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Abstract. The work is devoted to the actual problem of creating high-strength ceramic materials based on 
technogenic waste. This problem is solved by using low-calcium (2.26 % CaO ) aluminosilicate fly ash from 
the combustion of solid fuel (coal) as the main raw material component with the additions of high-iron (22–
25 % 2 3Fe O  in the calcined state) bauxite sludge. The chemical and mineralogical features of the initial fly 
ash and bauxite sludge, as well as their structural and phase changes during heating were studied. The 
predictive analysis of the behavior of ash and bauxite sludge mixtures in the 2 3 2CaO Al O SiO− − , 

,2 3 2 3 2Fe O Al O SiO− − and 2 3 2FeO-Al O -SiO  systems made it possible to identify the fluxing effect of 
bauxite sludge additions to fly ash. The main criteria for designing compositions ( 2 3 2 3Fe O /Al O  and 

2CaO/SiO  modules) of ceramic masses based on ash and sludge for the production of high-strength 
ceramics are proposed. The iron-alumina module is responsible for the formation of the melt; the calcium 
silicate module is responsible for the formation of the crystalline phase (anorthite) during firing. The 
established sintering-hardening effect of bauxite sludge additives in an amount of 10–25 % in compositions 
with fly ash provides a 1.7–2-fold increase in the compressive strength of samples of semi-dry pressing 
(from 95 to 206 MPa) at firing temperatures of 1200 °C. The recommended compositions are promising for 
obtaining densely sintered calcium aluminosilicate building ceramics (paving stones, porcelain stoneware, 
clinker bricks) with a predominantly anorthite crystalline phase with a water absorption of 0.5–2 % and a 
compressive strength of up to 175–200 MPa. 
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1. Introduction 
The large-scale production of traditional ceramic materials (porcelain, faience, sanitary ceramics, 

building ceramics, etc.) is accompanied by active consumption of high-quality natural raw materials, leading 
to a gradual decrease in their reserves. There is a need to expand the scope of the use of non-standard 
natural raw materials, as well as industrial waste to obtain modern ceramic materials with improved physical 
and mechanical properties (mechanical strength, frost resistance, chemical resistance, etc.). 

Рollution of industrial solid waste has become an increasingly serious problem. Every year, large 
quantities of metallurgical wastes are generated from the production of various metals. These residues are 
considered as hazardous wastes due to their soluble metal content, which induces many social problems 
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such as contaminated water, dust-laden air and alkalized soils, as well as human and animal health and 
security risks from the disintegration of wastes. For example, worldwide, the alumina industry produces 
approximately 70 Mt/annum of hazardous bauxite residue (so-called ‘‘red mud’’) [1, 2]. Typically, red mud 
is considered as a waste discharged to sea, in ponds or landfills. Moreover, discharge of red mud is 
environmentally hazardous because of its alkalinity [3]. Many studies have been conducted to develop the 
uses of red mud. It is widely accepted that using red mud as ceramics and building materials is the most 
promising approach because of its tremendous consumption [4–12]. 

Fly ash is generated during the combustion of pulverized coal from thermal power plants. It has been 
posing a heavy problem to the environment and economic growth throughout the world, since it is utilized 
much less today than generated [13–15]. Coal fly ash is one of the most complex materials to characterize. 
Approximately 316 individual minerals and 188 mineral groups have been identified in various fly ash 
samples [16, 17]. The major components are metallic oxides with varying contents of unburnt carbon as 
measured by a loss on ignition test. The contents of principal oxides are usually in a descending order: 

2 3Al O . Construction industry is still its chief consumer, but its products including bricks, expanded clay, 
cement and concrete are generally of low value [18–23]. Recently, increased attention has been focused 
on how fly ash is utilized in the high-value products, such as high-strength mullite ceramics [24–27], 
cordierite ceramics and cordierite glass-ceramics [28, 29], anorthite-based ceramics [30, 31], 2 3Al O -SiC  
composite materials [32], zirconia–mullite–corundum ceramics [33], zeolite-containing adsorbents for 
wastewater treatment and radioactive waste immobilization [34]. 

It is known that the mechanical strength of ceramics primarily depends on its phase composition — 
the content of the crystalline and glassy phases: the greater the amount of the crystalline phase, the greater 
the strength [35]. The nature of crystalline phases, the conditions of their formation, the habit of its particles 
are important for the formation of the mechanical properties of ceramics too. In particular, if the crystals are 
elongated (for example, particles of acicular mullite or wollastonite), then the strength of ceramics will 
increase due to the formation of a crystalline framework [36, 37]. If the formation of the crystalline phase 
occurs with volumetric changes (for example, the transition of quartz to cristobalite), this can lead to an 
increase in porosity and to a decrease in strength [35]. However, if the content effect of the glass phase 
and the crystalline phase on the mechanical strength of the ceramic is compared, then an increase in the 
total content of the crystalline phase and, accordingly, a decrease in the amount of glass phase in the 
composition of the ceramic material will enhance its strength. On the other hand, the mechanical strength 
also depends on the degree of sintering behavior (density or porosity) [38]. Therefore, to increase the 
strength of the ceramic material, it is necessary to reduce its overall porosity and/or to increase the content 
of the crystalline phase. 

The possibility of using fly ash and bauxite sludge as a raw material for obtaining building ceramics 
with improved functional properties is determined by the proximity of the chemical composition of the waste 
and traditional ceramic raw materials (clays, kaolins, silica raw materials, etc.). 

Thus, the involvement of technogenic waste in the production of ceramic materials will reduce the 
need for primary mineral resources. There will be no need for specialized quarries to extract natural raw 
materials, disturb natural landscapes, etc. Utilization of waste from mining and metallurgical, fuel and 
energy industries in the silicate materials industry will allow solving not only environmental, but also 
economic problems, since raw materials from waste for the production of ceramics are 2–3 times cheaper 
than natural ones. 

The purpose of this work is to determine the technological parameters for the creation of high-
strength building ceramics based on fly ash from the combustion of solid fuels using red mud as a sintering 
and hardening additive. 

To achieve this objective, it is necessary to solve the following tasks: 

− to establish the chemical composition, mineralogical (phase) composition, structural features of 
the initial technogenic raw materials (fly ash and bauxite sludge); 

− to study their (fly ash and bauxite sludge) structural and phase changes during heating; 
− to carry out theoretical and exploratory research on the development of compositions and 

technological parameters for the obtaining of high-strength ceramic materials based on man-
made waste. 
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2. Methods 
2.1. Characteristics of initial raw materials used 

According to the chemical composition, the studied fly ash is a kind of acid ash with a low content of 
calcium oxide (2.26 % CaO ) and a high content of aluminum oxide (29.19 % 2 3Al O ) and iron oxide 
(12.11 % Fe2O3) in the calcined state (Table 1). 

 

Table 1. Chemical composition of the investigated raw materials. 

Raw 
materials 

Content of oxides, wt. % 

2SiO  2 3Al O  2TiO  2 3Fe O  MnO  CaO  MgO  2K O  2Na O  LOl  

fly ash 

Absolutely 
dry state 47.37 28.49 0.96 11.82 2.65 2.19 3.35 0.42 0.35 2.39 

Calcined 
state* 48.53 29.19 0.99 12.11 2.71 2.26 3.43 0.43 0.35 - 

red mud 

Absolutely 
dry state 21.03 7.47 2.16 17.27 1.12 23.46 2.33 0.31 0.43 24.37 

Calcined 
state* 27.88 9.88 2.86 22.83 1.48 31.02 3.08 0.41 0.57 - 

* – after calcination at 950 °C 
 

Red mud in the initial state is characterized by high values of mass loss upon ignition (up to 24.37 %), 
which can complicate its use in the technological process of obtaining molded ceramic materials. In the 
calcined state, the chemical composition of red mud is dominated by the content of calcium oxide (31.02 % 
CaO ), iron oxide (22.83 % 2 3Fe O ) and silicon oxide (27.88 % 2SiO ), which account for up to 80 % 
(81.73 %) of the total content all oxides (Table 1). 

X-ray analysis of the fly ash indicates that the investigated fly ash in the initial state is a material with 
a significant content of glass phase, as evidenced by the presence of an intense diffuse background in the 
Х-ray diffraction pattern (Fig. 1). 

 
Figure 1. X-ray diffraction pattern of the initial fly ash. 
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The crystalline part of the fly ash is composed of mullite ( ad n  – 0.538, 0.336, 0.289. 0.269, 0.255, 

0.221 nm, etc.), quartz ( ad n  – 0.428, 0.336, 0.229, 0.212, 0.181 nm, etc.) and iron mineral in the form of 

hematite ( ad n  – 0.269, 0.251, 0.219, 0.183 nm, etc.). 

A comparative analysis of the data of chemical analysis (Table 1) and X-ray method (Fig. 2) indicates 
that the calcium component in the red mud is presented in the form of calcite 3CaCO , as evidenced by X-

ray reflections with ad n  – 0.303, 0.250, 0.209, 0.187 nm, etc., also in the form of hydrated silicates and 

aluminates calcium: dicalcium hydrosilicate γ − 2 22CaO SiO H O⋅ ⋅  ( ad n  – 0.383, 0.270, 0.189 nm), as 

well as hexacalcium tricarbonate hydroaluminate 32 3 23CaO Al O 3CaCO 32H O⋅ ⋅ ⋅  ( ad n  – 0.383, 0.270, 

0.251 nm, etc.). The iron component is represented by hematite 2 3Fe O  ( ad n  – 0.270, 0.252, 0.220, 

0.184 nm) and magnetite 3 4Fe O  ( ad n - 0.297, 0.252, 0.209, 0.161 nm). 

 
Figure 2. X-ray diffraction pattern of red mud. 

According to electron microscopy data, fly ash in the initial state consists of sintered conglomerates 
of isometric and elongated shapes and rounded particles close to the shape of a sphere (Table 2). 

Table 2. Microstructure and dispersion of raw materials. 
Raw materials Microstructure Particle shape and size 

Fly ash 

 

1) round-shaped particles ranging in size 
from 25 to 95–100 µm, 

2) sintered aggregates of isometric 
shape from 150 to 250 µm, 

3) non-metric aggregates 70–100 µm 
long and 20–30 µm wide. 

Red mud 

 

lamellar crystals 11.8 to 15.7 µm long 
and up to 2 µm thick. 
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Fly ash microspheres have a hollow structure and a melted surface with numerous sintered particles. 
The agglomerates have a densely sintered structure with a small number of pores on the surface of the 
particles. Bauxite sludge is composed of lamellar crystals intertwined with each other. 

2.2. Procedures and methods 
The study of the behavior of fly ash and red mud upon heating was carried out on specimens in the 

form of tablets with a diameter of 20 mm (3 samples per temperature) and cylinders 20×20 mm (8 samples 
per temperature). They were formed from fine powder (less than 0.063 mm) by semi-dry pressing using a 
1 % solution of carboxymethylcellulose as a binder. The required degree of compaction of the press powder 
and the pressure required for this were selected empirically. The specific pressure was varied from 10 to 
30 MPa with an interval of 5 MPa, with holding at maximum pressure for 10 sec. The optimum pressing 
pressure was 20 MPa (based on the maximum bulk density of the compacts). The samples were dried to 
an air-dry state, after which they were fired in the range of 950–1150 °C with an interval of 50 °C and 
holding at the final temperature for 2 h. The calcined samples were cooled together with a furnace in a free 
mode.  

The influence of red mud additives in the amount of 10–25 wt.% on mineral formation processes and 
sintering processes of mixtures with fly ash was assessed on 20×20 mm cylinder samples (5 samples per 
temperature). The samples were molded by the semi-dry pressing at the pressure of 20 MPa. For this, red 
mud was pre-calcined at 1100 °C in order to remove chemically bound water and synthesize new crystalline 
phases in raw materials, and not in molded samples. The fly ash was also pre-calcined at a temperature of 
1200 °C to crystallize the glass phase of the fly ash when heated into cristobalite in raw materials, since 
the formation of cristobalite adversely affects the mechanical properties of the fired samples. Then, mixtures 
of calcined fly ash and red mud were ground by dry method in a ball mill with a high alumina ceramic lining 
and grinding balls until the particles completely pass through a 0063 sieve (250 mesh). Sintering of pressed 
samples was carried out at a temperature of 1200–1300 °C with a heating rate of 1.5 °C/min and an 
exposure at maximum temperature for 2 hours. 

2.3. Experimental method 
The physicochemical and processing properties of the initial fly ash and red mud upon heating, the 

studied mixtures of fly ash with red mud additives and finished products were investigated using physical 
and chemical methods. These methods include traditional chemical and elemental analyses by an Oxford 
XSupreme 8000 X-ray fluorescence analyzer. The phase compositions of the specimens were analyzed 
via an X-ray diffractometer (Shimadzu XRD-7000S) with CuKα radiation (λKα = 0.154186 nm) at 40 kV 
and 25 mA. The specimens were tested in the angle range of 10–60° (2θ). Moreover, the crystalline phases 
were identified on the basis of the experimental patterns using the Powder Diffraction File Database of the 
International Center for Diffraction Data. The microstructures were observed using a scanning electron 
microscope (Hitachi S-570 and JEOL JSM-840). A thermal analysis was carried out to study the thermal 
behavior of the rock used up to 1000 °C at a heating rate of 10 °C/min (TG/DSC/DTA thermal analyzer with 
an SDTQ 60 mass spectrometer). 

Air and fire shrinkage was determined on the tablet samples. Sample drying shrinkage were 
measured by controlling sample length, width and height before and after drying process. 

The measurements of water absorption were performed via the Archimedes method. The 
compressive strength of the fired samples was measured by using cubic samples. The reported 
compressive strength (MPa) is the average of five measurements. 

3. Results and Discussion 
3.1. Characteristic of phase changes during heating  

of the fly ash and red mud used 
The use of fly ash and red mud as raw materials for the production of ceramics makes it necessary 

to study their behavior when heated. 

When comparing the X-ray diffraction patterns of the initial ash and the ash fired at 1000 °C, a 
decrease in the intensity and area of the diffuse background is noted, which indicates a decrease in the 
content of the glass phase in the fly ash during its heating (Fig. 3). This causes the appearance on the  
X-ray diffraction pattern of fired fly ash of a low-intensity characteristic reflection of cristobalite 2SiO  with 

an interplanar distance of ad n  – 0.411 nm, while the intensity of the characteristic reflection of quartz 

remains unchanged ( ad n  – 0.427 nm). The formation of cristobalite nuclei in fly ash at 1000 °C is caused 
by the crystallization of the glass phase, which leads to a decrease in the area of the diffuse background. 
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In addition to the appearance of cristobalite at 1000 °C, the formation of another new crystalline 
phase, anorthite 2 3 2CaO Al O 2SiO⋅ ⋅  was recorded, as evidenced by the appearance of a low-intensity 

reflex with ad n  – 0.320 nm. 

 
Figure 3. X-ray diffraction patterns of fly ash fired at 1000–1300 °C. 

A further increase in the firing temperature from 1000 to 1300 °C has practically no effect on the 
change in the diffraction pattern of the firing products of the fly ash samples. The difference consists only 
in the change in the intensity of X-ray reflections. In particular, the height of mullite reflections increases, 
which may be due to both an increase in the content of mullite and the processes of improving its crystal 
structure, or both reasons simultaneously. X-ray reflexes of cristobalite grow sharply, which indicates an 
increase in its content. The intensity of anorthite reflections (0.320, 0.249 nm) increases, although to a 
lesser extent than for mullite and cristobalite. As for hematite 2 3Fe O ,  the mineral component of the initial 
fly ash, with an increase in temperature up to 1300 °C, its reflections are preserved with a slight decrease 
in their intensity (0.251, 0.183, 0.169 nm). This may be due to the participation of hematite in the formation 
of an iron silicate melt during the firing of the initial fly ash at temperatures of 1000–1300 °C. 

Thus, the mineralogical composition of the crystalline part of the studied fly ash, fired at  
1000–1300 °C, is represented by the initial minerals – mullite 2 3 23Al O 2SiO⋅  and hematite 2 3Fe O ,  as well 
as new phases formed during the firing process – cristobalite 2SiO  and anorthite 2 3 2CaO Al O 2SiO⋅ ⋅  
(Table 3). 
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Table 3. Change in the phase composition of the investigated fly ash after firing at  
1000–1300 °C. 

Phase Formula 
Presence*  

Processes during heating of ash in the initial 
ash 

after firing at 
1000–1300 °С 

mullite 2 3 23Al O 2SiO⋅  + ++  

quartz 2SiO  + -- quartz → cristobalite 

hematite 2 3Fe O  ++ + hematite (partially) → melt 

glass phase  +++ + glass phase (partially) → 
cristobalite 

cristobalite 2SiO  -- +  

anorthite 2 3 2CaO Al O 2SiO⋅ ⋅  -- +  
* + present, -- absent  

An assessment of the physical and mechanical properties of samples of semi-dry pressing from finely 
ground initial fly ash, fired in the temperature range of 1000–1300 °C (Fig. 4), indicates that the highest 
compressive strength (94 MPa) is achieved at a temperature of 1300 °C (water absorption 10.2 %). 
Therefore, to exceed the mechanical compressive strength of 95 MPa in the samples of semi-dry pressing, 
it is necessary to activate the sintering process of the studied fly ash. 

 
Figure 4. Effect of heating temperature on changes in fire shrinkage,  

water absorption and compressive strength in the samples made of the studied fly ash. 
This can be done in different ways: by preliminary heat treatment of aluminosilicate fly ash, by 

increasing the firing temperature above 1300 °C, by selecting sintering additives. Previously, the authors 
revealed the effect of various oxide additives on the sintering process of aluminosilicate ceramics, including 
iron additives [39]. The studied bauxite sludge contains a high content of iron oxide (22.8 2 3Fe O ) and may 
be promising for activating the sintering of aluminosilicate fly ash samples. 

According to X-ray studies, the thermal treatment of red mud in the temperature range of  
900–1100 °C is accompanied by complex physical and chemical processes, already starting from 900 °C. 
This leads to a change in the X-ray diffraction patterns of fired red mud samples compared to the initial red 
mud (Fig. 5): 

1. The decrease of the diffuse background in the low-angle region is associated with a decrease in 
the content of the amorphous phase of red mud due to the crystallization of its components upon heating. 

2. Complete decarbonization of calcite 3CaCO , which manifests itself in the disappearance of the 
main calcite reflections with interplanar distances of 0.303, 0.250, 0.209, 0.187 nm in the X-ray diffraction 
patterns. 

3. The disappearance of reflections at 0.383, 0.270, 0.250 nm and the appearance of intense 
reflections at 0.276 and 0.270 nm, as well as less intense reflections at 0.511, 0.424, 0.245, 0.220 nm, are 
due to the process of dehydration and decarbonization of hexacalcium tricarbonate hydroaluminate 

2 3 3 23CaO Al O 3CaCO 32H O⋅ ⋅ ⋅  to tricalcium aluminate 2 33CaO Al O⋅ : 

2 3 3 2 2 3 2 23CaO Al O 3CaCO 32H O 3CaO Al O +32H O+3CaO+3CO .⋅ ⋅ ⋅ → ⋅  
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Figure 5. X-ray diffraction patterns of red mud fired at 900–1100 °C. 

The presence of calcium aluminum oxide, also found by other authors [11, 40], is consistent with 
most XRD spectra and is likely in view of the availability of CaO  and 2 3Al O  in the chemical composition of 
red mud. 

4. The appearance of an intense reflection at 0.286 nm, as well as reflections at 0.372, 0.307, 0.245, 
0.241, 0.204 nm indicate the synthesis of a new crystalline phase in the form of gehlenite 

2 3 2.2CaO Al O SiO⋅ ⋅  

An increase in the firing temperature of the red mud from 900 to 1100 °C practically does not change 
the diffraction pattern of the fired products. The difference consists only in a decrease in the intensity of 
reflections of tricalcium aluminate 2 33CaO Al O ,⋅  a decrease in the intensity of reflections of hematite 

2 3Fe O ,  and an increase in the intensity of reflections of gehlenite .2 3 22CaO Al O SiO⋅ ⋅  

The recorded changes make it possible to determine the reaction for the synthesis of gehlenite at a 
temperature within the 900–1100 °C range: 

( ).2 2 3 2 3 2 3 2 2 32CaO SiO 3CaO Al O +4Fe O +CaO 2CaO Al O SiO 4 CaO Fe O⋅ + ⋅ → ⋅ ⋅ + ⋅  
 gehlenite 

The formation of monocalcium ferrite at temperatures of 900–1100 °C along with gehlenite is 
indicated by the appearance of its reflexes ( ad n  - 0.261, 0.252, 0.227, 0.215, 0.184 nm) on the X-ray 
diffraction patterns. 

Thus, the mineralogical composition of the crystalline part of red mud fired at 900–1100 °C is 
represented by tricalcium aluminate 2 33CaO Al O ,⋅  hematite 2 3Fe O ,  gehlenite 2 3 22CaO Al O SiO⋅ ⋅  and 
monocalcium ferrite 2 3CaO Fe O⋅  (Table 4). 
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Table 4. Change in the phase composition of the investigated red mud firing at 900–1100 °C. 

Phase Formula 

Presence*  
Processes during heating of red 

mud 
in the 

initial red 
mud 

after firing 
at 900–
1100 °С 

calcite 3CaCO  + -- 3CaCO CaO→  

dicalcium 
hydrosilicate 2 3 22CaO Al O SiO⋅ ⋅  + -- 2 22CaO SiO H O 2CaO SiO⋅ ⋅ → ⋅  

hexacalcium 
tricarbonate 

hydroaluminate 
2 3 3 23CaO Al O 3CaCO 32H⋅ ⋅ ⋅  + -- 2 3 3 2

2 3

3CaO Al O 3CaCO 32H O
3CaO Al O 3CaO

⋅ ⋅ ⋅ →

→ ⋅ ⋅
 

magnetite 3 4Fe O  + -- 
3 4 2 3Fe O Fe O→  

hematite 2 3Fe O  + ++ 
tricalcium 
aluminate 2 33CaO·Al O  -- +  

gehlenite  2 3 22CaO·Al O ·SiO  -- +  

monocalcium 
ferrite 2 3CaO·Fe O  -- +  

* + present, -- absent 
 

An assessment of the physical and mechanical properties of the samples made of semi-dry pressed 
finely ground red mud, fired in the temperature range of 900–1100 °C, indicates their complete sintering (to 
zero water absorption) at a temperature of 1100 °C with the achievement of compressive strength up to 
230 MPa (Fig. 6). 

 
Figure 6. Effect of heating temperature on changes in fire shrinkage,  

water absorption and compressive strength of the samples made of the studied red mud. 

3.2. Theoretical substantiation of the choice of the studied compositions  
"fly ash – red mud" 

To predict the physical and chemical processes during heating of compositions based on the studied 
fly ash with the addition of red mud in an amount of 10–25 wt. %, i.e. to determine the recommended 
sintering interval, to establish which firing mode is required, and which phases will crystallize from the melt, 
a theoretical analysis of the behavior of the studied masses in the 2 3 2CaO Al O SiO− −  [41, 42], 

2 3 2 3 2Fe O Al O SiO− −  [43] and 2 3 2FeO Al O -SiO-  [41, 43] systems was carried out. These systems were 
chosen due to the chemical composition of the initial raw materials, namely, the predominance of silica, 
alumina and iron oxides in the chemical composition of the fly ash, and silica, calcium and iron oxides in 
the red mud. It should be noted that the studies on compositions with high-iron technogenic components 
(various fly ash, metallurgical sludge and slag) show that the systems with iron almost always contain both 
ferric )2 3(Fe O  and ferrous iron )(FeO  [44]. This makes it necessary to consider both ternary systems with 
iron oxides. 
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For this purpose, initially the chemical compositions of the ceramic masses were calculated 
(Table 5). 

Table 5. Chemical composition of the investigated mixtures of fly ash with red mud in the 
calcined state. 

Mixture 
code 

Content of oxides, % Modules 

2SiO  2 3Al O  2TiO  CaO  MgO  2 3Fe O  MnO  2K O  2Na O  

ferric iron-
alumina 

2 3

2 3

Fe O
Al O  

calcium 
silicate 

2

CaO
SiO  

FA100 48.53 29.19 0.99 2.26 3.43 12.11 2.71 0.43 0.35 0.41 0.05 
RM100 27.88 9.88 2.86 31.02 3.08 22.83 1.48 0.41 0.57 2.3 1.11 

FA90RM10 46.47 27.26 1.17 5.14 3.39 13.18 2.59 0.43 0.37 0.48 0.12 
FA85RM15 45.43 26.29 1.27 6.57 3.38 13.72 2.53 0.43 0.38 0.52 0.15 
FA80RM20 44.40 25.33 1.36 8.01 3.36 14.25 2.46 0.42 0.40 0.56 0.18 
FA75RM25 43.37 24.36 1.45 9.45 3.34 14.79 2.40 0.42 0.41 0.61 0.22 

• here and below, the number in the mixture code corresponds to the content of fly ash and red mud, wt.%  
 

The calculated chemical compositions of the studied mixtures indicate that with an increase in the 
addition of red mud from 10 to 25 %, the content of ferric iron oxide 2 3Fe O  increases from 12.11 to 14.79 % 
(by 2.6 %) and calcium oxide CaO  from 2.26 to 9.45 % (by 7 %) due to a decrease in the content of oxides 

2SiO  (from 48.53 to 43.37 %) and 2 3Al O  (from 29.19 to 24.36 %). 

Since when red mud is added to the chemical composition of fly ash, two main oxides 2 3Fe O  and 
CaO  are introduced simultaneously, to assess their effect on the firing behavior of mixtures of fly ash with 
red mud, it was proposed to use the modules – ferric iron-alumina module ( )2 3 2 3Fe O Al O  and calcium-

silicate ( )2CaO SiO  module (Table 5). 

Then the multicomponent chemical compositions of the studied mixtures (Table 5) were recalculated 
to the three-component composition ,2 3 2CaO Al O SiO− −  ,2 3 2 3 2Fe O Al O SiO− −  and 2 3 2FeO Al O SiO− −  
according to the Richter's law of chemical equivalents [45]. For this, the three most important oxides are 
selected, then all oxides from the chemical composition of the studied raw materials are divided into three 
groups: first group – oxides of alkali and alkaline-earth metals ( ,CaO  MgO , 2Na O , 2K O , etc.), second group 
– oxides of amphoteric metals ( 2 3Al O , 2 3Fe O , etc.), third group – acid oxides ( 2SiO , 2TiO , etc.). Within each 
group, the content of oxides is recalculated to the content of the most important oxide equivalent to their 
molecular weights. For recalculation, transition coefficients are used, derived on the basis of the Richter's 
law, which states that flux oxides affect the temperature according to their equivalent masses, i.e., 
molecular masses related to the number of cations in the formula [45]. 

The representative points of the calculated three-component chemical compositions of the studied 
mixtures were plotted on state diagrams and systems (Fig. 7); melting profiles were determined (Fig. 8). 
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A  

B  

C  

* The isothermal sections of the liquidus surface are given in Kelvin degrees [43] 

Figure 7. Location of studied compositions of the fly ash with red mud additions in the 
2 3 2CaO Al O SiO− −  (A), 2 3 2FeO Al O SiO− −  (B) and ,2 3 2 3 2Fe O Al O SiO− −  (С) systems. 
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To calculate the amount of melt formed in the test mixtures upon heating, it is necessary to determine, 
firstly, in which triangle the point of the mixture is located, and in the crystallization field of which compound 
the representative point of the mixture is placed. Secondly, it is necessary to build the crystallization path 
of the mixture composition with decreasing temperature and to calculate the amount melt according to the 
lever rule. Thus, if one phase decomposes into two, then the amount of substance of the resulting phases 
is inversely proportional to the straight line segments from the point of composition of the initial phase to 
the points of composition of the phases obtained [35].  

 

 

 
Figure 8. Melting curves of fly ash mixtures with the addition of red mud in  

the 2 3 2CaO Al O SiO− − (A), 2 3 2FeO Al O SiO− −  (B) and ,2 3 2 3 2Fe O Al O SiO− −  (С) systems. 
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After plotting the melting profiles along the crystallization path at different temperatures, the main 
characteristics of the melts formed in the studied compositions upon heating were determined (Table 6–8). 

Table 6. Chemical compositions and characteristics of the study mixtures in the 
2 3 2CaO Al O SiO− −  system. 

Mixture 
code 

Oxide content, wt.%,  Characteristics of the eutectic phase Complete 
melting 

temperature, 
°C 2SiO  2 3Al O   CaO   Temperature, 

°C 
Eutectic melt 
content, % 

Crystalline 
phase content, 

% 

FA100 51.35 38.47 10.19 1335 74 26 1700 

RM100 32.74 26.64 40.62 1265 76 24 1500 

FA90RM10 49.56 37.33 13.11 1335 71 29 1667 
FA85RM15 48.66 36.76 14.58 1335 70 30 1580 
FA80RM20 47.76 36.19 16.06 1335 68 32 1565 
FA75RM25 46.85 35.61 17.54 1335 68 32 1553 

 

Characteristics of the resulting melts in (RM100) is the component of the ternary eutectic with the 
lowest temperature (1265 °C). Therefore, in the compositions of the studied ceramic masses, it should be 
the first to melt and to promote sintering of fly ash based samples (FA100), which is a component of the 
ternary eutectic with a temperature of 1335 °C. However, as it was found, the addition of 10 to 25 % of red 
mud to the fly ash not only does not reduce the temperature of the appearance of eutectic melts, but even 
increases the total content of the crystalline phase at temperatures up to 1400 °С (Fig. 9). 

 
Figure 9. Influence of the composition of fly ash with red mud additives (10–25 %) mixtures  

on the formation of a melt during heating in the 2 3 2CaO Al O SiO− −  system. 

Thus, the calcium silicate module can be associated with the formation of a crystalline part during 
firing of the fly ash and red mud mixtures used.  

A theoretical consideration of the behavior of the studied compositions upon heating in the ternary 
systems with iron oxides 2 3 2FeO Al O SiO− − and ,2 3 2 3 2Fe O Al O SiO− −  indicates that the appearance of 
eutectic melt during heating of all compositions occurs at the same temperature of 1088 °C (in 

2 3 2FeO Al O SiO− −  system) and at 1110 °C (in ,2 3 2 3 2Fe O Al O SiO− − system), regardless of the presence 
of red mud additives in the fly ash (Table 7, 8). 
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Table 7. Chemical compositions and characteristics of the study mixtures in the 
2 3 2FeO Al O SiO− −  system. 

Mixture 
code 

Oxide content, wt.% Characteristics of the eutectic phase 
Complete 
melting 

temperature, °C 2SiO  2 3Al O   FeO  Temperature, 
°C 

Eutectic melt 
content, % 

Crystalline 
phase content, 

% 

FA100 48.34 28.64 23.02 1088 49 51 1525 

RM100 27.71 9.12 63.17 1088 64 36 1150 

FA90RM10 46.16 26.58 27.26 1088 58 42 1469 
FA85RM15 45.08 25.56 29.36 1088 62 38 1438 
FA80RM20 44.01 24.54 31.45 1088 67 33 1400 
FA75RM25 42.94 23.53 33.53 1088 72 28 1340 
 

Table 8. Chemical compositions and characteristics of the study mixtures in the 
,2 3 2 3 2Fe O Al O SiO− − system. 

Mixture 
code 

Oxide content. wt.%. % Characteristics of the eutectic phase 
Сomplete melting 
temperature, °C 

2SiO  2 3Al O   2 3Fe O   Temperature, 
°C 

Eutectic melt 
content, % 

Сrystalline 
phase content, 

% 

FA100 41.64 24.67 33.69 1110 80 20 1187 

RM100 17.79 5.85 76.35 1110 23 77 1202 

FA90RM10 38.38 22.09 39.53 1110 94 6 1152 
FA85RM15 36.85 20.89 42.27 1110 95 5 1117 
FA80RM20 35.37 19.72 44.90 1110 96 4 1122 
FA75RM25 33.96 18.61 47.44 1110 84 16 1147 

 

We compared the data obtained on the effect of iron oxides on the processes during heating in the 
studied mixtures of fly ash with red mud additives. It indicates the fluxing effect of both types of iron oxides 
introduced with red mud, regardless of their form – ferric ( )2 3Fe O  or ferrous iron ( ).FeO  At the same time, 
ferric iron has a more active effect in these mixtures than ferrous iron.  

It was established that the addition of 10 to 25 % bauxite sludge into the initial aluminosilicate fly ash 
with its own high content of iron oxide impurities (Table 1) provides an increase in the content of the eutectic 
melt on average from 9 % to 23 % depending on the composition of the mixture. In addition, a comparative 
analysis of the melting curves (Fig. 8, B, С) indicates that, in order to ensure liquid-phase sintering of the 
samples from the compositions under consideration, it is necessary to use a firing temperature below 
1100 °С. The continuous increase in the amount of melt in the entire range of temperatures under 
consideration up to complete melting (Fig. 10) is due to the fluxing effect of iron oxides introduced with high-
iron red mud on the formation of a liquid phase when such compositions are heated. 
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А В 

Figure 10. Influence of the composition of fly ash with red mud additives (10–25 %) mixtures on 
the formation of a melt during heating in ,2 3 2 3 2Fe O Al O SiO− −  (А) and 2 3 2FeO Al O SiO− −  (В) 

systems. 
Thus, the predictive analysis of the behavior of fly ash compositions with the addition of bauxite 

sludge in 2 3 2CaO Al O SiO− − , 2 3 2FeO Al O SiO− −  and ,2 3 2 3 2Fe O Al O SiO− −  systems allowed us to: 

− identify the fluxing effect of red mud additives on the fly ash under study; 
− determine the optimal firing temperatures for the samples from the analyzed compositions – 

1100 °C, at which no more than 65–68 % melt is formed in the samples. An increase of 
temperature above 1100 °C will theoretically cause the phenomena of melting and deformation 
of products under the weight of their own mass. 

− ensure densely sintered mullite-anorthite ceramics; the raw mixtures of aluminosilicate fly ash 
with red mud should have a composition with 2 3 2 3Fe O Al O  module equal to 0.4–0.56 and 

2CaO SiO  module equal to 0.07–0.18. 

3.3. The effect of red mud additives on the sample sintering  
from fly ash by semi-dry pressing 

It was established that at firing temperatures of 1100–1200 °C the samples of semi-dry pressing from 
fly ash without additives (FA100) are characterized by high porosity (with water absorption of 19–26 %) and 
low compressive strength (from 3 to 37.9 MPa) depending on the firing temperature (Fig. 11). 

The introduction of the red mud additives activates the sintering of samples at 1150–1200 °C: water 
absorption decreases from 26 % in the case of fly ash sample without additive (FА100) to 22 % in the case 
of samples from fly ash mixture with 10 % red mud additive (FА90RМ10), while the compressive strength 
increases from 3 to 20 MPa. Higher temperature heating up to 1200 °C ensures the preservation of the 
general indicated trend. 

Further increase in the content of red mud from 10 to 15 % in mixtures (FА85RМ15) activates the 
process of sintering and hardening of samples even more, providing a decrease in the water absorption of 
samples from 26 to 2 % and an increase in compressive strength from 3 to 170 MPa at a temperature of 
1200 °C. 

Thus, when designing the compositions of ceramic masses for the production of high-strength 
ceramics, it is necessary to focus on the established criteria for activating the sintering process of 
compositions of aluminosilicate fly ash with red mud additives: the composition of the mixture (according to 
the value of ferric iron-alumina 2 3 2 3Fe O Al O  and calcium silicate 2CaO SiO  modules) and the optimal 
firing temperature of the samples (Fig. 12). 
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Figure 11. Influence of red mud additive (10–25 % wt.) on the physical  

and mechanical properties of samples of semi-dry pressing from fly ash, fired at 1100–1250 °C. 

 
Figure 12. Influence of the composition of fly ash with red mud mixtures  

on the physical and mechanical properties of samples fired at 1100–1200 °C: 
(green dotted lines indicate the range of mixture compositions for densely sintered ceramics,  

red dotted lines – for porous ceramics) 
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For example, to obtain sintered ceramics (with water absorption less than 5 %) with a compressive 
strength of at least 150 MPa, it is necessary to use mixtures with 2 3 2 3Fe O Al O  module equal to 0.47–0.55 
and 2CaO SiO  module equal to 0.11–0.17, and firing of the samples is carried out at a temperature of 
1200 °C (green dotted line). To obtain porous ceramics at 1200 °C (with water absorption of more than 
5 %) with a compressive strength of more than 100 MPa, it is necessary to use mixtures of two types: 1) 
with 2 3 2 3Fe O Al O  module equal to 0.43–0.47,  2CaO SiO  module equal to 0.08–0.11  and 2) with 

2 3 2 3Fe O Al O  module equal to 0.55–0.60,  2CaO SiO  module equal to 0.17–0.22 (red dotted line). 

The explanation for the processes of formation of these technological properties should be sought in 
the physical and chemical processes that occur during the firing of these compositions. For this, the phase 
composition of the investigated mixtures after their heat treatment was studied by the X-ray method. 

The obtained X-ray diffraction patterns indicate that, depending on the composition of the fly ash and 
red mud mixtures and the temperature regime of firing, the main crystalline phases are mullite, anorthite 
and cristobalite. 

It was found that in the absence of red mud additions, the fly ash heating at temperatures of 1100–
1200 °C had practically no effect on quantitative changes in the content of the minerals that make up the 
fly ash. However, in the presence of 10–20 % red mud additives, a decrease in the intensity of mullite and 
cristobalite X-ray reflections and a significant increase in anorthite reflections are observed, regardless of 
the firing temperature (Fig. 13). 

 
Figure 13. Influence of the red mud additives (10–25 %) on the formation  
of the phase composition of samples from fly ash fired at 1100–1200 °C. 

An increase in the intensity of anorthite X-ray reflections in fired samples from fly ash – red mud 
mixtures up to 2.5–3 times (depending on the content of the additive and the firing temperature) while 
reducing the content of mullite up to 2 times and cristobalite – up to 2 times is associated with solid-phase 
synthesis of anorthite at temperatures 1100–1200 °C according to the reaction: 

( ).2 3 2 2 2 3 23CaO 3Al O 2SiO 4SiO 3 CaO Al O 2SiO+ ⋅ + → ⋅ ⋅  

                                           mullite           cristobalite            anorthite 
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Thus, the resulting product made from researched compositions of fly ash with bauxite sludge are 
anorthite ceramics. The 2CaO SiO  module equal to 0.12–0.22 is responsible for the formation of the 
crystalline phase (anorthite) during the firing of samples from a mixture of fly ash with red mud additives. 

The formation of anorthite in samples from mixtures of clay with red mud at a temperature of 1000–
1100 °C was recorded in [46]. 

Recently, a few studies have investigated the effect of the 2CaO SiO  ratio on the phase 
crystallization and properties of sintered materials based on anorthite. Overall, these studies have been 
focusing on the use of industrial wastes combined with natural resources [47, 48]. Tabit et al. [49] found 
that an increase in the 2CaO SiO  ratio from 0.12–0.8 in mixtures of coal fly ash and ladle furnace slag 
promoted crystallization of anorthite as the main phase which is consistent with the results obtained in this 
study.  

The studies carried out make it possible to determine the optimal compositions and technological 
modes for obtaining ceramics based on the studied raw materials in comparison with the properties of ash 
samples without the addition of red mud FA100 (Table 8). 

Тable 8. Optimum compositions, technological conditions and properties of ceramics based 
on fly ash with the studied red mud. 

Composition 
code 

Component 
composition, 

% 

Temperature, °C 
Ceramic properties calcination of raw 

materials firing of 
samples fly 

ash 
red 
mud fly ash red 

mud 
shrinkage 

% 
water 

absorption, % 
compressive 

strength, MPa 

FA
100

 100 0 1200 – 1250 9.4 11.6 95.4 

FA
90

RM
10

 90 10 

1200 1000 1200 

13.6 2.2 206.2 

FA
85

RM
15

 85 15 14.1 0.6 175.5 

FA
80

RM
20

 80 20 11.2 6.4 162.4 
 

The previously stated hypothesis about the fluxing effect of bauxite sludge additives on the sintering 
of the fly ash based samples was confirmed by a change in the physical and mechanical properties of 
samples from these compositions, as well as by electron microscopy (Fig. 14). 

Figure 14. Electron micrographs of semi-dry pressed samples, fired at 1200 °C,  
from ash without red mud (A) and with addition of 10% red mud (B). 

In particular, microscopic images of calcined fly ash without red mud additives show that the sample 
is a loosely sintered material consisting of individual finely porous aggregates separated from each other 
by deep winding pores. The introduction of red mud additive in an amount of 10 % sharply activates the 
process of liquid-phase sintering of samples from fly ash due to red mud melting [50, 51] at 1150 °C, which 
leads to the formation of a monolithic structure with internal pores approaching a sphere in shape.  

A B 
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4. Conclusion 
The following results were obtained upon the completed experimental studies: 

1. The chemical composition, mineralogical (phase) composition, structural features of the initial 
technogenic raw materials and their changes during heating were established. The studied fly ash was a 
variety of aluminosilicate fly ash with a low content of calcium oxide (2.26 % CaO ) and a high content of 
aluminum oxide (29.19 % 2 3Al O ) and iron oxide (12.11 % 2 3Fe O ). The content of residual fuel was not 
more than 2.5 %, the crystalline part of which was composed of mullite, quartz and ferruginous mineral in 
the form of hematite, with a full sintering temperature (up to water absorption of not more than 5 %) above 
1300 °C. Bauxite sludge (red mud) in terms of chemical composition was represented mainly by oxides of 
silica (21.03 % 2SiO ), calcium (23.46 % CaO ), iron (17.27 % 2 3Fe O ) and aluminum (7.47 % 2 3Al O ). In 
terms of mineralogical composition, it was composed of calcite, hydrated calcium silicates and aluminates, 
hematite and magnetite, fully sintered at 1100 °C.  

2. Theoretical analysis of the behavior of ash compositions with the addition of bauxite sludge (10–
25 %) made it possible to reveal the fluxing effect of bauxite sludge additions to the studied fly ash. To 
determine the optimal firing temperatures for samples from the analyzed compositions (1100–1150 °C), to 
ensure a densely sintered mullite-anorthite ceramics, the raw mixtures of aluminosilicate fly ash with red 
mud should have a composition with 2 3 2 3Fe O Al O  module equal to 0.4–0.54 and 2CaO SiO  module equal 
to 0.07–0.17. 

3. Theoretical predictions were confirmed by experimental studies. We proved that the resulting 
ceramics from the investigated compositions of fly ash with bauxite sludge (10–25 %) were mullite-anorthite 
ceramics. High compressive strength (up to 210 MPa) of the samples from the recommended compositions 
of fly ash with 10–20 % red mud are promising for further testing in the technology of densely sintered wear-
resistant ceramic materials (building clinker ceramics, ceramic proppants and others) with water absorption 
of 0.5–2 %, and compressive strength up to 175–200 MPa.  
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