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Abstract 10 

In this paper it is proposed the manufacture of ceramic construction materials using only 11 

industrial waste from different production processes as raw materials. The selected wastes are 12 

electric arc furnace stainless steel slags, EAF-SS, fly and bottom ash from coal power plants, 13 

FCA and BCA, and diatomaceous earths from filtration of vegetable oils, DO. From them, the 14 

ternary equilibrium diagram SiO2-Al2O3-CaO has been used as a tool for formulating two waste 15 

mixtures with a chemical composition in the range of that of clay-based construction materials 16 

manufactured by the ceramic industry in Bailén (Jaén, Southern Spain). Additionally, according 17 

to their mineralogical composition, these two waste-based materials were formulated in order to 18 

get different sintering and technological behavior. One of them, material C, develops refractory 19 

crystalline calcium phases, and the other, material D, was formulated in order to display a 20 

greater melting capacity. 21 

A microstructural characterization using SEM-EDX was carried out on the sintered materials C 22 

and D at three firing temperatures (1000 ºC, 1050 ºC y 1100 ºC) to verify the development of 23 

crystalline phases and the evolution of the porosity during the thermal treatment. In addition, the 24 

mineralogical composition of the fired specimens has been quantified using the Rietveld 25 

methodology and the pore size and distribution has been determined using Mercury Intrusion 26 

Porosimetry and Helium Pycnometry. 27 
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The determined technological properties were apparent density, water absorption capacity, 1 

bending strength and thermal conductivity. This characterization has made it possible to explain 2 

the technological properties of the ceramic waste-based compositions according to their 3 

formulation and developed microstructure. Obtained results display the suitability of the ternary 4 

SiO2-Al2O3-CaO diagram for the design of ceramic compositions from industrial waste. 5 

 6 

Keywords: Waste, ceramic materials, ternary phase diagram, technological properties, 7 

microstructure.  8 
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1. Introduction 1 

 2 

Currently, the way to measure the environmental impact and the carbon footprint associated 3 

with a product, process or service can be done in different ways, but the Ecodesign and Life 4 

Cycle Analysis, LCA, are the most widely used methodologies. These are endorsed in an 5 

international regulatory framework, conforming  the base for obtaining environmental 6 

certifications as the Environmental Product Declarations, EPD, that establishes the European 7 

Regulation on Construction Materials (EU) Nº 305/2011 UE. 8 

Eco-design considers functionality, safety, ergonomics and environment when designing a 9 

product or service with the aim of reducing the environmental impact that may be produced 10 

throughout the life cycle of the product, evaluating suppliers, manufacturers, users and waste 11 

managers, according to ISO 14006 standard [1]. In this sense, the so-called "strategies" or 12 

"principles" of eco-design have been developed, which encompass the development of new 13 

concepts, selection of materials with less impact, reduction of the use of natural resources and of 14 

the environmental impact during production and the use stage, promotion of environmentally 15 

friendly packaging and logistics, increase in the durability of the product and optimization of the 16 

end-of-life system. The first three ones have been taken into account for the development of this 17 

work. First, it is intended to develop a new ceramic material made from waste solely, which 18 

reduces its associated environmental impact by introducing it into a new life cycle and reduces 19 

the consumption of natural resources by not using mineral raw materials in its composition. 20 

In this context, waste recovery should be understood as any operation whose main goal is the 21 

transformation of the residue in a potential asset, both for a material and/or energy use, as the 22 

European strategy for the efficient use of resources establishes [2]. Many researchers have 23 

focused their research on the recovery of industrial waste in ceramic materials due to the 24 

suitability of the firing process to release the calorific power of organic residues or to effectively 25 

incorporate inorganic waste in the ceramic materials structure [3-6]. The formulation of 26 

conventional ceramics produced from natural raw materials (mainly clay) has been successfully 27 

performed from tools as the thermodynamic phase equilibrium diagrams or empirical and 28 



4 
 

technological diagrams [7-9]. However, no or little experience is still available in the case of 1 

alternative ceramic materials formulated mostly from waste. 2 

Among the inorganic wastes considered, the use of steel mill slag has been proposed by El-3 

Mahllawy [10], together with the use of kaolin and granite quarry waste to produce bricks 4 

resistant to chemical actions, particularly wastewater, which improve the properties of 5 

conventional materials. Galán-Arboledas et al. [11] studied how the addition of steel slag 6 

influences the manufacturing process of ceramic construction materials, analyzing the 7 

modification of the energy required for their production, both in the drying and firing process, 8 

the environmental impact and how the technological properties of the materials manufactured 9 

may be affected. Other references considering the recovery of steel mill ashes have allowed the 10 

use of this waste to be validated for the manufacture of a wide range of ceramic products with 11 

different degrees of porosity or vitrification [12-20]. 12 

Another large family of wastes covered by the scientific literature on development of ceramic 13 

materials is coal-fired power plant ash. Thus, Chen et al. [21] studied the addition of hematite 14 

residues and fly ash to a clay mixture for brickmaking, while Lingling et al. [22] investigated 15 

the production of refractory materials from fired clay by replacing high proportions of clay with 16 

fly ash. Romero and Rincón [23] studied the possibility of using different kinds of inorganic 17 

waste (from zinc hydrometallurgy, ash from thermal power plants, slag and ash from 18 

incineration plants) either individually or by mixing them with other raw materials to obtain 19 

materials with wide applications in construction and civil works, concluding that the ceramic 20 

and vitroceramic process is a real and useful alternative to solve, at least partially, the social and 21 

environmental problems associated with the production of such waste. Further research into the 22 

recovery of waste from coal-fired power stations has shown the suitability of this waste for the 23 

manufacture of ceramic materials [24-33]. 24 

On the other hand, the wastes that incorporate an organic fraction or biomass allow not ony the 25 

valorization of the material, but also the recovery of energy, which can also be a valuable 26 

alternative in the ceramic industry. That is why Monteiro and Vieira [34] investigated the effect 27 

of the addition of an oily residue obtained from an oil separation process on the properties of 28 
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clay-based ceramics. The results showed that the addition of 5 to 10 wt% of oily residues 1 

produces an increase in mechanical strength, while the apparent density, linear shrinkage and 2 

water absorption remain unchanged virtually. In general, the filtering earths used in the food 3 

and agriculture industry, based on diatomites or zeolites, represent an alternative of interest for 4 

the ceramic industry due to their potentially high organic content obtained after the filtration 5 

processes [35-41]. 6 

Therefore, it can be remarked that the use in the construction sector of ceramic products 7 

manufactured from wastes is an option that fits perfectly with the principles of sustainable 8 

development, since it represents a valuable solution that allows the reuse of materials that are 9 

currently considered as useless. In addition, many studies demonstrate that the addition of 10 

wastes may involve significant enhancements in the ceramic material properties, apart from 11 

contributing to a better management from an environmental perspective. For this reason, the 12 

present paper aims to manufacture ceramic materials for construction from different selected 13 

wastes: electric arc furnace steel slag, coal-fired power plant ash and oil-filtering diatomaceous 14 

earth, for which the ternary phase equilibrium SiO2-Al2O3-CaO diagram will be employed as a 15 

tool for designing the materials formulations. 16 

 17 

2. Materials and Methods  18 

 19 

2.1. Raw Materials 20 

Only industrial wastes (supplied by waste manager FCC-Ambito, Spain) have been used as raw 21 

material to perform the present study. On the one hand, wastes of an inorganic nature have been 22 

employed: steel ashes (EAF-SS), coal bottom ashes (BCA), carbon fly ashes (FCA), which are 23 

residues generated in the manufacturing of stainless steel and during the combustion of coal in 24 

thermal-power plants, respectively. On the other hand, a mixed-nature waste has also been 25 

studied, oil-filtering diatomaceous-earth (DO), which is made up of inorganic and organic 26 

components. This waste has its origin in the vegetable-oil purification industries when using 27 

diatomaceous earth as filter media. 28 
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The four residues used as raw material have been subjected to a series of characterization tests, 1 

which have been focused on the determination of the chemical and mineralogical composition 2 

(Table 1) along with simultaneous thermal analysis to understand their behavior when 3 

undergoing a thermal cycle. The results obtained from this characterization are found in [15]. A 4 

reference clay-based material, used by the ceramic industry in Bailén (Jaén, Southern Spain) to 5 

manufacture structural ceramics, has been coded as R and is described in [42]. 6 

 7 

Table 1: Chemical and mineralogical composition of clay-based reference material (R) and 8 

waste selected as raw materials  9 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5 Cr2O3 SO3 LOI 

EAF-SS 33,0 9,7 0,9 7,2 39,8 0,1 0,4 1,4 1,1 0,1 2.8 0.3 2.6 

BCA 47,3 23,2 8,4 2,3 3,8 1,2 1,8 0,1 1,3 1,1 - 2.6 5.7 

FCA 50,8 22,8 11,5 1,2 2,7 1,1 2,3 0,1 1,1 0,3 - 1.3 4.7 

DO 36,1 2,4 0,9 16,2 3,1 0,1 0,6 0,1 0,1 0,2 - 0.1 40.0 

R 54.2 12.4 4.6 2.2 9.7 1.0 3.2 0.1 0.5 0.1 - 0.7 11.9 

*LOI: Loss on ignition 

 Q M H A Me C D B Phy A/V 

EAF-SS 10 - - 25 35 10 - - - 20 

BCA 17 17 5 - - - - 5 - 55 

FCA 25 15 10 - - - - - - 50 

DO 5 - - - - 5-10 - - - * 

R 37 - - - - 15 6 - 42 - 
 

Q: Quartz; M: Mullite; H: Hematite; A: Akermanite; Me; Merwinite; C: Calcite; D: Dolomie; 
B: Basanita; Phy: Phyllosilicates and A/V: Amorphous/Vitreous and Tr: Traces (1-3 %). 
* It has not been possible to quantify the amount of amorphous phase. although there is a 
substantial amount 
 10 

 11 

2.2. Materials Formulation  12 

The phase equilibrium ternary diagram SiO2-Al2O3-CaO [7] has been used with the objective of 13 

formulating materials whose chemical composition is located in the same area as the traditional 14 
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clay-based ceramic material, R, namely in the anortite (CAS2) primary field, as shown in Figure 1 

1.  2 

 3 
Figure 1: Reference region in the SiO2-Al2O3-CaO diagram for the formulation of waste 4 

based compositions 5 
 6 

Phase equilibrium diagrams display stable phases according to thermodynamic of pure reactive 7 

components in the system. However, actual stability of phases depends on raw materials 8 

reactiveness, reaction kinetic and the presence of minor components or impurities modifying the 9 

course of transformation reactions during the thermal treatment. From this fact, and in order to 10 

consider a wider area for formulating the materials, a series of chemical compositions defining 11 

the vertices of a formulation region have been calculated (Fig. 1). The different chemical 12 

compositions are defined below: 13 

• Chemical composition: It is defined as the percentage by weight of the proportions of SiO2, 14 

Al2O3 and CaO quantified in the chemical composition and recalculated to 100%. 15 

• Reactive Chemical Composition without Quartz: It is defined as the percentage by weight of 16 

the previous proportions, restated to 100%, but in which the chemical quantification of SiO2 17 

has been corrected by subtracting the quartz percentage from the mineralogical composition 18 
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in Table 1 (in ceramic materials quartz remains inert, without reacting, until approximately 1 

1100 ºC). 2 

• Simplified Chemical Composition: It is defined as the percentage by weight of the 3 

proportions of SiO2, Al2O3 and CaO quantified in the chemical composition (and corrected to 4 

100%) but also associating these components with the minor compounds according to their 5 

physicochemical characteristics. Thus, glass-forming compounds (MgO, K2O and Na2O) 6 

have been associated with CaO. Also Fe2O3 has been related to CaO, since Fe replaces Ca in 7 

the compounds formed in this system. Minor components have not been considered as well 8 

as those that are in equivalent proportions in all materials (TiO2, P2O5 and MnO). 9 

• Simplified Reactive Chemical Composition without Quartz: It is defined as the combination 10 

of the above mentioned compositions without reactive quartz and the simplified one. 11 

Besides presenting a chemical composition similar to that of traditional ceramic materials, it is 12 

intended to obtain two different technological behaviours. On the one hand, a porous refractory 13 

material in which calcium crystalline phases have been developed, and on the other hand, a 14 

porous material but with a greater melting capacity. Therefore, the specific criteria followed to 15 

formulate each waste mixture are detailed below: 16 

• Material C: It contains Ca-bearing waste such as steel slag, EEA-SS, and coal bottom ash, 17 

BCA. It is expected that calcium crystalline phases are developed, thus this material yield a 18 

high porosity, with an acceptable mechanical strength. [43] 19 

• Material D: Apart from coal fly ash, FCA, its formulation includes the oil diatomaceous-20 

earth, DO, with a significant amount of amorphous silica promoting melting capacity and a 21 

more vitreous microstructure [40]. Consequently, this material display lower porosity than 22 

material C and a higher mechanical strength. 23 

 24 

2.3. Processing and Characterization Methods 25 

The waste-mixtures were shaped by pressing as described in [15] and then the resulting pieces 26 

were sintered in an electric chamber kiln (CBN-50, Kittec CB, Germany) for 3 hours at the 27 

maximum temperature, in this case 1000 ºC, 1050 ºC and 1100 ºC. On the fired specimens, 28 
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microstructural characterization was carried out to determine the porosity and the mineralogical 1 

phases formed during the thermal treatment. Likewise, the main technological properties were 2 

determined in order to know if the final characteristics obtained correspond to the formulation 3 

expectations and make these materials technically viable. 4 

The microstructural characterization consisted in determining the microstructure developed by 5 

the materials at different sintering temperatures by combining the mercury intrusion 6 

porosimetry technique (Autopore IV 9500, Micromeritics, USA) to determine the pore size 7 

distribution in the 0.005-360 µm equivalent diameter range, with observations by SEM-EDX 8 

microscopy (JSM-6010 LA, Jeol, Japan) to assess the shape, size and distribution of pores and 9 

phases throughout the sample. 10 

For the identification and quantification of the crystalline phases developed in the sintered 11 

materials, the quantitative mineralogical analysis was carried out on a PANalytical XPert PRO 12 

MPD diffractometer (Holland) with CuKα1 radiation. The tube worked at 45 kV and 40 mA and 13 

the measurements were made from 5º to 70º (2θ) for 2 h. Rietveld refinement method was used 14 

to quantify the contribution (% by weight) of each crystalline phase by means of the software 15 

PANalytical High Score Plus (HSP). Furthermore, in order to study the percentage of 16 

amorphous material, a second diffractogram of each material was obtained by mixing the 17 

samples with an alumina standard and performing the test under similar conditions but for a 18 

longer time (5 h).  19 

Regarding the technological properties, the main parameters that have been determined were the 20 

bulk density, relying on the Archimedes principle, the water absorption capacity according to 21 

the UNE-EN ISO 10545-3 standard and the 3 point bending strength (CM-C, Hoytom, Spain) 22 

carried out with 60 mm span and a displacement rate of 5 mm/min. In addition, the thermal 23 

conductivity of the materials was determined by an adaptation of the hot-wire technique (THB-24 

1, Linseis, Germany), based on the EN 993-15 standard. Finally, the determination of absolute 25 

density was conducted by helium pycnometry (AccuPyc II 1340, Micromeritics, USA). 26 

Reported results for the apparent density and water absorption tests corresponded to the average 27 

value of three determinations, while six determinations were considered in the case of the 28 
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flexural strength and the thermal conductivity. The standard deviation was assumed as the error 1 

of the measurements. 2 

 3 

3. Results and Discussion 4 

 5 

3.1. Formulation of Mixtures 6 

Based upon the chemical composition of the wastes used as raw materials and with the final 7 

objective of obtaining waste-based amterials that present a chemical composition similar to that 8 

of R, reference ceramic construction material, Materials C and D have been formulated in order 9 

to be located within the primary field of anortite (CAS2) in the ternary diagram of phase 10 

equilibrium SiO2-Al2O3-CaO [7], as described in Section 2.2. Hence, for material C it is 11 

proposed a mixing formulation formed by 35 wt% of EAF- SS, and 65 wt% of BCA, while the 12 

material D is made up of 80 wt% of FCA plus 20 wt% of DO. Table 2 shows the chemical 13 

composition of the waste-based materials C and D, together with the chemical composition of 14 

the reference material R.  15 

 16 

Table 2: Chemical composition of formulated materials (C and D) and reference clay 17 

material (R) 18 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5 Cr2O3 SO3 LOI 

C 42.3 18.5 5.8 4.0 16.4 0.8 1.3 0.6 1.2 0.8 1.0 1.8 4.6 

D 47.9 18.7 9.4 4.2 2.8 0.9 2.0 0.1 0.9 0.3 - 1.1 11.8 

*LOI: Loss on ignition 

 19 

Once the chemical composition of materials C and D has been determined, the simplified 20 

chemical composition, the quartz-free reactive chemical composition and the quartz-free 21 

simplified reactive chemical composition are calculated so that they can be represented in the 22 

ternary phase equilibrium diagram SiO2-Al2O3-CaO, thus obtaining the formulation region for 23 

obtaining the desired materials. Table 3 shows the different chemical compositions used to 24 
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obtain the region of formulation within the SiO2-Al2O3-CaO ternary phase equilibrium diagram, 1 

which are depicted in Figure 2. 2 

 3 

Table 3: SiO2, Al2O3 and CaO (wt. %) corresponding to the points forming the 4 

formulation region of C and D materials in the ternary diagram. R compositions are also 5 

included. 6 

 C Mixture D Mixture R Mixture 

 SiO2 Al2O3 CaO SiO2 Al2O3 CaO SiO2 Al2O3 CaO 

Chemical Composition 54.8 23.9 21.3 69.0 27.0 4.0 71.0 16.3 12.7 

Quartz-free 44.0 29.7 26.3 55.5 38.7 5.7 43.8 31.6 24.7 

Quartz-free and 
Simplified 36.7 24.7 38.6 41.5 28.6 29.9 34.1 24.6 41.3 

Simplified 47.2 20.6 32.2 55.9 21.6 22.6 62.0 14.2 23.8 

 7 

 8 

Figure 2: Representations of R, C and D materials in the SiO2-Al2O3-CaO diagram 9 
 10 
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Additionally, the proposed waste-based materials formulations have also taken into 1 

consideration the waste mineralogical composition and they are expected to develop different 2 

sintering and technological behavior. In particular, material C formulation has aimed to 3 

optimize the proportion of SiO2, Al2O3, and CaO so as to obtain a final ceramic material with 4 

abundant calcium crystalline phases such as anorthite, ghelenite and wollastinite (CAS2, C2AS 5 

and CS respectively, Figure 2, which may provide mechanical resistance and thermal insulation 6 

capacity at the expense of medium-high porosity. Thus, the chemical composition that most 7 

closely approximates the expected behavior is the simplified one, as it is located close to the 8 

eutectic point (1265ºC). 9 

For its part, the mixture D formulation has intended to develop a material similar to C but with a 10 

lower content CaO, and a higher melting capacity, which would be provided by the greater 11 

amounts of amorphous SiO2, Fe2O3, and K2O (Table 1). As the CaO proportion decreases, the 12 

formulation region moves to the right of the ternary diagram towards the primary field of the 13 

mullite (Figure 2). This material is expected to be less porous than material C, so it would 14 

exhibit a higher mechanical strength and lower thermal insulation capacity. Again, the 15 

simplified chemical composition reflects the most this expected behavior. 16 

 17 

3.2. Fired Materials Characterization 18 

 19 

3.2.1. Mineralogical Characterization 20 

 21 

From the mineralogical composition shown in Table 4, it can be said that material C has a 22 

greater quantity of crystalline phases than material D, such that, this is, therefore, the material 23 

with the highest volume of amorphous and/or non-diffracting material. This fact is in agreement 24 

with the formulation of the materials, as material C was designed to develop crystalline phases, 25 

while material D was designed to have a greater melting capacity and therefore a greater amount 26 

of vitro/amorphous material was developed. In this respect, it should be noted that the 27 

amorphous material present in the samples includes both the glass resulting from the formation 28 
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of liquid at high temperature and the original crystalline phases that have lost crystallinity 1 

during heat treatment without reacting. 2 

 3 

Table 4: Quantification (%) of the crystalline phases and vitreous/amorphous phases in 4 

the C and D materials at different sintering temperatures 5 

 C Material D Material 

 1000ºC 1050ºC 1100ºC 1000ºC 1050ºC 1100ºC 

Quartz 7.0 6.8 4.3 13.0 12.9 12.9 

Hematites 4.8 4.1 2.2 6.2 7.8 9.2 

Sillimanite - - - 2.9 3.0 2.9 

Mullite 6.4 3.7 2.7 7.5 7.5 7.3 

Diopside - - - 2.5 2.3 2.0 

Albite - - - 6.0 9.0 10.9 

Dolomite - - - 1.3 1.5 1.6 

Anortite 19.6 21.7 28.5 - - - 

Gehlenite 11.3 11.5 11.5 - - - 

Wollastonite 4.8 4.6 6.3 - - - 

Akermanite 2.7 2.4 1.6 - - - 

Magnesioferrite 0.5 1.0 1.3 - - - 

Vitreous/Amorphous 42.8 44.2 41.6 60.5 56.1 53.2 

 6 

If the evolution of the crystalline phases with the sintering temperature is analyzed, it is 7 

observed that there are no significant differences in the amount of gehlenite in material C, and 8 

of quartz, silimanite, mullite, dolomite and diopside in material D. The presence of 9 

undecomposed dolomite above 900 ºC may be feasible due to the conditions under which the 10 

thermal treatments were carried out. If during the heat treatment, the furnace atmosphere 11 

contains more than 25% CO2, the carbonate decomposition reaction is inhibited [44]. This could 12 

be the case, since sintering was carried out at the same time and at the same temperatures for 13 

materials C and D, and both experience combustion of organic matter between 200 ºC and 850 14 

ºC, as reflected in [15]. 15 
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On the contrary, there are other phases that increase their content considerably in material C, 1 

such as anorthite, which rises from 19.6 wt% at 1000 ºC to 28.5 wt% at 1100 ºC, and 2 

wollastonite, whose proportion is 4.8 wt% at 1000ºC and 6.3 wt% at 1100 ºC. Hematite and 3 

albite experience a similar increase in material D, such that the former has a percentage of 6.2 4 

wt% at 1000 ºC and 9.0 wt% at 1100ºC, while albite changes from 6.0 wt% at 1000 ºC to 10.9 5 

wt% at 1100 ºC. By contrast, other phases, like quartz, hematite, akermanite and mullite are 6 

undermined, with reductions of 2.7 %, 2.6 %, 1.1 % and 3.7 % in material C, respectively when 7 

the temperature is increased from 1000 ºC to 1100 ºC. No significant disappearance of mineral 8 

phases is observed in material D. 9 

However, not all quantified crystalline phases have been developed during thermal sintering 10 

treatments, since akermanite in material C, dolomite in material D and quartz, hematite and 11 

mullite in both materials, were originally present in the waste used as raw material [9]. The 12 

crystalline phases that have been developed in material C, are anortite, gehlenite, 13 

magnesioferrite and wollastonite, while in material D, are silimanite, diopside and albite. Both 14 

the anortite, the gehlenite and the wollastonite in the material C, as the diopside and the albite in 15 

the material D, are crystalline calcium phases, so the objective of obtaining these phases by 16 

mixing the residues and using the ternary diagram of phase equilibrium SiO2-Al2O3-CaO has 17 

been achieved. 18 

 19 

3.2.2. Microstructural Characterization 20 

Figure 3 shows a series of micrographs corresponding to the sintered C material at 1000 ºC, 21 

1050 ºC and 1100 ºC. These micrographs are characterized by a series of grains and/or particles 22 

embedded within the ceramic matrix. The porosity of these materials can be observed in the 23 

ceramic matrix, which is characterized for being open and highly interconnected at 1000 ºC, 24 

reducing the interconnection of the pores as the sintering temperature increases, without 25 

apparently varying in volume. The grains correspond to the crystalline phases present in the 26 

material (Table 4), whose origin is in the original waste used as raw material or their 27 

development during the heating treatments. In addition, microanalyses carried out on different 28 
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grains show a chemical composition that coincides with the mineralogical phases determined by 1 

the Rietveld methodology.  As the sintering temperature increases, the grain size decreases to 2 

become part of the glass phase or to form new crystalline structures of smaller size. 3 

 4 

 5 

Figure 3: SEM micrographs of C material at three sintering temperatures. Left at x200 6 
and right at x500 magnification and EDX microanalysis 7 

 8 

Figure 4 shows a series of micrographs corresponding to material D sintered at 1000 °C, 1050 9 

°C and 1100 °C. The grains present in the microstructure of material D are totally different from 10 

those of material C, such that the former have grains that are much more rounded and smaller 11 

than those from material C. In addition, there is a granular structure with a high internal porosity 12 

and many spherical white bodies, which may be attributed to the oil diatomaceous earths and 13 

the hematite of fly ash respectively, both used as raw materials for the manufacture of this 14 

material. In the ceramic matrix (Figure 4), the porosity of these materials can be observed, 15 

characterized by a certain amount of closed porosity and a higher amount of open and 16 

interconnected porosity at 1000 ºC, which decreases significantly as the sintering temperature 17 

increases and the internal porosity of the grains that originate in diatomaceous earth remains 18 
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stable. The microanalyses performed on the grains present in material D (Figure 4) are in 1 

accordance with the mineralogical phases developed (Table 4). 2 

 3 

 4 

Figure 4: SEM micrographs of D material at three sintering temperatures. Left at x200 5 
and right at x500 magnification and EDX microanalysis 6 

 7 

Figure 5 shows the distribution and pore size graphs of the materials C and D sintered at 1000 8 

ºC, 1050 ºC and 1100 ºC. As can be seen in the graphs, both materials have a bimodal pore 9 

distribution, i.e. they have two different pore sizes embracing between 80 % and 90 % of the 10 

porosity, regardless of the sintering temperature. In material C, the predominant pore sizes are 11 

~3 µm and ~6.5 µm, while in material D they are ~4 µm and ~7 µm. In addition, although the 12 

amplitude of the joint distribution is greater in material C than in D, the distribution peaks are 13 

more intense in material D than in C, which implies a greater amount of pore with the same 14 

size. The remaining porosity is divided into a porosity with a pore size greater than 15 µm, 15 

being this porosity similar in both materials, and a porosity with a pore size smaller than 0.5 µm. 16 

In this porosity range, material C has a much smaller number of pores than material D, Table 5. 17 

 18 
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 1 

Figure 5: Pore size distribution of C and D material at three sintering temperatures. a) 2 
Intrusion and b) cumulative 3 

 4 

 5 

Table 5: Porosity intervals, Main Pore Size and Open Porosity of C and D materials at 6 

three sintering temperatures 7 

Porosity Intervals 

C Material D Material 

1000ºC 1050ºC 1100ºC 1000ºC 1050ºC 1100ºC 

% T* % T* % T* % T* % T* % T* 

< 0.5 µm 5 - 5 - 2 - 12 - 7 - 2 - 

0.5 < x < 5 µm 72 2.5 59 2.5 46 3.8 40 3.9 46 3.9 46 3.8 

5 < x < 15 µm 18 6.0 31 6.1 47 6.9 40 6.3 42 6.2 47 7.3 

> 15 µm 5 - 5 - 5 - 8 - 5 - 5 - 

Open Porosity (%) 28.7 29.3 30.3 34.5 30.0 26.4 

T*: Pore size that has the highest intrusion volume, being the pore size more repeated 

 8 
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When the sintering temperature increases from 1000 ºC to 1100 ºC, those pores below 0.5 µm 1 

disappear due to the formation of the liquid phase that fills the pores . This process takes place 2 

on a larger scale in material D due to its greater melting capacity, going from a 12 % of pores 3 

less than 0.5 µm at 1000 ºC to 2 % at 1100 ºC in material D and from 5 % to 2 % when the 4 

temperature is increased to 1100 ºC in material C. However, the porosity above 15 µm remains 5 

constant in both materials when the sintering temperature is modified (Table 5). 6 

In the porosity range between 0.5 µm and 5 µm, the behavior of both materials with the 7 

sintering temperature is the opposite. In material C, porosity in this pore size range decreases 8 

with increasing sintering temperature from 72 % at 1000 °C to 46 % at 1100 °C, resulting in an 9 

increase in pore size from 2.5 µm to 3.8 µm. However, in material D, there is an increase in 10 

porosity with the sintering temperature, from 40 % to 46 % as the temperature rises from 1000 11 

°C to 1050 °C, maintaining a constant pore size of ~3.9 µm (Table 5). 12 

In the porosity range between 5 µm and 15 µm, material D behaves in the same way as the 13 

previous range, except that its pore size increases from 6.3 µm to 7.3 µm as the temperature 14 

increases from 1000 °C to 1100 °C. However, in material C there is a significant increase in 15 

porosity in this range of pore-size, from 18 % at 1000 ºC to 47 % at 1100 ºC, accompanied by 16 

an increase in pore size, Table 5. 17 

The porosity behaviour reflected in material C is characteristic of ceramic materials with 18 

crystalline calcium phases formation, as these produce an increase in pore size without a 19 

significant variation in total pore volume [43]. This is in accordance with the crystalline calcium 20 

phases developed in this material, such as wollastonite, gehlenite and anorthite, as shown by the 21 

mineralogical composition developed by the sintered C material (Table 4). 22 

In addition to the pore size and distribution, the mercury intrusion porosimetry allows to 23 

determine the open porosity of the analyzed materials. Table 5 shows the open porosity values 24 

of sintered C and D materials at 1000 °C, 1050 °C and 1100 °C. According to these data, 25 

material C has a practically constant porosity when the sintering temperature is varied, with a 26 

minimum value of 28.7 % at 1000 ºC and a maximum value of 30.3 % at 1100 ºC, in 27 

accordance with the microstructure shown in Figure 3. However, material D experiences a 28 
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decrease in its open porosity values, which is directly proportional to the increase in sintering 1 

temperature, from a value of 34.5 % at 1000 ºC to 26.4% at 1100ºC, which is characteristic of 2 

materials with high melting capacity (Figure 4). 3 

 4 

3.3.  Technological Properties 5 

The results obtained from the technological characterization of the sintered materials are shown 6 

in Table 6.  7 

 8 

Table 6: Technological properties of C and D materials at three sintering temperatures 9 

 Density 
(g/cm3) 

Water  
Absorption 

(%) 

Bending 
Strenght 
(kg/cm2) 

Thermal 
Conductivity 

(W/mK) 

C 

1000ºC 1.87 ± 0.01 17.8 ± 0.1 85 ± 3 0.67 ± 0.02 

1050ºC 1.85 ± 0.01 18.9 ± 0.3 96 ± 8 0.68 ± 0.02 

1100ºC 1.83 ± 0.01 19.6 ± 0.4 159 ± 10 0.70 ± 0.02 

D 

1000ºC 1.57 ± 0.01 24.2 ± 0.3 74 ± 5 0.40 ± 0.02 

1050ºC 1.69 ± 0.01 20.1 ± 0.1 131 ± 3 0.51 ± 0.03 

1100ºC 1.86 ± 0.01 15.1 ± 0.3 147 ± 7 0.63 ± 0.03 

 10 

As can be observed in Table 6, the apparent density value decreases with increasing the 11 

temperature from 1.87 g/cm3 at 1000 ºC to 1.83 g/cm3 at 1100 ºC in material C, while it 12 

increases from 1.57 g/cm3 to 1000 ºC to 1.86 g/cm3 to 1100 ºC in material D, so the variation in 13 

density of material C is significantly less than that shown in material D, being these variations 14 

of 2.1 % and 18.5 % for materials C and D respectively with respect to the density value at 1000 15 

ºC.  16 

The behavior shown in material C is characteristic of refractory materials which maintain a 17 

dimensional stability with temperature variations without modifying their dimensions [45] and 18 

their density. On the other hand, the significant variation in density with the sintering 19 

temperature shown in material D is due to its high melting capacity, which causes a significant 20 
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contraction or reduction in volume when the temperature increases from 1000 ºC to 1100 ºC, 1 

with values of 1.57 g/cm3 and 1.86 g/cm3, respectively. 2 

In addition, the density variations in both materials with sintering temperature are opposite, 3 

since while the density of material C decreases with higher temperatures, the density of material 4 

D increases. These density variations are directly proportional to the porosity differences (Table 5 

6) that materials experience with the temperature, since an enhancement of the porosity of 6 

material C from 2.1 % to 3.5 % when the temperature increases from 1050 ºC to 1100 ºC, 7 

respectively, corresponds to a decrease in the density of 1.0 % and 1.1 %, respectively. 8 

Conversely, for material D, a decrease in porosity of 13.1 % and 12.0 % results in an increase in 9 

density of 7.7 % and 10.1 %, respectively. 10 

Furthermore, the water absorption values show the opposite trend to apparent density, as the 11 

value of the water absorption capacity increases with the sintering temperature from 17.8 % at 12 

1000°C to 19.6 % at 1100 °C in material C, while it drops from 24.2 % at 1000 °C to 15.1 % at 13 

1100 °C in material D, so that the variation in the water absorption of material C is significantly 14 

less than that shown by material D. The behavior of this technological parameter is directly 15 

related to the porosity of the materials, so that if the development of material C is fostered with 16 

the sintering temperature (Table 5), there is an associated increase in the water absorption 17 

capacity. Similarly, a decrease in the porosity of material D results in a reduction of the water 18 

absorption. 19 

However, the mechanical resistance is improved with the sintering temperature, since it changes 20 

from 85 kg/cm2 and 74 kg/cm2 at 1000 ºC to 159 kg/cm2 and 147 kg/cm2 at 1100 ºC for 21 

materials C and D, respectively (similar behavior in both materials). Nonetheless, this effect is 22 

opposite to the apparent density evolution of material C, because while the increase in density in 23 

material D increases its resistance, while the enhancement of mechanical strength is linked to 24 

lower density values in material C. This is due to the fact that the increase in resistance in 25 

material D is associated with the decrease in porosity produced by the formation of the molten 26 

phase that fills the pores and increases the density of the material. However, in material C, as 27 

there is no decrease in porosity, the increase in resistance is caused by the formation, during 28 
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heat treatment, of crystalline phases, such as anorthite, whose concentration raised 10.7 % at 1 

1050 ºC with respect to its value at 1000 ºC and 31.3 % at 1100 ºC with respect to 1050 ºC. 2 

These crystalline phases’ gain is associated with an increase of the mechanical strength of 12.9 3 

% at 1050 ºC and 65.6 % at 1100 ºC. 4 

As shown in the Thermal Conductivity data shown in Table 6, the conductivity values grow 5 

with the sintering temperature from 0.67 W/mK and 0.40 W/mK at 1000°C to 0.70 W/mK and 6 

0.63 W/mK at 1100 °C for materials C and D, respectively. The behavior described by this 7 

property in material D is logical, since as the material densifies with the sintering temperature 8 

and the thermal conductivity, its porosity diminishes (Table 5). This is due to the fact that by 9 

decreasing the porosity, the continuity of the solid phase of the material increases, as shown by 10 

the microstructures in Figure 4, favoring the mechanisms of heat transmission by conduction. 11 

However, in material C, as the sintering temperature turns higher, the thermal conductivity is 12 

also augmented, as happened with material D (Table 6), albeit its apparent density values 13 

decrease and the open porosity ones increase. However, these variations in the values of 14 

apparent density, open porosity and thermal conductivity in material C are very small and it 15 

could be considered almost constant. 16 

Anyway, to explain this behavior of the thermal conductivity with respect to the sintering 17 

temperature in material C, it is necessary to use other factors, since porosity alone does not 18 

explain it. It could be related to the refractory nature of this material and the structural 19 

modifications that the material undergoes as the crystalline calcium phases are developed. 20 

Figure 6 shows the linear relationship between the open porosity of the sintered materials and 21 

their thermal conductivity values. 22 
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 1 
Figure 6: Relationship between thermal conductivity and open porosity 2 

  3 

Besides that, the open porosity increases with the development of the crystalline calcium 4 

phases, as shown by the data shown in Table 5, resulting in an increase in size from 2.5 µm to 5 

3.8 µm and from 6.0 µm to 6.9 µm in the porosity ranges between 0.5 µm-5 µm and 5 µm-15 6 

µm for sintering temperatures of 1000 ºC and 1100 ºC, respectively. This causes the pore 7 

specific surface to decrease and the continuity of the solid phase to increase, as shown by the 8 

microstructure of material C (Figure 3). If we add to this fact an increase in the skeletal density 9 

of the materials (Table 7), considered as the density of the solid fraction of the material, it can 10 

be understood that the thermal conductivity of material C becomes higher when the sintering 11 

temperature increases. 12 

 13 

Table 7: Skeletal density values obtained by helium picnometry 14 

 C Material D Material 

 1000ºC 1050ºC 1100ºC 1000ºC 1050ºC 1100ºC 

Skeletal Density (g/cm3) 2.862 2.881 2.897 2.745 2.746 2.742 

 15 

 16 

 17 

 18 
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4. Conclusions 1 

 2 

The industrial waste used in this work, electric arc furnace stainless steel ashes, fly and bottom 3 

ash from coal power plants, and diatomaceous earth from the filtration of industrial oils can be 4 

used as raw materials for obtaining ceramic materials. This fact would reduce the environmental 5 

impact generated by the industrial sectors that produce these wastes and, in addition, it would be 6 

possible their valorization into raw materials for other production processes, like the 7 

manufacture of ceramic materials, thus reducing the consumption of natural resources. 8 

The original idea of formulating ceramic building materials by the use of resides as a raw 9 

material is feasible, since a correct consolidation and sinterization is achieved by different 10 

mechanisms as has been demonstrated in this work, either by the formation of crystalline 11 

phases, like in material C, or by the appearance of liquid phase (melting capacity) during the 12 

thermal treatments. 13 

In addition, the use of ternary equilibrium diagrams, a common formulation tool applied to 14 

conventional ceramics, is useful to design formulations of waste-based ceramic materials, since 15 

it is possible to arrange the most suitable compositions to the needs required according to the 16 

chemical composition and the target materials to be obtained, controlling the mineralogy of the 17 

raw materials. 18 

Thus, the design of the formulation of material C to develop calcium crystalline phases is 19 

significantly achieved by placing it within the primary field of the anorthite in the ternary 20 

equilibrium SiO2-Al2O3-CaO diagram, since the crystalline phases developed during the heat 21 

treatment, such as anortite, gehlenite or wollastonite, represent 63.3 wt%, 69.5 wt% and 81.5 22 

wt% of the total ones present in the material C when sintered at 1000 ºC, 1050 ºC and 1100 ºC, 23 

respectively. Moreover, in material D, there are not many crystalline phases developed during 24 

the thermal treatment, representing only 28.8%, 32.5% and 33.7 % at the abovementioned 25 

sintering temperatures, 1000 ºC, 1050 ºC and 1100 ºC, respectively, because of their reduced Ca 26 

content and the higher presence of amorphous silica. The main develop phases are silimanite, 27 

diopside and albite. 28 
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All materials manufactured from both compositions at different sintering temperatures are 1 

technically viable materials, since the final properties obtained have suitable values for use as 2 

building materials, with the exception of material D sintered at 1000 ºC, which has an 3 

acceptable bending strength but a high water absorption capacity value, according to its low 4 

bulk density. Depending on the technological properties, the optimum sintering temperature for 5 

both material C and D is 1100 ºC, temperature at which the highest bending mechanical strength 6 

results were obtained along with appropriate values of apparent density, water absorption 7 

capacity and thermal conductivity. 8 

 9 
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