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Abstract: 
 In the work, an analysis of the phase formation process proceeding in a quaternary 
red clay–low-melting cullet–iron oxide (Fe2O3)–WAS (waste activated sludge) system in 
treatment at 1000oC in air has been performed. It has been established that, in sintering of the 
mixtures, porous ceramics consisting of a glass phase alloyed with iron ions with inclusions 
of cristobalite, iron-containing silicates of complex composition, α-Fe2O3, and an 
insignificant amount of Fe3O4 forms. The porous glass ceramics meets the compressive 
strength requirements imposed on building bricks.  
Keywords: Red clay; Cullet; Fe2O3; Sintering; Glass ceramics. 
 
 
 
1. Introduction 
 
 Products manufactured from red clay, in particular bricks, are extensively used in the 
construction industry throughout the world for many centuries. This is why, in many regions 
of the world, there currently exists shortage of natural raw materials (plastic clay) of 
necessary quality for the manufacture of conventional building bricks. In this connection, 
ceramic production engineers faced the problem of replacement a part of clay by 
anthropogenic wastes. Note that this problem is connected with the problem of reclamation of 
wastes contaminating the environment. In the first step, the introduction of solid wastes into 
clay was considered [1–10], and, subsequently, as additives, particularly, pore-forming 
agents, biowastes were introduced [11–13]. It should be noted that the brick production is 
power-intensive [14,15]. This is why to decrease the sintering temperature and sintering time, 
it was proposed to introduce low-fusing agents in the form of feldspars, low-melting glass 
wastes [12,13], iron-rich glasses, or iron oxide additives into initial clay [16–22]. 
 In [13], it was established that, on the basis of red clay–low-melting cullet–waste 
activated sludge (WAS) mixtures, it is possible to obtain bricks products of different porosity 
with good strength properties. In view of the important role of iron additives in the formation 
of operational properties of brick products, the aim of the present work is to investigate the 
influence of iron oxide (Fe2O3) additives on the phase formation process in sintering of the 
indicated mixtures in air, to determine properties, and establish the fields of application of the 
synthesized material.  
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2. Materials and Experimental Procedures 
 
Tab. I Composition of mixtures used for preparation of blanks (wt%). 

N 
specimen 

Composition as two double 
mixtures 

Composition in the form of a general mixture 

I 
 
 

II 
 
 
 

III 

(80% clay + 20% glass) + 
(40% WAS + 60% Fe2O3) 
 
(80% clay + 20%glass) + 
(50% WAS + 50% Fe2O3) 
 
(80% clay + 40% glass) + 
(20% WAS + 40% Fe2O3) 

40% clay + 10% glass + 20% WAS + 30% Fe2O3 
 
 
40% clay + 10% glass + 25% WAS + 25% Fe2O3 
 
 
40% clay + 10% glass + 30% WAS + 20% Fe2O3 

 
IV 

 
 

V 
 
 

VI 
 

(60% clay + 40% glass) + 
(40% WAS + 60% Fe2O3) 
 
(60% clay + 40% glass) + 
(50% WAS + 50% Fe2O3) 
 
(60% clay + 40% glass) + 
(60% WAS + 40% Fe2O3) 

30% clay + 20% glass + 20% WAS + 30% Fe2O3 
 
 
30% clay + 20% glass + 25% WAS + 25% Fe2O3 

 

 
30% clay + 20% glass + 30% WAS + 20% Fe2O3 

VII 
 
 

VIII 
 
 

IX 

(50% clay + 50% glass) + 
(40% WAS + 60% Fe2O3) 
 
(50% clay + 50% glass) + 
(50% WAS + 50% Fe2O3) 
 
(50% clay + 50% glass) + 
(60% WAS + 40% Fe2O3) 

25% clay + 25% glass + 20% WAS + 30% Fe2O3 

 

 
25% clay + 25% glass + 25% WAS + 25% Fe2O3 

 

 
25% clay + 25% glass + 30% WAS + 20% Fe2O3 

 
 In the present work, bricks obtained from powdered red clay–milled glass (cullet)–
WAS–Fe2O3 mixtures were studied. In Table I, the compositions of mixtures are given in the 
following forms: (a) as a mixture of two compositions (red clay + milled glass) + (WAS + 
Fe2O3); (b) as an generalized mixture. The particle size of glass was 60 μm ≤ d ≤ 250 μm. 
Waste activated sludge (biowaste) containing water was used as a plasticizer for powder 
mixtures. In Table II, the chemical composition of the used materials is presented. Plastically 
molded laboratory briquettes with sizes 120×60×20 mm were burnt at a temperature of 
1000oC for 10 h in air.  
 
Tab. II Сhemical composition of used components.  

 
 For a better understanding of phase transformations proceeding in quadruple 
mixtures, individual components and binary mixtures were heat treated at Тtr of 800, 900, and 
1000oC for 1 and 10 h. 

Component Content, wt% 

 SiO2 Fe2O3 Al2O3 K2O CaO Na2O TiO2 P2O5 MgO MnO Σ 

Clay  97.30 1.13 0.81 0.34 0.16 - 0.13 0.05 0.04 0.01 0.13 

Glass 72.81 1.08 0.29 0.45 11.29 13.25 0.14 0.03 0.5 0.02 0.15 

WAS organic material:  80.20;    clay + sand:   19.80 
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 The synthesized products were investigated by X-ray diffraction (XRD) in Cu Kα 
radiation (a DRON-3M diffractometer). SEM and EDS measurements were carried out with a 
LEO 1450VP scanning electron microscope. Water absorption was determined by the 
following formula: W, % = 100 – [(P1 – P0)/P0]·100, where P0 is the initial weight of a 
specimen and P1 is the weight of the specimen after water absorption. The linear electric 
resistance was measured by the two-point method using a digital multimeter with a 
capacitance up to 200 MΩ. The electric resistivity (ρ) of specimens was calculated by the 
formula: 
 
𝜌𝜌 (Ω · m) = 𝑅𝑅𝑅𝑅

L
,  

 
where R(Ω) is the linear electric resistance; S(m2) is the cross-sectional area of specimens, and 
L(m) is the length of the specimens. Compression and fracture tests were performed by 
standard techniques [23]. 
 
 
3. Results and Discussion 
3.1 Characterization of initial materials 
 

 
 

Fig. 1. Fragments of diffraction patterns of used clay, Fe2O3, glass, and WAS in the initial 
state (a) and after treatment at 1000oC for 1 h (b). m is montmorillonite, c is cristobalite, f is 

feldspar, s is sillimanite, q is quartz, and sp is Al–Si–O spinel. 
 

 According to the XRD data (see Fig. 1a), the used clay contains montmorillonite, 
cristobalite, and feldspar. Glass is represented by an amorphous phase in the form of diffusion 
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halo. WAS is characterized by an amorphous phase with a small content of minerals, namely, 
clay and sand. Iron oxide corresponds to α-Fe2O3. After treatment at Ttr = 1000oC for ttr = 1 h 
(see Fig. 1b), red clay transforms into aluminosilicate ceramics (sillimanite) with impurities 
such as cristobalite and feldspar. The amorphous state of glass does not change. As a result of 
the pyrolysis of WAS and the burnt-out of the organic part in the form of CO/CO2↑, in the 
solid residue, components corresponding to red clay with sand additives (sillimanite, quartz, 
and feldspar) are recorded. 
 
3.2 Characterization of specimens from binary mixtures 
3.2.1. X-ray data 
 

 
 

Fig. 2. Fragments of diffraction patterns of specimens obtained from clay–glass (a), clay–
WAS (b), and clay–Fe2O3 (c) mixtures after treatment at 1000oC for 1 h (b). s is sillimanite,  

q is quartz, c is cristobalite, f is feldspar, sp is Al–Si–O spinel, o is Fe2O3. 
 

 The X-ray diffraction data of specimens obtained by temperature treatment of binary 
mixtures are shown in Fig. 2. In the heat-treated clay–Fe2O3 mixture (Fig. 2a), sillimanite, 
cristobalite, quartz, and iron oxide (α-Fe2O3) are recorded. The heat treatment of the clay–
WAS mixture (Fig. 2b) is accompanied by the formation of main phases such as quartz, 
sillimanite, and cristobalite. After heat treatment of the clay–glass mixture, feldspar, Al–Si–O 
spinel, and the glass phase are present along with sillimanite and quartz (Fig. 2c). In heating 
of the WAS–Fe2O3 mixture, a composition similar to that formed in treatment of the clay–
Fe2O3 mixture (Fig. 2d), but in this material, iron oxide dominates. It can be concluded that, 
during heat treatment of binary mixtures, main phase transformations occur due to the 
dehydration of clay. The exception is the clay–glass mixture. The appearance of a substantial 
amount of feldspar and spinel indicates that, in heating up to 1000oC, processes of interaction 
between the liquid glass phase and products of decomposition of the clay mineral occur, and, 
in cooling, spinel and feldspar crystallize.  
 A more detailed investigation of the WAS–Fe2O3 binary mixture shows (Fig. 3) that 
its temperature treatment in the range 800-1000oC is accompanied by a change in the intensity 
of peaks of α-Fe2O3 and the appearance of weak peaks of Fe3O4 and halo in specimens (Figs. 
3a,a',c,c’). These changes depend on the WAS content in the initial mixtures and, ultimately, 
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on the content of the formed products of thermodestruction of WAS, namely, carbon and 
CO/CO2. The formation of Fe3O4, which promotes the formation of the glass phase, may be 
the cause of formation of the amorphous phase (halo) in the specimens treated at 800 and 
1000oC [12–18]. Favorable reducing conditions of the transition Fe2O3→Fe3O4 can be the 
most probable cause of the absence of a halo in the specimens treated 900oC. In Figs. 3b, b’, it 
is seen that, precisely at this temperature, an increase in the Fe3O4 content (see the intensity of 
the peak at 2ϴ =57.63°) is noted. 
 

 
 

Fig. 3. Fragments of diffraction patterns (a–c) and intensity of peaks (a’–c’) for specimens 
obtained from WAS–Fe2O3 mixtures at Ttr = 800oC (a), Ttr= 900oC (b), and Ttr= 1000oC (c). 

ttr= 1h. In a’–c’: (1) for α-Fe2O3 (2ϴ = 33.16°); (2) for Fe3O4 (2ϴ =57.63°); (3) halo. 
 
3.2.2. SEM/EDS data. 
 
 The results of the EDS analysis indicate that, in heat treatment of the x% WAS+ y% 
Fe2O3 mixtures, powders and cakes containing Si, Al, Fe, O, and C (Fig. 4) form. In WAS, 
elements such as Si, Al, and С were present. From the comparison of the content of elements 
in the specimens (see data of tables shown in Fig. 4) it follows that the most favorable 
conditions of reduction of Fe2O3 are realized in treatment at 1000oC. With increase in the 
WAS content in the specimens, a large iron content and a small oxygen content are registered. 
From a comparison of the tabulated data presented in the right part of Fig. 4, it can be 
concluded that as the WAS content increases, the reduction process Fe2O3→Fe3O4→Fe is 
gradually intensified. This is caused by the increase in the content of C and CO in heat 
treatment. Judging from the microanalysis data, the formation of amorphous iron turns out to 
be the most probable cause of the appearance of the halo in the X-ray diffraction patterns (see 
Fig. 3c,c’). 
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Fig. 4. Distribution of elements in specimens obtained from x% WAS + y% Fe2O3 binary 
mixture (a) and contents of elements (b) according to EDS data of in the map regime. 

 
3.3 Characterization of specimens from quadruple mixtures  
3.3.1. X-ray data 
 

 
 

Fig. 5. Fragments of diffraction patterns of specimens obtained from quadruple mixtures at 
Tsint = 1000oC, tsint = 10 h. 
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 According to the XRD data, in the specimens sintered at 1000oC, intensive halo of an 
amorphous phase and a number of narrow peaks assigned to hematite (α-Fe2O3), cristobalite 
(SiO2), and silicates of complex composition are recorded [24,25] (see Fig. 5). Depending on 
the initial composition of the quadruple mixture and the ratio of the components, the 
intensities of the halo and narrow peaks (of the crystalline phases) change (Fig. 6). The 
interrelation between the change in the intensity of the halo and the change in the intensity of 
the peak of cristobalite, even its disappearance, and the formation of silicates of different type 
containing Ca, Mg, Al, and Fe indicate the development of the processes of interaction 
between the components in the sintering process. This is possible in the case of liquid-phase 
sintering, formation of eutectics, and subsequent precipitation of crystalline phases from 
eutectic melt in cooling [26,27]. Since the initial mixtures contain low-melting glass with 
Tmelting ~ 800oC, the processes of interaction of more refractory components must proceed 
precisely with the glass melt. As a result, glass of another composition must form, and new 
crystalline phases must precipitate in cooling. The change in the shape of the halo (of the 
glass phase) agrees with this assumption. 
 

 
 

Fig. 6. Change in the intensity of diffraction peaks and halo of specimens obtained from 
quadruple mixtures at Tsint = 1000oC, tsint = 10 h. (1) cristobalite (2ϴ = 21.48o); (2) complex 

silicate 1 (2ϴ = 27.80°); (3) complex silicate 2 (2ϴ = 30.10°); (4) hematite (2ϴ =33.16°); (5) 
halo. 

 
3.3.2. SEM/EDS data 
 
 The data of SEM investigations show that specimens have an irregular porous 
structure (see Figs. 7-9, scale 100 µm). The pore size has a wide range of variation from d ≤ 
0.5 µm up to d ≤ 100 µm. Nevertheless, it can be concluded that the number of pores, their 
size, shape, and distribution depend on the content of clay, glass, iron oxide, and WAS in the 
initial mixtures. For instance, the decomposition of the clay mineral is accompanied by its 
dehydration, dihydroxylation, and release of water vapor [28–31]. During burnt-out of WAS, 
CO/CO2 are evolved. Both these processes promote pore formation. At the same time, the 
formation of low-viscosity melt leads to the partial filling of interconnecting and open pores, 
thus reducing the porosity of the specimens. Precisely the combination of these processes 
(pore formation and filling of pores by melt) and the domination of one process over the other 
predetermine the porous structure of the material. The analysis of the micrographs shown in 
Figs. 7-9 (scale 10 µm) and XRD data enable us to establish that the sintered materials is a 
glass phase. At specimen’s destruction, large fragments and agglomerates of smaller particles 
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are formed. This is most clearly seen in Fig. 9, IX. According to the EDS analysis data (see 
Figs. 7a-9a, scale 10 µm, histograms on side b, and Tables III-V), these agglomerates contain 
much iron. But in large fragments (glass phase) the iron content is lower. The glass phase is 
represented by elements that enter into the compositions of both primary glass and clay. It can 
be concluded that the fracture of specimens occurs at the places of accumulation of iron oxide 
particles, which precipitate from melt in its cooling. The EDS analysis in the map regime 
(Fig. 10) showed the existence of some in homogeneity in the distribution of elements in the 
material of the specimen. For example, a slightly increased concentration of the elements Fe 
and O in the region of propagation of cracks was noticed. Small areas of concentration of the 
elements Si, Ca, Al, and C were also recorded. These data indicate the places of localization 
of silica, silicates of complex composition, and carbon in the glass phase.  
 

 
 

Fig. 7. Micrographs of fractures of (80 wt% clay + 20 wt% glass) + (x wt% WAS + y wt% 
Fe2O3) specimens (side a in Fig. 7) and results of local EDS analysis (side b in Fig. 7). 

 

 
 

Fig. 8. Micrographs of fractures of (60 wt% clay + 40 wt% glass) + (x wt% WAS + y wt% 
Fe2O3) specimens (side a in Fig. 8) and results of local EDS analysis (side b in Fig. 8). 
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Fig. 9. Micrographs of fractures of (50 wt% clay + 50 wt% glass) + (x wt% WAS + y wt% 
Fe2O3) specimens (side a in Fig. 9) and results of local EDS analysis (side b in Fig. 9). 

 

 
 
Fig. 10. Distribution of elements in a specimen obtained from (80 wt% clay + 20 wt% glass) 

+ (50 wt% WAS + 50 wt% Fe2O3) mixture. EDS in the map regime. 
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Tab. III Content of elements in local places of specimens (80 wt% clay + 20 wt% glass) +   
(x wt% WAS + y wt% Fe2O3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tab. IV Content of elements in local places of specimens (60wt% clay + 40 wt% glass) + (x 
wt% WAS + y wt% Fe2O3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I. (80% clay + 20% glass) + 
(40% WAS + 60% Fe2O3) 
 

II.(80% clay + 20% glass) + 
(50% WAS + 50% Fe2O3) 
 

III. (80% clay + 40% glass) + 
(20% WAS + 40% Fe2O3 

Local 
place 

Element Weight% Element Weight% Element Weight% 
O K 
Al K 
Si K 
Ca K 
Fe K 

 
 
 

Totals 

36.86 
3.43 
38.79 
5.22 
15.71 

 
 
 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

1.93 
45.11 
3.36 
2.99 
28.26 
3.39 
14.77 

 
100.00 

O K 
Al K 
Si K 
Ca K 
Fe K 

 
 
 

Totals 

61.03 
0.10 
0.99 

30.45 
7.42 

 
 
 

100.00 

1 

O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

47.08 
2.37 
2.23 
33.88 
3.16 
11.28 

 
100.00 

O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

31.98 
2.79 
2.13 
27.28 
2.29 
33.53 

 
100.00 

C K 
O K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

1.31 
45.03 
3.70 
7.58 

18.64 
23.75 

 
100.00 

2 

O K 
Al K 
Si K 
Ca K 
Fe K 

 
 
 

Totals 

28.21 
2.85 
33.39 
12.59 
22.96 

 
 
 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

3.98 
16.44 
1.39 
0.42 
6.10 
1.00 
70.48 

 
100.00 

  3 

IV.(60% clay + 40% glass) + 
(40% WAS + 60% Fe2O3) 

 

V.(60% clay + 40% glass) + 
(50% WAS + 50% Fe2O3) 
 

VI. (60% clay + 40% glass) + 
(60% WAS + 40% Fe2O3) 
 

Local 
place 

Element Weight% Element Weight% Element Weight% 
C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

4.90 
58.42 
0.06 
1.20 

28.17 
10.71 
1.54 

 
100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

6.44 
38.86 
3.17 
2.34 
29.45 
2.46 
17.27 

 
100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

6.87 
37.20 
0.81 
2.48 

43.89 
0.94 
3.00 

 
100.00 

1 

O K 
Si K 
Ca K 
Fe K 

 
 
 

Totals 

31.55 
40.28 
17.21 
10.95 

 
 
 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

Totals 

3.41 
36.44 
1.85 
1.51 
16.08 
3.89 
36.82 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

Totals 

7.16 
39.57 
0.06 
2.07 
3.62 

36.78 
10.74 
100.00 

2 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

2.62 
44.07 
0.92 
0.70 

33.33 
13.93 
4.44 

 
100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

3.47 
40.83 
2.20 
1.80 
24.72 
11.54 
15.44 

 
100.00 

  3 



V. González Molina et al.,/Science of Sintering, 54(2022)249-264 
___________________________________________________________________________ 

 

259 
 

Tab. V Content of elements at local places of specimens (50 wt% clay + 50 wt% glass) +  
(x wt% WAS + y wt% Fe2O3). 

 

 

 

 

 

 

 

 

 

 

 

 
Thus, the sintering of the quadruple compositions is accompanied by the formation of the 
amorphous material (glass) of complex composition [3] containing carbon, iron, Fe2O3 and 
SiO2 particles that crystallized from the melt, and silicates containing Ca, Mg, Al, and Fe. In 
other words, during sintering of quadruple clay–cullet–iron oxide–WAS mixtures, glass 
ceramics of complex composition forms. The final composition of the glass phase depends of 
the content of the components in the initial mixtures. The Fe2O3 and WAS additives play a 
particular role in the formation of the glass phase in the stage of preparation of mixtures. 
Transforming into carbon, WAS promotes the transitions of a part of ferric iron into ferrous 
iron in the glass melt, thus facilitating the accumulation of the liquid phase. As a result, the 
strength of the sintered sample must increase. 
 
3.3.3. Absorption properties of specimens 
 
 Since the synthesized glass ceramics has a porous structure (see Figs.7-9), which 
somewhat changes depending on the composition of the initial mixtures, the absorption 
properties also must change. The performed investigations on water absorption showed that 
with increase in the glass content in the initial mixtures at a constant content of WAS–Fe2O3, 
water absorption decreased (Fig. 11, I). This is due to the capability to fill pores by the liquid 
glass phase, namely, by the viscosity and amount of melt, and by the size of pores formed in 
synthesis. At the same time, water absorption of the specimens decreases at a constant clay–
glass content and a decreasing WAS content in the initial mixtures (Fig. 11, II) because the 
content of the pore-forming agent, i.e., WAS decreases (WAS + O2 → CO/CO2↑).  

VII. (50% clay + 50% glass) 
+ (40% WAS + 60% Fe2O3 

VIII. (50% clay + 50% glass) 
+ (50% WAS + 50% Fe2O3) 

IX. (50% clay + 50% glass) + 
(60% WAS + 40% Fe2O3) 
 

Local 
place 

Element Weight% Element Weight% Element Weight% 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
 

Totals 

47.58 
2.94 
2.12 
29.77 
4.75 
12.84 

 
 

100.00 

C K 
O K 
Na K 
Si K 
Ca K 
Fe K 

 
 

Totals 

0.04 
8.79 
0.07 
14.08 
39.32 
37.70 

 
 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

2.21 
43.23 
3.27 
0.69 
37.95 
11.76 
0.39 

 
100.00 

1 

O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
 

Totals 

48.31 
2.21 
3.52 
25.46 
3.96 
16.33 

 
 

100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

1.40 
30.74 
1.35 
2.84 
24.19 
6.48 
32.99 

 
100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

3.81 
18.99 
0.78 
0.56 
23.79 
5.01 
47.07 

 
100.00 

2 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

3.62 
29.89 
1.52 
0.70 
17.38 
3.93 
41.44 

 
100.00 

C K 
O K 
Na K 
Al K 
Si K 
Ca K 
Fe K 

 
Totals 

4.06 
23.89 
1.28 
3.68 
39.17 
6.80 
21.12 

 
100.00 

  3 
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Fig. 11. Change in the value of water absorption in synthesized specimens depending on the 

contents of glass (I) and WAS (II) in initial mixtures. 
 
3.3.4. Compressive strength of specimens 
 
 The compression tests of specimens showed (Fig. 12) that the value of Rcomp 
depended on the composition of the initial mixtures. For most specimens, the ultimate 
compressive strength either agrees with the standard value taken for building bricks (~100 
kg/cm2) or exceeds this value despite the high porosity of specimens (see Table VI, Figs. 6-9, 
11). The cause of the increased strength of specimens is the formation of iron-containing glass 
exhibiting increased strength [29,32]. 
 

 
 
Fig. 12. Change in the compressive strength of specimens depending on the contents of glass 

(I) and WAS (II) in initial mixtures. 
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Tab. VI Properties of bricks obtained from red clay with use of different additives.             
Tsint. = 1000ºC, tsint = 10 h. Sintering on air. 

Note: rc is red clay, g is glass 
 
3.3.5. Electrophysical properties of specimens 
 
 In the investigation of the electric conductivity of the ceramic specimens, it was 
established that they had resistive properties (Fig. 13). With decrease in the clay content and 
increase in the glass content in the initial mixture, ρ of the ceramics specimens decreases from 
~550·103 down to ~80·103 Ω·m (see Fig. 13, I and Table I). It can be expected that this is due 
to not only the formation of the iron-containing glass phase, but also to the presence of carbon 
and iron oxide inclusions in the glass phase. As it follows from Fig. 13, II, with decrease in 
the WAS content in the initial mixtures, ρ of the ceramic specimens increases. However, for 
the specimens obtained from the mixtures with a WAS content of 50 wt.%, a deviation from 
this regularity is noted (see Fig. 12, II, a,b). This is possibly caused by the formation of two 
different types of glasses, as evidenced by the change in the shape of the halo in the X-ray 
diffraction patterns (see Fig. 5 b,c) and by the change in the mechanism of electric conduction 
[33–35]. 
 

 
 

Fig. 13. Change in the resistive properties of specimens depending on the contents of clay (I) 
and WAS (II) in initial mixtures. 

 
 
4. Conclusion 
 
 Treatment of mixtures consisting of clay, low-melting cullet, iron oxide (Fe2O3), and 
WAS (waste activated sludge) at 1000oC in air is accompanied by the practically 
simultaneous course of the following processes: 

Mixture Type, wt% 
With use of water With use WAS With use of WAS + Fe2O3 

Fcomp., 
Kg/cm2 W, % Fcomp., 

Kg/cm2 W, % Fcomp., 
Kg/cm2 W, % 

Red clay (standard) 75 – 100 3 – 7     
80 rc – 20 g 79 5 75 12 110 – 190 30 – 7 
60 rc  - 40 g 110 4 98 6 115 – 198 20 – 5 
50 rc – 50 g 110 1 103 2 100 - 167 8 – 6 
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• the pyrolysis of WAS with the release of vaporous/gaseous products of 
thermodestruction and formation of low-ordered carbon;  

• the dehydration and dehydroxylation of clay with the release of water vapor;  
• the formation of a glass phase of new composition alloyed with Fe as a result of the 

interaction of the glass melt with iron oxide particles, products of decomposition of the 
clay mineral, and carbon; 

• the precipitation of silicates of complex composition, cristobalite, and Fe2O3 particles 
from eutectic melt; 

• the formed porous material is glass ceramics possessing high compressive strength at 
certain сlay/glass/WAS/Fe2O3 ratios of in the initial mixtures. 

  
Note, the combination of the mechanical and physical properties of the developed glass 
ceramics makes it possible to use it not only as brick products, sound- and heat-insulating 
fillers, but also as a material for immobilization of radioactive wastes. 

 
 
5. References 
 

1. C. M. F. Vieira, S. N. Monteiro, Matéria (Rio de Janeiro), 14(3) (2009). 
https://doi.org/10.1590/S1517-70762009000300002  

2. Lianyang Zhang, Construction and Building Materials, 47 (2013) 643. 
3. V. A. Mymrin, R. E. Catai, E. V. Zelinskaya, N. A. Tolmacheva, Applied Mechanics 

and Materials, 346 (2013) 15.  
4. E. Tiffo, A. Elimbi, J. D. Manga, A. B. Tchamba, Brazilian Journal of Science and 

Technology, 2 (4) (2015). https://doi.org/10.1186/s40552-015-0009-9 
5. S. P. Raut, R.V. Ralegaonkar, S.A. Mandavgane, Construction and Building Material, 

25 (2011) 4037.  
6. A. A. Shakir, A. A. Mohammed, International Journal of Advances in Applied 

Sciences (IJAAS), 2 (3) (2013) 145. 
7. N. Tangboriboon, S. Moonsri, A. Netthip, W. Sangwan, A. Sirivat, Science of 

Sintering, 51 (1) (2019) 1-13.  
8. M. V. Vasić, L. Pezo, V. Gupta, S. Chaudhary, Z. Radojević, Science of Sintering, 

53, 1 (2021) 37-53.  
9. M. V. Vasić, L. L. Pezo, J. D. Zdravković, M. Vrebalov, Z. Radojević, Science of 

Sintering, 50, 4 (2018) 487-500.  
10. Dang Wei, H.-Y. He, Science of Sintering, 51, 3 (2019) 285-294.  
11. M. Vlasova, I. Rosales, M. Kakazey, A. Parra Parra, R. Guardian, Waste of Water 

Purification, Sci. Sintering, 43, 1 (2011) 81-94.  
12. M. Vlasova, A. Parra Parra, P. A. Márquez Aguilar, A. Trujillo Estrada, V.  González 

Molina, M. Kakazey, T. Tomila, V. Gómez-Vidales, Waste Management, 71 (2018) 
320-333. 

13. M. Vlasova, P. A. Márquez Aguilar, V.  González Molina, A. Trujillo Estrada, M. 
Kakazey, Science of Sintering, 50 (3) (2018) 275-289.  

14. E. Allen, R. Hallon. Fundamental of residential construction (3rd edition), 672 pages. 
John Wiley & Sons, San Francisco, USA, 2011.       

15. R. Chudley, R. Greeno. Construction Technology (4thedition), 634 pages. Prentice 
Hill, New Jersey, USA, 2000.  

16. A. Karamanov, P. Pisciella, C. Cantalini, M. Pelino, Journal of American Ceramic 
Society, 83 (12) (2000) 3153-3157.  

17. P. Alizadeh, B. Eftekhari Yekta, Journal of the European Ceramic Society, 24(13) 
(2004) 3529-3533.  



V. González Molina et al.,/Science of Sintering, 54(2022)249-264 
___________________________________________________________________________ 

 

263 
 

18. Bin Li, Yong Ya Wang, Wen Qin Luo, Materials Science (MEDŽIAGOTYRA) 23 
(4) (2017) 356-361.  

19. R. K. Chinnam, A. A. Francis, J. Will, E. Bernardo, A. R. Boccaccini, Journal of 
Non-Crystalline Solids, 365 (2013) 63.  

20. Zhenying Liu, Wei Lian, Yin Liu, Jinbo Zhu, Changguo Xue, Zhongde Yang, Xin 
Lin, International Journal Applied Ceramic Techology, 18 (3) (2021) 1074-1081.  

21. A. K. Srivastava, R. Pyare, S. P. Singh, International Journal of Scientific and 
Engineering Research, 3 (2) (2012) 1-154.  

22. F. Baino, E. Fiume, M. Miola, F. Leone, B. Onida, F. Laviano, R. Gerbaldo, E. 
Verné, Materials, 11(1) (2018) 173.  

23. Standard test method for compressive (crushing) strength of fired whitewares 
materials. (2002) West Conshohocken, PA: ASTM International. ASTM C773-88. 

24. R.V. Alektorov, Research and development of a technology for processing titanium-
magnetite ores of the Kachkanar deposit with an increased content of titanium 
dioxide. Thesis Ph.D., 2020, Ekaterinburg, Russia.  

25. F. J. M. Rietmeijer, J. A. Nuth, A. Pun, Meteoritics and Planetary Science, 48 (10) 
(2013) 1823-1840.  

26. R. M. German,, Liquid Phase Sintering, 2014, 224 p. Springer-Verlag New York Inc. 
27. R. M. German, Pavan Suri, Seong Jin Park, Journal of Materials Science 44(1) (2008) 

1-39.  
28. P. P. Budnikov, A. S. Berezhnoy, I. A. Bulavin, G. P. Kalliga, G.V. Kukolev, D. N. 

Poluboyarinov, Technology of Ceramics and Refractories, State Publishing House of 
Literature on Construction and Architecture, Moscow, 1955. 

29. Von H. Salmang, Die physikalischen und chemischen Grundlagen der Keramik, 3. 
verb. Aufl. Berlin u. a., 1956. 

30. G. W. Brindley, G. Brown (eds). Crystal structures of clay minerals and their X-ray 
identification, Mineralogical Society, London,1980. 

31. Advances in Ceramics - Characterization, Raw Materials, Processing, Properties, 
Degradation and Heating. 2011. Ed. C. Sikalidis, Published by InTech Janeza Trdine 
9, 51000 Rijeka, Croatia. BN 978-953-307-504-4.  

32. 32. Sani Garba Durumin Iya1, Mohamad Zaky Noh, Siti Noraiza Ab Razak, 
Norazreen Sharip, Nur AzureenAlwi Kutty, International Journal of Nanoelectronics 
and Materials, 12 (2) (2019) 175. 

33. D. Moudir, S. Ikhaddalene, N. Kamel, A. Benmounah, F. Zibouche, Y. Mouheb, F. 
Aouchiche, Fresenius Environmental Bulletin, 25(4) (2016) 1051-1058.  

34. S. V. Stefanovsky, B. S. Nikonov, J. C. Marra, Glass Physics and Chemistry, 34(3) 
(2008) 292-299.  

35. S. V. Stefanovsky, K. M. Fox, J. C. Marra, A. A. Shiryaev, Y. V. Zubavichus (2012), 
Physics and Chemistry of Glasses: European Journal of Glass Science and 
Technology, Part B, 53(4) (2012) 158. 

 
 
Сажетак: У овом раду, анализирано је формирање фаза у кватернарном систему на 
температури од 1000oC у ваздуху. У синтерованим смешама је установљено да се 
порозне керамике састоје из стакласте фазе са јонима гвожђа и кристобалита, 
силиката које садрже гвожђе, α-Fe2O3, и малих количина Fe3O4. Порозне стакло 
керамике поседују тражене захтеве отпорности на притисак и могу се употребити 
као грађевински материјал. 
Кључне речи: црвена глина, WAS (отпадни муљ), Fe2O3, синтеровање, стакло 
керамика. 
 



V. González Molina et al.,/Science of Sintering, 54(2022)249-264 
___________________________________________________________________________ 

 

264 
 

© 2022 Authors. Published by association for ETRAN Society. This article is an open access 
article distributed under the terms and conditions of the Creative Commons — Attribution 4.0 
International license (https://creativecommons.org/licenses/by/4.0/).  
 

 
 
 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	/

