooling conditions, such as water quenching and controlled slow cooling,
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in future work will provide valuable insights into how cooling rate influences phase
crystallinity, stability, and clinker reactivity.

Finally, the environmental and economic implications of large-scale sludge utilization
must be considered. A life-cycle assessment (LCA) and cost–benefit analysis will be
essential to validate the sustainability and industrial feasibility of replacing conventional
raw materials with semiconductor sludge.

3. Results

3.1. FreeCaO Analysis

The FreeCaO content of clinker samples incorporating fluorine-containing semicon-
ductor sludge at replacement levels of 6%, 9%, and 12% was systematically evaluated
across sintering temperatures ranging from 1300 ◦C to 1500 ◦C. The results are summarized
in Table 3.

Table 3. FreeCaO results.

Sample 1300 ◦C 1350 ◦C 1400 ◦C 1450 ◦C 1500 ◦C

Reference 62 8 1.6 0.4 0.4
Blended 6% 1.8 0.6 0.6 0.4 0.6
Blended 9% 0.4 0.6 0.4 0.4 0.4
Blended 12% 0.4 0.4 0.4 0.4 0.4

A detailed examination of Table 3 and Figure 3, together with the extended quantitative
values presented in Appendix A (Table A1), reveals a pronounced difference in FreeCaO
content between the reference OPC and the sludge-blended clinkers, highlighting the
impact of fluorine-containing semiconductor sludge on clinker formation kinetics and
burnability. At 1300 ◦C, the reference clinker exhibits a value of 62, indicating highly
incomplete mineralization and insufficient solid-state reactions under these conditions. In
stark contrast, the blends containing 9 and 12 units of semiconductor sludge show a drastic
reduction to 0.4, providing compelling evidence that the fluorine-rich sludge acts as an
effective mineralizer. This promotes raw mix reactivity and accelerates both decarbonation
and silicate phase formation at lower temperatures.

Figure 3. Burnability curves of reference and sludge-blended clinker samples showing FreeCaO
content as a function of sintering temperature.
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At 1350 ◦C, this beneficial effect is further corroborated: the reference clinker retains
a relatively high value of 8, whereas the sludge-blended samples achieve near-complete
conversion, with values of 0.6 and 0.4 for 9 and 12 units, respectively. The sharp reduction in
residual lime in the sludge-containing clinkers across both temperatures suggests enhanced
melt formation and greater ionic mobility, facilitating the incorporation of free lime into the
principal clinker phases, particularly alite (C3S) and belite (C2S) [36].

These findings underscore the role of fluorine, introduced via semiconductor sludge,
in reducing the activation energy required for key clinker-forming reactions. The fluxing
action of fluorine lowers the melting point of the system, expands the temperature window
for liquid phase formation, and promotes the earlier onset of mineralogical transformations.
Consequently, complete clinker formation can be achieved at temperatures substantially
lower than those in conventional practice without sacrificing product quality. Such im-
provements not only enhance thermal efficiency and reduce fuel consumption but also open
new pathways for the sustainable utilization of industrial waste in cement manufacturing.

3.2. X-Ray Fluorescence Analysis

The chemical compositions of clinker samples prepared by partially replacing raw
materials with fluorine-containing semiconductor sludge at 0%, 6%, 9%, and 12% were ana-
lyzed by XRF spectroscopy and compared to the reference clinker. This analysis quantified
principal oxides, such as CaO, SiO2, Al2O3, and Fe2O3, as well as minor oxides including
MgO, SO3, Na2O, and K2O, with high precision.

The comprehensive XRF analysis presented in Table 4 reveals systematic variations in
clinker chemical composition as a function of semiconductor sludge replacement levels and
sintering temperatures. The CaO content, a critical factor influencing clinker phase stability
and hydraulic reactivity, remained consistently within the typical Portland cement clinker
range (~60–68), demonstrating robust compositional integrity despite partial substitution
of raw materials.

Table 4. XRF analysis results (wt.%).

Samples CaO SiO2 Al2O3 Fe2O3 MgO P2O5 SO3 Cl K2O SrO

Ref (1300) 66.60 26.20 2.57 3.7 0.8 0.01 0.06 0.03
Ref (1350) 67.00 20.90 4.66 3.98 0.98 0.01 0.01 0.57 0.04
Ref (1400) 67.50 19.20 5.45 4.19 0.95 0.01 0.06 0.04
Ref (1450) 68.52 20.83 5.77 3.89 0.84 0.01 0.06 0.04
Ref (1500) 67.10 20.30 5.41 4.12 0.88 0.06 0.04
B6 (1300) 68.89 19.69 5.51 3.88 0.59 1.16 0.15 0.01 0.05 0.04
B6 (1350) 68.57 19.70 5.92 3.81 0.51 1.99 0.15 0.01 0.05 0.04
B6 (1400) 68.08 19.44 6.30 4.18 0.65 1.12 0.08 0.01 0.07 0.04
B6 (1450) 68.44 19.82 6.11 3.96 0.34 1.09 0.10 0.01 0.05 0.04
B6 (1500) 68.56 19.79 6.03 3.78 0.41 1.16 0.13 0.01 0.05 0.04
B9 (1300) 67.37 19.80 6.39 4.04 0.63 1.30 0.32 0.01 0.07 0.04
B9 (1350) 67.57 20.39 6.03 3.94 0.32 1.35 0.26 0.07 0.04
B9 (1400) 66.97 20.66 6.30 3.92 0.45 1.22 0.30 0.05 0.04
B9 (1450) 67.62 19.92 6.16 4.19 0.43 1.23 0.27 0.06 0.04
B9 (1500) 67.33 19.96 6.22 4.35 0.51 1.23 0.27 0.06 0.04
B12 (1300) 66.12 21.00 6.36 3.80 0.72 1.36 0.42 0.06 0.03
B12 (1350) 67.14 20.90 5.73 3.99 0.33 1.37 0.39 0.07 0.04
B12 (1400) 66.80 20.72 5.95 4.22 0.39 1.39 0.40 0.06 0.04
B12 (1450) 67.24 20.12 5.84 4.38 0.52 1.36 0.38 0.07 0.04
B12 (1500) 67.26 21.25 4.89 4.09 0.41 1.46 0.46 0.06 0.04
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Notably, the Al2O3 concentration increased proportionally with sludge addition,
reflecting the high alumina content inherent to the semiconductor sludge. This chemical
enrichment is expected to significantly influence clinker phase assemblage, particularly
by promoting the formation and volume fraction of calcium aluminate phases (e.g., C3A),
which can affect cement hydration kinetics and early strength development.

Conversely, the SiO2 content remained relatively stable across all samples, thereby
maintaining the silica modulus within optimal limits essential for clinker quality. Mi-
nor oxides such as MgO, SO3, Na2O, and K2O exhibited minimal fluctuations, indicat-
ing that sludge incorporation did not adversely impact these constituents. Notably, the
fluorine-rich sludge appears to function as a flux during sintering, lowering the eutectic
temperature and facilitating liquid phase formation. This enhances mass transport and ac-
celerates phase transformations, consistent with the reductions in FreeCaO content shown
in Figure 3 and the stabilized oxide concentrations illustrated in Figure 4. The fluxing effect
of fluorine thus underpins the improved burnability and sintering efficiency observed in
sludge-blended clinkers.

Figure 4. XRF results of principal oxides in clinker samples.

The calculated chemical indices, Lime Saturation Factor (LSF), Silica Modulus (SM),
and Iron Modulus (IM) remain within optimal ranges for all blends, confirming the chemical
viability for producing high-performance clinkers. Collectively, these results demonstrate
that the partial replacement of raw materials with semiconductor sludge does not com-
promise clinker chemical integrity or phase equilibrium but rather introduces beneficial
modifications enhancing sintering and clinker quality.

3.3. X-Ray Diffraction Analysis

The Clinker samples sintered between 1300 ◦C and 1500 ◦C with 6%, 9%, and 12%
fluorine-containing semiconductor sludge were quantitatively analyzed by Rietveld refine-
ment of XRD patterns. Figures 5 and 6 show detailed phase distributions, including alite
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polymorphs (C3S M1, M3, T3, R), belite polymorphs (C2S α, β, γ), ferrite (C4AF), aluminate
(C3A), free lime, periclase, and a fluorine-containing compound (Al7Ca6O16F).

Figure 5. Rietveld refinement of XRD patterns for all clinker samples.

The reference clinker sintered at 1300 ◦C showed insufficient alite and belite formation,
resulting in a poorly sintered, dusted structure, confirmed by high free lime content
in Figures 3 and 5. In contrast, fluorine-rich sludge addition stabilized reactive belite
polymorphs and altered alite polymorph distribution, increasing C3S M3 and T3 phases.

These changes enable clinker formation at lower temperatures without compromising
quality, enhancing sintering efficiency, and reducing cement production energy consump-
tion. Reduced aluminate (C3A) content and unique fluorine-bearing phases highlight
sludge-derived fluorine’s complex chemical role, potentially improving hydration kinetics
and long-term durability.

(a) Fluorine-Induced Modulation of Alite (C3S) Polymorph Distribution and Stability

The incorporation of fluorine-rich semiconductor sludge into the raw mix signifi-
cantly alters the polymorphic distribution of alite phases. Quantitative analysis revealed
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a marked increase in metastable polymorphs C3S M3 and T3 at the expense of the dominant
stable C3S M1 phase. This transformation suggests that fluorine acts to destabilize the
equilibrium favoring C3S M1, promoting dynamic phase transitions that enhance crystal
nucleation and growth kinetics. Such modulation is critical as polymorphic form influ-
ences the hydration reaction rates and, consequently, the early strength development and
durability of the cementitious matrix. The dynamic balance among alite polymorphs un-
der fluorine influence likely facilitates more efficient hydration pathways and mechanical
performance improvements.

Figure 6. Rietveld refinement of XRD patterns showing phase composition of clinker samples with
different sludge contents and sintering temperatures.

(b) Belite Enhanced Stabilization and Prevalence of Reactive Belite (C2S β) Polymorph

The study found a consistent and significant increase in the highly reactive β-polymorph
of belite (C2S β) with increasing sludge content. This polymorph is known for its superior
hydraulic reactivity and contribution to long-term strength gain in cement. Fluorine’s
stabilizing effect on this polymorph suggests an alteration of the clinker’s phase equi-
librium, enabling enhanced formation and retention of reactive belite at lower sintering
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temperatures. This stabilization not only supports improved mechanical properties over
extended curing periods but also indicates a potential reduction in energy consumption by
lowering the required sintering temperature for clinker production [37].

(c) The Impact on Aluminate (C3A) and Ferrite (C4AF) Phase Chemistry

Fluorine-rich sludge significantly suppressed the formation of the aluminate phase
(C3A), reducing its content to nearly a quarter of that observed in conventional OPC clinker.
Since C3A influences setting time and sulfate resistance, this suppression could lead to
cement with enhanced durability and tailored setting characteristics. Concurrently, the
ferrite phase (C4AF) increased in concentration, which affects clinker color and hydraulic
properties. The interplay of these phase shifts reflects complex chemical re-balancing
induced by fluorine incorporation, which alters the overall clinker mineralogy and its
functional properties.

(d) Free Near-Complete Reaction Evidenced by Minimal Free Lime (CaO) Content

The near absence of free lime across all samples, regardless of sludge content, indicates
highly efficient sintering and reaction completeness. This observation confirms that fluorine
addition does not compromise clinker quality but instead maintains or enhances the
complete conversion of raw materials into stable clinker phases. The minimized free lime
content is a crucial indicator of clinker stability and long-term performance.

(e) Formation of Unique Fluorine-Bearing Mineral Phase as Mineralizer

The exclusive detection of the Al7Ca6O16F phase in sludge-containing clinkers sub-
stantiates the role of fluorine as a mineralizing agent. This unique fluorine-bearing phase
integrates into the clinker lattice and promotes phase transformations at reduced sinter-
ing temperatures. By lowering the energy barrier for phase formation, this mineralizer
facilitates clinker densification and phase homogeneity, ultimately improving clinker mi-
crostructure and mechanical integrity.

These fluorine-driven modifications of clinker mineralogy open pathways for energy-
efficient cement production by enabling lower temperature sintering without sacrificing
product quality. The altered phase assemblage enhances hydration kinetics and mechanical
performance, particularly improving early strength gain and long-term durability. This
study underscores the potential of using fluorine-containing industrial by-products, such
as semiconductor sludge, as functional additives to tailor clinker chemistry, supporting
sustainable manufacturing practices and advancing the development of high-performance
cementitious materials.

Figure 7 shows powder X-ray diffraction patterns of blended clinkers B6 (black), B9
(red), and B12 (blue) sintered at 1450 ◦C, compared to a laboratory reference clinker (grey
dashed). The major peaks correspond to belite (C2S), with minor alite (C3S) and a fluoride-
stabilized calcium aluminate phase, Ca6Al7O16F. Black arrows indicate Ca6Al7O16F reflec-
tions. The inset depicts the crystal structure of Ca6Al7O16F (Ca: blue; AlO4 tetrahedra:
grey; O/F: red). Intensities are normalized, and patterns are vertically offset for clarity.

3.4. Energy Saving and Carbon Emission Reduction Estimation

The incorporation of fluorine-containing semiconductor sludge into clinker production
demonstrated the potential to reduce sintering temperature by approximately 100 to 150 ◦C
compared to conventional Ordinary Portland Cement (OPC) clinkers, which typically sinter
at around 1450 ◦C. This temperature reduction directly translates into significant energy
savings and associated reductions in carbon dioxide (CO2) emissions [38].

(a) Energy Consumption Reduction
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Cement clinker production is an energy-intensive process, with fuel consumption
strongly dependent on sintering temperature. Previous studies indicate that for every
10 ◦C decrease in sintering temperature, energy consumption decreases by approximately
1.5%. Applying this relationship to the observed temperature reduction yields an estimated
energy saving of the following:

ΔE =
100 ∼ 150

10
× 1.5% = 15% ∼ 22.5% (4)

Figure 7. XRD patterns of fluoride-stabilized clinkers sintered at 1450 ◦C compared to reference
clinker.

(b) Carbon Emission Reduction

Cement manufacturing accounts for approximately 8% of global anthropogenic CO2

emissions, primarily due to the combustion of fossil fuels during the production of clinkers.
Given that CO2 emissions are roughly proportional to energy consumption, the reduction
in emissions can be estimated as follows:

ΔCO2 = ΔE × Current CO2 emissions per ton clinker (5)

As summarized in Table 5, a reduction in clinker sintering temperature by 100 to 150 ◦C
has the potential to decrease energy consumption by approximately 15 to 22.5%. This sub-
stantial energy saving directly correlates with a significant reduction in carbon dioxide
emissions, estimated to be between 0.105 and 0.203 tons of CO2 per ton of clinker produced,
assuming emission factors of 0.7 and 0.9 tons of CO2 per ton of clinker.
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The use of fluorine-rich semiconductor sludge as a mineralizer not only improves
clinker quality and promotes phase formation at lower temperatures but also offers
a pathway to reduce the environmental footprint of cement production. The potential
energy savings and CO2 emission reductions contribute to both economic and ecological
sustainability, supporting global efforts to mitigate climate change.

Table 5. Energy savings and CO2 reductions resulting from a decrease in clinker sintering temperature.

Temperature
Reduction (◦C)

Energy Savings (%)
CO2 Emission Reduction

(0.7 t CO2/t Clinker)
CO2 Emission Reduction

(0.9 t CO2/t Clinker)

100 15 0.105 t 0.135 t
150 22.5 0.158 t 0.203 t

4. Discussion

This study highlights the significant mineralogical and environmental benefits of
incorporating fluorine-containing semiconductor sludge into cement clinker production.
Integrating experimental results from XRD, XRF, and FreeCaO analyses provides a compre-
hensive understanding of fluorine’s impact on clinker phase formation, sintering tempera-
ture reduction, and sustainability metrics.

(a) Mineralogical Impacts and Phase Transformations

Rietveld refinement of XRD data showed that fluorine alters the polymorphic dis-
tribution of alite (C3S), favoring metastable phases C3S M3 and T3. This polymorphic
shift is likely to positively influence early hydration kinetics and mechanical strength
developments [39]. The reactive belite (C2S β) polymorph is stabilized and enriched with
increasing sludge content, potentially improving long-term strength. Suppression of
aluminate (C3A) phases in sludge-containing clinkers suggests enhanced sulfate resis-
tance and altered setting behavior [15]. The formation of fluorine-bearing phases such
as Al7Ca6O16F confirm fluorine’s role as a mineralizer, facilitating clinker formation at
lower temperatures [40]. Although the industrial sludge cannot be classified as a con-
ventional pozzolan due to its limited amorphous silica content, its high CaO and Al2O3

concentrations actively contributed to clinker phase development, particularly favoring the
formation of C3S, C2S, and C3A. The elevated fluorine content further acted as a fluxing
agent, lowering the burning temperature of the raw mix by ~150 ◦C and accelerating the
crystallization of clinker minerals. These effects were corroborated by XRF and Rietveld-
refined XRD analyses, which confirmed the presence of the expected silicate and aluminate
phases.

At clinkerization temperatures, the sludge primarily decomposed into its oxide con-
stituents (CaO and Al2O3), thereby influencing the chemical balance of the raw mix. While
the excess CaO and Al2O3 could promote the formation of aluminate phases (C3A and
C4AF) at the expense of silicates (C3S and C2S), the fluxing action of fluorine enhanced
the melt phase and accelerated silicate crystallization. Consequently, clinker samples with
6%, 9%, and 12% sludge additions exhibited a stable phase assemblage in which silicate
minerals remained dominant, demonstrating that the fluxing role of fluorine effectively
mitigates the Ca–Al/Ca–Si competition.

(b) Environmental and Energy Implications

A reduction in clinker sintering temperature by approximately 100–150 ◦C is estimated
to yield energy savings of about 15–22.5%. Considering the inherently high energy demand
of clinker production, such a decrease translates into significant operational cost reductions
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as well as lower fossil fuel consumption [41]. Furthermore, based on reported emission
factors of 0.7–0.9 tons of CO2 per ton of clinker, this temperature reduction corresponds
to a decrease of approximately 0.1–0.2 tons of CO2 emissions per ton of clinker produced.
This outcome highlights the potential of the proposed approach to mitigate the carbon
footprint of the cement industry substantially [17].

Beyond direct reductions in fuel consumption and CO2 emissions, lowering the sinter-
ing temperature also offers broader environmental benefits. Reduced thermal stress during
the production process can minimize NOx emissions, which are another major contributor
to air pollution in cement manufacturing [42]. In addition, the partial substitution of
conventional raw materials with semiconductor sludge promotes resource efficiency and
advances circular economy practices by diverting industrial waste from landfills. This dual
advantage reduction of greenhouse gas emissions and waste valorization further enhances
the environmental sustainability of clinker production [43].

From an energy perspective, large-scale implementation of this approach could re-
duce the overall dependency of the cement industry on non-renewable fossil fuels. This
is especially relevant under tightening environmental regulations and carbon taxation
schemes, where energy efficiency directly translates into financial competitiveness. Future
integration of renewable energy sources for kiln operations, combined with sintering tem-
perature reduction strategies, may provide synergistic benefits in advancing the cement
sector toward climate neutrality.

(c) Practical Considerations and Future Work

While the benefits of fluorine-containing sludge as a mineralizer are promising, fur-
ther studies are required to evaluate the long-term durability of cements produced with
modified clinker phases. Pilot- and industrial-scale investigations should be conducted to
assess kiln operation stability, emission control, and product consistency, ensuring that the
approach is technically and economically feasible under real production conditions.

Additionally, detailed research on phase transformation kinetics, hydration mecha-
nisms, and the effects of different cooling regimes will provide deeper insight into the role
of fluorine in clinker reactivity. Future work should also extend to evaluating hydration
performance, mechanical strength, and durability, supported by life-cycle and cost–benefit
analyses to confirm the environmental and industrial sustainability of this method.

(d) Sustainability Considerations of Fluorine Evaporation

During the thermal treatment of the sludge, some fluorine species may volatilize;
however, under the experimental conditions of this study, the risk of direct HF emission is
considered relatively low. This is because most of the fluorine tended to react with Ca and
Al, forming stable crystalline phases such as CaF2 or Ca–Al–F compounds, as confirmed by
XRF and Rietveld-refined XRD analyses. Therefore, instead of being fully released into the
atmosphere, the majority of fluorine remained incorporated into the clinker structure in
a stable form.

In addition, fluorine acted as a fluxing agent, lowering the melting temperature of
the raw mix and promoting the formation of clinker phases. As a result, the clinker
burning temperature was reduced by approximately 150 ◦C, leading to decreased energy
consumption and a significant reduction in CO2 emissions. This represents an important
contribution to the sustainability of cement production.

Hence, the overall sustainability of sludge recycling must be considered in terms of
two aspects:

(a) Positive effect reduction of energy demand and CO2 emissions
(b) Limited risk only a minor fraction of fluorine may volatilize during processing.
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Our findings suggest that most of the fluorine remained bound within the clinker in the
form of stable phases, and thus, the probability of HF release is relatively low. Nevertheless,
future studies should include direct monitoring of possible gaseous emissions and evaluate
emission control strategies (e.g., filtration or neutralization systems). In this way, the use of
high-fluorine industrial sludge can combine the benefits of improved energy efficiency and
CO2 reduction while minimizing environmental risks.

5. Conclusions

1. This mineralogical transformation and performance benefits

Fluorine-containing semiconductor sludge, when used as a partial substitute in clinker
production, stabilizes the reactive β-polymorph of belite, alters the polymorphic distri-
bution of alite, and promotes the formation of distinct fluorine-bearing phases. These
mineralogical changes accelerate early hydration kinetics and improve the mechanical
strength development of cementitious materials, confirming the performance advantages
of sludge incorporation.

2. Energy and environmental implications

The incorporation of fluorine enables a reduction in clinker sintering temperature
of up to 150 ◦C without compromising phase quality or stability. This thermal de-
crease results in estimated energy savings of 15–22.5% and a reduction of approximately
0.1–0.2 tons of CO2 emissions per ton of clinker, thereby providing clear environmental
and operational benefits.

3. Pathway for sustainable cement production

Collectively, the findings demonstrate a promising approach to sustainable cement
manufacturing through the valorization of industrial semiconductor waste. Future work
should prioritize scale-up studies, long-term durability assessments, and mechanistic
investigations of fluorine’s influence on hydration and phase transformation to optimize
clinker formulations and advance eco-efficient cement technologies.
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Abbreviations

XRD X-Ray Diffraction
XRF X-Ray Fluorescence
OPC Ordinary Portland Cement
FreeCaO Free Calcium Oxide
C3S Tricalcium Silicate (Alite)
C2S Dicalcium Silicate (Belite)

C3A Tricalcium Aluminate
C4AF Tetracalcium Aluminoferrite (Ferrite)
M1, M3, T3, R Polymorphs of Alite (C3S)

Appendix A

This appendix contains supplementary experimental data and detailed calculations
supporting the main findings presented in the manuscript.

• XRD Rietveld Refinement Data: Complete phase quantification results for all clinker
samples at various sintering temperatures, including minor phases in the main text.

• FreeCaO Measurements: Detailed raw data and calculation methods for free calcium
oxide content across samples.

• XRF Elemental Analysis: Full elemental composition tables with raw spectral data
used for Thermo-Calc input.

• Energy and CO2 Emission Calculations: Step-by-step calculation sheets for estimat-
ing energy savings and carbon emission reductions based on sintering temperature
reductions, including assumptions and formula derivations.

• Experimental Setup: Photographs and schematic diagrams of the experimental setup
and sample preparation protocols.

All raw data and calculation spreadsheets are available from the authors upon reason-
able request.

Table A1. Extended XRD phase quantification data.

Sample ID C3S M1 C3S M3 C3S T3 C2S b C4AF C3A FreeCaO Other Phases

Ref-1450 ◦C 49.4 0 16.3 8.1 3.9 10.3 0 12.0
B6-1300 ◦C 31.7 0 25.1 25.9 8.7 2.9 0.1 11.6
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Abstract

Alkali-activated cementitious materials are environmentally friendly alternatives to tra-
ditional cement. The structure of their core product, sodium aluminosilicate hydrate
(N-A-S-H) gel, is regulated by the silicon-to-aluminum (Si/Al) ratio; however, the atomic-
scale mechanism underlying this influence remains unclear. Integrating reactive force field
molecular dynamics simulations and experiments, this study systematically reveals the reg-
ulation mechanism of the Si/Al ratio (1.0–2.0) on the microstructure and macroscopic prop-
erties of N-A-S-H gels. Starting from well-defined PS and PSS oligomers, the simulation
results demonstrate that the Si/Al ratio governs the polymerization pathway, aluminum
coordination environment (especially the content of pentacoordinate aluminum), and evo-
lution of nanoporosity. When the Si/Al ratio is approximately 1.8, the system exhibits the
highest silicate polymerization degree, lowest nanoporosity, and densest three-dimensional
(3D) network structure; deviation from this ratio leads to structural degradation due to
charge imbalance or excessive polymerization. These computational findings are vali-
dated by experiments on fly ash-based geopolymers: the material achieves the highest
compressive strength at a Si/Al ratio of 1.8. The consistency between simulations and
experiments collectively reveals a cross-scale action mechanism: the Si/Al ratio determines
the macroscopic mechanical properties by regulating the nanoscale packing density and
defect distribution of the gel. This study provides critical atomic-scale insights for the
rational design of high-performance geopolymers.

Keywords: alkali-activated cementitious materials; molecular dynamics; low-calcium fly
ash; N-A-S-H gel; reaxff

1. Introduction

Geopolymers, as inorganic polymeric materials formed by dissolution-condensation re-
actions of alkali-activated aluminosilicate precursors (e.g., low-calcium fly ash, metakaolin),
are widely regarded as one of the most promising sustainable cementitious materials to
replace traditional Portland cement due to their excellent mechanical properties, outstand-
ing durability, and significantly reduced carbon emissions [1,2]. Their core performance
stems from the sodium aluminosilicate hydrate (N-A-S-H) gel as the binding phase, which
is a three-dimensional amorphous network structure composed of [SiO4]4− and [AlO4]5−

tetrahedra connected by shared oxygen atoms [3,4]. However, N-A-S-H gel is inherently
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amorphous with long-range disorder, and the structure-activity relationship between its
microstructure (e.g., local order, aluminum coordination environment, nanoscale pores)
and macroscopic properties remains a key scientific bottleneck restricting the rational
design and performance optimization of geopolymer materials [5].

Among numerous regulatory factors, the molar silica-alumina ratio (Si/Al) of the
system is a core parameter affecting the formation and final performance of N-A-S-H
gel, directly determining the setting time, mechanical strength, and durability of the
material [6]. Numerous experiments have shown that macroscopic properties such as
compressive strength first increase and then decrease with the change in Si/Al ratio, with an
optimal value in the range of 1.5–2.0 [7–10]. Although characterization techniques such as
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), and mercury intrusion porosimetry (MIP) can provide information
on phase composition, chemical bonds, microstructure, and pore structure [11–13], it is
difficult to dynamically capture the details of structural evolution at the atomic/nanoscale,
such as the distribution of aluminum coordination states, condensation reaction pathways,
and the formation process of nanoscale pores. Therefore, the microscopic mechanism by
which Si/Al affects macroscopic properties remains unclear.

With the development of reactive force fields (ReaxFF), molecular dynamics (MD)
simulation has become an important means to explore the gel formation mechanism at the
atomic scale. It can effectively simulate chemical reaction processes such as hydrolysis and
condensation [14–18], and has been used to investigate the influence of Si/Al ratio on the
microstructure [11], thermal conductivity [19], and mechanical properties [20,21] of gels.
However, most existing simulations start from “averaged” amorphous macromolecules or
oligomers, failing to dynamically simulate their assembly process in competitive condensa-
tion based on well-defined structural units (e.g., PS, PSS). Thus, it is difficult to understand
how Si/Al regulates network topology from the source of the reaction, and it is impossible
to accurately explain the correlation mechanism between microstructure evolution and
macroscopic properties.

The structural unit model proposed by Davidovits (e.g., PS, PSS) provides a classic
framework for describing the short-range order of gels [22]. In recent years, advanced
characterization techniques such as solid-state nuclear magnetic resonance (NMR) have
provided experimental evidence for verifying the evolution of different structural units with
Si/Al ratio [23,24], and SEM-EDS, XRD, and FTIR characterizations have also confirmed the
influence of Si/Al ratio on the formation of structural units [25]. These advances indicate
that starting from basic units with clear chemical definitions such as PS and PSS, adopting
a bottom-up simulation approach to dynamically track their condensation and assembly
processes will be more conducive to revealing the regulatory mechanism of Si/Al ratio on
the structure of N-A-S-H gel.

To this end, this study designed a closed-loop research combining molecular dynamics
simulation and multi-scale experimental verification. In terms of simulation, the validated
ReaxFF reactive force field was adopted, with stoichiometrically precise PS (Si/Al = 1) and
PSS (Si/Al = 2) as initial species to dynamically simulate their competitive condensation
and gelation processes, so as to reveal the influence mechanism of Si/Al ratio on network
atomic packing, connection topology, and nanoscale pores. In terms of experiments, alkali-
activated low-calcium fly ash specimens with different Si/Al ratios were prepared by
adjusting the ratio of glass powder to sodium silicate, and characterized by SEM, XRD, and
mechanical tests. Based on the analysis of structural evolution at the atomic scale, this study
aims to clarify the microscopic mechanism by which Si/Al ratio regulates the formation
and performance optimization of N-A-S-H gel, and provide theoretical and data support
for the rational design and performance improvement of high-performance geopolymers.
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2. Materials and Methods

2.1. Molecular Dynamics Simulation
2.1.1. Simulation Strategy and Model Construction

Based on the structural unit model proposed by Davidovits [22], this study adopted a
bottom-up strategy to construct gel models. Polyaluminosilicate (PS, SiAlO7H6, Si/Al = 1)
and polyaluminosiloxane (PSS, Si2AlO10H8, Si/Al = 2) oligomers were employed
as the basic building units, and examples of PS and PSS oligomers are shown in
Figure 1a and Figure 1b, respectively. By precisely controlling the quantity ratio of the
two oligomers, four initial systems with target Si/Al ratios (1.0, 1.5, 1.8, 2.0) were estab-
lished in cubic periodic boundary boxes (side length: 32.5 Å) using Materials Studio 2020
(20.1.0.2728). A corresponding number of Na+ ions (from NaOH) was added to each system
to balance the charge of [AlO4]5− tetrahedra generated from oligomer hydrolysis, and
sufficient water molecules were introduced (with a mass ratio of water to cementitious
materials of 0.4:1) to simulate a high-alkalinity solution environment, ensuring the full
dissolution and migration of reactants. The four constructed model systems (with Si/Al
ratios of 1.0, 1.5, 1.8 and 2.0, respectively) had initial densities ranging from 1.44 to 1.97
g/cm3, which increased systematically with the increase in the Si/Al ratio and is consistent
with the actual concentration range of alkali-activated pastes. The detailed initial atomic
compositions, box sizes and key parameters are listed in Table 1.

Figure 1. Variation in system potential energy during simulation, Network Structure of N-A-S-H Gel
and PS, PSS.

Table 1. Initial Compositions and Parameters of the Molecular Dynamics Simulation System.

System ID
Target Si/Al

Ratio
Number of

PS
Number of

PSS
Number of

Na+ (NaOH)
Initial H2O
Molecules

Final H2O
Molecules

Total
Density
(g/cm3)

GP-1.0 1 100 0 100 473 694 1.443
GP-1.5 1.5 50 50 100 560 807 1.708
GP-1.8 1.8 20 80 100 612 848 1.867
GP-2.0 2 0 100 100 647 898 1.973

https://doi.org/10.3390/ma19020246152
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2.1.2. Force Field Selection and Simulation Details

The Reactive Force Field (ReaxFF) developed by van Duin et al. [26,27] was adopted for
simulations. Based on the bond order concept, this force field can dynamically describe the
formation and cleavage of chemical bonds, making it suitable for simulating condensation
reactions in alkali-activated environments. Its potential energy function incorporates bond
order-dependent bond energy, bond angle, dihedral angle, van der Waals, and Coulomb
interaction terms. The ReaxFF parameters for Na, Si, Al, O, and H were derived from
previously published results [27–30], whose reliability has been fully validated.

Molecular dynamics simulations were performed using the LAMMPS software
(4 February 2025) with a time step set to 0.25 fs. The simulation procedure (see Table 2)
was designed to drive the system from dispersed oligomers to condensed gel networks,
following four sequential steps: first, energy minimization was conducted to eliminate
unreasonable configurations; subsequently, NVT and NPT ensemble equilibration were
carried out at 300 K to stabilize the initial structure and adjust density; then, the system was
rapidly heated to 2000 K under NVT ensemble to provide kinetic energy for overcoming
reaction barriers, followed by sufficient relaxation at this temperature to facilitate polymer-
ization; finally, rapid quenching to 300 K and subsequent equilibration were performed to
allow gel structure reorganization and stabilization.

Table 2. Simulation Process.

Step Number Simulation Process Ensemble Type Temperature Condition Time Parameter

1© Energy Minimization — — —
2© Initial System Equilibration NVT 300 K 100 ps
3© Density Equilibration NPT 300 K 300 ps
4© Heating Process NVT 300 K rise to 2000 K (17 K/ps) 100 ps
5© High-Temperature Relaxation NVT 2000 K 1000 ps
6© Quenching Process NVT 2000 K drop to 300 K (5 K/ps) 340 ps
7© Room-Temperature Relaxation NVT 300 K 300 ps

This procedure balances simulation efficiency and physical realism: high-temperature
relaxation accelerates the reaction, while subsequent quenching and low-temperature
equilibration facilitate the formation of thermodynamically more stable structures. When
the system reaches a local energy minimum state, its structural characteristics remain
stable [31]. Though the limited model size affects long-range structural statistics, this
approach is sufficient to capture the key dynamic processes of N-A-S-H gel formation (e.g.,
ion association, chemical bond formation, and local structural relaxation). Through the
above procedure, well-equilibrated N-A-S-H gel structures were obtained, as illustrated in
Figure 1c–e.

2.1.3. Structural Analysis and Characterization Methods

Quantitative analysis and visualization of the final equilibrated trajectories of the
systems were performed using OVITO software 3.12.1, including specifically: (1) evaluating
the polymerization degree by calculating the oxygen coordination numbers of individual
Si and Al atoms to statistically analyze the distributions of Si0–Si4 and Al0–Al6 species;
(2) extracting all Si–O and Al–O bond lengths as well as Si–O–Si, Al–O–Al and Si–O–Al
bond angles, followed by analyzing their statistical distributions and average values;
(3) classifying Qn species according to the number of bridging oxygens (n = 0–4) bonded to
each Si atom and calculating their proportions to characterize the network connectivity; and
(4) scanning the systems using probe spheres with a radius of 1.0 Å (approximately equal
to the kinetic diameter of water molecules) via the grid method, identifying and counting
the volume of connected cavities accessible to the probes; the ratio of this volume to the
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total system volume is defined as nanoporosity, which is used to evaluate the compactness
of the network structure.

2.2. Experimental Scheme
2.2.1. Raw Materials and Preparation of AAMs

Low-calcium fly ash (FA, CaO content < 10 wt%, Jinrun New Materials Co., Ltd.,
Zhengzhou, China) with a molar ratio of reactive SiO2 to Al2O3 of approximately 1:1 was
employed as the primary aluminosilicate precursor in the experiments. Waste glass powder
(GP, passed through a 600-mesh sieve, Zhuangwei New Materials Co., Ltd., Zhengzhou,
China) and liquid sodium silicate (LSS, modulus 3.3, solid content ≥ 35.5%, Yourui Refrac-
tory Materials Co., Ltd., Jiashan County, China) were used as supplementary silica sources
to precisely adjust the Si/Al ratio of the system. Sodium hydroxide pellets were adopted to
provide additional alkalinity and regulate the modulus of sodium silicate. The detailed
chemical compositions of fly ash and glass powder are presented in Table 3.

Table 3. Material Composition Table.

Chemical Components (%) SiO2 Al2O3 CaO Na2O MgO Fe2O3 Others

Fly Ash 45.10 36.80 4.50 0 0 0.85 12.75

Glass Powder 71.58 0.81 4.41 13.8 3.94 0 5.46

To ensure comparability with the simulations, four mixtures with molar silica-alumina
(Si/Al) ratios of 1.0, 1.5, 1.8 and 2.0 were designed. The mix proportion design followed
three principles: (1) maintaining a constant Na2O content (8 wt% of the total solid mass)
to control the alkalinity, with other oxides (e.g., CaO, MgO, Fe2O3) excluded from this
ratio calculation; (2) fixing the water-to-binder ratio at 0.4 to ensure workability and
comparability; (3) adjusting the proportions of FA, GP and sodium silicate solution to
achieve the target Si/Al ratios. The final Si/Al ratio of each system was calculated based on
the total molar amounts of reactive SiO2 and Al2O3 contributed by all solid raw materials
and sodium silicate solution, with the detailed mix proportions given in Table 4.

Table 4. Mix Proportion Design of Experimental Samples (Parts by Mass).

Sample ID
Target
Si/Al

FA GP LSS NaOH Add. Water Calculated Si/Al

E-1.0 1 500 0 0 51.6 150 1.02
E-1.5 1.5 500 0 367 11.2 95 1.51
E-1.8 1.8 500 52 469 0 70 1.79
E-2.0 2 500 112 469 0 60 2.03

2.2.2. Sample Preparation and Testing Methods

Raw materials were weighed according to the mix proportions specified in Table 4.
Sodium hydroxide (NaOH) was first dissolved in the calculated amount of water, and then
mixed with sodium silicate solution to prepare the alkaline activator. Fly ash (FA) and glass
powder (GP) were dry-mixed for 1 min, followed by the addition of the alkaline activator
and mixing in a planetary mixer for 5 min to form a homogeneous paste. The paste was
poured into molds with a diameter of 50 mm and a height of 50 mm, and vibrated to
achieve full compaction. The samples, together with the molds, were sealed and cured in
an oven at 60 ◦C for 24 h (elevating the temperature to 60 ◦C can significantly accelerate
the reaction rate of fly ash without compromising the mechanical properties of the final
reaction products [25]). After demolding, the samples were transferred to a standard curing
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room (20 ± 2 ◦C, RH > 95%) for further curing until the ages of 1 d, 3 d, 7 d and 28 d.
Characterization tests were performed at the corresponding ages, with the detailed process
flow shown in Figure 2.

 

Figure 2. Experimental materials and methods.

The specific characterization methods for the reaction products are as follows:
X-ray Diffraction (XRD) Analysis: Ground powder samples were tested using an X-ray

diffractometer (D8 ADVANCE, Bruker AXS GmbH, Fitchburg, WI, USA). The scanning
range was 10–90◦ (2θ) with a step size of 0.02◦ and a scanning rate of 5◦/min. Semi-
quantitative phase analysis was conducted via the Rietveld full-spectrum fitting method.

Scanning Electron Microscopy (SEM): The morphology of samples was analyzed using
a scanning electron microscope (EVO MA15, Carl Zeiss AG, Oberkochen, Germany) at
an accelerating voltage of 15 kV. Prior to testing, the samples were gold-sputtered with a
vacuum sputter coater, and a 5–10 nm thick gold film was deposited to enhance surface
conductivity and prevent charge accumulation. The sample stage was kept stable during
testing to ensure clear imaging and reliable results.

Unconfined Compressive Strength (UCS) Test: In accordance with ASTM C109 [32] and
JTG 3441-2024 [33], the compressive strength of specimens was tested using an unconfined
compressive strength testing machine (TKA-WXY-6F, Nanjing Tekao Technology Co., Ltd.,
Nanjing, China). The tests were performed at 25 ◦C with a loading rate of 5 mm/min. For
each mix proportion, five parallel specimens were tested, and the results were averaged.

3. Results and Discussion

3.1. Microstructural Evolution Law Revealed by Molecular Dynamics Simulation
3.1.1. Gelation Kinetics and the Dominant Role of Aluminum Coordination

The simulation successfully reproduced the dynamic process from discrete PS/PSS
oligomers to a continuous gel network, as illustrated in Figure 3. In the construction of the
N-A-S-H gel model, all initial aluminosilicate species existed as PS and PSS oligomers. The
essence of their polymerization reaction lies in the process where PS and PSS oligomers form
bridging oxygen (Qn) crosslinking sites via dehydration of OH and H groups, accompanied
by water molecule release. As the reaction proceeded, these structural units underwent
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continuous condensation to form the aluminosilicate network skeleton. When the reaction
proceeded to 2000 ps, the aluminosilicate chains exhibited low dispersion in the system
with Si/Al = 1.0, whereas the chain dispersion increased significantly under the condition
of Si/Al = 2.0.

 

Figure 3. Structural evolution of N A S H gel for Si/Al ratios.

By tracking the decay in the number of non-bridging oxygens (Si–OH and Al–OH)
and the content variation in newly formed Qn species (Figures 4 and 5), it was found that
the consumption rate of Al–OH was faster than that of Si–OH under all Si/Al conditions,
which kinetically confirms the higher reactivity of Al species. This is consistent with the
theoretical understanding that the dissociation energy of Al–O bonds is generally lower
than that of Si–O bonds, and also explains the common phenomenon of preferential Al
dissolution observed in experiments. As the simulation proceeded, non-bridging oxygens
were continuously converted into Qn species with higher polymerization degrees (Sin

and Aln, n = 1–4): Si1 appeared first, followed by the sequential formation of Si2, Si3

and Si4, indicating that the reaction follows a stepwise polymerization pathway from
monomers to oligomers and then to large clusters, which is consistent with the actual
geopolymerization process [34]. At the end of the simulation, most non-bridging oxygens
were consumed, with only a small amount remaining due to intrinsic topological defects in
the amorphous network (e.g., broken bonds and under-coordinated sites). These defects
render the network more susceptible to OH− attack and promote the preferential formation
of Si3 during depolymerization, resulting in the highest proportion of Si3 in the end. The
evolution of the aluminooxygen network was similar to that of the silicooxygen network;
Al–OH was almost completely consumed eventually, but a considerable proportion of
pentacoordinate aluminum (Al5) and a small amount of hexacoordinate aluminum (Al6)
were formed during the process [35]—the defect sites in the amorphous network provide a
stable environment for Al5, leading to its final proportion exceeding 50%.

Coordination analysis of the final gel structure reveals a striking feature that deviates
from conventional understanding: pentacoordinate aluminum (Al5) dominates as the pri-
mary Al species across all four Si/Al systems, with its proportion stably exceeding 50% of
the total aluminum content (Figure 6). In contrast, the classic tetracoordinate aluminum
(Al4) accounts for approximately 30–40%, along with a small amount of hexacoordinate
aluminum (Al6). This result differs from numerous early simulations based on ideal tetrahe-
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dral models and some NMR studies, but is consistent with recent advanced characterization
findings under high-alkalinity and non-equilibrium synthesis conditions (e.g., the works
by Wang Z et al. [36–38]) as well as the trends of several latest reactive force field simu-
lations [11,39]. We propose that in the dynamic, water-rich strong alkaline environment
depicted by ReaxFF simulations, Al5 is not a “defect” but rather a key intermediate stable
state or charge regulator. Its formation stems from two aspects: on the one hand, the strong
affinity of Al for hydroxyl ligands under high pH values; on the other hand, it may serve
to balance local structural stress and negative charges more effectively, especially when
Na+ exhibits uneven spatial distribution. Al5 sites bear more hydroxyl groups and may
act as an “active reservoir” for condensation reactions, facilitating the rapid growth of the
gel network.
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Figure 4. Evolution of non-bridging oxygen proportion for silicon and aluminum species with
reaction time under different Si/Al ratios.

0 500 1000 1500 2000

0

20

40

60

80

100

Pr
op

or
tio

n 
of

 S
in  (%

)

Simulation Time(ps)

 Si1

 Si2

 Si3

 Si4

 
0 500 1000 1500 2000

0

20

40

60

80

100

Pr
op

or
tio

n 
of

 A
ln

%

Simulation Time(ps)

 Al1

 Al2

 Al3

 Al4

 Al5

 Al6

Figure 5. Evolution of Qn species during the condensation reaction (Si/Al = 1.0).

3.1.2. Network Topology and Bonding Environment

The connection state of silicon-oxygen tetrahedra (Qn distribution) is a key indicator
for evaluating network polymerization degree. Specifically, Q1 represents terminal sites,
Q2 denotes middle groups of chain/cyclic structures, Q3 refers to branched structures,
and Q4 indicates fully cross-linked structures [40,41]; the overall structural composition
can be inferred from their distribution proportions. As shown in Figure 6, a considerable
proportion of high-connectivity species (Q3 + Q4, total 53–64%) were generated in all
systems, confirming the formation of three-dimensional (3D) networks. Notably, as the
Si/Al ratio increased from 1.0 to 2.0, the ratio of (Q3 + Q4)/(Q1 + Q2) exhibited a decreasing
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trend. This indicates that lower Si/Al ratios (1.0, 1.5) are more conducive to the formation
of highly cross-linked networks, whereas higher Si/Al ratios (1.8, 2.0) may lead the network
connectivity topology to tend toward lower dimensionality or more chain-like structures.
This is consistent with the chemical intuition that an increase in Si/Al ratio results in a
relative reduction in Al sites available for cross-linking.

Pr
op

or
tio

n 
of

 S
in

%

Si/Al 
Pr

op
or

tio
n 

of
 A

ln
%

Si/Al 

Figure 6. Distribution of Sin and Aln sites in N-A-S-H gel models at different Si/Al ratios.

Bond angle distribution provides more refined structural information (Figure 7). The
Si-O-Si bond angle exhibited a unimodal distribution with a peak at approximately 140◦

and a narrow distribution range, reflecting the intrinsic rigidity of [SiO4]4− tetrahedral
connections. In contrast, the Al-O-Al bond angle showed a unique bimodal distribu-
tion (~100◦ and ~150◦), which directly reflects the significant local structural distortion
caused by aluminum coordination polymorphism (coexistence of Al4 and Al5/Al6). This
flexibility or “disorder degree” of bond angles is an important feature that distinguishes
N-A-S-H gels from crystalline zeolites, and may also serve as potential weak points for
stress concentration.

Figure 7. Bond angle distribution in the N-A-S-H Gel model.

Bond length distribution reveals the fundamental linkage characteristics of the gel
network (Figure 8). The simulated average Si–O bond length (1.64 Å) is in good agree-
ment with reported literature values, while the average Al–O bond length (1.84 Å) is
systematically higher [12,42]. This difference mainly stems from the high proportion of
pentacoordinate aluminum (Al5) predicted by this model; the Al–O bond length of Al5 is
inherently longer than that of common tetracoordinate aluminum (Al4), thus elevating the
overall average value. In addition, as the Si/Al ratio increases from 1.0 to 2.0, both Si–O
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and Al–O bond length distributions show a slight right shift, indicating a corresponding
increase in average bond length. This trend is consistent with existing studies and explains
the macroscale mechanism by which increasing Si/Al ratio reduces the elastic modulus of
N-A-S-H gels from an atomic perspective—longer bond lengths generally correspond to
weaker bonding strength and lower network stiffness.
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Figure 8. Bond length distribution of Si-O (left) and Al-O (right) in the N-A-S-H Gel model.

3.1.3. Non-Monotonic Nanoporosity Variation and Optimal Si/Al Ratio

The calculated nanoporosity (probe radius: 1.0 Å) exhibited a clear non-monotonic
trend of first decreasing and then increasing with Si/Al ratio (Figure 1e). It decreased
gradually from 49.3% at Si/Al = 1.0, reached a minimum of 35.2% at Si/Al = 1.8, and then
rose back to 42.1% at Si/Al = 2.0, as shown in Figure 9. The existence of this inflection
point is crucial, indicating that the atomic packing density of the gel network does not
improve monotonically with increasing Si content but has an optimal stoichiometric balance
point (~1.8).

1.0 1.2 1.4 1.6 1.8 2.0
30%

35%

40%

45%

50%

55%

60%

65%

N
an

op
or

os
ity

Si/Al ratio

Si/Al=1.0               Si/Al=1.5              Si/Al=1.8          Si/Al=2.0

Structural perspective view of 
N-A-S-H gel at Si/Al=1.8

Final structural view of N-A-S-H gel

Figure 9. Formation and distribution of nanopores in N-A-S-H gel models at different Si/Al ratios,
where yellow indicates pore regions.

The mechanism underlying this phenomenon is explained as follows: In the low
Si/Al region (≤1.8), increasing Si content provides more [SiO4]4− tetrahedral units for
skeleton construction, which combine with sufficient Al cross-linking sites to form a more
complete and compact network, leading to decreased porosity. At Si/Al = 1.8, the Si/Al
ratio achieves optimal synergy, enabling sufficient network cross-linking, robust skeleton,
high Na+ charge compensation efficiency, the densest structure and optimal mechanical
properties. When the Si/Al ratio further increases (>1.8), the relative shortage of Al
atoms available for effective cross-linking causes excessive Si to tend to form longer linear
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Si–O–Si segments with low packing efficiency. Meanwhile, the high proportion of Al5/Al6

requires more isolated Na+ compensation, and these hydrated Na+ ions occupy extra space.
Together, these factors result in increased nanoscale free volume and thus porosity rebound.

3.2. Experimental Validation: Correlation Between Macroscopic Properties and Microstructure
3.2.1. Mechanical Property Response to Si/Al Ratio

The experimentally measured unconfined compressive strength (UCS) results
(Figure 10) provide strong macroscopic evidence for the simulation predictions. The
specimens exhibited predominantly brittle fracture, and the strength variation curve with
Si/Al ratio exhibits a distinct peak characteristic. Statistical analysis showed that both
curing age and Si/Al ratio had an extremely significant effect on UCS (p < 0.0001), and
the strength values of the Si/Al = 1.8 group were significantly higher than those of other
groups. Specimens with Si/Al = 1.8 achieved the highest strength at both 7 d and 28 d
(specifically: average value 9.4 MPa, standard deviation 0.283 MPa, 95% confidence in-
terval [9.05, 9.75] MPa; and average value 15.3 MPa, standard deviation 0.539 MPa, 95%
confidence interval [14.64, 15.98] MPa). Statistical analysis (one-way ANOVA, p < 0.05)
indicated that the strength values of this group were significantly higher than those of
other groups. For specimens with Si/Al = 1.0, insufficient silicon source resulted in a
limited total amount of cementitious phases formed by the reaction, leading to a loose
structure and the lowest strength. Meanwhile, the strength of specimens with Si/Al = 2.0
decreased compared to the Si/Al = 1.8 group, which is fully consistent with the simulation
predictions of increased porosity and reduced structural compactness at this ratio. The
inverse correlation between macroscopic strength and simulated nanoporosity establishes
a key bridge from atomic-scale structure to macroscopic properties.

Figure 10. Evolution of mechanical properties: (a,b) stress–strain curves at 7 and 28 days of curing,
respectively; (c) development of compressive strength over different curing ages (1, 3, 7, and 28 days).
(d) Representing the failure morphology of the specimen.

3.2.2. Evidence of Phase Evolution and Microscopic Morphology

X-ray diffraction (XRD) combined with Rietveld refinement was employed for quan-
titative phase analysis of alkali-activated cementitious materials at 7 d and 28 d curing
ages. The results (Figure 11c) showed that as the Si/Al ratio increased from 1.0 to 1.8,
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the contents of quartz and mullite in the raw materials decreased continuously, while the
content of amorphous N-A-S-H gel product increased correspondingly (The parts enclosed
by the blue dashed boxes in Figure 11a,b), indicating a gradual improvement in reaction
degree. At Si/Al = 1.8, the residual raw materials were minimized and the gel product was
maximized, corresponding to the highest reactivity and conversion rate. When the Si/Al
ratio further increased to 2.0, the reaction degree decreased slightly, which may be related
to the excess silicon altering the liquid-phase chemical equilibrium and affecting precursor
dissolution and condensation kinetics.

 

Figure 11. XRD patterns and phase content of samples with different Si/Al ratios at 7 and 28 days.
(a) 7 d XRD patterns of specimens with different Si/Al ratios; (b) 28 d XRD patterns of specimens
with different Si/Al ratios; (c) Quantitative analysis results.

XRD data further revealed the dynamic phase evolution during the reaction: in the
alkaline environment, crystalline phases such as quartz and mullite continuously dissolved,
releasing reactive aluminosilicate species that formed amorphous N-A-S-H gel via conden-
sation. This gel gradually encapsulated unreacted particles. As the reaction proceeded,
metastable Tetranatrolite precipitated from part of the gel or liquid phase; in the long-term
reaction, it gradually dissolved and transformed into thermodynamically more stable
analcime crystals via the Ostwald ripening mechanism, leading to a decrease in the content
of the former and a significant increase in the latter. Meanwhile, the three-dimensional
(3D) amorphous gel network formed by the condensation of aluminosilicate oligomers con-
tinued to develop and densify. Eventually, the system evolved into a composite structure
consisting of amorphous N-A-S-H gel and stable zeolite crystals (predominantly analcime).
The formation of crystalline phases helps improve the long-term chemical stability and
compactness of the system, and is one of the key factors for geopolymers to achieve long-
term strength, thus explaining the highest strength of specimens with Si/Al = 1.8 at the
mesoscopic scale.

Scanning electron microscopy (SEM) observations (Figure 12) provided more intuitive
microstructural evidence. In samples with Si/Al = 1.0, a large number of unreacted fly ash
spherical particles were dispersed in the loose gel matrix. For samples with Si/Al = 1.5 and
1.8, the number of unreacted particles decreased, and the gel phase became more continuous
and dense. Especially in the sample with Si/Al = 1.8, the gel exhibited a uniform and dense
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morphology with few pores. In contrast, although the number of unreacted particles was
also small in the sample with Si/Al = 2.0, some microcracks and finer pores appeared in
the gel phase, resulting in slightly poor structural uniformity. These observations directly
support the conclusion from simulations that the optimal dense structure occurs around
Si/Al = 1.8.

Figure 12. SEM Images of Geopolymer Products with Different Si/Al Molar Ratios.

3.3. Comprehensive Discussion: Regulation Mechanism of Si/Al Ratio and
Structure-Property Relationship

Based on the in-depth mutual verification of the aforementioned simulation and
experimental results, we propose an integrated mechanism for the regulation of N-A-S-H
gel structure and properties by Si/Al ratio:

1. Al-rich region (Si/Al < 1.8): Sufficient Al species can rapidly form cross-linking sites,
promoting the three-dimensionalization of the network. However, the silicon skeleton
is relatively weak, and a large amount of Al may exist in high-coordination states
(Al5, Al6), requiring more Na+ for charge compensation. Insufficient compensation or
large steric hindrance tends to form local loose structural regions. The final structure
has a moderate degree of cross-linking but inherently high porosity, corresponding to
moderate macroscopic strength.

2. Optimal region (Si/Al ≈ 1.8): The Si/Al ratio achieves an optimal match between
thermodynamics and kinetics. Al provides moderate cross-linking sites, while Si
forms a robust and moderately branched skeleton. Al5 exists as an effective charge
buffer and reaction intermediate, achieving efficient synergy with Na+. Under this
condition, the condensation reaction degree is high, forming an ideal gel network
with high cross-linking, low porosity, and high continuity, corresponding to the peak
macroscopic strength.

3. Si-rich region (Si/Al > 1.8): Al cross-linking sites are relatively scarce, and Si tends to
polymerize into long-chain structures, leading to a decrease in network cross-linking
density. Limited Al mostly exists in high-coordination states to balance the system
charge, exacerbating structural disorder. Long-chain silicates have poor close packing
ability, and the isolation effect of Na+ is more significant. Together, these factors
result in a significant rebound in nanoporosity and a decrease in the overall structural
stiffness and strength of the gel.
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The core of this mechanism lies in the synergy and competition between “aluminum
coordination polymorphism” and “silicate polymerization degree.” By regulating the
balance of these two factors, the Si/Al ratio ultimately determines the nanoscale topology
and pore characteristics of the gel network, thereby controlling the macroscopic mechanical
properties. In this study, the key role of Al5, the non-monotonic variation in nanoporosity,
and its optimal value at Si/Al = 1.8 collectively constitute the microscopic evidence chain
for this regulation mechanism.

Although this study reveals the regulation mechanism of the Si/Al ratio on N-A-
S-H gels, its in-depth understanding is still limited by the size and time scale of the
computational model, force field accuracy, simplified chemical composition (Ca, Fe and
other elements not considered), and the coupling effect of experimental variables. Future
research can develop cross-scale computational methods combined with multi-variable
collaborative experiments to achieve more accurate prediction and design of material
properties in systems closer to real conditions.

4. Conclusions

In this study, by integrating reactive molecular dynamics simulations and systematic
experimental studies, and spanning atomic–nano–micro–macro scales, we profoundly
revealed the regulation laws and mechanisms of the Si/Al ratio on the structure and
properties of alkali-activated N-A-S-H gels, and obtained the following main conclusions:

1. Revealed the dominant role of pentacoordinate aluminum: In the dynamic conden-
sation environment, pentacoordinate aluminum (Al5) is the main existing form of
aluminum in N-A-S-H gels (>50%). It may play a key role in charge balance and
reaction promotion, which updates the understanding of the local structure of gels.

2. Discovered the optimal ratio for structural densification: Molecular simulations clearly
show that the nanoporosity of the gel reaches a minimum (35.2%) at Si/Al ≈ 1.8,
indicating the highest atomic packing efficiency and optimal network compactness at
this ratio.

3. Established a cross-scale structure-property relationship: Experiments confirmed that
the specimen with Si/Al = 1.8 exhibits the highest reaction degree, the most uni-
form and dense microscopic morphology, and the highest macroscopic compressive
strength (15.3 MPa at 28 d), which perfectly verifies the simulation predictions and
establishes a strong correlation between nanoporosity and macroscopic strength.

4. Clarified the regulation mechanism of Si/Al ratio: This study proposes that the Si/Al
ratio regulates the gel structure by regulating the balance between “Al cross-linking
capacity” and “Si skeleton construction capacity”. Deviation from the optimal ratio
will lead to insufficient cross-linking or excessive skeleton polymerization, thereby
causing an increase in nanoporosity and performance degradation.

This study not only provides atomic-scale insights into understanding the intrinsic
origin of performance of alkali-activated materials, but more importantly, the revealed
optimal Si/Al ratio (~1.8) and related structural characteristic parameters (low porosity,
appropriate Al5 proportion) can offer theoretical guidance and quantitative basis for the
rational design and precise regulation of alkali-activated cementitious materials targeting
high-performance requirements.
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