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Abstract: This paper presents the results of studies on the effect of mechanochemical treatment (MCT) and
modification of technogenic waste based on ash and fly ash. Mechanical modification was carried out using a
laboratory ball mill with the addition of organic modifiers to the system. After MCT, the physicochemical
properties of the obtained modified ash and fly ash particles were studied. Heat insulators based on ash and slag
after MCT have a noticeable positive effect on its rheological properties, improving its structure and heat
resistance. Self-propagating high-temperature synthesis (SHS) samples with fly ash after MCT showed a signifi-
cant decrease in thermal conductivity, which leads to improved heat-insulating properties. The obtained samples
based on technogenic waste are effective heat-resistant and environmentally friendly materials that are superior
to many traditional analogues.

Keywords: heat-insulating materials; mechanochemical treatment; modification; self-propagating high-
temperature synthesis; technogenic raw materials.

Introduction

With the ongoing socio-economic development, improving the energy efficiency of buildings has become an
increasingly important focus, where enhancing the thermal insulation performance of building envelopes is
considered a key strategic objective. At the same time, the incorporation of solid industrial waste into insulation
materials has gained significant attention as a viable solution that supports both material resource optimization
and environmental sustainability within the construction sector.1–4

When producing high-temperature heat insulators, the range of used initialmineral compounds is expanded.
Both natural andman-made rawmaterials can serve as initial components. Analysis of new special materials for
heat and thermal protection shows that when developing these materials, it is necessary to use unused or little-
used industrial waste with heat-insulating properties, whichwill allow for a comprehensive solution to technical,
economic and environmental problems.5–7
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In 2022, the 27th United Nations Climate Change Conference focused on key themes such as climate change
mitigation, adaptation strategies, climatefinance, andmultilateral cooperation. Thefinal declaration emphasized
that improving resource efficiency is an essential strategy for achieving global climate targets. Against the
backdrop of accelerating depletion of natural resources, this approach becomes increasingly critical. In this
study, the report “Sustainable Earth and Human Health” is adopted as a conceptual framework to explore
pressing issues, including the efficient use of recyclable materials, the reduction of energy consumption, and the
creation of a healthy, comfortable, and energy-efficient indoor environment.8

Waste from thermal power plants is a promising raw material for obtaining various valuable products and
contributes to the development of the construction complex. The main technogenic waste from thermal power
plants and state district power plants are ash, fly ash and flue gases. In the Republic of Kazakhstan, the annual
output of ash and ash and slagmixtures from coal combustion is about 19 million tons, andmore than 300million
tons of waste have accumulated in ash dumps to date. Although the ash is mainly captured by various filters,
about 250 million tons of fine aerosols are still released into the atmosphere annually in the form of emissions
from thermal power plants.9

Mechanochemical treatment (MCT) is also used to activate and modify rawmaterials, which contributes to a
significant change in the dispersion and structure of the surface layer of particles.10 It is necessary to establish the
relationship between structural changes during MCT of powder materials and the thermokinetic characteristics
of the subsequent synthesis process, in particular, technological combustion, in order to effectively control
structure, phase and pore formation during the synthesis of composite materials.

The aim of the study is to develop a technology for producing thermal insulation materials based on man-
made waste and their use as thermal insulators for the construction of external and internal walls of a building.

Materials and methods of research

In this work, technogenic raw materials were used – fly ash and ash from thermal power plants. X-ray phase
analysis of the rawmaterials was carried out. According to the results of X-ray phase analysis, the composition of
the ash: Al2(Al2.8Si1.2)O9.6-mullite-70 % and SiO2-quartz-29.1 %. A small amount of X-ray amorphous phase (un-
burned carbon) is present (Fig. 1).

The results of X-ray phase analysis of the fly ash showed that the sample is practically a single phase of the
compound Al2(Al2.8Si1.2)O9.6 – mullite. The sample also contains an X-ray amorphous phase (carbon) (Fig. 2).

Themain phase of the used technogenic waste is mullite, silicon dioxide and unburned carbon are contained
in small quantities. Mechanochemical processing (MCP) of powders was carried out in centrifugal planetarymills
(CPM) “NXQM-2A”with a working chamber volume of 500 mm3, platform rotation speed of 650 rpm, acceleration
of grinding balls 40 g, energy consumption of 0.75 kW/h. During grinding, the grinding time, the ratio of the
powder mass to the mass of balls (MP/Msh) and the amount of modifying additives introduced were varied. Man-

Fig. 1: Diffraction pattern of the initial ash and slag particles.
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madewaste was subjected to grinding in a planetary centrifugal mill for 10, 20, 30 and 40 min at different ratios of
powdermass (MP) and ball mass (MB), namely atMP/MB = 1/2, 1/3 and 1/4. Modifiers were also added – graphite (C),
stearic acid (SA) and polyvinyl alcohol (PVA).

SHS compositions of activated andmodified powders of ash and fly ash with aluminumwere prepared using
a hydraulic press. Samples were made on a hydraulic press of the “HJ0802” brand at a force of 7 tons with the
following dimensions: diameter (d) = 20 mm, height (h) = 20–25 mm. The ratio of components (Al – SiO2) of the
mixtures was calculated by stoichiometry. SHS compositions were placed in a furnace heated to 950 °C, after
technological combustion they were kept for 30 min to cool the samples.

The combustion temperature was measured by pyrometric thermometers of the DT-8869H brand. The
temperature of the sample was measured throughout the combustion process. After SHS, the phase composition
of the synthesized materials was determined, the density, strength and thermal conductivity of the samples were
measured.

Scanning electron microscopy was performed on a Quаnta 3D 200i Dual system device and allows obtaining
images of the powder surface. Elemental analysis of the obtained composites was performed by recording a
spectrometer, which is capable of determining the spectral lines of characteristic radiation from atoms of
chemical elements. Spectral lines corresponding to the elements contained in the sample are automatically
identified, and the intensities of these lines are determined. In this case, the line intensity is proportional to the
concentration of the element in the composition.

Research results and their discussion

The results of the electronmicroscopy study of ash andfly ash showed that the original contains a large number of
meso- and micropores, which reduce thermal conductivity; such materials have high heat resistance and
chemical stability.

SEM images show that in the initial state the size of ash particles is up to 30 μm and has a spherical, porous
structure. After MCT the surface of the particles was destroyed and the size of the particles decreased. Figure 3b
shows that the surface of the particles after MCT is more lamellar.

The particles of the initial fly ash are spherical in shape and have a porous structure. After MCT, it is evident
that the correct spherical shape of the particles is destroyed and the particle size decreases.

A study was conducted of the structure and dispersion of particles of technogenic waste (ash and fly ash)
depending on the conditions of mechanochemical treatment. An assessment was made of the bulk density of ash
and fly ash after various MCT modes (Table 1).

The bulk density of ash decreases, and fly ash increases with increasing time of MCT. The results obtained
indicate that MCT provides a significant change in the structure, and, consequently, the activity of the powders
under study.

Fig. 2: Diffraction pattern of the initial fly ash particles.
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To ensure dispersion and modification of the surface of technogenic waste particles, modifiers were intro-
duced into the ground powder as in the case of diatomite.11 Similar systematic studies of the structure were
carried out, as for diatomite, and optimal conditions for MCT were determined during the synthesis of composite
particles modified with graphite, polyvinyl alcohol and stearic acid. To assess the substructural features of
technogenic waste particles, they were studied using the SEM method (Fig. 4).

Fig. 3: SEM images: (a) initial ash; (b) ash after MCT ¼ 20min.

Table : Bulk density of ash and fly ash powder depending on the conditions of the MCT.

Material, Mp/Mb Bulk density, g/cm3

MCT time, min

10 20 30

Ash, /  . .
Ash, / . . .
Fly ash, / . . .
Fly ash, / . . .

Fig. 4: SEM images: (a) initial fly ash (AF); (b) fly ash after MCT 20 min 1/4.
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From the presented figures it can be seen that during MCT of technogenic powder in the presence of a
modifier the destruction of particles increases, the number of small particles encapsulated in a structured shell
increases (Fig. 5). Under the influence of an electron beam the particles of the sample are often transformed and
acquire the shape of spheroids, which indicates the high activity of the modified particles. The noted fact of the
increase in the activity of ash and slag particles after MCT with a graphite modifier and the change in their
structure under mechanical action. Also, when activating and modifying ash and fly ash with polyvinyl alcohol,
the effect of destruction of spherical particles increases, since alcohol in the modifier is an activator of
destruction. Carbon, in the formof small crystals, enters thefilm on the surface of densemonocrystalline particles
and forms an independent loose formation of rounded particles. After MCT with stearic acid, sample particles of
about 2–3 μm in size are encapsulated in a sufficiently dense formation. Fragments in the form of flattened
rounded particles are observed at the boundaries of the particles. Thus, there is a specific effect of themodifier on
the structure of silicate compounds.

During MCT, in addition to external morphological changes in ash and fly ash particles, accumulation and
transformation of the defect structure occurs, which is reflected in the change in the crystallite size. The crys-
tallite size and X-ray line broadening weremeasured in three planes with the determination of the average value
(Table 2).

The study of the patterns of structural changes in ash and fly ash particles during MCT was carried out for
20 min of treatment as the optimal time, according to the results of powder density studies. An increase in the
number of grinding balls (i.e., Mb in the ratio Mp/Mb), and therefore an increase in the number of blows and
deformation intensity, leads to a decrease in the crystallite size. If for ash groundwithoutmodifiers, the crystallite
size at Mn/Msh = 1/2 was 720 Å, then after processing in the presence of a modifier, the crystallite size increased
significantly. A similar pattern is observed for fly ash. Probably, the presence of modifiers during MCT of ash and

Fig. 5: SEM images of ash and fly ashwith graphite, polyvinyl alcohol and stearic acid, after 20 minMCT. (a) Ash+ 10 %C, (b) ash+ 10 %PVA,
(c) ash + 10 % SA, (d) fly ash + 10 % C, (e) fly ash + 10 % PVA, (f) fly ash + 10 % SA).
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fly ash promotes the annihilation of defects as a result of their diffusion to the particle surface and the formation
of compounds and structural compositions with the participation of elements of the destroyed modifier.

Self-propagating high-temperature synthesis (SHS) is an energy-saving technology, with the help of which in
this work heat-insulating materials were obtained based on pre-mechanically activated technogenic waste. The
results of the conducted studies indicate a significant influence of preliminary mechanochemical treatment on
the development of combustion processes in the self-propagating high-temperature synthesis system. It was
found that the activation of the batch components and their subsequent modification with various compounds
leads to a change in the combustion parameters, in particular the induction period and maximum
temperature.12,13

Table 3 shows the results of determining the compressive strength and thermal conductivity of the samples
after SHS for technogenic waste. The results showed that thermal insulation materials based on the original ash
andfly ash have amaximum temperature of 1100 °C, a thermal conductivity coefficient of 0.175 W/m K, strength of
7.63 MPa and moisture adsorption of 0.32 kg/(m2 min). Samples based on ash and slag after MCT have the lowest
thermal conductivity coefficient of 0.098W/m K, the highest strength index of 35.53 MPa and a moisture
adsorption degree of 0.28 kg/(m2 min). Mechanical treatment has a noticeable positive effect on the original ash
and fly ash, improving its structure and heat resistance. Thus, it is a good heat insulator with the best charac-
teristics. Heat insulators based on ash + 10 % C showed the following characteristics: Tmax: 1215 °C – the highest
among all heat insulating materials based on ash, thermal conductivity coefficient of 0.114W/m K,

Table : Change in the crystallite size of ash and fly ash particles as a result of MCT with a change in theMp/Mb ratio and the
type of modifier.

Modifier Crystallite size, L, Å

Ratio of Мp/Мb

1/2 1/3 1/4

Ash   

Ash + % C   

Ash + % PVA   

Ash + % SA   

Fly ash   

Fly ash + % C   

Fly ash + % PVA   

Fly ash + % SA   

Table : Strength and SHS coefficient values of ash-based materials, modifier content was %.

Samples Тmax, °C Strength,
MPa

Thermal conductivity coefficient, W/
(m K)

Initial adsorption rate, kg/
(m2 min)

Ash initial  . . ± . .
Ash /  мин MCT  . . ± . .
ЗШ + графит¼ minМХО  . . ± . .
Ash + PVA ¼ min MCT  . . ± . .
Ash + SA ¼ min МCT  . . ± . .
Fly ash initial  . . ± . .
Fly ash / min MCT  . . ± . .
Fly ash + C ¼ min МCT  . . ± . .
Fly ash + PVA ¼ min MCT   . ± . .
Fly ash + SA ¼ min МCT  . . ± . .
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strength – 19.86 MPa, and adsorption degree – 0.79 kg/(m2 min). Thermograms show a clear shift of degradation
and sintering peaks to higher temperatures. Carbon promotes the formation of a stable porous structure and
reduces thermal conductivity. The resulting thermal insulation materials are suitable for high-temperature
conditions. Samples based on fly ash + PVA are porous and thus show the lowest strength. Probably, the excess of
organic matter (10 % PVA) leads to the formation of an unstable structure and burnout during heating. Heat
insulators based on ash + SA have a thermal conductivity coefficient of 0.149W/m K, strength of 29.26 MPa,
adsorption of 0.37 kg/(m2 min) and are heat insulators with good mechanical and insulating characteristics.
Stearic acid additives improve combustion stability.

SHS thermal insulators based on fly ash (without treatment) have a maximum temperature of 1117 °C,
thermal conductivity coefficient of 0.160W/(m K), lowmechanical strength of 8.36 MPa. The initial adsorption rate
of 0.67 kg/(m2 min) shows high moisture absorption capacity, which may be undesirable when used in high
humidity conditions. SHS samples with fly ash after mechanochemical treatment (MCT) have Tmax – 1136 °C,
porosity – 11.61 %, thermal conductivity coefficient – 0.097W/(m K). A significant reduction in thermal conduc-
tivity leads to improved thermal insulation properties. The strength of these samples is 16.72 MPa. A significant
increase in strength by 2 times, the material has become significantly more resistant to mechanical loads. The
initial adsorption rate of heat-insulating materials based on fly ash after MCT is 0.36 kg/(m2 min), the indicator is
almost 2 times lower than that of the original – good moisture-resistant behavior. MCT of fly ash particles
significantly improves all characteristics – the material becomes stronger, less thermally conductive and
moisture-resistant. This makes it the best option without any additional additives.

Thermal insulation materials with particles (fly ash + 10 % C after MCT) have the following characteristics:
Tmax – 1125 °C, thermal conductivity coefficient 0.163W/(m K), worse than even that of the original material – the
addition of carbon increased the thermal conductivity. The porosity of the SHS samples is significantly
higher – the structure has become looser 18.04 %, the strength is 9.20 MPa. The initial adsorption rate is a
significant increase in moisture absorption – 1.05 kg/(m2 min). The addition of 10 % C after MCT had a negative
effect on strength, moisture resistance and thermal conductivity. Despite the increase in porosity, the insulating
properties have worsened.

The highest maximum temperature is observed in fly ash + 10 % PVA (1248 °C) – possibly due to improved
thermal stability due to additives. PVA additives sharply increase moisture absorption to 1.42, which negatively
affects durability.

Samples of fly ash + 10 % SA showed a moderate thermal conductivity coefficient of 0.156W/(m K) and
compressive strength up to 12.54 MPa. The SA additive is optimal for creating durable, sufficiently insulating and
moisture-resistant materials.

The XRD results showed the presence of gamma-aluminum oxide, as well as silicon oxide, aluminum, silicon
and iron silicide. In the synthesized samples, unreacted aluminum remains, which indicates that aluminum does
not react with silicon oxide at all. This fact is an advantage for the obtained metal-ceramic samples, since the
presence of aluminum in the product increases the strength of the material (Fig. 6).

Fig. 6: Results of X-ray phase analysis of the SHS sample of
ash + 10 % graphite after 20 min ratio Mp/Mb = 1/4 MCT.
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Figure 7 shows the results of X-ray phase analysis of the synthesized samples after SHS combustion of fly ash
samples after MCT.

X-ray phase analysis of the sample obtained by interaction of the main components of the charge (fly
ash + 37.5 % Al) at 900 °C showed that partial reduction of silicon and formation of aluminum oxide occur. Quite a
large amount of unreacted quartz and aluminum remain. The formation of phases occurs under high-speed and
high-temperature conditions, so they must have a high degree of dispersion. Activation of the surface of fly ash
particles also contributes to the formation of new phases during SHS.

The assessment of the stabilization of the chemical activity of minerals after MCT was carried out in solid-
phase combustion reactions of systems. The development of the combustion process is considered depending on
the preliminary MCT, i.e. activation of the components of the charge and their modification by organic
compounds.

Synthesizing thermal insulation materials using natural high-temperature synthesis allows for the pro-
duction of final products with specified properties and dimensions depending on their intended use. Industrial
waste is used as the basis for producing thermal insulation materials. The thermal insulation material will be
synthesized by introducing man-made waste into the source material, which determines the area of further
application of the resulting material.

The construction industry offers a wide range of thermal insulation materials. For example, the thermal
conductivity of sand-lime brick is 0.7–0.8W/(m K), while that of clinker brick is 0.8–0.9W/(m K). Ash and fly ash,
partially or completely replacing quartz sand, reduce the density of sand-lime brick, improving its thermal
insulation properties to 0.7–0.8W/(m K) and strength, and also reducing the cost by 15–20 %.14 Comparative
analyses show that the resulting thermal insulation materials based on man-made waste have a lower thermal
conductivity compared to sand-lime brick, and are also characterized by low cost. The resulting thermal insu-
lation materials are promising for use in the construction industry, providing high cost efficiency and good
thermal insulation properties.

Conclusions

A study of the thermokinetic behavior of systems in the combustion process was conducted using ash and fly ash
as a charge component. These coal processing wastes contain mainly mullite, a small amount of quartz – 29.1 %
and some amount of unburned carbon. During the MCT of such material, the carbon modifying component is
already contained in its composition. The combustion of such a system, almost independently of the MCT time,
occurs quite intensively and with a high temperature, above 1100 °C.

Fig. 7: Results of X-ray phase analysis of the SHS sample of the
fly ash after 20 min ratio Mp/Mb = 1/4 MCT.
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The results of the study showed that theMCT of technogenic rawmaterials used as components of the charge
mixture for the SH-synthesis of composite systems contributes to a change in the kinetic characteristics of the
combustion process: a decrease in the induction period of ignition and an increase in the combustion rate, which
is a consequence of the increased activity of the powders studied after the MCT.

The influence of the choice of modifier and preliminary treatment of particles on the thermal characteristics
of heat-insulating materials based on fly ash and ash has been revealed, which can be useful for optimizing high-
temperature synthesis processes and obtaining materials with specified properties. Heat insulators based on fly
ash and ash, especially after mechanical and chemical treatment and the introduction of modifiers, are effective,
heat-resistant and environmentally friendly materials that are superior to many traditional analogues. Thus,
heat-insulating materials based on fly ash and ash are becoming increasingly relevant in industry and con-
struction due to their low cost, availability and the possibility of recycling man-made waste.
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