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Abstract: Glass-ceramics are advanced inorganic silicate materials that can be obtained by sintering
glass powders using a careful temperature control to result in the densification, nucleation, and
crystallization of the material. In the current work, three different samples were obtained starting
from amorphous silicate materials derived from mixtures of metallurgical slag, coal fly ash, and
glass cullet, mixed in different proportions. The as-received waste samples were heat-treated to high
temperatures to achieve complete melting at 1200, 1300, and 1400 ◦C for two hours, performing a
rapid cooling in order to yield an amorphous material (glass). The obtained frit was ball-milled to a
powder, which was then cold pressed to obtain compact pellets. The thermal treatment of pellets was
carried out at 800–1100 ◦C for 2 h followed by a cooling rate of 10 ◦C/min to obtain the final glass-
ceramics. The microstructure of samples was evaluated with scanning electron microscopy (SEM),
which showed heterogeneous conglomerates and clusters of ~20 microns. The formation of crystalline
phases was corroborated by means of X-ray diffraction (XRD) analysis, showing the presence of
anorthite in all samples. Depending on the sample composition, other crystalline phases such as
augite, enstatite, and diopside were detected. Using the Debye–Scherrer equation, it was possible to
find the average size of the nano-crystalline domains. The quantification of the non-crystalline or
amorphous fraction was also performed. Additionally, the density and porosity of the materials were
calculated using the procedures defined in the ASTM C373 and ASTM C20 standards, measuring
density values in the range 2.2–3.1 g·cm−3. The apparent porosity was approx. 33% in the three
materials. Raman spectroscopy analysis showed characteristic signals associated with crystalline
phases containing alumina, silica, iron, and calcium. Overall, the study confirmed the possibility of
obtaining glass-ceramics with fine (nanometric) crystal sizes from a combination of silicate waste and
the capability of modifying the crystalline composition by changing the proportions of the different
wastes in the initial formulations.

Keywords: glass-ceramics; fly ash; glass cullet; slag; sintering; crystallization

1. Introduction

The incorporation of industrial waste in the production processes has established itself
as an excellent alternative to the final disposal of this type of waste, focused on minimizing
the impact of the use of natural resources when waste materials are used to manufacture
new products [1–3]. In this research, we focus on the use of three types of silicate industrial
waste for the manufacture of glass-ceramics, namely slag, fly ash, and glass cullet. These are
considered materials of great interest for applications such as construction components, fire
resistant materials, and high temperature refractories. The increasing interest in the field
of materials manufactured using industrial waste is not only attributed to an ecological
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interest for environmental protection, but also due to the possibility of achieving new
materials (e.g., glass-ceramics) with novel properties for industrial use [4–8]. The three
kinds of residues embraced in this research are suitable by-products for the production
of glass-ceramic materials because they contain valuable oxides such as silica (SiO2) and
alumina (Al2O3), which are required for the production of mechanically stable refractory
materials. The use of glass cullet is advantageous due to its high amount of silica and its
high surface reactivity, while slag and fly ash are attractive due to their high content of
aluminosilicates, representing one of the main advantages in the valorization of industrial
byproducts [3].

The use of fly ash, slag, and glass cullet has been considered in previous research as an
attractive starting point for the development of cost-effective glass-ceramic products mostly
by applying conventional melting technology [9–13], since the process of devitrification of
the glass can be favored without the need of nucleating agents, which are substances of
relatively high cost. Indeed, by-products can act as nucleating agents during the cooling
process, allowing the nucleation and crystallization of the material to obtain glass-ceramic
microstructures [14,15].

Recent studies have evaluated a range of industrial waste based glass-ceramics for
technical applications [16–20], including highly porous materials for thermal insulation,
and glass-ceramics from coal fly ash, steel slag, and vitrified municipal solid waste incin-
erator bottom ash with different crystalline phases, including diopside, anorthite, augite,
gehlenite, and enstatite.

This work presents an alternative manufacturing method for the production of glass-
ceramic materials based on powder technology and heat treatments with strict temperature
control, which gives rise to the nucleation and crystallization processes during the sintering
of amorphous silicate powder obtained from combinations of industrial waste [5]. The ob-
tained glass-ceramic materials exhibit similar characteristics to conventional glass-ceramic
materials obtained by the traditional route in terms of crystalline phases, density, and
microstructure [21–24] but with the advantages brought by powder technology.

2. Materials and Methods

The raw materials used in this research were metallurgical slag, coal fly ash, and
glass cullet, as described in a previous report [25]. The as-received powders were crushed
separately using a planetary ball mill, obtaining particle sizes below 149 µm for the glass
cullet, and below 75 µm for the slag and fly ash. Three sample mixtures were prepared
for the experiments labeled as GC1, GC2, and GC3, where GC stands for “glass-ceramic”
and (1, 2, 3) refer to the mixtures detailed in Table 1. The chemical compositions were
determined by X-ray fluorescence (XRF, ZEISS, Oberkochen, Germany), using a PANalitical
MiniPal 2 spectrometer operated at 20 KeV. The structural analysis of samples after the
first heat treatment was performed in an X-ray diffractometer, PANanalytical X-Pert PRO
2.2, using Cu Kα radiation, with steps of 0.020◦ (2θ) in continuous mode from 2θ 10 to
90◦, while the structural analysis of samples after the annealing process was carried out
in a Bruker D8 Advance diffractometer (Karlsruhe, Germany) using Cu Kα radiation,
40 kV-40 mA, 2θ = 10–70◦, step size 0.05◦.
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Table 1. Composition (% weight) of raw materials and chemical compositions (mole percent) of samples developed in
this study.

Sample
wt.% Composition of Mixtures Investigated (mole %).

Slag Fly
Ash

Glass
Cullet Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 Mn Other

GC1 10 70 20 3.627 1.85 13.64 66.3 0.8 0.7 7.1 1.09 3.924 0.7 0.285
GC2 10 35 55 4.914 3.38 8.161 66.4 0.6 0.4 12 0.64 2.828 0.7 0.227
GC3 55 35 10 1.813 3.12 11.24 46.9 0.7 0.5 20 1.03 9.686 3.7 0.927

Vitreous powders were prepared by high-temperature heat treatment (melting), firstly
at 1200 ◦C, then at 1300 ◦C, and finally at 1400 ◦C, for 2 h. The melting at these different
temperatures was carried out separately to choose the correct melting temperature required
to obtain amorphous glasses (see results below). After melting, the glass was cooled
at 10 ◦C min−1 and milling was carried out to obtain powders of size <149 µm. Cold
pressing was then used to obtain pellets of ~14 mm diameter and ~2.5 mm thickness using
glycerol (BioXtra ≥ 99%) (5% by weight) as binder for the compaction of the powders at
a compressive stress of 30 MPa. Next, the pellets were sintered, taking into account the
temperatures indicated in Table 2, which were determined in accordance with differential
thermal analysis (DTA) results for each material, with a cooling rate of 10 ◦C/min. For this
study, it was necessary to prepare a minimum of 26 pellets for each composition for the
different physical and mechanical analyses. The step-by-step fabrication process is shown
in Figure 1.

Table 2. Parameters refer to the sintering of the pellets.

Sample Nucleation Temperatura Crystallization Temperature

GC1 950 ◦C for 2 h 1100 ◦C for 2 h
GC2 800 ◦C for 2 h 1050 ◦C for 2 h
GC3 850 ◦C for 2 h 1100 ◦C for 2 h
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Figure 1. Scheme of the production of glass-ceramic materials obtained by sintering vitreous powders: (a) Mixture GC1,
(b) Mixture GC2, and (c) Mixture GC3.

The mixtures of as-received powders, the first heat treated at 1200–1400 ◦C, and the
obtained glass-ceramic materials were examined by X-ray diffraction (XRD) analysis in
powder samples (Bruker D8 Advance, Karlsruhe, Erlangen, Germany-CuKα radiation,
15.418 nm, 40 kV-40 mA, 2θ = 10–70◦, step size 0.05◦). The identification of phases was
carried out using the GSAS software (2018, General Structure Analysis System, GSAS-2) [26].
With the data provided by XRD analysis and using the Debye–Scherrer equation [27], it
was possible to find the average size of the crystalline domains in the three samples.
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Thermogravimetric analysis (DTA/TGA) was performed in a standard SDT Q600 20,
DSC-TGA instrument (TA instruments, New Castle, DE, USA), using a heating rate of
10 ◦C min−1 under argon gas flow conditions (100 mL min−1) from room temperature up
to 1100 ◦C.

Scanning electron microscopy (SEM) equipped with an energy-dispersed X-ray (SEM-
EDX) detector, was performed on polished samples without gold covering (LEO 435
Electron Microscope Ltd., Cambridge, UK, and Ultra Plus, Zeiss, Jena, Germany). The
detailed imaging information about the morphology and surface texture of the individual
particles, as well as the composition of the powder samples, were studied.

The Raman characterization was performed in a HR-UV infinity microprobe equip-
ment (Jobin-Yvon, Paris, France) in the range of 50–1500 cm−1, with an integration time of
10 s, accumulations of 20 Grid 600 planes/mm, using a laser source of 532 nm, an objective
100×, and a power of 50 mW output.

The density and porosity of the samples were calculated taking into account the
procedures and standards as defined by the American Society for Testing and Materials
(ASTM): ASTM C20-00 “Standard test methods for apparent porosity, water absorption,
apparent specific gravity, and bulk density of burned refractory brick and shapes by boiling
water,” and ASTM C373 Standard “Standard test methods for determination of water
absorption and associated properties by vacuum method for pressed ceramic tiles and
glass tiles and boil method for extruded ceramic tiles and non-tile fired ceramic white
ware products.”

3. Results

The amorphous nature of the materials after melting was confirmed by XRD analysis
(Figure 2). When the waste mixtures were heated at 1200 ◦C for 2 h, the formation of
peaks corresponding to crystalline phases was evident (Figure 2a–c red color). These
crystalline phases were not further characterized because such crystallized glasses were
not relevant for the present study, which required amorphous materials. Therefore, it
was necessary to increase the temperature to 1300 ◦C for 2 h, to obtain an amorphous
material (Figure 2a–c blue color). The same procedure was performed at 1400 ◦C for
2 h (Figure 2a–c green color) in order to rule out the possible formation of subsequent
crystalline phases. It was confirmed that at both 1300 and 1400 ◦C amorphous materials
were obtained and with the objective of obtaining glass-ceramic materials with lower
production costs, 1300 ◦C was considered as the preferred temperature for obtaining
amorphous (vitreous) material for the present investigation [28,29] from the mixtures
shown in Table 1.
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Figure 2. X-ray diffraction patterns of mixtures treated at 1200/1300/1400 ◦C for 2 h to obtain
amorphous materials: (a) Sample GC1, (b) Sample GC2, and (c) Sample GC3.

The pellets obtained by cold pressing of amorphous powders were sintered as indi-
cated in Figure 1. The temperatures were chosen according to TGA results (Figure 3) and
the data presented in Table 2. Samples were characterization by XRD, SEM-EDS, Raman
spectroscopy, bulk density, water absorption, and apparent porosity measurements.



Constr. Mater. 2021, 1 67

3.1. X-Ray Diffraction (XRD) Analysis

The effectiveness of the heat treatment for sintering and crystallization, in terms of the
formation of crystalline phases, was confirmed by X-ray diffraction analysis (Figures 4–6).
In any crystallization process, there are specific structural changes that generate crystalline
phases. In this investigation, anorthite, augite, enstatite, and diopside in different quantities
were found for each material, which are common crystalline phases in glass-ceramic
materials with high aluminosilicate content [30,31].
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Figure 6. X-ray diffraction patterns of GC3 sample obtained at T1: 850 ◦C for 2 h and T2: 1100 ◦C for 2 h (see Table 2).

The process of structural refinement was done on the individual parameters (back-
ground intensity, asymmetry, scale factor, preferential orientation, signal height and width,
sample transmission and structural factor), based on experimental diffractograms [31,32].
The phases were analyzed with the crystallographic data of each phase, including as
standard the cell parameters, spatial group, and atomic positions of the phase of interest.

In the sintered materials, four crystalline phases were identified in different con-
centrations (Figures 4–6). The diopside phase is usually present as the main phase in
glass-ceramic materials obtained from the type of wastes investigated here [4,5,33]; how-
ever, in the present materials, the percentages of this phase were relatively low, between
5% and 15%. The principal phase was anorthite, which is known to impart good mechani-
cal properties to glass-ceramic materials according to investigations in literature [34–38],
followed by the augite phase [39–41]. The enstatite phase was also identified. These phases
should contribute to the mechanical properties of the present glass-ceramics; however,
it is anticipated that these properties will be highly influenced by the residual porosity
after sintering (see below). The composition percentages of each phase were determined in
each of the sintered glass-ceramic samples summarized in Table 3. The results confirmed
the crystallization of the material during the sintering process, showing the feasibility of
obtaining glass-ceramic materials from the considered mixture of industrial waste by pow-
der technology. However, the superposition of some crystalline phases that coexist in the
material is evident, as for example the reflection at 2θ~36◦ in Figures 5 and 6, which could
be associated with diopsite and augite phases, according to the refinement carried out.
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Table 3. Quantification of crystalline phases, their chemical formulas and lattice parameters of GC1, GC2, and GC3 samples.

Crystalline Phase Chemical Formula
Lattice Parameters (Å)

Composition Percentage (%)
of Sample

a b c GC1 GC2 GC3

Anorthite (O64Ca8Si16Al16) 8.173 12.869 12.894 59 63 43
Diopside (Mg4 Ca4 Si8 O24) 9.681 8.849 5.218 7 15 5
Enstatite (Mg16Si16O48) 5.181 18.251 8.814 7 16 21

Augite (Na0,36Ca2,46Mg3,61Fe0,84
Al1,37Ti0,08Si7,28O24) 9.699 8.844 5.272 27 6 31

With the XRD data and using the Debye–Scherrer equation [27], the average sizes of
the nano-crystalline domains of the three samples were determined, as shown in Table 4,
which confirms that the sintering and crystallization process has generated glass-ceramic
materials similar to those reported in literature [4,42,43]. The widening and low intensity of
the peaks in the three diffractograms (Figures 4–6) could be correlated with the formation
of small crystallites compared to the samples, due to the elimination of a large number of
carbonate species in the materials as a result of the heat treatments at high temperatures
and the different proportions of each silicate residue used in the starting materials.

Table 4. Crystallite size of the three samples GC1, GC2, and GC3.

Sample 2θL 2θH 2θ θ B B(rad) t (nm)

GC1 23.03 23.68 23.40 11.698 0.36 0.006 0.59
GC2 27.36 27.48 27.57 13.785 0.21 0.003 1.91
GC3 27.39 27.87 27.69 13.845 0.30 0.005 1.60

2θL: Left grain limit
2θH: Right side grade limit
2θ: Midpoint of grain size

t = (kλ)/B(θ)·Cos θ

θ = 2θ/2
B = 2θH−2θL

B(rad) = (B·π)/180

The glass-ceramic materials are characterized by the presence of an amorphous and a
crystalline structure. The quantification of the non-crystalline or amorphous fractions was
performed using X-ray diffractograms. The analysis data software was used considering the
area under the curve and excluding the areas of the signals associated with crystallization.
The percentages of amorphous phases were 35% for GC1, 34% for GC2, and 22% for GC3
samples, respectively.

3.2. Scanning Electron Microscopy and Energy Dispersive of X-ray Spectroscopy
(SEM-EDS) Analysis

SEM-EDS was carried out to analyze the microstructure of samples before and
after heat treatment. In the microstructure of the raw materials without heat treatment
(Figures 7a, 8a and 9a), it is possible to observe particles of cenospheres, glass inlays,
and some agglomerates. After heat treatment at 1300 ◦C for 2 h (Figures 7b, 8b and 9b),
fragments of the amorphous matrix were observed, which was corroborated by XRD
analysis (Figures 4–6).
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Figures 7–9, corresponding to SEM analysis, show heterogeneous conglomerates and
residual porosity, which are typical of partially densified glass-ceramic materials obtained
by sintering and crystallization of vitreous powder. Changes in the microstructure in
samples GC1, GC2, and GC3 are observed in the different stages of the sintering process,
as shown in Figures 7c, 8c and 9c. Different microstructures are visible, which may be
associated with different chemical compositions of the materials, the different shades in the
micrographs can represent different phases. The microstructural features observed indicate
that the volume of crystallization increases with increasing temperature and heat treatment
time, visualizing some areas with a bright contrast that could be located in the vitreous
matrix. The areas of high contrast (Figures 7–9), according to previous research [1], could
be related to crystalline phases, while the dark areas represent the amorphous phase. On
the surface of all samples, scattered pores with a size of 1 to 2 µm are observable, also a
dense microstructure, likely consisting of crystals embedded in a residual glass matrix, is
observed [44].

After the sintering process, it was possible to observe fine grains in the microstruc-
ture that apparently became embedded in a significant amount of larger particles
(Figures 7c, 8c and 9c), of size >15 µm, with open pores on the surface. Figures 7d, 8d
and 9d show EDS results for the three sintered samples, indicating the presence of Si,
Al, Na, and Ca, as well as low amounts of other elements, such as K, Ti, Fe, and C.

The EDS analysis showed that the major constituents of sample GC1 were O, Si,
Al, and Na (Figure 7d). In general, the most important signals correspond to Si and
Al in agreement with previous works [45]. This result is consistent with the XRD data
(Table 3) which revealed that anorthite and augite were quantitatively the major crystalline
phases, while enstatite and diopside showed a low concentration; therefore, the large grains
observed in the SEM images (Figures 7–9) correspond to an aluminosilicate phase. Similar
large grains could be found in samples GC2 and GC3 (Figures 8d and 9d) in agreement
with the XRD data (Table 3), which reveals that anorthite and diopside were the major
crystalline phases, and enstatite and augite appear like secondary phases, present in a
lower proportion (16% and 7%, respectively).
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3.3. Raman Spectroscopy

The analysis by Raman spectroscopy was carried out to verify the frequencies of bond
vibrations that allow the identification of the crystalline phases in the sintered samples.
The results of the Raman spectroscopy measurements are shown in Table 5.

Table 5. Raman spectroscopy results for samples GC1, GC2, and GC3.

Band Position
(cm−1) Possible Bond or Crystalline Phase Ref.

83,85 Anorthite pase [45,46]

100–300 Vibrations with a greater contribution of Ca2+ atoms and a
small contribution of O2

[47]

225,270,272 Hematite [48]
326 Anorthite [45,46]
385 Magnetite [48]

473–482 Si-O-Si systems with bridge oxygen and Al-O vibrations
with coordination number 4 [33]

500 The movements of oxygen atoms along the union angles
between T-O-T [33]

583 Bending vibrations Si-O-Si, T-O-T [49]
526,660,750 Characteristic bands of ceramic-ceramic materials [45,46]

660 Si-O-Si vibrations in Q2 units related to the diopside phase [50,51]
611,705,872 Stretching calcium carbonates [51,52]

710 Indicates that there are aluminum-oxygen octahedrals [53,54]
712 Pure magnetite, located in the band 710 cm−1 in this study [49,55,56]

760 Characteristic bands of ceramic-ceramic materials -
characteristic vibration of Si [45,46]

799 FeO vibrations [51]

950 Diopside phase given by Si/O vibrations (Q2) located in the
band 958 cm-1 in this study [48,57]

958 Diopside - Si/O Vibrations (Q2) [49,50]
997 Si-O-Si vibrational modes [51]

1040 Si-O-Al vibrations. [49,50]

Data reported in the literature [56,58–61] show that in Raman spectra of silicate glasses,
bands associated with Q4 to Q0 species (where the index denotes the number of bridg-
ing oxygens) appear at approx. 1150 cm−1—Q4, 1050 cm−1—Q3, 1000–950 cm−1—Q2,
880 cm−1—Q1, and 850 cm−1—Q0. For the sake of clarity, the three Raman spectra obtained
from the sintered materials were classified into four band groups in the 80–400, 400–650,
650–850, and 850–1500 cm−1. The bands in the range 400 to 650 cm−1 were associated with
the arrangement of short-range rings of four to six members of tetrahedral SiO4 [33]. The
vibrational bands along the range 650 to 850 cm−1 correspond to the Si-O-Si oxygen bridge,
where there is a replacement of Si-O-Al tetrahedral structures corresponding to Al-O vibra-
tions with coordination number 4; the region between 850 and 1400 cm−1, corresponding
to vibrations of structural units Si-O-Si, where the vibrating bands are identified in the
range 1000–1500 cm−1, represents typical signals in iron containing materials [33].

Structural differences are visible in the Raman spectra of the three sintered samples
(GC1, GC2, and GC3), and are shown in Figures 10–12. Specifically, the frequencies of bands
at 83 cm−1, identified in samples GC2 and GC3, as well as the band at position 85 cm−1

of sample GC1, correspond to materials with anorthite phase [45,46]. Bands between 100
and 300 cm−1 have a greater contribution of Ca2+ ions and a small contribution of O2
in the materials in accordance with Lucena et al. [47]. The bands identified at positions
270 cm−1 in sample GC1, 225 cm−1 in sample GC2, and 272 cm−1 in sample GC3 appear to
correspond to hematite [48], and the band at 385 cm−1 is consistent with magnetite, despite
the fact that these phases were not detected by X-ray diffraction analysis.
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An overlap of the peaks in the diffractograms (Figures 4–6) could be the reason for
the non-identification of such Fe containing phases, taking into account that according to
the literature hematite should exhibit peaks at 2 theta 27◦, 28◦, 35◦, and 36◦ [62,63] and
magnetite at around 10◦, 12◦, 15◦, 18◦, and 35◦ [59,64].

Despite finding a variety of documents related to Raman spectroscopy results on
similar materials, the information found regarding the vibrational modes related with
1070, 1245, 1320, and 1335 cm−1 signals is not clear or precise [33,46,47,51,65]. However,
according to the XRD analysis, the observed vibratory bands exhibit a high correlation
with the crystalline phases of anorthite and diopside, but they do not correspond with the
enstatite and magnetite phases.

3.4. Bulk Density, Water Absorption, and Apparent Porosity

The density, water absorption, and apparent porosity of the glass-ceramics were ex-
perimentally measured according to the methodology described by ASTM C373 and ASTM
C20. The weight of sintered GC1, GC2, and GC3 samples was measured using a balance
(MODEL Kern ABS 220 4N) with a tolerance of 0.01 g. Subsequently, the samples were sub-
merged in sufficient distilled boiling water for 5 h followed by 24 h of sowing to determine
the suspended mass (S) to the nearest 0.01 g. The samples were then dried with a piece of
cotton to remove excess water on the surface. The samples were weighed for the determina-
tion of saturated mass (W) [65,66]. With the data obtained, the external volume (V) in cm3

was obtained by subtracting the saturated mass from the suspended mass (V = W-S). The
volume of open porosity (VOP) can be determined from the difference between saturated
mass and dry mass as follows: (VOP = WD). The apparent porosity (P) was calculated as a
percentage of open porosity data and volume as follows: P = (OPV/V) × 100. The bulk
density (B) in g·cm−3 was determined from the ratio of dry mass (D) to external volume
(V), including pores, as follows: B = D/V. An important property in glass-ceramic materials
is water absorption (A), which can be expressed as a percentage of the volume ratio of
open porosity and dry mass as follows: A = (OPV/D) × 100. Water impermeability was
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determined calculating the apparent specific gravity (T). Waterproofing can be expressed
as a percentage of the ratio of dry mass to suspended mass as follows: T = D/(D − S).

The data obtained for the density, water absorption, and apparent porosity of samples
GC1, GC2, and GC3 are shown in Table 6, including the averages of the values obtained
from five samples of each material. The results were similar to previous research where
glass-ceramic materials were obtained from industrial wastes with densities in the range
of 1.6–3.2 g·cm−3 [5,22,66]. In samples GC2 and GC3, the values of the density are lower
in comparison to the sample GC1, which can be correlated with a decreased content of
glass cullet in the starting mixture [67]. The decrease of the density in each sample could
be correlated with the amount of diopside phase present in the material (GC1: 59%, GC2:
63%, and GC3: 43%), taking into account that the density of diopside is 3.4 g·cm−3 [36].
Therefore, it is expected that the density increases or decreases according to the increase or
decrease of this phase in the material [15].

Table 6. Density and porosity calculations of the three samples GC1, GC2, and GC3.

Sample Dry Mass
(D)(g)

Saturated
Mass (W) (g)

Suspended
Mass (S)(g)

Density (B)
(g·cm−3)

Water Absorption
(A) (%)

Apparent Porosity
(P) (%)

GC1 0.7 3.0 2.4 3.1 7.2 22.3
GC2 1.3 3.1 2.5 2.2 14.5 31.7
GC3 1.9 3.4 2.7 2.3 12.9 30.2

The porosity and the water absorption values correlated with each other and decreased
with the increase in crystallinity. The porosity and water absorption values of sample GC2
were higher than for samples GC1 and GC3, related to the degree of crystallization [23].
The porosity in the sintered materials was in the range ~22–32% (Table 6).

Water absorption affects the performance of materials, since water penetrates into
larger voids due to hydrostatic pressure, affecting the degradation rate. For this research,
in GC1 specimens, the water absorption is rather low (7.2%) compared to the samples GC2
(14.5%) and GC3 (12.9%). It was evident that the materials exhibited different tendencies
associated with the composition. The glass cullet (55 wt.%), fly ash (35 wt.%), and slag
(10 wt.%) in sample GC2 led to an increase in porosity. In general, the result obtained
in this research correlated with other works in which porous glass-ceramics have been
developed [12,41].

4. Conclusions

Glass-ceramics based on mixtures of fly ash, waste glass, and slag were successfully
obtained via powder technology and sintering. It was possible to identify an anorthite-
type crystalline phase in all samples. Other crystalline phases formed were diopside,
enstatite, and augite. The results of Raman spectroscopy demonstrated the presence of
chemical bonds vibrations concordant with the anorthite and diopside phases, which
are characteristic of this type of materials. The successful consolidation of glass-ceramic
microstructures was achieved by heat treatments at temperature between 800 and 1100 ◦C
for 2 h. The crystal size was obtained by the Debye–Scherrer equation. The detailed
characterization of the glass-ceramic materials by Rietveld refinement and Raman analysis
represent and innovative aspect for the analysis of this type of industrial waste derived
materials. This work demonstrated thus the possibility of obtaining glass-ceramic materials
using a tailored combination of waste materials by sinter-crystallization, without using
nucleating agents.
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