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Abstract: We carried out physicochemical and mechanical characterization studies of glass-ceramic 

materials obtained from industrial waste of slag, fly ash and glass cullet. These studies were 

performed through the sintering process of powder by means of cold compaction, in concentrations 

of 10% slag, 70% fly ash and 20% glass cullet. A total of 230 pellets of 15 mm diameter by 5 mm 

thickness were produced. Later, 15 pellets were heat treated with a heating ramp of 10 ºС/min up to 

1000 ºС and held for 2 hours, followed by a cooling rate of 10 ºС/min. The remaining 15 pellets were 

heat treated with a heating ramp of 10 ºС/min up to 1050 ºС, followed by the same hold and cooling 

times. The increase in temperature favored the mechanical resistance of the glass-ceramic and the 

phases formed after the thermal treatments were anorthite, augite, gehlenite, and cordierite. The 

highest porosity found in this process was 40%; in terms of bulk densities, these were 2.36 and  

2.57 g/cm
3
. In contrast to the observations of mechanical resistance, crystalline phases, apparent 

porosity, bulk density and chemical resistance. They showed that the temperature increase decreased 

the percentage of porosity and increased the values of densities and mechanical properties. Scanning 

electron microscopy images using backscattered electrons confirmed the homogenization of the 

mixtures in both heat treatments and mechanical properties similar to those reported for 

glass-ceramic materials for construction industry applications. 
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1. Introduction 

The use of natural resources as raw materials in production processes is currently being 

evaluated for the negative impact on the environment associated with the depletion of energy 

resources and environmental degradation aspects that are not sustainable. This is one of the reasons 

why this research was focused on reincorporating into the production cycles those solid wastes that 

are generated in industrial processes, such as in the generation of electrical energy, in the production 

of steel, and in the production and post-use of glass. Therefore, we evaluated the possibility of 

extracting vitro-ceramic material from the combined use of 10% slag, 70% carbon fly ash and 20% 

glass cullet, sintering the powder samples by cold compaction and obtaining vitro-ceramic materials 

with applications mainly for the construction industry thanks to their good mechanical and chemical 

properties, and their high resistance to thermal shock. 

Glass ceramics have drawn interest in different application fields, such as ceramic components, 

high-tech materials, building materials, composite materials, and thermal shock resistant materials, 

such as kiln refractories. Furthermore, they are becoming promising materials thanks to the 

possibility of being manufactured with different types of industrial waste as a source of 

aluminosilicate components. Therefore, glass-ceramic technology allows industrial waste materials 

that are currently sent to landfill to become useful products for society [1–6]. 

We researched the influence of the powder sintering procedure by cold compaction for the 

production of glass-ceramic samples, as well as the influence that heat treatment has on strength and 

microstructure. We identified the crystalline phases by means of XRD analysis, and we carried out 

chemical resistance analysis, thermal shock resistance evaluating the microstructure and its changes in 

mechanical resistances, and finally we calculated the density and apparent porosity of the obtained 

materials following the methodology defined in the ASTM C20-00 and ASTM C373 standards. The 

forming process by sintering of cold compacted powder samples is one of four methods carried out by 

Rawling [3]. It consists of taking samples in powder form that are cold compacted into tablets of 

different dimensions, followed by a heat treatment at high temperatures for sintering, achieving the 

nucleation and crystallization of the material in a single thermal process. The material sintered by this 

process comprised two temperatures (1000 and 1050 ºС) for 2 hours. These thermal treatments were 

carried out in order to obtain a material with an amorphous structure and crystalline phases, among 

which the phases of diopsite, anorthite, gehlenite, augite and enstatite stand out; they have good 

mechanical properties, chemical resistance and thermal shock resistance. In a general way, this work 

shows the results of a study which objective was focused on showing the benefits of slag, fly ash, glass 

cullet as a raw material in obtaining glass-ceramic materials with adequate properties to be used as 

construction materials. 

Low sintering temperatures were chosen for this study for the following reasons: (1) multiple 

studies have considered high sintering temperatures and time [7–9], therefore an innovative aspect  

of this research is to evaluate the resulting material obtained from sintering temperatures around 

1000 ºC, (2) lower sintering temperatures yield lower cost of material production at industrial scale. 

This work was carried out in collaboration with the Friedrich–Alexander University Erlangen–

Nürenberg, Institute for Biomaterials, Department of Engineering and Materials Science. 
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2. Materials and methods 

For the development of this study, the following raw materials were used: Fly ash obtained from 

different thermoelectric power plants whit classification as Class F according to ASTM C 618 

standards, and iron oxide (ESC2) rich slag provided by steel industries located in the Department of 

Boyacá (Colombia). These two raw materials have an average particle size of 75 µm. We also used 

sodium-calcium glass cullet from the collection of household waste converted into fine powders with 

a particle size of <149 µm. The chemical composition of the raw materials was determined by XRF 

analysis as shown in Figure 1. 

 

Figure 1. XRF X-ray fluorescence analysis of precursor materials associated with: (a) fly 

ash, (b) slag, (c) glass cullet. 

2.1. Method for the preparation of glass-ceramic material by sintering of cold-compacted powder 

samples 

This procedure comprised the uniaxial cold pressing of powders. This activity was performed to 

the material by applying pressure in one single direction until the total compaction of the powders 

was achieved using a hydraulic press at 30 MPa. Two different heat treatments were applied to the 30 

assembled pellets, 15 pellets were heat treated with a heating ramp of 10 ºС/min up to 1000 ºС and 

held for 2 hours, followed by a cooling rate of 10 ºС/min. The remaining 15 pellets were heat treated 

with a heating ramp of 10 ºС/min up to 1050 ºС, followed by the same hold and cooling times. The 

whole process let us obtain viscosity flow as a diffusion mechanism that is related to the directed 

transport of a relatively low number of vacancies. 

The sintering temperatures of 1000 and 1050 ºC were chosen based on DTA analysis reported in 

authors’ previous work [10]. 
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2.2. Characterization techniques 

The microstructural analysis of the morphological evaluation and surface characterization of the 

materials was performed by scanning electron microscopy (SEM) equipped with an energy 

dispersive X-ray spectroscopy (SEM-EDX) (LEO 435 Electron Microscope Ltd, Cambridge, UK and 

Ultra Plus, Zeiss, Jena, Germany). The structural analysis was performed by X-ray diffraction (XRD) 

on powder samples in a Bruker D8 Advance diffractometer (Karlsruhe, Germany) using CuKα 

radiation (1.5418 Å) with 2Ɵ in the range of 10–50° and a step size of 0.020°. Crystal phase 

formation was corroborated using the Match program supported by the PDF-2 database (ICDD, 

International Centre for Diffraction Data, Newtown Square, PA). 

The thermal shock resistance behavior of glass-ceramic materials was studied by measuring the 

compression resistance using the Zwick Roell (Ulm, Germany, series Z050) and microstructure 

(LEO 435, LEO Electron Microscopy Ltd., Cambridge, United Kingdom, and Ultra Plus, Zeiss, Jena, 

Germany). The thermal shock test was performed following the procedure set forth in “ASTM 

C1525-18, Standard Test Method for Determination of Resistance to Thermal Shock for Advanced 

Ceramics by Rapid Water Cooling”. Samples of each sintered material were placed in an oven at 200, 

500 and 800 ºС for a 10-minute holding period followed by rapid cooling to room temperature    

(22 ºС). The incidence of thermal shocks on the mechanical strength of the materials was evaluated 

by means of a compression test performed on granules of ~14 mm diameter with ~2.5mm thickness, 

using a universal testing machine (Zwick Roell, Ulm, Erlangen–Germany, Z050 Series) at a crossing 

speed of 0.5 mm/min, with a load cell of 30 kN. For each lot, a minimum of 5 samples were analyzed 

to evaluate the resistance of the materials. 

Chemical analyses were carried out in acid medium, using 5 samples which were immersed in a 

5% HCl solution for 24 hours with a drying process at 130 ºС/4 h, weighing and determining the 

percentage of mass loss. An analytical balance in triplicate with a measurement error of ± 0.0001 g 

was used. 

Density and porosity were measured experimentally following the methodology described by 

ASTM C373 and ASTM C20 standards. The glass-ceramic granules were obtained by the method of 

cold compaction of powders. The preparation procedure involved compression at room temperature 

followed by drying at 150 ºС. After cooling, the granules were weighed using an analytical balance 

(MODEL Kern ABS 220 4N) with a tolerance of 0.01 g. This made it possible to determine the 

weight of the dry mass (D). Later, the granules were immersed in distilled water at boiling 

temperature for 5 hours, followed by 24 hours of soaking. 

Immediately afterwards, the granules were weighed again; this allowed us to evaluate the 

suspended weight (S). The granules were then dried using a cotton towel to remove excess water 

from the surface. The granules were weighed to determine the saturated mass (W) [11,12]. With this 

data, we could determine the external volume (V) in cm
3
 by subtracting the saturated mass from the 

suspended mass as follows (Eq 1): 

V = (W−S)/ρw                                  (1) 

where ρw stands for water density. The open porosity volume (OPV) can be determined from the 

difference between the saturated mass and the dry mass as follows (Eq 2). 

OPV = W−D                                  (2) 
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As regards apparent porosity (P), it was calculated as a percentage from the open porosity data 

and volume as follows (Eq 3). 

P = (OPV/V)*100%                               (3) 

The bulk density (B) was determined from the dry mass ratio, D, and the external volume, V, 

including the pores as follows (Eq 4). 

B = D/V                                     (4) 

The units of bulk density are g/cm
3
. Water absorption (A) is also an important metric of 

glass-ceramic materials. Water absorption can be expressed as a percentage of the volume ratio of 

open porosity and dry mass as follows (Eq 5). 

A = (OPV/D)*100%                               (5) 

3. Results and discussion 

3.1. Processing of raw materials 

First of all, it must be recalled that the sintering process occurred in two states; this condition 

was taken into account in order to determine the self-diffusion coefficient of crystals and the 

viscosity of solid fluids. The first sintering process occurred when the dust particles combined; 

during that time, an increment in the contact among particles and surface was observed. The second 

sintering process occurred during pore saturation, which is related with the diminishing of pores 

through diffusion along the material. Pores are defined as the countless concentration of defects and 

holes [13]. 

When using micro particles as raw material, the processing can be encompassed with the cluster 

model [14], The cluster model predicts smaller particles agglomeration occurring in the free spaced 

left behind by larger particles; thus inducing fast sintering in small particles. According to    

Scherer [15], each particle in sintering process has contact with 2 up to 6 neighboring particles, i.e. 

with borders and corners of structural unit. For the sake of our research that is related with real 

compacts, some particle may not have direct contact despite being relatively close to each other; this 

occurs when empty spaces appear among neighboring particles, which is known in literature as 

“frustrated contact”. In other cases, the lack of neighboring particles creates a “hole” in the ordered 

structure. These types of defects reduce the densification speed of the structure. 

According to the clusters model [14] in simultaneous crystallization, the solid impurities and the 

preexisting crystals in vitreous particles facilitate particle interactions that ultimately cause viscous 

flow. When this procedure takes place, it must be highlighted that additional effects may occur on 

sintering kinematics, such as: a reduction in densification rate due to either crystallization, or an 

increment in densification caused by the existence of sharp edges or by particles with a large aspect 

ratio, such as: the reduction in the rate of densification due to crystallization or there could also be an 

increase in densification due to the presence of sharp edges or particles that have various shapes (for 

example, powders with pointed shapes, in this case , the waste glass which is a starting material) 

Figure 2 shows an overview of the experimental scheme for the sintering of cold-pressed powder 

samples which were later used for the obtaining glass ceramic materials. The densification results of 

the pellets are shown in Section 3.5 
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Figure 2. General diagram for the production of glass-ceramic material by the sintering 

method of cold compacted powder samples. (a) SEM image of mixture, (b) compacted 

mixture before heat treatment, (c) temperature diagram, and (d) pellets after heat 

treatment and cooling. 

3.2. Microstructure 

We got different microstructures of the glass-ceramic materials obtained by sintering 

cold-compacted powder samples. Structural morphologies were observed by scanning electron 

microscopy (SEM). The morphology of the grains with respect to the different thermal treatments in 

the material (10% ESC, 70% CeV, 20% CaV) are shown in Figure 3, where it can be seen that the 

morphology is not very well defined, forming a heterogeneous plate in all its extension. The presence 

of open porosity and grains with different morphology is clear, and we can also highlight the 

existence of a higher concentration of phases with spherical morphology, being probably the result of 

the presence of SiO2 [16]. Specifically, in Figure 3a, a partial connection between particles is 

observed, identifying unreacted cenospheres, when the temperature increases by 50 ºС, i.e., working 

at 1050 ºС for 2 h (Figure 3b). We observed greater homogenization between particles, generating 

less porosity, improving the microstructure of the material. This morphology could affect the 

mechanical resistance of the material, because of the total non-compaction of the particles. 

As can be seen from Figure 3a,b, a temperature change from 1000 up to 1050 ºС caused a 

noticeable increment in particles’ sizes. It must be also noted that, the sintering of the fine particles 

caused the densification of the glass-ceramics at 1000 and 1050 ºС, and resulted in the increase of 

the compressive strength, as later described in Section 3.6 

 

Figure 3. Scanning electron microscopy of heat treated material, (a) 1000 ºС for 2 h, (b) 

1050 ºС for 2 h. 
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Spherical and sharp-angled particles can be distinguished and they could be identified as 

undissolved fly ash and unreacted glass. These particles appear well distributed in the amorphous 

glass-ceramic matrix. A large number of unreacted particles remained encapsulated at the surface in 

those samples that were treated at higher temperatures; however, in the microstructural observation 

in the materials obtained by sintering glassy powders, the crystallization volume increases when the 

temperature increases [17]. These materials exhibited good homogeneity and a reduced amount of 

unreacted particles with low porosity. In all sintered samples, long visible cracks and unreacted glass 

pieces are included. These defects within the microstructure reasonably caused the decrease of the 

mechanical resistance in the obtained materials. 

3.3. X-Ray diffraction (XRD) analysis 

Crystalline phases were identified by Rietveld refinement using the Match program   

supported by the PDF-2 database (ICDD, International Centre for Diffraction Data, Newtown Square, 

PA), where phase formation was evidenced, with their respective chemical composition         

and PDF number as follows: anorthite (O64Ca8Si16Al16 #PDF 96-100-0035), augite 

(Na0.36Ca2.46Mg3.61Fe0.84Al1.37Ti0.08Si7.28O24 #PDF 96-100-0036), gehlenite (Ca4Al4Si2O14, #PDF 

96-100-0049) and cordierite (Si20.12Al15.88Mg7.64Fe0.32Mn0.04Na0.20K0.08Ca0.08H4.48O74.24 #PDF 

96-900-0546). They were generated from solid-state reactions in the sintering process, an aspect 

corroborated by X-ray diffraction (XRD) analysis. In general, the results revealed the formation of 4 

phases (described in Figure 4) with variations in the percentages of phase contents in each sintered 

material [18]. 

 

Figure 4. X-ray diffraction patterns and crystalline phases identified in the glass-ceramic 

materials, obtained by sintering cold-compacted powder samples. 

The analysis of the relative weights in the inset table of Figure 4 showed that the anorthite phase 

is the main phase with 41% content when the material was sintered at 1000 ºС. As the temperature 
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increased, there was a small increase in variation in the percentage of this phase. Usually the 

anorthite phase develops in materials with a higher percentage of SiO2 concentration and is a 

common phase in glass-ceramic materials that contributes to their mechanical strength. Augite is the 

second phase identified in the material, which due to its structure gives glass-ceramic materials good 

mechanical properties related to resistance to bending and good hardness [19,20]. The material 

showed 22% of the augite phase when sintered at 1000 ºС for 2 hours, which decreased as the 

sintering temperature was increased to 1050 ºС, obtaining 13% by weight of this phase. This aspect 

could be related to the crystallization process of the fly ash and slag, in addition to the Fe
3+

 content, 

which would be acting as a modifier of the glass structure in the process of breaking the Si-O-Si 

bonds, thus forming the augite phase [17,21]. 

Regarding the gehlenite phase, it increased when the temperature rose, achieving 19% phase 

content when sintered at 1000 ºС for 2 hours and 32% when sintered at 1050 ºС for the same time. It 

is important to note that the gehlenite phase is the only phase expected to form for low SiO2 

occupations [22]. It has been suggested that low temperature manufacturing and the existence of 

impurities, such as Na and K, reduce the stability of the crystalline structure of the gehlenite   

phase [23]. This phase occurs due to the reaction that takes place between the silica and the calcium 

oxide released in the calcite decomposition, which is favored by the conditions of homogeneity and 

permanence time during the experimental heating. However, there are no substantial differences with 

heating at 1000 and 1050 ºС in the relative proportions of the phases present [22]. It is suggested that 

the gehlenite phase was formed by the transformation of the merwinite phase treated at temperatures 

close to 1000 ºС. This phase was identified in the slag raw material object of this research and 

containing the sintered mixture; we observed the applicability to the devitrification of glass-ceramic 

materials with slag contents in their starting materials. 

On the other hand, the percentage of the cordierite phase increased as the temperature rose, 

obtaining 18% at 1000ºС and 23% at 1050ºС for 2 hours. Crystalline phase interesting for electronic 

packaging materials, and presented in glass-ceramic materials for its majority content of Si and Al 

oxides, and traces of Mg, Fe, Mn, Na, K and Ca oxides [24]. Aspects that evidence the formation of 

crystalline phases from the sintering by cold compaction of industrial wastes of ESC, CaV and CeV 

evidencing the possibility of forming crystalline matrices ideal for the immobilization of wastes in 

the production of glass-ceramic materials [17]. 

3.3.1. Quantification of non-crystalline phase based on DRX 

The quantification of non-crystalline and amorphous phases was done on the basis of X-ray 

diffractograms, which is a common method followed in specialized literature [25]. In our study, the 

software Origin was used for this purpose as follows: the area under the X-ray diffractogram was 

computed, but the zones associated with material crystallization were excluded. This procedure was 

applied for computing the amorphousness percentages of the two prototypes of glass ceramic 

materials; these materials were obtained on the basis of sintering cold-pressed powder samples. A  

43% amorphous phase was measured for the prototype X1-1000-2h and 47% for the X1-1050-2h. It 

must be recalled that the transparency and impact resistance of glass ceramic materials is enhanced 

by the presence of amorphous zones. On the other hand, the occurrence of amorphous zones 

improves the tensile strength properties. 
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3.4. Chemical resistance of the produced glass-ceramic samples 

In these chemical resistance experiments, 5 compacted sample units with sizes of 15 mm 

diameter by 5 mm thickness were treated by immersing them in a 5% HCl solution for 24 hours with 

a drying process at 130 ºС for 4 h. After washing and drying, the samples were weighed and the 

percentages of weight loss were calculated by taking the initial mass (mo) and final mass (mf) of each 

of the materials. It was determined using an analytical balance in triplicate with a measurement error 

of ± 0.0001 g [12]. No mass loss was obtained after carrying out the previous process to 5 samples, 

which shows us the durability of the sintered glass-ceramic samples at 1000 and 1050 ºС for 2 hours; 

this correlates with the volume of the crystalline phases and shows excellent chemical resistance 

behavior for both samples. The achievement of a high chemical durability in glass-ceramics indicates 

that the chemical composition of the crystalline phases obtained favors a good stability. Generally, 

glass-ceramic materials have good chemical stability and often compare favorably with other 

ceramic-type materials. An increase in the content of the crystalline phase results in greater chemical 

resistance in glass-ceramic materials [26]. 

3.5. Density and porosity 

Using the ASTM C20-ASTM C373 standards [11,12], we calculated the porosity and density of 

the glass-ceramic materials obtained by sintering cold compacted powder samples. The data obtained 

are shown in Table 1, where it was observed that the highest bulk density obtained was 2.57 g/cm
−3

 

sintered at 1050 ºС for 2 hours. However, it was evident that the lower the sintering temperature the 

lower the density value (1.97 g/cm
−3

), values that are among the range of densities identified for 

glass-ceramic materials (1.6–3.61 g/cm
−3

) in accordance with the data reported by similar 

investigations [19,27–32]. These values are an important factor in determining porosity, assessing 

durability and strength of materials. However, this allows us to conclude that it is possible to obtain 

glass-ceramic material with the use of industrial waste as raw material. 

Table 1. Calculations of bulk density, water absorption, open porosity and apparent 

porosity of samples obtained by sintering cold compacted powder samples. 

Samples Bulk density B (g/cm3) Water absorption (%) Open porosity VOP (g/cm3) Apparent porosity P (%) 

1000 ºС for 2h 1.97 29.21 1.96 39.84 

1050 ºС for 2h 2.57 10.79 1.35 27.76 

The porosity and water absorption values of samples sintered at 1050 ºС for 2 hours are lower 

than those sintered at 1000 ºС for 2 hours, an aspect associated with the degree of crystallization of 

the material due to the heat treatment. The presence of pores in the samples was also confirmed by 

SEM observations. The factors that regulate the physical, mechanical and chemical properties are the 

crystalline phase, the degree of crystallization, the size of the crystallites and the homogeneity of the 

crystal size [17]. The density, water absorption and porosity values of the samples produced 

indicated that the sample treated at 1050 ºС for 2 hours had the highest degree of crystallization 

presenting lower porosity, lower percentage of water absorption and higher density compared to the 

material sintered at 1000 ºС. The fine-grained glass-ceramic materials have better properties, due to 
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greater cohesion between the particles, which allows for greater mechanical resistance of the material, 

in which with the increase in the degree of crystallization, the crystallites are strongly interlaced to 

form a denser crystalline structure and the amorphous glass phase gradually decreases. 

3.6. Mechanical properties—compression analysis 

The compressive strength of the sintered material at 1000 ºС was 1.78 MPa which increased 

when the material was sintered at 1050 ºС reaching a value of 8.71 MPa, clearly showing an 80% 

increase in mechanical strength. One of the factors that influence this aspect is the porosity, in which 

the mechanical properties decrease with the increase of the porosity according to the generalized 

mixing rule [28], aspect correlated and demonstrated according to the data presented in Table 1. This 

feature is also associated with a 2.3% increase in the anorthite phase and a 22% increase in the 

cordierite phase, and a 13% decrease in the gehlenite phase and a 41% decrease in the Augite phase. 

In addition to the greater cohesion between particles according to the morphology presented in 

Figure 3, where changes in the material were observed when they were treated at 1050 ºС in relation 

to those sintered at 1000 ºС, in general it could be established that ESC, CeV and CaV-based   

glass-ceramic materials, depending on the crystallization temperature, present increased mechanical 

resistance [18]. 

4. Conclusions 

The glass-ceramic materials have been prepared by direct sintering of the powdered mixtures of 

slag, fly ash and glass cullet using the cold powder compaction sintering process. The percentages of 

apparent porosity and open porosity could be controlled by the sintering parameters, by increasing 

the temperature in order to decrease these values and improve the mechanical resistance. The bulk 

density obtained is among the ranges of values reported for glass-ceramic materials. The crystalline 

phases existing in the sintered material at 1000 and 1050 ºС for 2 hours were anorthite, augite, 

gehlenite and cordierite. The mechanical resistance of glass-ceramics is originated from multiple 

parameters: while crystallinity plays a role in the mechanical resistance, the microstructural and 

substructural parameters are changed at elevated temperatures that ultimately impact in the overall 

mechanical properties of the material. In our study case, larger mechanical resistance was observed 

for the sample sintered at 1050 ºС. In general, glass-ceramic materials sintered from slag, fly ash and 

glass cullet could be used in the application of lightweight building components. 
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