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Abstract. The current conditions for the development of industrial and civil engineering in the regions with
a negative average daily temperature require an increase in the economic efficiency of heating systems
and reduction of the material consumption for its production and operation. One of the solutions to this
problem is electrically conductive concrete. Cost reduction is achieved through the use of binders of
anthropogenic origin. The electrically conductive concrete samples with dimensions of 70 x 70 x 70 mm
and prototype product with dimensions of 500 x 500 x 50 mm were used for the assessment of the effect
of the micro heating elements on the performance and physicochemical properties of mineral matrix. The
electrically conductive concrete was based on waste of anthropogenic origin (fluorine-anhydrite) and fine
aggregates. The additives in the form of 7 % technical soot suspension and 1 % of carbon fiber were used
as micro heating elements. The physical and technical studies were carried out on the 28" day after
3 cycles of heating and cooling of the samples. The obtained results confirm that carbon fiber reduces the
specific volume resistance up to 8.5 kOhm-cm. It allows the usage of proposed compositions for the
manufacture of large-format heating elements. The experimental operation of large-format heating
elements based on the developed compositions made it possible to determine its thermophysical
characteristics. The heating of the elements surface from 21.9 to 28.5 °C for 40 minutes were obtained.
Thus, the use of the developed prototype as heating elements is possibly provided that the pre-installed
electrodes are protected from electrochemical corrosion. The electrochemical corrosion must be
established through the use of methods of physicochemical analysis.
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1. Introduction

Modern trends in the development of electrotechnical concretes, which traditionally consist of
aggregates with rationally selected granulometric composition, binder (Portland cement) and modified with
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carbon-containing components of various morphological structures, are aimed at increasing of economic
efficiency and environmental friendliness [1, 2]. The electrically conductive concrete based on Portland
cement is the most common type of electrotechnical concrete due to its technological advantages, such as
workability, strength, and durability. At the same time, the current intensification in civil engineering,
infrastructure development, and urbanization have led to the widespread use of concrete and reinforced
concrete on Portland cement and its negative impact on the environment [3, 4]. Production of cement and
steel causes a significant CO2 emission [4]. Environmental monitoring of industrial enterprises of the cement
industry shows that every kilogram of produced Portland cement emits about 0.70-0.85 kg of carbon
dioxide [4, 5]. The tendency of global industrial production makes it possible to forecast a volume of
5.8 billion tons of cement by 2030 [5, 6].

It has led to the development of research in the field of electrotechnical concretes aimed at solving
problems of reducing the environmental burden by recycling of industrial waste in the production of
environmentally friendly materials-substitutes for Portland cement [7, 8].

The associated industrial products (gypsum-containing waste), such as products of chemical,
forestry, and mining industries, are the potential source of raw materials for the production of
electrotechnical concretes. The annual volume of gypsum-containing waste for 2023 is about 100-280
million tons per year [7]. Global volumes of solid gypsum-containing waste are estimated from 7 to 8 billion
tons [8]. This type of waste includes phosphogypsum, borogypsum, fluorohydrite, citrogypsum,
titanogypsum, and others. One of the common gypsum-containing wastes is fluoranhydrite [4, 5]. This solid
sulfate-containing production waste is formed as a by-product in the production of hydrogen fluoride. The
technology for producing hydrogen fluoride is based on the interaction of fluorspar with 98 % sulfuric acid
according to the reaction:

The crushed fluorspar is mixed with sulfuric acid, and the resulting mass is fed into rotary kilns. At
160-280 °C, the gas leaving the kiln contains up to 80 % of HF [5, 6]. The product discharged from the kiln
contains more than 80 % of CaSO4, 0.5-5.0 % of CaF2, 10-12 % of H2S04, 1.5-4.0 % of SiO2, and
0.5-1.5 % of R203 [6].

In the works of A.A. Ponomarenko and Yu.G. Meshcheryakov [7], the composition of the by-product
of the production of HaloPolymer JSC (Perm) after 3-5 years of storage was established to include no less
than 20 % of y-CaSOa4; up to 78 % of 3-CaSOs; from 1.0 to 1.8 % of CaFz; from 0.5 to 10.0 % of H2SO4; up
to 0.2 % of HF.

The water-soluble fluoride and sulfate ions in the composition, as well as suspended matters, have
a negative impact on the environment when fluoroanhydrite accumulates in sludge storage facilities and
when discharged into water bodies [7, 8].

To reduce the negative impact, several directions for the utilization of sulfate-containing waste have
been developed: production of sulfuric acid and lime; of anhydrite binder; of gypsum binder; use as a
regulator of the setting time of binders [8, 9].

Today, one of the most common and studied directions is the production of a binder by crushing,
subsequent grinding, and milling of coarse-grained fluoroanhydrite stone. The resulting dispersed powder
is mixed with a rationally selected solution of water with a hydration catalyst, which can be sodium sulfate,
iron sulfate, potassium bisulfate, blast furnace slag, alumina sulfate, and others [10].

In the countries, such as the People’s Republic of China, the United States of America, and the
Russian Federation, leading in the volume of accumulation of gypsum-containing waste, this binder has
found quite wide application in the building materials industry [9].

Fluoroanhydrite and anhydrite binders are actively used in the production of various materials and
products, including cement-free concrete and mortars [9, 10], facing and thermal insulation materials [1, 8].

The research by Russian and Chinese scientists [11] has shown the possibility of using such binders
in the production of hollow and cellular blocks. Iron, sodium, and potassium sulfates have been successfully
tested as hardening activators.

A sulfate-containing binder, with an optimal selection of a hardening activator, is technologically
highly adaptable to modification by introducing extra additives to expand the functional properties of
products. Thus, the use of carbon-containing additives made it possible to experimentally test products
based on fluoroanhydrite with a relatively low specific resistance [12, 13].

In the last decade, a significant number of research works have been devoted to the formation of
electrically conductive properties in mineral matrices by reducing the percolation threshold, which makes it
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possible to expand the scope of application and create products with a resistive self-heating function [14].
To justify the possibility of producing these products and ensuring the required specific resistance, various
models have been proposed that justify the formation of electrically conductive paths in the matrix volume,
such as cluster [6], linear [15], and complex [16]. To ensure various forms of electrically conductive paths,
the use of additives of various morphology [17] and composition [18] has been proposed. The research
results have confirmed the effectiveness of additives based on carbon-containing materials with various
morphological features, including finely dispersed industrial soot and carbon fiber [19]. In this case, various
types of metal products made of structural or stainless steel, such as reinforcement, plates, pipes, are used
to supply electric current to the samples [20].

It is known [21] that the mechanism of electrical conductivity in mineral matrices, such as concrete
based on Portland cement or gypsum, is based on ionic conductivity. In ionic conductors, such as
electrolytes, ions move under the influence of an electric field. To transfer charge in a mineral matrix, there
must be an electrolyte containing charged particles [21] located in pores, voids, in contact zones, and in
the matrix [22].

In a mineral matrix based on industrial anhydrite, the presence of electrolyte in the structure depends
on the humidity, particle size, their mutual arrangement, and also on the wedging pressure acting in thin
layers. Pellicular moisture is several tens of angstroms thick and mainly limits the electrical conductivity of
the system [23], moisture in pores and voids is represented by relatively large inclusions isolated from each
other and does not make a noticeable contribution to the electrical conductivity of the matrix [23].

In countries with a dry climate, slabs and blocks made of dense mixtures based on gypsum binders
are actively used in the construction of walls and partitions [17, 20, 23]. With an average density of
1500-1800 kg/m3, gypsum concrete products have the required strength properties. Due to a number of
reasons, prefabricated gypsum concrete products have not found wide application in housing construction.

The load-bearing capacity of gypsum concrete masonry can be increased by reinforcement: steel
mesh, rods [15, 20]. However, steel reinforcement is known to actively corrode when in contact with
hydrated gypsum binder [22, 23].

From the data presented in the study [15, 20, 22], it follows that the pH decreases during the
hardening of the mineral matrix. The change in pH is observed immediately after the binder is mixed. Also
in the works [24, 29], it was established that the presence of sulfates allows the pH to decrease during the
first 30 minutes, before the formation of the crystalline structure.

In this regard, during the formation of the mineral matrix in a pre-reinforced product or a product with
pre-installed electrodes, an oxide film is formed on the surface of the reinforcement, which is similar to the
mechanism of formation of an inhibiting film during the manufacture of reinforced concrete [24, 25]. The
subsequent decrease in pH to an acidic environment does not allow the formation of the required thickness
of the oxide film on the surface of the reinforcing element [26]. As a result, the presence of bound and free
water molecules in the composition of the hydrated sulfate-containing binder determines the emergence of
conditions for electrochemical corrosion of iron, a destructive process of metal fracture in liquid conductive
media [27, 28].

During the corrosion process in the mineral matrix, under the influence of the corrosion current, the
metal dissolves due to electrochemical interaction with the electrolyte. The surface of the metal in the
electrolyte is electrochemically heterogeneous, which leads to the formation of microgalvanic corrosion
elements [25, 26]. On some areas of the surface, called anodes, the following reaction takes place:

Me <> Men + +ne.
On other areas called cathodes, the following reactions take place:

— in neutral medium

02 + 2H20 +4¢ < 40H ;
— in acid medium

2H++2e < H, T.

The corroding elements of the circuit, being in an open state, corrode on the anodic and cathodic
sections in the forward and reverse directions at the same rate. This is due to the fact that a potential
difference arises between the metal and the electrolyte solution, associated with the formation of a double
electric layer, i.e. an asymmetric distribution of charged particles at the phase boundary [25, 27].

In turn, the electrode potential of metals, calculated using the Nernst thermodynamic equation,
depends on the nature of the electrolyte and the ambient temperature [26, 28]. Studies have shown that
the corrosion process of a steel rod occurs actively in both acidic and alkaline electrolytes.
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The considered features predetermined the need to assess the effect of electric current on a modified
mineral matrix during heating and simulating the operation of a product based on a modified fluoroanhydrite
binder.

The purpose of this work is to study the processes occurring in a modified mineral matrix based on
fluoroanhydrite when passing electric current through structural reinforcement and to assess the
performance of the contact zone “steel reinforcement/mineral matrix” after several heating/cooling cycles.

The results obtained will allow us to assess the possibility of solving the current problem of recycling
large-tonnage chemical production waste by offering effective compositions and technical solutions for the
production of heating elements.

2. Materials and Methods

Binder. The used fluoroanhydrite was provided by HaloPolymer LLC, Perm, Russia. The chemical
composition of the binder is as follows: SiO2 — 3.5 %; Al203 — 0.7 %; Fe203 — 0.95 %; CaO — 37 %; SOs —
54.42 %; impurities — 3.43 %. According to X-ray phase analysis, fluoroanhydrite is represented by
anhydrite (d = 3.50; 2.85 A°), gypsum (d = 4.29; 3.81 A°), and calcium carbonate (d = 3.04 A°) [7, 8]. In
production, ground limestone is used to neutralize the binder, due to which the material has the following
potential material composition: CaSOs — 74.78 %; CaS04-2H20 — 13.38 %; CaCOs — 11.00 %; CaF2 —
0.82 %; H2S04 — 0.02 % [7].

Hydration catalyst. Based on the analysis of scientific research literature and the results of previous
studies, sodium sulfate was selected to be introduced in an amount of 2 % of the mass of the binder in
order to activate and intensify the processes of hydration and hardening, as well as to obtain the optimal
structure of anhydrite stone [10, 6].

Fine aggregate. To ensure the density of the mineral matrix and homogenization of the fiber in the
volume of the material, a fine aggregate in the form of quartz sand with a fineness modulus of 0.7 was
introduced.

Monsterfiber carbon fiber. To ensure electrically conductive characteristics, uniform heating of the
product, and temperature gradient, carbon fiber was introduced, which is also a reinforcing filler. The
modifier is a crushed chopped carbon thread, which is obtained by multi-stage heat treatment of PAN fibers
(polyacrylonitrile-based fibers) at temperatures up to 320 °C. Technical characteristics of carbon fiber:
tensile strength of fiber not less than 3000 MPa; tensile modulus of elasticity of the fiber not less than
230 GPa; density from 1.68 to 1.80 g/cms3; fiber stretching test not less than 0.8 %; moisture 0.1 %. The
production is certified according to the following standards: ISO 9001, OHSAS 18001, ISO 14001.

Plasticizer (Stahement-2000-M). Uniform distribution of carbon fiber in the structure of the mixture
is due to a new generation hyperplasticizer (Group |) based on polycarboxylates. The additive is available
in liquid form and complies with EN 934-2:2010. Stahement 2000-M is used to obtain highly mobile,
including self-compacting, concrete mixtures, for the production of thin-walled and densely reinforced,
vertically molded products, complex-configuration structures with a high degree of factory readiness,
monolithic reinforced concrete structures, lightweight concrete, monolithic floors, and roads.

Compositions and methods of testing and research. To study the features of the process of
heating products, fluoroanhydrite plates 500 x 500 mm were manufactured. Their compositions are
presented in Table 1.

Table 1. Component ratio of compositions.

Fine Hart(jer1ting
cogregate el
Binder (Fine sand sulfate Carbon fiber Plasticizer Water-
Compositions  (Fluoroanhydrite), Russian State Russian S’tate (Monsterfibe  (Stahement- to-Binder
kg Standard Standard rC), % 2000-M), % Ratio
GOST 8736, GOsT 4166),
Mk=0.7), kg %

Control - 0.3
AE-1 0.3 0.3
AE-2 6.961 1.168 2 0.4 0.5 0.3
AE-3 0.5 0.35

AE-4 0.75 0.4
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After gaining strength (28 days), studies were conducted on the physical, mechanical, chemical, and
thermal properties of the developed compositions and products.

Mechanical strength. The mechanical compressive strength was determined on samples
70 x 70 x 70 mm at the age of 7, 14, and 28 days on a PGM-100MG4-A hydraulic press with a loading rate
of 0.5-0.8 MPal/s.

Specific volume resistance. The specific volume electrical resistance was determined on samples of
70 x 70 x 70 mm. The value was calculated according to the formula:

p=R-A/L, Q-cm,

where p is specific resistance of the sample; R is resistance of the sample, determined by measuring with

a two-contact method using an E7-20 immittance meter; L is distance between the probes; A is cross-
sectional area of the sample. The scheme used for measuring the specific volume resistance is presented
in the paper study [29].

Differential scanning calorimetry. The influence of heating and micro heating modifying elements
(carbon fiber) on the phase composition of the studied samples was analyzed by means of DSC analysis.
The data were obtained on a TGA/DSC1 device of Mettler-Toledo Vostok CJSC, Switzerland, at the
temperature range from 60 to 1100 °C at a temperature increase rate of 30 °C/min in an air atmosphere.

Scanning electron microscopy SEM-EDS. The microstructure of the samples was studied using a
Thermo Fisher Scientific Quattro scanning electron microscope, Thermo Fisher Scientific Inc, USA. The
samples for SEM-EDS analysis were cubic (an edge of 0.5 cm) and were selected using an angle grinder
with a diamond disk. No preliminary preparation of the samples by spraying was performed.

Thermophysical characteristics. The thermophysical properties were assessed based on the
research results obtained during the development of electrically conductive concrete [30, 31]. The test
method involves generating electrical heat by supplying direct current with U = 120 V and | = 3 A to the
electrodes according to the diagram shown in Fig. 1. The electric current was supplied until the maximum
surface heating temperature of 30 °C was reached. This temperature threshold is due to the fact that during
the exploratory stages of the experiment, heating the products above 35 °C was accompanied by the
release of water from the volume of the products.

Siccl plaic
L=440B=30 5=00 1 o 1
Stcel plake Steel plate :
= L=140B=30 5290 : Steel plate
L=440B=3() 5=90
L=440B=30 5=)
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@ |-El[ 400 LZI ® 50 50
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B

polarity electrode | pola.rity(e)lectmdc

) . Copper cable with a section of
5% 2.5 mm?

Figure 1. Layout of steel plates in the experimental product (plate).
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The change in temperature and its distribution over the surface of the product were recorded using
a Guide D192M thermal imaging camera. The intelligent thermal camera of the D series is equipped with a
4-inch high-brightness touch screen, IR resolution of 192 x 144, detector type of 25 ym, temperature range:
—20 °C~150 °C, 100 °C~650 °C, 650 °C~1500 °C, accuracy: +2 °C or £2 % of readings (at an ambient
temperature of 15 to 35 °C and an object’s temperature above 0 °C).

3. Results and Discussion

3.1. Analysis of Physical and Technical Properties
and Specific Volume Resistance

The analysis of the mechanical strength of the studied compositions shows that the strength of the
AE-4 composition in the control test periods is higher than that of the AE-1, 2, 3 compositions by an average
of 9.5 %. In turn, on the 28" day of hardening, the strength of the AE-4 composition was 24.2 MPa, which
exceeds the strength of the control composition by 7.5 %, the variation coefficient was 7.2 %. After that,
the set of properties was determined for the optimal strength of the AE-4 composition.

The results obtained in determining the specific volume electrical resistance of the samples and the
change in the parameter during strength gain are shown in Fig. 3. It was found that the specific volume
resistance of the control sample corresponds to the parameters given in the literary sources [40, 41] and is
27.1 kOhm-cm on the 28" day. At the same time, the specific volume resistance of the optimal conductive
composition with carbon fiber on the 28th day is 8.5 kOhm-cm. This value is 1.5 times lower than that of
compositions based on fluoroanhydrite binder modified with a suspension of industrial carbon black,
developed and studied in previous works [31-34]. The achieved characteristics are due to the formation of
a linear network of conductive elements in the form of uniformly distributed carbon fiber in the volume of
the mineral matrix [35-38]. The percolation transition zone is overcome by increasing the breakdown
voltage, which allows achieving optimal characteristics in comparison with the results presented in [39-41].
Thus, in [15], for the optimal composition, the specific volume resistance was 13.6 kOhm-cm, and the
strength was 35.81 MPa. When gaining strength, an increase in the parameter of specific volume electrical
resistance is observed for the control and modified compositions, which is associated with the continued
formation of the matrix structure and a decrease in the volume of unbound water [42, 43].

20.1

184

R comg,MPa

10

7 days 14 days 28 days

Reference AE-4 Reference AE-4 Reference AE-4
B p kOm = cm W R comp,MPa
Figure 2. Test results of the control and optimal composition AE-4:
mechanical compressive strength, MPa (red); specific volume resistance, kOhm-cm (blue).

Subsequently, the AE-4 composition was used to determine the thermophysical and physicochemical
properties and characteristics, as well as to test the heating scheme for the products.

3.2. Study of Thermophysical and Physicochemical Properties

Analysis of data in the field of practical implementation of conductive composite products allows us
to determine the parameters of direct current supplied to metal electrodes. Current characteristics varied
for current strength | from 0 to 5 A, for voltage U from 0 to 220 V; achieving a uniform temperature gradient
over the surface of the product was considered optimal.
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The final values ensuring uniform heating were: | = 3A; U = 120V. These characteristics are cost-
effective and safe for use in industrial and civil construction. Fig. 3 shows the results of thermophysical
tests of a plate with geometric dimensions of 500 x 500 x 50 mm, made of AE-4 composition. The
electrodes in the plate were located at a distance of 40 cm from each other, and the dimensions of the
electrodes were 44 x 3 cm, installed according to the diagram shown in Fig. 1. Over 40 minutes, the
temperature of the product increased uniformly. The maximum temperature of the product after 40 minutes
was 31.1 °C, which is 9.2 °C higher than the initial surface temperature. The average power consumption
was 660 W/m2,

Emissivity— 0.75;
Ambient temperature T = 19.2 °C;

Average surface temperature
of the plate T=21.9 °C

c d
Emissivity— 0.75; Emissivity— 0.75;
Ambient temperature T = 23.3 °C; Ambient temperature T= 20 °C;
Average surface temperature of the plate T =27.5 °C Average surfac-tla_ ter2n8p5er;aéure of the plate

Figure 3. Product and thermal imaging camera images obtained during heating
at 20-minute intervals: a — general appearance of the product; b — initial surface temperature
of the product; ¢ — temperature 20 minutes after the start of heating;
d — temperature 40 minutes after the start of heating.

To assess the effect of heating on the structure of the modified matrix based on the AE-4
composition, a microstructure analysis was performed. The samples were taken on the 28" day of
hardening, after several cycles of heating the product to the maximum temperature and subsequent cooling,
from different zones, depending on the location of the matrix relative to the heated element, according to
Fig. 4.
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Figure 4. Scheme of sampling for studies of the physical and chemical properties
of an electrically conductive composition after several heating/cooling cycles.

The study of the contact zone of the metal and the fluoroanhydrite-based mineral matrix shows a low
degree of adhesion (Fig. 5a), which is caused by the formation of lamellar crystals of iron oxide between
the mineral matrix and the reinforcement (Figs. 5b and 5d), which are formed in the initial stages of
hardening, up to 10 days. In turn, the mineral matrix, including iron oxide, is characterized by a fairly loose
structure (Fig. 5c).

Analysis of the microstructure of the mineral matrix, taken from Zone No. 2, remote from direct
contact with the metal, shows the presence of poorly soluble iron (Ill) hydroxide (Figs. 6a and 6b). At the
same time, thermal influence on cubic crystalline new formations (Fig. 6¢) leads to the deformation of the
crystals and the appearance of parallel oriented microcracks, promoting the stratification of hydration
products (Fig. 6d).

-

Figure 5. SEM of the modified AE-4 sample, sampling Zone No. 1,
the area of direct contact of the steel rod (reinforcement) and the mineral matrix at different
magnifications: a — 650x; b — 2500x; ¢ — 6500x; d — 10000x.
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Figure 6.SEM of modified sample AE-4, sampling Zone No. 2, at different magnifications:
a—-650x; b, c — 5000x; d — 10000x.

Figure 7.SEM of AE-4modified sample, sampling zone No. 3, at magnifications of 2500x .

Microstructure of the sample taken from Zone No. 3, typical for the modified composition outside the
contact zone with the metal element. The presence of carbon fiber uniformly distributed in the volume of
the material is noted. The uniformity of distribution is due to the use of a plasticizer and fine filler and the
optimality of the composition production (Fig. 7a). At the same time, the absence of chemical interaction in
the area of the contact zone of the carbon fiber and the matrix is noted, which is confirmed by the absence
of new formations on the surface of the modifier (Figs. 7a and 7b).

To estimate the volume of the matrix structure subject to changes due to heating of the metal
reinforcement and to analyze the depth of migration of iron ions into the contact zone of the material around
the heating element, the migration of iron ions was analyzed by means of mapping (Fig. 8).
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Figure 8. Iron ion migration analysis, sampling Zone No. 2, after several heating cycles:
a — general structure view, boundary of Zones No. 2 and No. 3, at 120x magnification; b — chemical
compound mapping (red — CaK/S K/OK, blue — OK/ CaK/ FeK/ SK); ¢ — microstructure of elemental
mapping area at higher magnification; d — element mapping of area c; e — quantitative analysis at
point 1.

The mapping obtained as a result of energy-dispersive analysis (Figs. 8b, 8d, and 8e) confirmed the
active migration of iron ions into the structure of the mineral matrix and the presence of Zones No. 1 and
No. 2 with a microstructure different from Zone No. 3, formed due to changes in the conditions of structure
formation during heating of the product. This process is caused by electrochemical corrosion of the heating
element (reinforcement) due to the presence of a significant amount of bound and free water in the hydrated
sulfate-containing binder. In this case, heating determines the emergence of conditions for the accelerated
formation of iron-containing compounds, including iron oxides and hydroxides (Figs. 8b, 8d, and 8e).
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Figure 9.DSC analysis of samples on the 28th day of hardening,
after several heating/cooling cycles: red — modified composition; black — control composition.

= e -

105+ Slep -0I6 mg 1
Residug 9597 mg
Lelimt 7803 °C 1
Right Limk 234,09 °C -50
1007 ]
Stap LI 2me 1
| Resiue 92,81 mgr |
Lsklimt 710,97 °C -1007

951 —\_.i Right Lirit 812,30 °C
.

- e -150
901 '-e.-:.;..: 7675 mg 1
Laft Limit &1,47 °C
Right Limit 272,98 °C ]
=200+
851
2501
80 1
-3004
75 1

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 %00 950 1000 1050°C

Figure 10. TG analysis of samples on the 28th day of hardening,
after several heating/cooling cycles: red — modified composition; black — control composition.

To confirm the insignificant effect of heating the product on the modified matrix located at a distance
from the heating elements, DTA/TG analysis was performed on a sample taken from Zone No. 3 after
several heating/cooling cycles.

Comparative analysis of differential scanning calorimetry, thermogravimetric analysis of the control
and modified samples showed that in the temperature range up to 280 °C, dehydration of crystal hydrate
water occurs, characterized by a significant mass loss of 15.9 % for the modified composition and 8.7 %
for the control one. In addition, a strong exothermic effect with a maximum at a temperature of 675 °C is
observed on the DSC curve for the modified composition. In the studied temperature range, phase
transformations of carbon with the release of heat are absent [35], the obtained data probably demonstrate
the result of the process of interaction of carbon with oxygen with the formation of carbon monoxide
(oxidation and burnout of the additive).

At 408.5 °C in the control composition and 360 °C in the modified composition, calcium sulfate
recrystallizes.

The control and modified compositions exhibit an endothermic effect at 797 °C in the control
composition and at 777.3 °C in the modified composition, associated with the dissociation of calcium
carbonate.
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Thus, the analysis of the obtained data allows us to conclude that carbon fiber can be used as micro-
heating elements; the additive provides satisfactory physical and mechanical characteristics,
thermophysical parameters, while the modification and subsequent heating of the product are not
accompanied by physical and chemical changes.

4. Conclusions

Based on the conducted comprehensive analysis of the influence of heating on the microstructure
and properties of the mineral matrix based on a binder of anthropogenic origin, the following was found:

1. The introduction of carbon fiber in the amount of 0.75 % of the binder mass, in combination with a
hardening activator, provides mechanical strength of 24.2 MPa and specific volume resistance of
8.5 kOhm-cm. The achieved parameters meet the operational requirements for heated products.

2. The optimal electric current values were determined to be U =120 V, | = 3 A, providing a uniform
temperature gradient over the surface of the product and heating the product by 9.2 °C within
40 minutes. The average power consumption was 660 W/m2.

3. After several heating/cooling cycles, a lack of adhesion was found between the hydrated
fluoroanhydrite matrix and the unprotected steel rod (reinforcement) due to accelerated
electrochemical corrosion of the heating element.

4. The degree of negative influence of heating on the structure and composition of the modified
mineral matrix was determined depending on the distance to the reinforcing element.

5. Migration of iron ions has been established, determining the degree of destruction of the mineral
matrix, which can be tracked by the depth of penetration of iron ions and the influence of
electrochemical corrosion products.

Thus, based on the proposed compositions, an economically efficient, low-material-intensive system
can be developed for heating residential and industrial premises. However, it is necessary to establish the
maximum possible number of heating/cooling cycles of products, to offer effective solutions to reduce the
degree of influence of electrochemical corrosion on heating elements.
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