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ABSTRACT

The monograph is devoted to the actual scientific and practical problems of materials science, foundry 
production and engineering and architectural solutions, which are of great importance for the industrial 
development and post-war reconstruction of Ukraine. The book comprehensively combines research in the 
field of creation of new metal materials with increased operational properties and development of inclusive 
and sustainable engineering approaches in construction and environmental design.

The first chapter substantiates the rational compositions of chromium-manganese alloys and inves-
tigates the regularities of formation of their structure, phase composition and properties in the cast state. 
The possibilities of reducing the energy intensity of casting processes and increasing the wear resistance of 
products compared to traditional alloys-analogues are shown. The prospects of using the developed mate-
rials to increase the operational stability of piercing mandrels of pipe rolling mills are determined, provided 
that the heat treatment regimens are optimized and metastable self-strengthening structures are formed.

The second chapter is devoted to the integration of the principles of inclusive engineering and artisanal 
technologies in the design of public catering establishments in the conditions of post-war reconstruction of 
Ukraine. The choice of environmentally friendly building materials and architectural solutions that ensure 
accessibility, safety, energy efficiency and compliance with sanitary and hygienic requirements (HACCP) is 
justified. The proposed approach contributes to the sustainable development of communities, reducing the 
environmental load and preserving local cultural identity.

The third chapter considers promising high-entropy alloys based on the FeNiCrCuAl and FeNiCrCuMn 
systems as heat-resistant casting materials of a new generation. Based on thermodynamic calculations, 
structural-phase analysis and research of thermophysical, mechanical and casting properties, their high 
structural stability and feasibility of use in conditions of elevated temperatures are confirmed.

The fourth chapter highlights the scientific and technological prerequisites for obtaining steel hollow 
castings with composite and reinforced non-metallic fillers by the casting method using gasified models. 
A mathematical description of gas-hydrodynamic processes has been developed, computer modeling and 
experimental verification of technological solutions that are important for the manufacture of special and 
protective casting products have been carried out.

The book is addressed to scientists, practicing engineers, foundry specialists, architects and design-
ers, as well as scientific and pedagogical workers and higher education students in the specialties of mate-
rials science, metallurgy and civil engineering.
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CIRCLE OF READERS AND SCOPE OF APPLICATION

The materials of the monograph will be useful for a wide range of specialists and organizations. The 
results of research in the field of chromium-manganese and high-entropy alloys are focused on enterpris-
es of the metallurgical and foundry industries, in particular, manufacturers of heat- and wear-resistant 
parts for pipe rolling mills, energy equipment, mechanical engineering, defense and special equipment. The 
proposed materials and technological solutions can be used when designing new products, modernizing 
casting processes and reducing material and energy consumption in industrial production.

The chapters devoted to steel hollow castings with composite and reinforced non-metallic fillers are 
of practical interest to developers and manufacturers of foundry products for special and protective pur-
poses, as well as for enterprises of the defense-industrial complex, where a combination of high strength, 
reliability and reduced mass of structures is important.

Engineering and architectural research aimed at integrating the principles of inclusive design and 
artisanal technologies will be relevant for architects, civil engineers, design organizations, local govern-
ments and public initiatives involved in the post-war reconstruction processes of Ukraine. The proposed 
approaches can be used in the creation of public catering establishments, social infrastructure and public 
spaces focused on the needs of veterans, people with disabilities and internally displaced persons.

The publication is of particular value for scientists and scientific and pedagogical workers, postgrad-
uates and students of higher education institutions in the specialties "Metallurgy", "Materials Science", 
"Foundry", "Mechanical Engineering", "Construction and Architecture", since the results presented can be 
used in the educational process, during the performance of qualification work and further scientific research.
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INTRODUCTION

The current stage of development of science and technology is characterized by increasing require-
ments for materials, their manufacturing technologies and engineering solutions used in industry, construc-
tion and social infrastructure. In the context of global challenges caused by resource depletion, increased 
energy intensity of production, environmental restrictions and the consequences of the full-scale war in 
Ukraine, the development of innovative materials and technologies that can combine high performance 
characteristics, economic feasibility and social orientation is of particular relevance.

Metallurgy and foundry production remain basic industries that ensure the functioning of mechanical 
engineering, energy, transport and defense sectors. In this context, an important scientific task is the cre-
ation of new alloys with increased wear and heat resistance, improvement of their chemical composition, 
structure and phase state, as well as optimization of technological processes of casting and heat treatment 
in order to reduce energy consumption and increase the reliability of finished products. Along with this, 
the development of engineering approaches to the formation of a safe, accessible and environmentally 
responsible environment that meets modern social challenges is relevant.

The first chapter of the monograph examines the scientific foundations of the creation of chromi-
um-manganese alloys with rational alloying. The optimal ranges of chemical composition are substantiated, 
the features of the formation of the structure and phase composition in the cast state are investigated, 
and the thermodynamic and technological characteristics of the melting and crystallization processes are 
analyzed. The results of comparative tests for friction and abrasive wear are presented, which confirm the 
increased wear resistance of the developed alloys compared to traditional analogue materials. The direc-
tions for further increasing the operational stability of products by optimizing heat treatment modes and 
forming metastable structures are outlined.

The second chapter is devoted to the issues of integrating the principles of inclusive engineering and 
craft technologies into the design of public catering establishments in the conditions of post-war recon-
struction of Ukraine. The chapter analyzes the environmental, thermophysical and operational characteris-
tics of natural and low-carbon building materials, as well as architectural and planning solutions aimed at 
ensuring accessibility, safety, hygiene and energy efficiency. A methodological approach to the creation of 
socially oriented, culturally authentic and sustainable public infrastructure facilities is proposed.

The third chapter presents the results of research into promising high-entropy alloys based on the 
FeNiCrCuAl and FeNiCrCuMn systems, designed for operation at elevated temperatures. The features of 
their production in vacuum induction furnaces are considered, thermodynamic prediction of the phase 
composition and experimental confirmation of the structural state are carried out. The thermophysical, 
mechanical and casting properties of the alloys are studied, and their heat resistance is also assessed, 
which allows us to consider these materials as a promising alternative to traditional steels and cast irons.

The fourth chapter presents the scientific and technological principles of obtaining hollow steel 
castings with composite and reinforced non-metallic fillers by the method of casting according to  
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gasified models. A mathematical description of gas-hydrodynamic and thermal processes is proposed, 
computer modeling and experimental verification of the influence of fillers on the quality of castings are 
carried out. The prospects of using the developed technological solutions for the manufacture of special 
and protective casting products, in particular for the needs of the defense sector, are shown. Thus, the 
monograph comprehensively covers modern approaches to the creation of new materials, the improvement 
of casting technologies and the implementation of inclusive engineering solutions. The results obtained 
have both scientific novelty and practical value and can be used in industry, design activities, scientific 
research and the educational process.
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ABSTRACT

The current publication reports on the magnetic field influence on the microstructure of Cz-Si doped 
with Al, Mg, Cu, Fe, Zr, Hf. The point is that these dopants have different effects on the interaction energy of 
silicon atoms in its crystal lattice and differently behave under magnetic field treatment. In this context, the 
problem of silicon processing is first time addressed.

It is established that the dopants (Al, Mg, Cu, Fe), which decrease the energy of atom interaction within 
the crystal lattice of silicon, lead to the increase in the defects of the silicon structural units after 240 hours 
of magnetic field treatment while 720 hours produce the decrease in the quantity of such defects. 

Cz-Si doped with Zr, Hf (these dopants increase the interaction energy of the silicon crystal lattice) 
experiences the decrease in the quantity of defects in the structural units starting from 240 of exposing to 
the magnetic field.

By means of X-ray diffraction technique, the occurrence of new peaks on the scattering angles of 
90—92 degrees has been detected, that is due to SiFCC lattice distortion and the formation of Si orthorhomic 

alongside with it. This indicates phase transformations in the samples of semiconductor silicon during mag-
netic treatment at room temperature.

KEYWORDS

Semiconductor silicon, complex doping, interaction energy, phase transformations, dislocation den-
sity, twins, magnetic field treatment, microhardness, specific electrical resistivity, charge minority-carrier 
lifetime.

Commonly, power engineering for energy production has always been posed as the principle industry of 
any developed country. To provide energy independence is one of the strategic tasks to address in modern 
Ukraine's economy development. The promising way how this task can be solved is in maximizing the stra-
tegic balance by enhancing the energy share from the own energy resources. The urgency of this problem 
in Ukraine determines the need for the development of the alternative energy forms based on renewable 
sources alongside with the energy saving.
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Back in 1990, the world's developed countries initiated transition stage to the new energy sources. The en-
vironmentally-friendly attitude is among the features of this stage, i.e. it strives to reduce environmental 
pollution and to minimize carbon dioxide and sulfur dioxide emissions. Expected that during the next two 
or three decades, the mankind is to introduce ecologically-friendly renewable energy sources into everyday 
life, primarily wind power and solar power. Ignoring these tendencies threats with ecological disasters of the 
future and is able make the entire life on earth endangered. 

Moreover, pursuing the target of achieving European Integration, Ukraine sets the strategic goal of 
rapid implementation for the energy produced from the renewable energy sources. Thus, solar power is 
the most promising direction of such kind in Ukraine, where there is a high potential due to the country's 
geographical position in the terrestrial latitudes with good solar radiation intensity. The latter implies that 
the photovoltaic equipment can be used throughout the year. Further, the high-performance operating time 
in the northern areas makes up 5 months (May to September), while in the southern areas it is 7 months 
(April to October). However, the solar power economic features require careful further study. According to 
experts, the operating cost of the electrical power generated by the solar modules will reduce by 5 times 
during the next 10 or 15 years.

Taking into account the above stated necessity of solar engineering development, silicon, as a constitu-
ent of solar cells, draws the close attention of the scientists. In particular, thermal stability of silicon crystal 
properties is one of the basic parameters of semiconductor quality and at the same time it is the very factor 
that determines the resistance of microelectronic devices to degradation at elevated temperatures and 
expands the area of their operation. Furthermore, thermal stability of silicon crystals is essential for man-
ufacturing microelectronic devices, since crystals are exposed to high temperatures in many technological 
processes that often irretrievably deteriorate properties of primary crystals.

The topical character of the study is determined by the need to reveal the degradation regularities in 
silicon physical properties and the means of their further control, as well as by the necessity to develop 
semiconductor devices based on silicon with stable parameters.

The manufacturing processes and operation of semiconductor devices are known to be followed by 
thermal and radiation effects that cause the changes in the physical properties of both in semiconductors 
and the devices based on them. However, there are rigorous specifications to the manufactured semi-
conductor devices concerning stability of their parameters under various radiation and thermal operating 
conditions. The potentially productive ways of control over silicon physical parameter degradation are in its 
thermal treatment, doping and processing within a magnetic field. 

Today there is a growing demand for monocrystalline silicon for photo-emissive converters from both 
foreign and domestic companies. The circle of scientific interests of the global research community con-
tinues to be focused on solar cell manufacturing techniques from cheap silicon that can be represented 
by polycrystalline silicon of low-purity ("dirty"), thin films of amorphous silicon of polycrystalline type and 
other semiconductors.

Considering the full-scale opportunities for the silicon and the dedicated equipment, the need for the 
sufficiently high level of readiness should be provided, which enables the rapid and efficient growth of 
modern solar power in Ukraine.
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The first section of the current publication contains the literature review on the regularities in 
semiconductor silicon structure formation and properties, as well as the modern views and opinions on 
phase transformations and martensitic transformation mechanisms that occur in semiconductor sili-
con. The contemporary publications targeting the problem of the magnetic field effect on the semicon-
ductor silicon structure and properties have been reviewed. This  analysis enables outlining the charac-
ter of the further studies and the stages of the topical scientific and technical task to be solved for the 
current research: for the present publication we set the task to develop the complex resource-saving 
technology and energy saving solution for production of semiconductor silicon with enhanced physical 
and mechanical properties by influencing its liquid and solid forms physically and chemically with the 
objective to expand the areas of its application.

The second section provides the data on the material and the research techniques. The object of the 
research is monocrystalline semiconductor silicon samples (Cz-Si) grown by Czochralski method, both in 
undoped version and doped with single elements of B, Sn, Ge, Hf, Zr, and with the complexes of B-Sn and 
B-Mo, ranging from 2⋅10—4 to 8.7⋅10—2 at % in the initial state, after they have been exposed to the complete 
heating-cooling cycle, the thermal treatment regimes and the weak direct current magnetic field effect.

In the third section the structure peculiarities formed under the magnetic field effect for both the 
undoped Cz-Si samples and the Cz-Si doped with Al, Mg, Cu, Fe, Zr, and Hf have been analysed, with the 
focus on the difference in the dopant effects on the silicon atom interaction energy within silicon crystal 
lattice. During the magnetic treatment at room temperature, the phase transformations have been detected 
in semiconductor silicon samples via X-ray diffraction technique.

In the fourth section we report on the magnetic treatment effect on the microhardness values of 
doped Cz-Si structural units.

The fifth section reveals physical parameters and mechanical properties of the doped and undoped 
silicon samples before and after magnetic field treatment with the induction of 66 mT.

1.1	 EARLIER RESEARCH FINDINGS AND RELEVANT LITERATURE REVIEW

1.1.1  CRYSTALLOCHEMICAL PECULIARITIES OF SEMICONDUCTOR SILICON

Silicon is an element of IVB subgroup of the periodic system, the atomic number of 14, an electron 
configuration of 1S22S2P63S2P2. Silicon atoms possess four valence electrons and form a diamond-type or a 
zinc blende type of the crystal lattice with covalent bonds and coordination number of 4 at room tempera-
ture, when silicon behaves as a typical semiconductor. 

Silicon has high specific melting point and its density increases when transformed from a solid state 
to a liquid one [1].

Under atmospheric pressure silicon is a covalent substance with strong semiconductor properties. 
Interatomic bonds are defined by means of tetrahedral symmetry and have sp3 hybrid composition.  
All 4 silicon atom bonds are equivalent and equally saturated.
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In [1—3], it is shown that silicon undergoes the semiconductor-metal transition during melting, while at high 
pressure (~12 hPa) [2] there has been detected the transition from purely covalent structure (K = 4) of a diamond 
to bcc tetragonal covalent metal structure within silicon (as the white tin type) and then (~16 hPa) the transition to 
the typical body-centered cubic metallic structure (K = 8).

The publications [1—4] suggest that the transition to metallic state (when melting the elements belonging 
to IVB group (germanium and silicon) as well as compounds of AIIIBV and AIIBIV types etc.) is related to the 
disruption in homopolar bond space system and to the separation of many free electrons; the latter form a 
new configuration with electron density of higher symmetry [3].

Silicon melting causes the sharp increase in its conductivity which value becomes equal to the liquid 
metal conductivity value. It should be noted, that conductivity alteration is connected to the rearrangement 
from the "diamond structure" of a solid state to denser packing peculiar to the "metallic state" that occurs 
when melting these substances of short range ordering; this process is confirmed by the density increase 
factor that to some extent reflects the structural changes. According to the X-ray investigation data, it has 
been proved that the structure change occurs in many semiconductors with diamond structure (including 
silicon) when in a liquid state. During melting silicon coordination number increases from 4 to 6.

1.1.2  PHASE TRANSFORMATIONS IN SEMICONDUCTOR SILICON

It is peculiar of silicon to have high specific fusion heat as well as density increase during transition 
from a solid state to a liquid state [5, 6]. Fusion entropy of silicon is considerably higher than that of pure 
metals that is why its value is greatly affected by the process related to the electron delocalization at the 
solid-liquid transition. The electron component is connected to the chemical bond type change (mainly from 
covalent bonds to metallic ones) during melting that is followed by the marked increase of free electron 
concentration [6].

For the substances that become highly metallized at melting, solid-liquid transition is followed by disrup-
tion in the sp3-hybrid homopolar bond space system, by detachment of four valence electrons and their transi-
tion to the free state and by major changes of the short range ordering and atom vibrational spectrum [7—9].

A distinguishing feature of the first-order phase transitions in silicon (by that we mean melting and 
crystallization) is the change of the free electron number and the important role of the electron component 
is in this transition. Apparently, at the temperature and the pressure change, allotropic transformation can 
be followed by the free electron number alteration.

The data on phase transitions in the solid polymorphic type of silicon are given in the publications [6—8].  
Polymorphic closely-packed metallized modifications of silicon are formed at high pressure [7]. At the pres-
sure of 12 hPa and the temperature of 20°C, the phase transition SiI→SiII has been detected by means of re-
sistometric investigation and X-ray analysis [8].  A notable dependence has been revealed for the SiI→SiII  
phase transition on the shift components of load, pressure and the holding-pressure time of the sample. Due 
to this, the transition continues at 2—3 hPa. SiII phase is reported as one having metallic conductivity. The 
inverse transition SiII→SiI has not been detected. 
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After subjecting SiII samples to certain pressure, there have been revealed 2 modifications of Si 
(SiIII and SiIV) by X-ray analysis under atmospheric conditions. Heating SiIII within 200—600°C causes its 
lattice rearrangement and, consequently, there occurs SiIV modification with the hexagonal wurtzite-type 
structure. Under additional pressures, SiIV behaves as a metastable phase. Two assumptions have been 
suggested concerning SiIII: it either can be a stable phase under 12 hPa at 20°C with a body-centered cubic 
lattice, or it is a transition phase from SiII of tetragonal structure when pressure is removed. Under the 
pressure of 12 hPa, SiII phase transforms into superconductive state if T = 6.7 K [11].

In [9—11], the temperature dependence of some semiconductor silicon properties has been described, 
particularly, thermal expansion coefficient, hardness, lattice parameter, electrical properties at atmospher-
ic pressure in the range from T = 20°C to T < Tmelting. During phase transitions, semiconductor silicon under-
goes discontinuous change of thermal, volumetric, mechanical and electrical properties due to the transi-
tion from one crystalline state into another. Establishing the property-temperature and property-pressure 
dependences allows revealing phase transition.

Normally, phase transition develops with a high rate, however, this behaviour is true only for certain 
regions. Being conditioned by the size and the number of a new phase regions that are formed per unit 
time, the volume rate of transformation is low in many cases, though the region formation rate is very high. 

The volume rate of the transformation is taken into account in [9] for the studies on temperature de-
pendence in silicon properties when heated at the rate of ≤5°C/min. These studies on semiconductor silicon 
properties reveal the monotonic dependence.

The abnormal character of the temperature dependence of the sample linear dimensions shows that there 
are different silicon phases at certain temperatures due to formation of which the registered changes occur. 

In [10], the following phase transitions in silicon at heating are described. The general conclusion based 
on the ultrapure silicon research data is that these phase transitions can be observed in the local crystal 
volumes during heating with the rate of less than 5°C/min:

(I) within 250—350°C SiFCC→SiORTHORHOMBIC;
(II) within 680—700°C SiORTHORHOMBIC→SiBCC;
(III) within 1150—1200°C SiBCC→SiHCP;
(IV) within 1420°C SiHCP→P.
Low-temperature transformations (I and II) have low DH values and can be referred as phase transitions 

that cause lattice atom shears at small distances. In this case we observe shear transformations that are 
based on the ordered lattice rearrangement. The lattices of both modifications are combined or adjacent 
while the shear transition starts heterogeneously. The nuclei appear in the areas with the dedicated dis-
location nodes (the order growth rate is 103 m/sec). Polymorphic transformation rate is especially high in 
defect-free crystals. Phase transition III is accompanied by high thermal effect, so hyperthermal transfor-
mation in silicon is a first-order phase transition and it occurs due to the total rearrangement of the lattice. 
The specific feature of a first-order phase transition is the presence of interfaces that is why the transitions 
of this type lead to the fundamental crystal structure rearrangement.

The calorimetric analysis of the ultrapure semiconductor silicon [11] reveals that the phase transition is 
blurred and this phenomenon can be explained by as below:
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— formation of polymorphic modifications with closely adjacent lattices;
— irregular distribution of impurity atoms within the crystals, namely O2, H2, C;
— irregular distribution of defects.
Considering the above stated, it can be suggested that when heating semiconductor silicon, its crystal 

lattice is proved to become denser before Tmelting, conditioned by the degree of bond directions and followed 
by the transition to the metallic state. The transition of covalent crystals to the metallic state can be ob-
tained regardless of the lattice disruption type and the techniques to influence the crystals.

The transition mechanism of the covalent crystals to the metallic state at various ways of the lattice 
excitement is the same: there occurs electron subcrystalline structure alteration, particularly, the sp3-hy-
brid bond disruption is followed by the band gap narrowing and the corresponding increase in the number 
of charge carriers [11, 12].

The transition from the covalent bonding to the metallic one is carried out due to electron motion from 
the "coupled" state in the valance band to the "antibonding" conduction band, that leads to the decrease in 
the shear resistance of diamond lattice [12].

The experiment shows that at heating semiconductors, the transition from the semiconductor to the 
metal begins at the temperature considerably lower than Tsmelting. It is interesting to note, that this tempera-
ture is not the same for the crystals obtained by different techniques [13]. The transition occurs due to the 
sequential lattice rearrangement from less dense to denser by the shear or shear-diffusion mechanism and 
is followed by the change in the correlation between the covalent component and the metal component of 
the chemical bond. In other words, in silicon there occurs direct and reverse martensitic transformation on 
its exposure to the different factors.

The most important feature of the diffusionless transformations is the concerted migration of large 
atomic groups during the new phase crystal growth. According to Kurdyumov, "Martensitic transformation is 
a regular lattice rearrangement in which the adjacent atoms do not interchange their places but only shear 
relative to each other at a distance which does not exceed the interatomic one" [14].

All the martensitic transformations without any exception have certain features conditioned by the 
following:

1) the cooperative character of atom migration during the crystal growth;
2) transformations in anisotropic elastic medium.
The crystals of the martensitic phase appear and reach their finite sizes at small-time intervals. The 

increase in the amounts of new phases takes place mainly due to the formation of new crystals, however, 
in some alloys there can be observed discontinuous growth of previously formed plates. The martensite 
crystals usually have a shape of a double convex lens and are twinned formations with a twining plane that 
coincides with the lens symmetry plane. Similar to twinning, such martensite crystal shape is explained by 
the elastic strain effect that occurs in the surrounding matrix during the growth of the new phase crystals.
Theoretically, the analogy between twinning and diffusionless transformations is so due, that many authors 
regard twinning as a special case of diffusionless transformation during which the substance structure re-
mains unchanged [15, 16]. Twinning can occur both with the change of the shape and without it (for instance, 
quartz). By analogy,  diffusionless phase transformations can be subdivided into two groups:
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1) diffusionless phase transformations that change the shape;
2) diffusionless phase transformations that do not lead to the change of the shape.
The transformation accompanied by the shape change is the one, during which there occurs primary 

macroscopic deformation; the transformation without such a change in the shape is the one, at which 
there is only "secondary" deformation. Thus, martensitic transformations are the diffusionless transfor-
mations accompanied by shape change. The diffusionless transformations with no shape change are more 
common for the crystals with complex structure, chiefly, for molecular crystals. These transformations, 
in case of preserving the atom migration cooperative character, can be deprived of many peculiar to 
martensitic transformations features related to the shape change.

In combination with the elastic medium effect on the growing crystal, the macroscopic shear, that 
follows martensitic transformations, causes the "elastic" martensite crystal formation. This phenomenon is 
analogous to elastic twinning. The martensite crystal growth takes place due to regular atom migration to 
new dislocations, so that the adjacent atoms of the initial lattice remain adjacent in the new lattice as well. 
On the separation interface of the two phases, there is one lattice which continuously transforms into the 
other, i.e. there is a coherent bonding between the lattices of the initial phase and the new one. With the 
crystal size increase, the elastic strains on the interface surface of the two phases also increase; eventually, 
these strains lead to plastic deformation and, consequently, to coherence violation between the two lattices 
and the crystal growth character alteration.

When covalent crystals are heated to the critical values at certain temperature due to the increase 
in the antiphase oscillation amplitude, there occurs covalent bond breakdown and the localized pairs of 
electrons in them become collective, that, in its turn, predetermines transition to the metallic state.

The transition of covalent crystals to the metallic state can be achieved irrespectively to the lattice ex-
citement and the techniques of influence to which the crystal is exposed to: heating, high laser irradiation, 
radiation and magnetic exposure, high pressure, explosive treatment, etc.

Moreover, the mechanism of the covalent crystal transition to the metallic state is the same whatever the 
techniques of the lattice excitement: electron subcrystalline structure changes, namely the sp3-hybrid bond 
disruption is followed by the band gap narrowing and, consequently, by the increase in the charge carriers 
quantity [17, 18]. The concentration of the charge carriers in InSb solid phase even at the temperature of 
~420°C reaches 0.3⋅1021 cm—3 while in InSb liquid phase at Tmelting it is Nt = 5⋅1021 cm—3 [18]. The same results 
have been obtained in [17] for semiconductor silicon: Nt = 1.0⋅1025 cm—3 at the temperature of ~727°C, that 
corresponds to metallic state.

The transition from the covalent bonding to the metallic one takes place due to transferring of elec-
trons from the "coupled state" in "antibonding" conductive area, that leads to the decrease in the shear 
resistance of the diamond lattice [19].

The problem of heating which initiates the transition of semiconductor into metal starting at the tem-
perature much lower than the melting temperature (different for different crystals) [13] is relevant to [17, 18] 
and finds its further explanation as given below. The gradual rearrangement of the lattice into the denser 
one by the shear or shear-diffusion mechanism is followed by the correlation change between the cova-
lent and metal chemical bond components. For instance, in Si, Ge, and InSb crystals there occurs direct  
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transformation or reverse martensitic transformation depending on the influence produced. According to 
the general regularities of semiconductor property changes within the range of 0.16—0.20 Tmelting, the atoms 
in the crystal lattice interact via the covalent bond pattern while within 0.2—0.8 Tmelting, heterodesmic cova-
lent metal bonding occurs and eventually at the temperature higher than 0.8 Tmelting the metallic bonding is 
predominantly observed. The revealed regularity correlates with the idea of alteration of covalent crystal 
heat capacity at heating [20].

The classical theories tell that at the absolute zero of temperature, all atoms in the crystal are motionless 
and the potential energy of their interaction is minimal. At quite low temperatures atoms are supposed to 
have small oscillation, at that, the kinetic energy value of the atom oscillation should be small as compared 
to their interaction energy. With the temperature and oscillation amplitude increase, the atom interaction en-
ergy increases as well. At the temperature increase by 1 degree, the value of the oscillation energy absorbed 
determines the so called oscillating temperature, and, at first approximation, heat capacity (harmonious 
oscillator). However, when heated under conditions of constant pressure, the thermal expansion of a solid 
occurs during which the phenomenon grows into a more complicated character. The oscillation of the atom 
and its shift from the initial state of equilibrium generate the forces that affect the oscillation of the adjacent 
atoms. A small difference in a phase that can occur at any certain period of time leads to the fact that the 
atoms do not possess rigidly fixed middle positions to be independent of the adjacent atoms. Moreover, since 
all the interacting atoms of a solid body take part in the oscillating process, this process cannot have a single 
frequency. The general energy of the crystal does not change at a constant temperature, but the energy of 
each atom changes chaotically in the course of time. Thus, when explaining the temperature drive of the heat 
capacity phenomenon at the elevated temperatures, one should take into account the higher (anharmonic) 
expansion terms of the potential energy decomposition by shearing.

1.1.3  MARTENSITIC TRANSFORMATION MECHANISMS IN SILICON

The first instance of martensitic transformation in Si was observed under influence of the compressive 
loads in the temperature range of 400—700°C within the region of indentation trace left by the diamond 
indenter [21]. It was assumed that there are the possible mechanisms of martensitic transformations in 
silicon, particularly the formation of hexagonal diamond phase with cubic twinning. The martensitic trans-
formation occurs because a structure becomes thermodynamically unstable [14]. It is usually followed by 
the change of the shape that is manifested through the emergence of narrow plates within the compressed 
matrix. Due to this, and also as a result of cooperative diffusionless reaction, the martensitic transformation 
sufficiently adds to the strain energy. Thus, in order to initiate the transformation of this kind, it is necessary 
to apply sufficient affecting forces. Such forces of the martensitic transformation provide the absence of 
diffusion processes and can be induced in two ways, namely by accelerated cooling and by high degree of 
strain. Considerable supercooling leads to the emergence of quite strong affecting forces.

The crystallography of martensitic transformation has macroscopic nature as it describes the crystal-
lography before and after the transformation but not the further process of the latter.
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Crossing of twins is the most characteristic model of martensitic transformation in Si. Each twin is 
formed based on the differences in the mobility of partial dislocations within Si. This phenomenon is con-
ditioned by the difference in glissile activation energy for both head dislocations and partial dislocations of 
the split screw dislocation and it increases at higher temperature. According to this model, twinning in Si 
requires three factors as following:

— the presence of an axial segment of a screw dislocation,
— the effect of shear stress on a dislocation segment in a primary plane and a crossed plane,
— medium temperatures.
In monocrystal of Si, the martensitic transformation takes place within the temperature range of 

250—700°C. Direct and reverse martensitic transformation occur in Si and they depend on the nature of its 
properties when being exposed to heating and cooling, due to which there can be observed some kind of 
hysteresis of martensitic transformation temperature interval.

By the origin, five types of twins can be distinguished:
a) concretion at random collision;
b) parallel lamination of molecules on a twin nucleus;
c) deposit of molecules on a large crystal formed in a twinning position;
d) transition from one modification to the other;
e) due to mechanical action.
The more symmetric the crystal structure is, the less likely is the twin formation. In crystals with low 

symmetry, different types of twinning can occur. Apparently, the formation of various types of twins is 
due to the lattice symmetry decrease during SiFCC→SiORTHORHOMBIC phase transformation within Si samples 
that have been exposed to thermal treatment in the temperature range of 250—550°C. Twinning is hardly 
observed during thermal treatment in the region of coexistence of SiFCC→SiBCC (750°C).

Only shear stresses can affect twinning. Twin boundary energy during twin formation is of secondary 
importance. As the crystal form preserves while twinning, small distortions can be observed in the transition 
section. This section has a structure similarity to that of the high-temperature modification, while the twin 
boundary movement resembles the movement of a phase boundary at polymorphic transformation. During 
the closed loop of polymorphic transformations in single crystals of pure substances, a regular crystallo-
graphic direction of high-temperature grain modification is preserved; the latter is formed respectively to 
the primary single crystal. Moreover, in the microstructure, the changes occur connected with the new grain 
growth that is the result of phase transformations [15, 22]. The grains have almost similar crystal-lattice 
orientation, and when exposed to X-ray diffraction technique, such aggregation reveals itself as a single 
crystal; the same process is observed when growing monocrystalline silicon [22].

Thus, the development of two-dimensional crystal boundaries in monocrystalline silicon and the pres-
ence of two-dimensional conductivity are related to the formation of the shear phase transitions and twin 
boundaries.

The martensitic crystal formation not only leads to the crystal lattice type change, but also to plastic 
deformation of both the new phase and the matrix. The plastic deformation develops due to the slip of 
twinning. Such redundant or accommodative deformation is an integral part of martensitic transformation 
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and provides minimum energy of elastic distortion on the invariant surface of phase interfaces. The elastic 
resizing of the crystal can be observed under compressive stresses or tensile stresses. Similar to twinning, 
the formation of martensitic crystals may be caused by the parent phase strains. The strain helps to carry 
out transformation by 100%.

1.1.4  GENERAL PROBLEMS ON MAGNETIC FIELD EFFECT ON "NONMAGNETIC" SUBSTANCES

During the last 30 years there have been published over 200 studies on the effect of magnetic field with 
induction of 0.1—30 T and exposure time in the range of 10—6—106 sec on various properties of "nonmagnetic" 
substances (polymers, dielectric materials), semiconductors and metals [23—26]. In some cases, the magnetic 
field effect on some properties is more or less pronounced. For instance, in ionic crystals magnetic field affects 
the spin-dependent reactions between paramagnetic defects [23—27]. However, there are many examples 
described when the external phenomenological effects of placing the samples in the magnetic field are very 
similar to those presented in [23—27]. Nevertheless, the required conditions of spin-dependent reaction oc-
currence are often neglected. For example, magnetic field affects the properties of metals: the microhardness 
values of aluminium, bronze, bismuth, etc. but during the short time of a spin reaction totally excludes the 
magnetic field effect on spin-dependent reactions; the influence of the properties of polymers is observed 
if they do not contain spin particles. Moreover, in the scientific papers it is discussed that the magnetic field 
has certain effects on the "aged" crystals where there are neither processes, nor reactions, therefore the 
magnetic field has nothing to affect. Hard to imagine that those "unpredictable" spin-dependent reactions 
which require meeting of a number of experimental conditions and have the chance of about a few per cent 
to produce the effects in chemistry [27], could occur without providing special conditions and take place in all 
types of the substances wherein they are reported to act as a main technique to explain the magnetic effects. 
Irrespectively of the fact that a lot of scientists a priori attribute a "spin-dependent" origin to the mentioned 
effects, they often find it difficult to identify the type of the particles with a spin. All these make perform the 
further studies aimed at revealing general (rather than spin-dependent) reasons why the thermodynamically 
weak magnetic field has an effect on the state and properties of solids. The carried out generalizing analysis 
on the experimental data delivered by the various scientists and addressing the physical properties of a wide 
range of substances regardless of their response (i.e. the physical property of a substance that has been 
studied in the publications) allow determining the phase of a gradual physical property change in a magnetic 
field and the phase of subsequent relaxation of this property after removing of the magnetic field (Fig. 1.1).

The duration of these phases (t1 and t2 respectively) is a universal quantitative characteristic for a num-
ber of magnetic effects. Another invariant value which can be analysed regardless of both the measurement 
technique and the type of physical properties sensitive to the magnetic field is the relative value change 
of this property in saturation  — DI/I (Fig. 1.1). By I we mean all the values described scientifically, whose 
changes under the magnetic field effect have been reported by the scientists (microhardness, dislocation 
pathlength, luminescence spectrum intensity, photoelectronic spectrum intensity, initial dislocation stress, 
electric conductivity, yield value, internal friction amplitude, etc.).
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 Fig. 1.1 Dependence diagram between a gradual change in the crystal physical properties within a 
magnetic field (with a time constant t1) and a relaxation after the magnetic field removal (with a time 
constant t2): a relative change in a physical value of DI/I is marked with a vertical arrow
Source: [27]
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The dependence of time (t1) on the magnetic strength in given in Fig. 1.2. It is obvious that regardless of 
the substance type and the research technique, t1 value is subjected to a certain dependence: it reduces with 
the magnetic field (H) increase, i.e. magnetic induction process speeds up as the magnetic field increases. This 
is expected for one type of substance, but the demonstrable regularity in Fig. 1.2 (that allows to discuss the 
universal dependence of t1(H) for various substances) suggests the assumption about the integral character of 
magnetic field physical effects on the substance properties.

It would be natural to assume that in the magnetic field, there occur forces that affect the crystal lattice 
while the development of stresses changes the other properties of substances. In this case, the spread of 
t1(H) dependence could be explained by the difference in magnetic sensibility χm of solids under study. There 
are certain attempts to build t1(χmH 2/2) dependence, where χmH2/2 is the magnetic field energy of the unit 
volume, which does not permit eliminating the spread. This indicates that the macroscopic magnetization 
of the substances under analysis is irrelevant for the observed effects, and the main impact on them is 
apparently produced by the structure defects. In Fig. 1.2, the approximation of t1(H) is marked with a contin-
uous line in double logarithmic coordinates with a linear function of y = A+B⋅x, where y = lg t1, x = lg H. From 
the approximation results, the function of t1 = t0 /H2 with the parameters of t0 = 2 min, B = —3.9 ± 0.3 T can 
be drawn. Thus, the universal function is written as t1 = t0/H4. The paired measures, including the 4th-order 
ones, often occur in spin chemistry where the processes are governed by ∆g spin contamination technique 
in a magnetic field [27].

Time (t2) does not depend on the magnetic field. In thermodynamics, t1 = t2 equation is applied to inverse 
processes. Further, if a magnetic field excites solids and transfers its energy to them, time (t1 and t2) are 
to be in a linear relation. The relaxation of an excited state should occur with the same invariable of time 
as the transition to excited state within the magnetic field. This is true for various processes, such as  
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magnetization and demagnetization, chemical change in the potential with its postreduction, etc. The anal-
ysis reveals that there is no connection between t1 and t2 that means that the process is with the time 
invariable of t2 that is often called relaxation and is in fact of a different origin. This process is represented 
by further transformations of the solid body defects subsystems that take place in the process with a time 
invariable of t1. The attempts to obtain t2(H) dependence have been unsuccessful as well. Such dependence 
does not exist since the following processes that have once been initiated by the magnetic field become 
insensitive to the further magnetic field action and its values. The dependence between a relative change 
of physical properties in saturation per the time of ∆I/I is shown in Fig. 1.3. It turns out that the effects 
under study can be classified into three groups 1 (Fig. 1.3, a), provided that the value of ∆ I/I is built up as 
a magnetic energy function of a crystal lattice unit volume (χmH 2/2). Group 1 is different from the other 
two groups by ∆I/I value being almost independent of the magnetic field value. Moreover, group 1 mostly 
includes semiconductors and metals, while in groups 2 and 3, which are highly sensitive to χmH 2/2 value, 
ionic crystals and other dielectric materials prevail (Fig. 1.3, a).

 Fig. 1.2 Dependence between time t1 and magnetic strength (H ) for some substances. The 
approximation described in this publication is marked with a continuous line
Source: [27]

By this characteristic, group 2 and group 3 can be united into a single group that includes dielectric 
materials, which magnetic effect value depends heavily on the magnetic energy (χmH2/2) or  (as it has 
been stated above) on the magnetic field. In Fig. 1.3, the continuous lines point to the approximation of 
1, 2 and 3 types of ∆I/I dependences on (χmH2/2): y = A+B⋅x, y = ∆ I/I, x = (χmH 2/2).

For all the three groups of substances, the magnetic effect is in a linear relation with magnetic energy 
χmH 2/2. When small values of the magnetic energy of χmH 2/2 or the weak magnetic fields, the effect is 
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almost the same (practically identical A coefficients) and close to 5% for each dependence of 1, 2 and 3. In 
large magnetic fields, B coefficient creates a large difference between 1, 2 and 3 groups.

One should mention that in spin chemistry [27], most effects are achieved by saturation in relatively 
low values (~0.1 T) of the magnetic fields while at values of the magnetic fields shown in Fig. 1.3, there is 
no dependence detected on the magnetic field. Thus, the established classification of the substances into 
groups can indicate the fact that the magnetic effects influencing semiconductors are really conditioned by 
spin-dependent reactions between the structure defects, while the strong magnetic fields can activate some 
other magnetic field mechanisms of action in dielectric material that have not been previously discussed. 

 Fig. 1.3 The dependence between the relative value of property changes in solid bodies (DI/I):  
a — the magnetic energy per unit volume (χmH2/2); b — time t1 for some substances. The approximation 
described in this publication is marked with a continuous line
Source: [27]

From the above mentioned it can be obviously deduced that the magnetic effect value (DI/I) is assumed 
to be related to the time (t1) as it reflects time when waiting for the phenomenon to occur in a magnetic 
field and characterizes the kinetics of the change accumulation (that are induced by a magnetic field) in 
the crystal. Fig. 1.3, b shows DI/I (t1) dependence that is also subdivided into a and b groups. Group a mostly 
includes semiconductors and metals while group b consists of dielectric materials. This fact emphases that 
there is a considerable difference in the mechanisms of the magnetic field effect on the physical properties 
of semiconductors and dielectric materials.  Fig. 1.3, b shows the approximation of dependences DI/I(t1) 
(marked with continuous lines) of a and b types per straight lines: y = A+B⋅x, y = DI/I, x = t1 with the following 
parameters:

— for a line: A = 5.3 ± 3.7; B = 0.4 ± 0.2;
— for b line: A = 6.4 ± 3.5; B = 15.9 ± 1.6.
Group b embraces those substances, wherein the magnetic effect is in a linear relation with the time (t1). 

Group a contains the substances with magnetic effect being independent of the time (t1) that is expressed by 



16

MODERN TRENDS IN CONSTRUCTION MATERIALS TECHNOLOGIES
CH

AP
TE

R  
1

a small value of B coefficient. The magnetic effect value (DI/I) with short time (t1) is almost the same (identical  
A coefficients) and close to 5% for both a and b types of dependences. 

The growing number in the publications to address the problem of a magnetic field effect on the prop-
erties of solids within the last few years allows revealing the number of general regularities for the solids:

1. Magnetic field induces the nonreversible transition to a new state after which the secondary pro-
cesses occur causing sometimes the virtual crystal recovery and are perceived as "relaxation" after being 
excited by a magnetic field. In fact, they are the consequences of the primary processes and are insensitive 
to further magnetic field effects and their values.

2. On average, for a wide range of substances (dielectric materials, metals and semiconductors), the 
time invariable to describe the time period of the transition into a new state decreases in its value with the 
magnetic field (H) increase according to the law of t1 = t0/H4.

3. The relative change in the physical properties of solids under ∆I/I magnetic field effect in weak  
fields (~0.1—1 T) is the same for a wide range of substances and makes ~5%. The influence of strong 
magnetic fields (3—30 T) is able to classify solids into two large groups in terms of their behaviour. Thus, 
the first group includes metals and semiconductors and there is ∆I/I dependence revealed on the magnetic 
field energy in such substance, while the second group mainly consists of dielectric materials in which ∆I/I 
shows strong dependence on the energy of a magnetic field per unit volume of a substance.

1.1.5  THE NATURE OF NERNST-ETTINGSHAUSEN EFFECT

Nernst-Ettingshausen effect or transverse effect is a thermomagnetic effect observed when a semi-
conductor with a temperature gradient is exposed to a magnetic field. This effect was discovered by Nernst 
and Ettingshausen in 1886, and in 1948 it was theoretically grounded by Sondheimer [28].

The nature of this effect is in the occurrence of the electric field (E ) in a semiconductor and its direc-
tion is perpendicular to the temperature gradient vector (∇) and the magnetic induction vector (B), i.e. it is 
in the direction of the vector ([∇T, B]). If the temperature gradient and the magnetic induction are directed 
along X axis, then the electric field is parallel to Y axis. Therefore, there occurs the electric potential differ-
ence (u) between the points of a and b.

Both Nernst-Ettingshausen effect and Hall effect occur due to the flow divergence of charged parti-
cles caused by Lorentz force. However, there is the difference between them: Hall effect is responsible for 
the directed flow of particles resulted from the drift in the electric field, while in the case of Nernst-Etting-
shausen effect, the same phenomenon is caused by diffusion.

The considerable difference between them is that unlike Hall constant, the sign of q^  is independent 
of the charge carrier sign. Actually, during the drift in the electric field, the charge permutation causes the 
drift direction alteration, that changes the sign of Hall field. 

In this case, the diffusion flow is directed from the heated end of the sample towards the cold one 
irrespectively to the particle charge sign. Therefore, the direction of the Lorentz force for positive and neg-
ative particles is mutually antithetic, but the direction of the electric charge flows in both cases is identical. 
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Longitudinal Nernst-Ettingshausen Effect. 
The longitudinal Nernst-Ettingshausen effect is in the change of thermal electromotive force in metals 

and semiconductors under the magnetic field influence.
When the magnetic field is absent, the thermal electromotive force in electron semiconductor is de-

fined by the difference between fast electron velocity components (drifting from the hot side) and slow 
electrons (drifting from the cold side) along the temperature gradient. 

At the presence of the magnetic field, there is the change observed in the longitudinal components 
(along the temperature gradient) and transverse components (transverse to the temperature gradient) of 
the electron velocity, this change is dependent on the rotation angle of electron velocity in the magnetic 
field; the angle is defined by the time of free run of the electrons τ in metals or semiconductors.

If the time of the free run for slow electrons or electron holes (in a semiconductor) is greater than that 
for the fast electrons, then:

u1X(H)/u2X(0) > u1X(H)/u2X(0),

where u1X(H), u2X(H) — longitudinal components of velocities for slow electrons and fast electrons under 
magnetic field; u1X(0) , u2X(0) — longitudinal components of velocities for slow and fast electrons when the 
magnetic field is absent.

The value of thermal electromotive force in a magnetic field (that is proportional to the difference of 
u2X(H) — u1X(H) is higher than that when the magnetic field is absent at the difference of u2X(0) — u1X(0); vice 
versa, if the time of free run for slow electrons is lower than that for the fast electrons, then the magnetic 
field presence decreases the thermal electromotive force.

In electron semiconductors, the thermal electromotive force increases within the magnetic field 
provided that there is the decrease in the time of free run τ under the increase in the electron energy 
(scattering at the acoustic phonons). Within the same substances of electron semiconductors, the thermal 
electromotive force decreases under the magnetic field, if the time of free run τ increases with the increase 
in the electron energy (during the ionized impurity scattering) [29].

1.1.6  MAGNETOPLASTIC EFFECT IN DIAMAGNETIC CRYSTALS

In [30], was described the found and investigated decay of the particles from CdCl2 impurity phase in 
monocrystalline matrix of NaCl (alkali-halide crystal) caused by magnetic field induction effect. Further, 
the structural changes started to appear in a few hours after the magnetic field induction treatment (the 
latency time) and lasted for several weeks. It has been revealed that the duration of the latency time and 
further structural changes are closely related to the "background" of the primary crystals. However, no 
physical model to explain these effects has been discussed in [30] and it is only stated that the magnetic 
field induction can affect the paramagnetic impurities which stabilise the quasi-equilibrium structure in 
primary crystals but cannot be controlled. 
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The direct magnetic field with the induction (0.5 T) causes the dislocation motion in NaCl and LiF crys-
tals if no mechanical loads, thus changing the plastic properties of the sample. The established regularities 
of the magnetoplastic effect can be summarised as follows:

— the direction of the dislocation motion does not change during the magnetic field sign reversal 
(paired effect);

— the velocity of the dislocation motion is proportional to the square of the field induction and inversely 
proportional to the square root of paramagnetic center concentration within a crystal;

— dislocation pathlength tends to a constant value (saturation) depending upon the induction value of 
the magnetic field and the holding time for the crystals to spend within the magnetic field.

The paired nature of the magnetoplastic effect and its quadratic dependence on the induction value 
of a magnetic field imply the magnetostriction character of the phenomenon. To verify this assumption, 
the dedicated calibration measurement has been carried out to define the creep of NaCl samples at room 
temperature. At the load of ~30 kPa, the average dislocation pathlength during 5 minutes is similar to that 
of the magnetic field with 0.4 T induction holding (when without the load) during the same time. The revealed 
correlation should correspond to the magnetostriction constant of m ~ σ/G⋅B2 ~ 4⋅10—5 T—2, where G is a shear 
modulus. However, the obtained value turns out to be several orders greater than the value of m ≤ 1.5⋅10—9 T—2 
obtained for these  rystals independently.

The observed magnetoplastic effect can alternatively be explained as followings: the dislocation mo-
tion in the magnetic field occurs under the far-reaching internal stress field effects, while the magnetic 
field effect is narrowed to disconnecting of the dislocations from the local barriers (stoppers) through the 
spin-dependent electronic transitions in the magnetic field within the dislocation-impurity system.

The magnetoplastic effect, that has been evidenced by the chemical technique of double etching, 
necessitates the search for the similar effects in a wider range of experimental conditions, for instance: in 
a mode of active macrodeformation and creep, during microhardness measurement and electric dipole mo-
ment generated by the charged dislocations. These vast experiments have been carried out on the crystals 
of ZnS, Al, Bi, Si and InSb and C60 fullerite monocrystals and  allow the following: 

— to determine activation energy, reinforcement factor, yield point, creep rate and other magneto-
plastic effect parameters as well as their dependence upon the effect produced by magnetic fields on the 
samples;

— to find out that the magnetic field affects these point defects of low-sensitivity which have less 
effective radii of interaction with the dislocations as compared to the point defects that are insensitive to 
the magnetic field effect;

— to reveal the magnetoplastic effect in a wide range of relative deformations ranging from ~10—7 to ~1 
and to study this effect at different stages of macroplastic deformation;

— to establish the role of internal stresses within dislocation shears in magnetic fields when no external 
stresses.

The magnetic treatment of the dislocation-free crystals and the further detection of the motion in 
as-introduced dislocations in them reveal that within the subsystem of point defects there is the following 
phenomenon: the magnetically stimulated residual changes reduce the free pathlength of the dislocation 
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under the magnetic field and increase them under conditions of mechanical load and the magnetic field 
absence. This difference as it has been noted earlier is conditioned in the crystals by the presence of the 
stoppers insensitive to the magnetic field along with magnetosensitive obstacles. 

The first physical models of the magnetoplastic effect were based on the idea of the spin nature of the 
interaction between the dislocations and the paramagnetic point defects. Further, with the reference to this 
idea it was theoretically grounded, that the coeffect of the direct magnetic field and the pulsed magnetic 
field can cause resonance weakening of the crystals if the impulse frequency (ν) satisfies the condition of 
paramagnetic resonance, expressed by as given: hν = gµBB0 (h — Planck constant, g — factor of spectroscop-
ic splitting, µB — Bohr magneton, B0 — direct magnetic field induction).

Fig. 1.4 presents the dependence between the average edge dislocation pathlength and the magnetic 
field induction for various exposure modes. This dependence illustrates that at simultaneous exposure of 
NaCl:Ca (0.001%) crystals to the magnetic fields, acting perpendicular each other, namely the direct current 
magnetic field and the ultrahigh-frequency magnetic field, there can be observed the maximum increase in 
the dislocation pathlength (L) at several discrete values of (B0). Further, the "resonance" values of the induction 
correspond to B0 = hν/gµ, and the applied frequency of ultrahigh-frequency field is ν = 9.5 GHz. Under these 
conditions, the resonance transitions occur between the splits from spin sublevels of electrons within the 
direct magnetic field and the effective factors of spectroscopic splitting g1 ≈ 2, g2 ≈ 4 and g3 ≈ 6, respectively.

For crystals with Eu impurities the dependence is even more complex (Fig. 1.5). Being obtained with the 
standard electron paramagnetic resonance spectrometer, the electromagnetic wave absorbance spectrum 
for NaCl crystals heavily doped with Eu shows the extrema.

By analysing the experimental data on the obtained magnetoplastic effects in diamagnetic crystals, 
there have been suggested the scheme of the probable mechanism how magnetic field effects on the evo-
lution of metastable defect complexes. It is shown in Fig. 1.5.

The local minimum characterizes the profile of the elastic interaction between the constituents of the 
complex found in the metastable state. The solid line and the dotted lines that unite the complex constitu-
ents designate the covalent bonding in the equilibrium state and in the excited state: kT — thermally stimu-
lated process, j — exchange integral, ΔE — exchange energy differences in S- and T-states of the complex, 
νi — frequency of transitions between absorption states that practically coincide with those in the weaken-
ing spectra, this indicates the fact that impurity ions are within the magnetosensitive complexes of defects.

According to the scheme (Fig. 1.5), the thermal fluctuations with the frequency (ν1) excite the complex 
by covalent bonding stretching (or by changing configuration coordinates (r), such as bond angles) from the 
primary singlet S-state to the excited S-state. When the magnetic field does not act, the complex, being 
exposed to the elastic forces from the crystal lattice, reverts to the original S-state due to prohibition for the 
complete spin that means that the complex is in dynamic equilibrium between S- and S-states.

When there is a magnetic field, the prohibition is partially lifted, and the complex with ν2 = µBBΔg/h 
frequency that has changed its multiplicity (Δg-mechanism of mixing states is the most probable un-
der such conditions) evolves into a new electron T-state. Further, under influence of the elastic forces 
from the crystal lattice there occurs reverse motion of nuclei. At that, the equilibrium RT-state between 
them appears to be higher than that in the singlet RS-state, since the negative J value of exchange 
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integrals causes the mutual repulsion of the complex constituents. Thus, with ν3 frequency there occurs 
a relatively continuous triplet of T-state, in which the total energy of the complex constituent bonds is 
ΔE = 0.1—1 eV, less than that in the S-state. The "dispersed" by this way complexes are less stable as 
compared to the initial ones, and the random motion of nuclei can cause either their decay with ν4 fre-
quency that is followed by the system escape from the local energy minimum and its further relaxation, or 
the restoration to the initial S-state with ν5 frequency. Normally, the decay of the point defect complexes 
leads to the formation of weaker stoppers for the dislocations; that agrees with the experimental data 
on the weakening effect for the ionic crystals after they have been subjected to the magnetic fields. 

 Fig. 1.4 Dependence between the average edge dislocation pathlength (L) in NaCl:Ca crystals upon the 
direct magnetic field induction (В0): exposure time of 15 min
Source: [30]
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 Fig. 1.5 Schematic illustration of the process sequence in the complexes of point defects  
within the magnetic field: on the energy scale of Е complex
Source: [30]

In other words it can be expressed as here: in the subsystem of the paramagnetic structural defects of the 
ionic crystals, spin-dependent magnetosensitive reactions are thought to considerably affect their plastic proper-
ties, while the kinetics of these reactions, according to the numerous tests, can be regulated by the weak constant 
fields and (what is even more efficient) by the pulsed magnetic fields.

1.2	 MATERIALS AND METHODS OF THE STUDY

1.2.1  STUDY MATERIALS

In the current paper, there have been studied the samples of monocrystalline semiconductor sili-
con grown by Czochralski method (Cz-Si), both undoped version and doped with B, Sn, Ge, Hf, Zr, and the  
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complexes of B-Sn and B-Mo ranging from 2⋅10—4 to 8.7⋅10—2 at % in initial state, after their exposure to the 
full heating-cooling cycle, various thermal treatment conditions and the weak direct magnetic field effect 
(refer to Table 1.1).

 Table 1.1 Properties of the studied silicon crystals

No.
Sample character-
istics (technique of 
preparing)

Oxygen 
content, 
atm/cm3

Carbon 
content, 
atm/cm3

Electric 
resistance 
at room 
tempera-
ture, ohm

Temperature ranges of variation lg(s), lg(h), 
lg(m) = f(1/T) from straight-line correlation

1 2 3 4

Tstart Tend Tend Tend Tstart Tend Tstart Tend

1 Float zone melting 4 1014 3 1015 1200 250 400 520 770 960 1005 1040 1150

2 Czochralski method, 
dislocation growth

1017 1016 25—50 260 380 770 860 960 1130 1170 1215

3 Czochralski method, 
dislocation-free 
growth

1017 1016 80—100 260 460 725 770 920 970 1090 1185

4 Cast polycrystalline 2⋅1017 1.5 1018 0.3—3 220 320 432 555 730 918 1065 1180

5 "Raw" silicon 
trichlorosilane

— — 1—20 210 350 650 750 920 960 1040 1190

6 "Raw" silicon 
monosilane

— — 1—20 150 452 635 772 924 954 — —

Source: [31]

1.2.2  METHODS OF THE STUDY

The chemical composition of the samples under analysis was determined by the spectroscopy per-
formed at ARL-2400 testing facility.

The microstructure of the alloys was studied on the "Neophot-21" optical microscope. For  revealing 
the general structure of semiconductor doped silicon, the samples were exposed to etching in HF:H2O:Cr2O3 
solution at the ratio of 3:3:1 with subsequent wash in the flowing water.

The temperature dependence of the thermal expansion coefficient of a semiconductor silicon was 
studied using the AD-80 dilatometer in the argon flow medium at the heating and cooling rate of 5°C/min. 
The thermal expansion coefficient rate accuracy was 0.1%.

The change in the solubility of doping elements (dopants) and their distribution between the struc-
tural constituents was studied by means of X-ray diffraction technique while the microhardness change 
was studied by means of the local X-ray spectrum analysis with MS — 46  microprobes and Camebax.  
XRD patterns of the alloys were recorded with DRON-3M diffractometer in kα copper radiation. Alumini-
um of A999 grade and chemically pure silicon were used as reference standards. In order to determine 
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the lattice parameters, the profiles of the diffraction extremum graphs (422) Si and (511) Si were record-
ed by means of the gravity center coordinate determination. 

The microhardness of the modified silicon structural units was measured at PMT-3 testing facility un-
der the load of 20 g. Each sample underwent from 36 to 76 measurements. In order to reveal the hidden reg-
ularities of silicon-based solid solution formation, the interval data imitating the distribution function [32] 
were used. For that purpose, the variation range of the characteristic was divided into n equal intervals and 
the number of cases in each interval was counted. The applied technique allowed taking into account and 
demonstrating silicon microhardness changes during doping.

XRD patterns of the alloys were recorded on DRON-3M diffractometer in kα copper radiation. Chemically 
pure silicon was used as a reference substance.

The specific electric resistivity of doped Cz-Si was measured with 4-probe technique (the error was 
within of 2.5%). The minority-carrier lifetime of charges was measured on the original testing facility for ra-
diating heat kinetics measurement, the device built in V. Ye. Lashkaryov Institute of Semiconductor Physics 
of the National Academy of Sciences of Ukraine (Kyiv). The instrument accuracy was ± 0.1%.

The thermal treatment of the doped Cz-Si was performed in the laboratory in the chamber muffle kiln 
furnace of SNOL 2.5, 2.5/1.5. The desired temperature was maintained as accurate as ± 0.5°C by means 
of VRT-3 device. The temperature measurements were taken via chrome-aluminium thermocouples on 
R-4833 general-purpose instrument switched on according to the lattice network (the instrument accu-
racy of 0.05).

The magnetic treatment of the samples was carried out in the direct current magnetic field with induc-
tion of 0.066 T. The time periods of exposing for the samples were 10 and 30 days.

The measurements of the current minority-carrier lifetime after magnetic treatment were  mea-
sured by the decay of the photoinduced current that occurred in the samples exposed to the GaAs 
light-emitting diode by means of SEMILABWT1000B device with the accuracy of ± 0.1%.

1.3	 MICROSTRUCTURES OF THE SAMPLES BEFORE AND AFTER THE MAGNETIC FIELD  TREATMENT

Fig. 1.6 shows the microstructures of Cz-Si samples in the initial state and after 240 and 720 hours of 
exposure in the direct magnetic field with the induction of 66 mT. The initial silicon microstructure is quite 
homogeneous with a low dislocation density (Fig. 1.6, a).

240 hours of exposing to direct-current magnetic field for the monocrystalline silicon samples mean 
the worsening of their internal structures in terms of the significant increase in the quantity of their defects, 
namely the dislocation densities (Fig. 1.6, b–d) and creating a great number of twins (Fig. 1.6, b, c). However, 
the most interesting results revealed after the monocrystalline silicon treatment with the direct-current 
magnetic field are the formation of the polycrystalline silicon that is brought by the presence of a great 
number of grain boundaries.

The fact that the dislocation walls intersecting the grain boundaries just slightly change their directions 
or do not change them at all indicates that these boundaries are of the special type. The further exposing 
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to the direct-current magnetic field has not influenced the sample microstructures except the grain sizes 
which become smaller (Fig. 1.6, e, f).

 Fig. 1.6 Microstructures of Cz-Si samples: a – initial state, ×500; b, c, d – after 240 hours  
of exposing to direct-current magnetic field, ×400; e, f – after 720 hours of exposing  
to direct-current magnetic field, ×400
Source: [33—36]

The initial microstructures of the Cz-Si samples doped with aluminium (Fig. 1.7, a) are characterized 
by rather high dislocation densities in the form of the pits after etching which form the chains. After 
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240 hours spent within the direct-current magnetic field (66 mT), the microstructures of the samples 
(Fig. 1.7, b–e) show the considerable amounts of swirl-defects while the amounts of dislocations decrease 
to a certain degree. Etching of aluminium-doped Cz-Si samples allow to establish that 720 hours of expos-
ing in the magnetic field result in a small quantity of single dislocations (Fig. 1.7, f) and their chains in the 
samples but no swirl-defects have been found within such material.

The microstructures of Cz-Si samples doped with Cu are shown in Fig. 1.8. Initially, the samples had low 
densities of defects, which were mostly dislocation chains (Fig. 1.8, a). 

After 240 hours within the magnetic field, the sample microstructures exhibit some changes and 
the amount of dislocations reduces in them (Fig. 1.8, b, c) while 720 hours of the mentioned treatment 
produce the effect of higher density of the chain-like dislocations in the microstructures of Si(Cu) 
samples as revealed after etching and comparing with the initial  state (Fig. 1.8, e, f).

In the microstructures of the Cz-Si samples doped with Zr (Fig. 1.9), rather high dislocation densities 
were found in the initial state, those dislocations were in the form of the separate pits from etching or their 
aggregations (Fig. 1.9, a). After treating the samples with the direct-current magnetic field (B = 66 mT) during 
the exposing time of 240 hours, the microstructures show a considerably lower number of dislocations 
(Fig. 1.9, b). The metallographic analysis for the samples subjected to 720 hours of exposing in the magnetic 
field finds neither separate pits of etching nor dislocation aggregations (Fig. 1.9, c, d), only the chains of 
dislocations have been revealed in these samples. In general, the microstructures have improved vs those of 
the samples subjected to 240 hours of exposing (this is also verified by the microhardness measurements).

In Fig. 1.10, we demonstrate the microstructures of Cz-Si samples doped with Hf. The microstructures 
of the initial samples have been characterized by rather high densities of dislocations and their regular 
arrangement along the certain crystallographic planes (Fig. 1.10, a). Etching of the samples performed 
after 240 hours of the magnetic field action allows to reveal considerable quantities of swirl-defects 
while the dislocation densities decrease in them (Fig. 1.10, b–d). The notable changes are found in those 
sample microstructures which have undergone the magnetic field treatment during 720 hours. These 
changes can be described as follows: no swirl-defects and chains of dislocations like those revealed in 
the samples of 240-hour exposition; formation of large quantities of single dislocations like the pits from 
etching. Generally, the densities of the defects decrease in the samples of this type as compared against 
the samples with 240 hours of exposing.

In the structures of Cz-Si(Mg) samples held within the magnetic field during 240 hours (Fig. 1.11, b), 
the considerable changes vs the initial state (Fig. 1.11, a) have not been noted, however, 720 hours within 
the magnetic field give the rise of many single dislocations to appear in the samples, they are in the form 
of etching pits (Fig. 1.11, c, d).

The initial structures of Cz-Si-Fe samples (Fig. 1.12, a) were with rather high densities of dislocations, 
arranged separately or in the form of chains. 240 hours of holding the samples within the magnetic fields 
enable preserving the single dislocations within the structures while the structures themselves exhibit 
no significant changes (Fig. 1.12, b, c) in general. Further, the structures of the reported samples, which 
have spent 720 hours within the magnetic field, resemble their initial states, however the densities of the 
defects decrease (Fig. 1.12, d–f).
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 Fig. 1.7 Microstructures of Cz-Si samples doped with Al: a — initial state, ×500;  
b, c, d, e — after 240 hours of exposing to direct-current magnetic field, ×400;  
f — after 720 hours of exposing to direct-current magnetic field, ×400
Source: [33—36]

The contemporary simulations promote the idea that magnetic field causes the spin-dependent deg-
radation of the chemical bonds in the structural nanoclusters [37], formation of vacancy and oxygen sets 
(V-O, SiXVYOZ), namely A-defects, which are able to result into the nuclei of two-dimensional defects such as 
dislocations [38]. The explanations on the phase transformation and the polycrystalline silicon formation in 
Cz-Si under the influence of the direct current magnetic field are not available in the contemporary science.
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 Fig. 1.8 Microstructures of Cz-Si samples doped with Cu: a — initial state, ×500; b, c — after 240 hours of 
exposing to direct-current magnetic field, ×400; d — after 720 hours of exposing to direct-current magnetic  
field (sample No. 1), ×400; e, f — after 720 hours of exposing to direct-current magnetic field (sample No. 2), ×400
Source: [33–36]

It can be assumed that the formation of polycrystalline silicon samples of undoped silicon is stipu-
lated by those changes in the wave functions of the valency electron which have been produced by the 
direct-current magnetic field (this is confirmed by Larmor precession and the related Zeeman effect) 
and therefore the phenomenon is also promoted by the changes in the densities of the electron states 
in the space-and-time, that means the changes in the directions within which the covalent bindings  
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occur. The rearrangement of covalent binding orientations, in their turn, brings the changes in the 
crystal lattice type that means the phase transformation.

 Fig. 1.9 Microstructures of Cz-Si samples doped with Zr: a — initial state, ×500; b, c — after 240 hours 
of exposing to direct-current magnetic field, ×500; d, e, f — after 720 hours of exposing to direct-current 
magnetic field, ×400
Source: [33—36]

The large number of twins formed within the structure might be assigned to the formation of sili-
con orthorhombic phase and silicon BCCIII phase with the shear pattern within the certain masses of the  
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sample [1—4, 6]. In undoped silicon, the shear transformation of SiFCC↔SiORTHORHOMBIC occurs at the tempera-
tures higher than 350°C [39—43], in cases of the treatment in the magnetic field at the room temperature, 
this phenomenon is provoked only by the magnetic field influence. 

 Fig. 1.10 Microstructures of Cz-Si samples doped with Hf: a — initial state, ×500;  
b, c, d — after 240 hours of exposing to direct-current magnetic field, ×400; e, f — after 720 hours of exposing 
to direct-current magnetic field, ×400
Source: [33—36]

After 720 hours of exposing, there are no significant changes found in the sample structure. At this the 
measurements have shown the increase in the parameters of microhardness and specific electric resistance 
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vs the samples which have been treated during 240 hours. This indicates the further proceeding of the phase 
transformation and the structure stabilization under the magnetic field effect. 

 Fig. 1.11 Microstructures of Cz-Si samples doped with Mg: a — initial state, ×1000;  
b — after 240 hours of exposing to direct-current magnetic field, ×400; c, d — after 720 hours  
of exposing to direct-current magnetic field, ×400
Source: [33—36]

Note that all the above-mentioned doping elements increase the critical temperatures for  
SiFCC↔SiORTHORHOMBIC and SiORTHORHOMBIC↔SiBCCIII (refer to Table 1.2). Moreover, the doping elements increase the 
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thermodynamic stability of the closed packed phases of silicon to the magnetic field action (the magnetic 
field as well as the higher temperature add to the energy to the system). Furthermore, it might be assumed 
that the doping elements stabilise the high temperature phase of SiBCCIII, thus eliminating low temperature 
shear-diffusion phase transformations as well as the formation of twins within the structure.

 Fig. 1.12 Microstructures of Cz-Si samples doped with Fe: a — initial state, ×500;  
b, c — after 240 hours of exposing to direct-current magnetic field, ×400; d, e, f — after 720 hours of exposing to 
direct-current magnetic field, ×400
Source: [33—36]
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 Table 1.2 Temperatures of phase transformation for doped silicon and the dedicated thermal expansion 
coefficient values

Cz-Si/doping 
elements

Temperature/coefficient of thermal expansion °С/a⋅10–6⋅°С–1

I SiFCC↔SiORTHORHOMBIC II SiORTHORHOMBIC↔SiBCC III III SiBCCIII↔Sihcp

Cz-Si 350/4.3 700/4.4 900/5.3

Cz-Si+Al 450/5.0 750/4.5 900/6.0

Cz-Si+Zr 500/4.5 — 850/4.7

Cz-Si+Hf 380/4.5 — 850/4.7

Source: [33—36]

Considering the influence of both the magnetic field and the doping elements on the energy of silicon 
interatomic bonds, it is difficult to make any assumptions since the most similar changes in the structures 
have been observed in the samples of Cz-Si(Al) and Cz-Si(Hf) after 240 hours and 720 hours of exposing to 
the magnetic field (refer to Fig. 1.7, 1.10 respectively), despite the fact that aluminium drastically decreas-
es the energy of silicon atom interaction while hafnium increases it greatly.

Further, the similar changes have been detected within the structures of Cz-Si(Cu) and Cz-Si(Fe) 
(Fig. 1.8, 1.9). At this, copper reduces the interaction energy of silicon atoms while iron does not bear 
influences on it.

In the samples of doped silicon, which has undergone magnetic field exposing during 240 hours, the 
increase in the defects of the inner structure can be explained via the changes in the wave functions of the 
electrons. Quite local is the change in the wave functions of electrons and the crystal lattice rearrangement 
is to provoke the breakage in covalent binding of those adjacent atoms, which wave functions will not have 
changed enough to meet the orientation changes of covalent binding (the density of the electron states in 
the space-time). This local breakage of the atom binding is to cause the appearance of complete disloca-
tions or partial ones together with the defects of atom packing. 

The gradual decrease in both the density of the defects and the microhardness values of the struc-
tures in the samples of Si-Al, Si-Cu and Si-Zr after 720 hours spent in the magnetic field can be regarded 
as relevant to the structure stabilization during the time of quite long holding within the magnetic field as 
well as related to the decrease in the thermal capacity (enthalpy) of the system by means of annihilation of 
the certain portion of the structure defects. The same changes are observed in the samples during their 
annealing in the furnace [2]. 

Due to the commonly known property of aluminium to strongly decrease the energy of atom interaction 
in silicon, the easier shear-diffusion phase transformations within silicon occurs while hafnium influence is 
on the contrarily and drastically increases this energy that means slowing down the phase transformations 
and stabilizing the silicon structure of SiFCC [31]. In order to identify the phases in the samples, which have 
been under the magnetic field treatment, the method of X-ray analysis have been applied. Fig. 1.13 shows 
the diffractogram of Cz-Si sample in the initial state.
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 Fig. 1.13 Diffractogram of Cz-Si sample (initial state)
Source: [44]
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In the initial state, Cz-Si in the diffractograms shows the reflections of FCC lattice, and line (400) possesses 
the maximal intensity at the scattering angles of less than 65 degrees (Fig. 1.13).

After treating the silicon samples with direct-current magnetic field of 0.4 T inductions, there have 
appeared the reflections at the scattering angles of 30—40 degrees (Fig. 1.14), which are interpreted as 
orthorhombic phase of silicon [45].

 Fig. 1.14 Diffractogram of Cz-Si sample (B = 0.4 T)
Source: [44]
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The reflection intensityies for silicon with cubic close-packed lattice at angle of 65—70 degrees de-
crease after the magnetic field influence. It can be explained by phase transformation initiated in silicon, 
namely SiFCC↔SiORTHORHOMBIC [34] under the action of the direct current magnetic field with 0.4 T of induction. 

Fig.  1.15 depicts that after treating the samples with the aggressive direct current magnetic 
field (B = 1.2 T), there is the reduction in intensities of reflections in all the silicon phases and appears a con-
siderable number of reflections from silicon oxide. This verifies the assumption of silicon surface activation 
with the direct-current magnetic field and enhancing its absorbing properties [46].

Furthermore, with the behaviour of this kind we confirm the assumption that the silicon phase struc-
ture stabilises under the action of direct magnetic field [33]. However, more detailed investigation on the 
line profile (511) evidences that additional phases are formed within the crystal array, and they possess the 
different type of the lattice. 

 Fig. 1.15 Diffractogram of Cz-Si sample (В = 1.2 T)
Source: [44]
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In Fig. 1.16, the curves are presented to show the differential extrema (511) for the samples in the 
initial state and after treating with the magnetic field: B= 0.4 T (b), 1.2 T (c). They have been obtained 
at the scattering angles of 90—92 degrees, which is the feature of silicon phase of cubic close-packed  
lattice [46].

The splits of the diffraction lines detect the presence of the distortions in the crystal lattices of Cz-Si 
samples. At this the split of the extremum (511) is to be assigned to overlapping of certain interferences of 
orthorhombic phase of silicon [41, 44, 45]. Further, the line splitting (511) increases with the increase in the 
induction of external magnetic field. 
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The splits of the differential extrema at the scattering angles of 90—92 degrees at higher values of 
external magnetic field induction evidence the presence of two phases in the silicon and are relevant to the 
formation of SiORTHORHOMBIC phase within this material array. The same is observed on the differential extre-
mum split (511) at the scattering angles of 90—92 degrees after the silicon semiconductor heat treating at 
the temperature range of 280—450°C, and it is assigned to the crystal lattice distortion of SiFCC and formation 
of the certain quantity of SiORTHORHOMBIC [47—48]. 

Eventually, the heat treatment of the silicon semiconductor gives greater splitting of the interference 
extremum (511) at increasing the annealing temperature from the range of 280—320°C up to the range of 
400—450°C [48]. In the currently reported research, the significant splitting is observed at the increase of 
the external magnetic field induction from 0.4 T to 1.2 T. This evidences that the magnetic field and the heat 
treatment initiate the phase transformations of silicon.

 Fig. 1.16 Line profile (511) before the magnetic field action and after it:  
а – initial state; b — 0.4 T; c — 1.2 T
Source: [44]
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1.4	 THE SAMPLE MICROHARDNESS VALUES BEFORE AND AFTER TREATING WITH THE MAGNETIC FIELD

Magnetic field acting on Si sample has certain influence on the sample microhardness values. For the 
sake of the reader's swift reference we consider it is reasonable to summarise the revealed data on the 
microhardness change in similar patterns of representation as below.

In Fig. 1.17, the graphs present the microhardness values of the aluminium-doped silicon samples 
after 240 hours (Fig. 1.17, a) and 720 hours (Fig. 1.17, b) of exposing to direct-current magnetic field with 
the induction of 66 mT. 

The analysis performed for the graphs has revealed that the average microhardness of the sample ma-
trices after 240 hours of exposition is 11000 MPa (the values vary within the range of 9000—14000 MPa), the 
dislocations areas demonstrate 12500 MPa (the variation range makes 11500—12500 MPa), the swirl-defect 
allow 10000 MPa of the value (within the range of 9000—16000 MPa).

The average microhardness per the structural units of the samples after 720 hours spent within the 
magnetic field becomes lower by 2500 and 950 MPa; for the matrix such change is within the range of 
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8500—10500 MPa while that of the dislocation areas is within the range of 9500—14000 MPa (swirl-defects 
have not been detected). These bring the conclusion that the ranges of the structural units' microhardness 
values undergo the considerable changes of decrease. 

 Fig. 1.17 Microhardness graphs for Сz-Si(Al) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b — after 720 hours of exposing to direct-current magnetic field
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Fig. 1.18 shows the average microhardness values per the structural units for Cz-Si(Al) samples both in the 
initial state and after 240- and 720-hour exposition to direct-current magnetic field. As it can be deduced 
from the given bar graph, the sample microhardness values notably increase after 240 hours of exposing 
within the magnetic field vs the initial state of the samples. The further treating of the samples (720 hours) 
causes the gradual decrease in the microhardness values that is connected with the decrease in the defects 
of the silicon samples.

In Fig. 1.19, we demonstrate the microhardness graphs for Cz-Si(Hf) samples after they spent 240 and 
720 hours within the magnetic field for the treatment. The average microhardness values of the struc-
tural units, which Cz-Si(Hf) samples possess after 240 hours and 720 hours of the mentioned holding, are 
as follows: 9000 MPa (variation range is 8500—10500 MPa) and 10400  MPa (with the variations within the 
range of 89500—12500 MPa) for the matrices, respectively; 12400 MPa (12500—14500 MPa) and 12700 MPa 
(12500—16500 MPa) for the dislocation areas. 

Therefore, it follows that the increase in the holding time within the magnetic field results in higher 
range of the microhardness value variations that is probably connected with the increase in the defects. 
The microhardness parameter for swirl-defects has been revealed as much as 11000 MPa in the samples 
after 240-hour exposing while the etched samples of 720-hour exposing have not exhibited swirl-defects. 



37

CHAPTER 1. CHROMIUM-MANGANESE ALLOYS ON OCHOBI IRON WITH INCREASED TRIBOLOGICAL PROPERTIES

CH
AP

TE
R  

1

 Fig. 1.18 Microhardness per the structural units for Сz-Si(Al) samples (in the initial state,  
after 240- and 720-hour exposition to direct-current magnetic field)
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 Fig. 1.19 Microhardness graphs for Сz-Si(Hf) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b — after 720 hours of exposing to direct-current magnetic field
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The microhardness average values per the structural units of Cz-Si(Hf) samples before and after the 
magnetic treatment are given in Fig. 1.20. These bar graphs show that the microhardness values gradually 
increase (but with slowing intensity) during further exposing to direct-current magnetic field.

In Fig. 1.21, we show the microhardness graphs for Cz-Si(Cu) after the action of the direct-current 
magnetic field. After 240 hours of magnetic field influence, the microhardness values for the matrix vary 



38

MODERN TRENDS IN CONSTRUCTION MATERIALS TECHNOLOGIES
CH

AP
TE

R  
1

from 7100 MPa to 9500 MPa while those for the dislocation areas are within the range of 7700—11500 MPa. 
After 720 hours of holding, the microhardness values show the variations from 5600 MPa to 9500 MPa for the 
matrix and from 6100 to 12700 MPa for the dislocation areas.

 Fig. 1.20 Microhardness values per the structural units of Сz-Si(Hf) samples (in the initial  
state, after 240 and 720 hours of exposing to direct-current magnetic field)
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The average microhardness values per the structural units of Cz-Si(Cu) samples before and after the 
magnetic field treatment are shown in Fig. 1.22. Comparing with the initial state, the microhardness pa-
rameter increases by approximately 1400 MPa in the matrix and by approximately 3500 MPa for dislocations 
after 240 hours of the treatment. After 720 hours spent within the magnetic field, the microhardness values 
increase by 100 MPa more for the matrix, but the hardness of the dislocation zone decreases by 700 MPa.

In Fig. 1.23, the microhardness graphs of Cz-Si(Mg) samples are presented after their exposing for 240 
and 720 hours within the magnetic field. The analysis of the graphs detects that after 240-hour treatment by 
the magnetic field, the microhardness values of the sample matrices vary from 7700 MPa up to 10300 MPa while 
those of the dislocation areas are within 10300—12700 MPa. After 720 hours of the magnetic field action, the mi-
crohardness values for the matrices vary 7700—11400 MPa, while for the dislocations they are 10300—12700 MPa.

Fig. 1.24 presents the average values of microhardness per the structural units of Cz-Si(Mg) samples 
before and after treating with the direct-current magnetic field. This bar graph demonstrates that the 
microhardness values of the structural units increase during the time of exposing samples within the mag-
netic field. After 240 hours of holding the samples, the values for the matrix microhardness increase on 
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average as much as by 1800 MPa while in the dislocation zones such an increase is by 5000 MPa. The further  
treatment of the samples within the magnetic field leads to the greater microhardness values for the matrix 
by 500 MPa while the zone of the dislocations exhibits the increase by 800 MPa in this parameter.

Fig. 1.25 reports on the microhardness graphs for Cz-Si(Fe) samples after 240 and 720 hours of their 
exposing within the magnetic field. The dedicated measurements on microhardness per the structural units 
have given the following results. After 240 hours of exposing, the matrix microhardness varies within the 
range of 7100—9300 MPa while the microhardness of the dislocations areas varies from 8500 to 12700 MPa. 
After 720 hours of exposing, the hardness for matrix is within 7100—8500 MPa and for the dislocations it is 
within 9300—14200 MPa.

 Fig. 1.21 Microhardness graphs for Сz-Si(Cu) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b, c — after 720 hours of exposing to direct-current magnetic field
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 Fig. 1.22 Microhardness per the structural units of Сz-Si(Cu) samples (in the initial state, after 240- 
and 720-hour exposition to direct-current magnetic field)
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 Fig. 1.23 Microhardness graphs for Сz-Si(Mg) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b — after 720 hours of exposing to direct-current magnetic field
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For the average values of microhardness per the structural units of Cz-Si(Fe) samples before and after their 
treatment refer to Fig. 1.26. After 240 hours of exposing within the magnetic field, the microhardness of the matrix 
values grows by 1000 MPa and that of the dislocations by 4360 MPa. The further treatment causes the decrease in 
the matrix microhardness by 80 MPa but increase in the microhardness values of the dislocations areas by 1300 MPa.
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 Fig. 1.24 Microhardness per the structural units for Сz-Si(Mg) samples (in the initial state, after 240 and 
720 hours of exposing to direct-current magnetic field)
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 Fig. 1.25 Microhardness graphs Сz-Si(Fe) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b — after 720 hours of exposing to direct-current magnetic field
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 Fig. 1.26 Microhardness per the structural units of Сz-Si(Fe) samples (in the initial state,  
after 240 and 720 hours of exposing to direct-current magnetic field)
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In Fig. 1.27, the microhardness average values are described graphically for the samples of Cz-Si(Zr) af-
ter 240 and 720 hours of their holding within the magnetic field. The analysis on the graphs shows that after 
240 hours spent within the direct-current magnetic field, the matrix microhardness values vary within the 
range of 7100—14200 MPa while the dislocation areas have the range of 10300—16000 MPa for this parameter. 
After holding the samples during 720 hours for exposing, the matrix microhardness is 7100—11400 MPa but 
for the dislocation areas, it ranges within 8500—12700 MPa. 

In Fig. 1.28, we report on microhardness values per the structural units of Cz-Si(Zr) samples before and 
after exposing to direct-current magnetic field. It is obvious from the bar graphs demonstrated that the mi-
crohardness values of the sample structural units increase after 240 hours of exposing within the magnetic 
field. The measurements after 720 hours of the treatment reveal that the microhardness values are smaller 
as compared with the values registered after 10 days of magnetic field treatment.

Fig. 1.29 represents the results of the microhardness measurements of the undoped silicon samples 
after their holding within the magnetic field during the period of 240 hours and 720 hours. The microhard-
ness values of the sample matrices after 240 hours of treatment are 7400—12700 MPa, those of the disloca-
tion areas are within the range of 7400—11400 MPa, the twin areas are 8500—16000 MPa. The microhardness 
values per the structural units after 720 hours of treating with the direct-current magnetic field are as 
follows: 8500—12700 MPa for matrix, 10300—14200 MPa for dislocation areas, 7000—14200 MPa for twins.

The microhardness values per the structural units of undoped silicon samples before and after their treating 
with the magnetic field are reported in Fig. 1.30. After 240 hours spent within the magnetic field, the matrix micro-
hardness values grow stronger by 3000 MPa, the dislocation area microhardness shows the increase by 3900 MPa, a 
large quantity of twins appears and their average microhardness is 12000 MPa. After 720 hours of holding within the 
magnetic field, the microhardness values go up for the certain structural units as given: within matrix — by 200 MPa, 
within the dislocation zones — by 2000 MPa; however the microhardness values of twins decrease by 1500 MPa.
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 Fig. 1.27 Microhardness graphs of Сz-Si(Zr) samples: a — after 240 hours of exposing  
to direct-current magnetic field; b, c — after 720 hours of exposing to direct-current magnetic field
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 Fig. 1.28 Microhardness per the structural units of Сz-Si(Zr) samples (in the initial state, after 
240 hours and 720 hours of exposing to direct-current magnetic field)
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 Fig. 1.29 Microhardness graphs of Сz-Si samples: a — after 240 hours of exposing  
to direct-current magnetic field; b, c — after 720 hours of exposing to direct-current magnetic field
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 Fig. 1.30 Microhardness per the structural units of undoped silicon in the initial state,  
after 240 and 720 hours of exposing to direct-current magnetic field
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1.5	 THE PHYSICAL PARAMETERS OF THE SAMPLES BEFORE AND AFTER TREATING WITH  
THE MAGNETIC FIELD

Table 1.3 reports on the values of the physical parameters and the mechanical properties of the sam-
ples of both undoped and doped silicon before and after treating with the magnetic field induction of 66 mT.

In the initial state, the highest values of the specific electric resistance are possessed by Si-Zr sample, 
the lowest ones are the characteristics of the undoped silicon. The longest lifetime for the current minori-
ty-carriers is observed with the samples of the undoped silicon.

 Table 1.3 Physical parameters and mechanical properties of the doped silicon samples before and after exposing 
to direct-current magnetic field

Sample Properties Initial State 240 hours of exposing 720 hours of exposing

Cz-Si r, Ohm⋅cm 80—100 46—49 83—92

t, µs 574 0.65 0.63

Conduction type P p P

Hµ, MPa 6500 9500 9600

Cz-Si-Al r, Ohm⋅cm 200—210 55—65 60—65

t, µs 12.1—12.5 0.40 0.32

Conduction type P p P

Hµ, MPa 6800 10750 10320

Cz-Si-Hf r, Ohm⋅cm 180—192 12.8—14.3 13.5—14.0

t, µs 148 23.08 28.11

Conduction type P p P

Hµ, MPa 7750 10500 10900

Cz-Si-Сu r, Ohm⋅cm 170—190 44.8—46.2 43.7—50.0

t, µs 134—138 16.32 14.55

Conduction type P p P

Hµ, MPa 6900 10450 10700

Cz-Si-Zr r, Ohm⋅cm 308—324 13.0—23.5 22.5—25.6

t, µs 228 93.3 69.57

Conduction type N n N

Hµ, MPa 7900 11200 10300

Source: [33]

The date presented in the table evidence that there is a significant decrease observed in the values of the 
specific electric resistance and the life time for the current minority-carriers after the treating the samples of 
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doped silicon within direct-current magnetic field. For the samples of undoped silicon, the decrease in the life 
time for the current minority-carriers is as great as several orders. All the samples exhibit the drastic drop of 
the electric resistance after 240 hours of exposing to direct-current magnetic field, however some increase 
is observed in the values of this parameter with the further treatment by holding the samples in the magnetic 
field (Si-Cu behaved as an exception to this regularity). The sharp drops of the life times of the current minori-
ty-carriers are registered with all the samples after 240 hours of holding within the magnetic field, and they 
are followed by the further decrease if the holding time of 720 hours (however Si-Hf has been an exception).

In Fig. 1.31, we show the dependences between the life times of the current minority-carriers and the 
average microhardness for the undoped and the doped silicon samples before and after treating the sam-
ples with the direct-current magnetic field.

 Fig. 1.31 Dependence between the time span of the current minority-carriers and the average 
microhardness of the samples: a — initial state; b — after 240 hours of exposing to direct-current magnetic 
field; c — after 240 hours of exposing to direct-current magnetic field
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For the samples in their initial state, the dependence is discernible between the microhardness value 
and the life time of the current minority-carriers. After treating them with the magnetic field, this depen-
dence considerably weakens and the notable irregularities in it are found if we study the Si samples doped 
with Zr, Hf (Fig. 1.31, b, c) and Mg (Fig. 1.31, c). 

Shortening the life time for the current minority-carriers can be explained as the relevance with that 
oxygen which the silicon surficial layers contain. As the publication reports [34], during the time when sili-
con is treated within the magnetic field, the oxygen content increases drastically in its surficial layers, the 
same is true for the ions of the alkaline metal (K+, Na+), hydroxyl groups and other radicals. This is related 
to the surface activation and enhancing its absorption ability under the influence of weak magnetic field.

Apart from the oxygen in the principle state or the triplet state, the radical groups absorbed on the 
silicon surface also possess the ability of capturing the current carriers [33] and drastically decrease their 
lives in the free state. 

Doping silicon with the elements of a greater affinity for oxygen (Zr, Hf, Al) permits the decrease in the 
influence of oxygen on the charge carrier life time by its binding. This is an assumable explanation for the 
reason why the samples doped with the mentioned elements have quite high values for the auxiliary charge 
carrier life time if the microhardness values are also high. The exception to this regularity is Si(Al).

CONCLUSIONS

1. The microstructure of the initial Cz-Si sample which is formed under the influence by the treatment 
within the magnetic field has been not studied before the research conducted for the current publication. 
The research reveals as follows: 

— during 240 hours of exposing to the magnetic field, there is the significant increase in the number of 
the internal structure defects and the density of the dislocations as well as the formation of twins;

— during 720 hours of treating within the magnetic field, the polycrystalline silicon is formed with a 
large quantity of grain boundaries.

2. This research is the first time when it has been addressed to the problem of the magnetic field 
influences on the microstructure of Cz-Si doped with the elements which influence differently the energy of 
interaction between the silicon atoms within the crystal lattice, namely — Al, Mg, Cu, Fe, Zr, Hf.

With this publication, we show what influence produces the treatment within the magnetic field on 
Cz-Si doped with those elements which are able to decrease the interaction energy of silicon atoms (Al, 
Mg, Cu, Fe). 

The data revealed can be summarized as follows:
— there is an increase in the quantity of the sample structural defects at exposing during 240 hours but 

their notable decrease is observed during 720 hours;
— Cz-Si doped with Zr and Hf, which increase the energy of interaction between the silicon atoms 

within the lattice, goes down significantly in the quantity of structural defects starting from at the point of 
240 hours spent within the magnetic field.
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3. By means of X-ray analysis conducted for the samples, which have been subjected to the magnetic 
field, it is registered that there are splits in the diffraction lines as well as the appearance of the new peaks 
at the scattering angles of 90—92 degrees. These phenomena are caused by the distortions of SiFCC crystal 
lattice and forming SiORTHORHOMBIC along with it. This evidences about the phase transformations in the samples 
of the semiconductive silicon when the magnetic treatment at the room temperature. 

4. The study performed to address the problem of magnetic field influence on the microhardness of the 
doped Cz-Si has revealed as follows: 

— the microhardness of Cz-Si doped with Al, Mg, Cu, Fe grows by 1.8—2.0 times at exposing both during 
240 hours and 720 hours;

— the microhardness of Cz-Si doped with Zr, Hf grows by 1.5—1.8 times after exposing to the magnetic 
field during 240 hours while such values are higher by 1.2—1.5 times after 720 hours of exposition.

5. In this publication, the problem of the magnetic field treatment is first studied in terms of its influ-
ence on the physical properties of the doped Cz-Si, namely, its specific electric resistance (r, Ohm⋅cm), life 
time (t, µs). It has been revealed as follows: 

—  240  hours spent within the magnetic field decrease the specific electric resis-
tance (r, Ohm⋅cm) of Cz-Si by 1.7—2.0 times while 720 hours of exposing decrease this parameter by 1.08;

— specific electric resistance (r, Ohm⋅cm) of Cz-Si Al, Cu decreases by 3.4 times at exposing within the 
magnetic field during the time period from 240 to 720 hours;

— for Cz-Si doped with Zr we observe the decrease in specific electric resistance values (r, Ohm⋅cm) 
by 18 times after 240 hours of the mentioned exposing and by 13.5 times at 720 hours of exposition;

— for Cz-Si doped with Hf, the specific electric resistance decreases by 13.5  times after 240 and 
720 hours of exposing;

— the life time for minority-carriers of the charge (t, µs) decreases 900 times within Cz-Si under condi-
tions of both 240 and 720 hours of the magnetic field treatment;

—  for Cz-Si doped with aluminium, the life time for  minority-carriers of the charge decreases by 
30 times when 240 hours of treatment while the decrease in 38 times is detected after 720 hours of exposing;

—  for Cz-Si doped with copper, the life time for its minority-carriers of the charge decreases by 
8—9 times both under 240 hours and 720 hours within the magnetic field;

— for Cz-Si doped with hafnium, the life time for its minority-carriers of the charge (t, µs) decreases by 
6 times at 240 hours and by 5 times at 720 hours of exposing;

— doping with zirconium enables sustaining the longest life times for its minority-carriers of the  
charge (t, µs) vs those of the initial state: the life time for its minority-carriers of the charge experiences 
the shortening just by 2.4—3.2 after exposing within the magnetic field during 240 and 720 hours and they 
correspond to the values of 93.3 µs and 69.57 µs, respectively, compared against 0.63—0.65 of Cz-Si.

6.  In this publication, we report on the development of the new complex production technology for 
silicon semiconductor. The technology includes the stages of silicon doping with the transition metals and 
rare earth metals, heat treatment at the temperatures of phase transformations and treating within the 
magnetic field at room temperature. These stages provide the enhanced set of the mechanical and the 
physical properties for Cz-Si products intended for devices. 
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INTEGRATION OF INCLUSIVE ENGINEERING PRINCIPLES AND CRAFT 
TECHNOLOGIES IN THE DESIGN OF FOOD SERVICE FACILITIES IN THE 
CONTEXT OF POST-WAR RECONSTRUCTION OF UKRAINE: BUILDING 
MATERIALS, ARCHITECTURAL SOLUTIONS, QUALITY, SAFETY

ABSTRACT

The study is devoted to the integration of inclusive engineering principles and craft technologies in the 
design of food service facilities within the context of Ukraine’s post-war reconstruction. The primary focus 
is on the environmentally responsible selection of building materials (wood, clay, straw, hemp fiber, arbolite 
concrete) and architectural solutions that address the needs of vulnerable population groups, including 
veterans, persons with disabilities, and internally displaced persons. Emphasis is placed on ensuring quality 
standards, safety (notably HACCP), and hygiene, which are critically important in the food service sector.

In the context of the war in Ukraine, which has caused extensive infrastructure destruction, there 
is a need to create a new architectural and construction culture oriented toward sustainable develop-
ment, social inclusivity, and the preservation of local identity. The proposed approach combines circular 
economy principles (material reuse), craft technologies (hand labor, local resources), and inclusive design 
(barrier-free access, adaptive furniture, sensory comfort). This contributes to the economic recovery of 
communities, reduces environmental impact, and creates culturally significant spaces.

The objective is to develop a methodology for integrating inclusive engineering and craft technologies 
to create accessible, safe, and authentic food service facilities.

The study includes an analysis of the thermophysical characteristics of building materials such as 
density, heat capacity, thermal conductivity, and vapor permeability, along with a comparison of their tech-
nological complexity, environmental friendliness, and economic feasibility. Results demonstrate the ad-
vantages of materials with high heat capacity (reed panels, arbolite) for energy efficiency and low thermal 
conductivity (cellulose insulation, foam glass) for thermal insulation. Architectural solutions encompass 
ramps, wide corridors, zoning, anti-slip surfaces, and hygienic materials compliant with HACCP standards.

This approach ensures the creation of sustainable, safe, and socially inclusive spaces that support 
the local economy, reduce ecological footprint, and contribute to the preservation of Ukrainian identity. 
It is recommended to adapt regulatory frameworks and educational programs to promote these principles.

KEYWORDS

Inclusive engineering, craft technologies, design, architectural solutions, building materials, sus-
tainable development, post-war reconstruction of Ukraine, food service facilities, quality, safety, HACCP.
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The war in Ukraine has caused extensive destruction [1] to the housing stock and social infrastruc-
ture facilities, demolishing millions of square meters of residential buildings, schools, hospitals, public 
structures, and cultural heritage sites. In the face of such losses, the task arises not only of physical recon-
struction but also of forming a new architectural and construction culture focused on the principles of sus-
tainable development, environmental responsibility, and social sensitivity. Considering resource limitations, 
rising costs of building materials, and the urgent need for fast and efficient solutions, the reuse of building 
materials obtained from the demolition of destroyed structures becomes especially important [2—4].

In this context, the restoration of social infrastructure requires the implementation of new approaches 
to the design of public facilities — primarily food service establishments — that take into account the needs 
of vulnerable population groups, as well as quality requirements [5—7] and the safety of the food environ-
ment [7, 8]. This approach should be based on four strategic directions:

— social inclusivity, which implies the creation of a barrier-free environment accessible to all pop-
ulation categories, including persons with disabilities, elderly people, veterans, and internally displaced 
persons [9—12];

— environmental responsibility, realized through the use of renewable natural resources, reuse of 
building materials [2—4], and minimization of the carbon footprint at all stages of construction;

— local identity, expressed in the preservation of cultural characteristics, architectural traditions, and 
the material heritage [13] of a specific community;

— sanitary and hygienic safety [7, 8, 14], ensured through the implementation of quality management 
systems [6, 7, 15] and HACCP [7, 8, 15], which regulate spatial, engineering-technological, and operational 
solutions in food service establishments in accordance with food safety principles and hygiene standards.

2.1	 NEW CONSTRUCTION GUIDELINES IN THE PROCESS OF UKRAINE’S RECONSTRUCTION

In the post-war period [16], when resources are limited and the need for prompt, effective, and eco-
nomically viable solutions is critical, approaches based on the circular economy gain special importance. 
The reuse of building materials recovered from demolished structures allows not only to reduce the demand 
for new resources and lower transportation and disposal costs but also significantly decreases environmen-
tal impact [2, 3, 17—19]. This becomes particularly relevant in designing social infrastructure facilities, espe-
cially food service establishments, which require fast, high-quality, and accessible reconstruction [10—12].

At the same time, physical reconstruction must be accompanied by a paradigm shift: from "technocrat-
ic restoration" [2, 4, 13] to "human-centered reconstruction", which takes into account social sensitivity and 
the needs of vulnerable groups — including persons with limited mobility, veterans, elderly people, children, 
and internally displaced persons [11, 12, 14, 20, 21]. In this context, inclusive engineering design is regarded as 
a necessary prerequisite for creating environments that are not only accessible but also adapted to diverse 
physical, sensory, and cognitive needs [9—12, 14, 20, 21].

Craft technologies  [14], based on manual labor, local knowledge, and the use of natural materials, 
play a special role in this approach. Their advantage lies in high adaptability to local contexts: from small  
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communities and rural areas to temporary facilities, including field kitchens, mobile canteens, and modular 
cafés. Combined with inclusive engineering, they enable the creation of spatial solutions that are environmen-
tally balanced, technically simple to implement, and socially acceptable. Moreover, this approach encourages 
community involvement in reconstruction processes, fostering economic recovery at the local level [11, 12, 14].

Another critically important aspect is the preservation and restoration of local identity, which for decades 
has suffered destruction and homogenization. Local identity includes architectural styles, materials, color 
schemes, decorative motifs, landscape features, linguistic and cultural codes, and social rituals that form 
the unique character of each territory, creating a distinct "national style" [22]. In the design of food service 
establishments, this is expressed, for example, through the use of traditional forms (such as clay facades, 
wooden elements, ceramic inserts), the introduction of ethnodesign elements in interiors, and the use of local 
products in menus.

Combined with inclusive and ecological approaches, local identity creates the foundation for culturally 
significant, socially cohesive, and sustainable gastronomic spaces that reflect the uniqueness of the commu-
nity while meeting modern technical, ergonomic, and sanitary-hygienic standards. This allows avoiding the 
stereotypical "standardized design" characteristic of "soviet architecture" and instead promotes a conscious 
transformation of space through the lens of authenticity, safety, and quality. It imparts a unique character to 
the community, supports its historical memory, roots social bonds, and contributes to sustainable development.

2.1.1	 THE ROLE OF CRAFT APPROACHES IN THE CONTEXT OF THE CIRCULAR ECONOMY

In the process of Ukraine’s post-war reconstruction, craft approaches [14] are gradually gaining status 
as one of the key vectors for implementing the principles of the circular economy [4, 23, 24], especially in 
the context of architectural and engineering design of social facilities — particularly food service establish-
ments. These approaches imply a shift away from the linear model of "production — consumption — dis-
posal" toward a cyclical model, where materials receive a second life and architectural solutions focus on 
restoration, reuse, recycling, and prolonged service life [23].

Craft technologies involve the manual or semi-manual production of building materials with maximal 
use of local resources — natural, renewable, and low-toxicity. This not only reduces dependence on indus-
trial supply chains but also allows flexible adaptation of designs to local conditions and community needs. 
In the design of food service facilities, this approach offers several advantages:

— enables the creation of aesthetically expressive, individualized interiors featuring elements of re-
gional style (clay, wood, straw, ceramics, linen textiles);

— allows for the reuse of materials (e.g., bricks, wood, stone) for facades, bar areas, furniture, or 
decorative elements;

— contributes to reducing the carbon footprint and the volume of construction waste, aligning with the 
ecological goals of reconstruction [4, 23].

At the same time, the material life cycle — from the original source to reintegration into a new struc-
ture — becomes a central category in engineering design [9]. Within this approach, not only the primary 
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parameters of the material (strength, thermal insulation, moisture resistance) are planned, but also its 
potential for further utilization, reclamation, or reassembly.

The application of craft technologies is particularly effective when combined with modular construc-
tions and adaptive architecture, enabling the creation of both permanent and temporary food service facili-
ties — mobile canteens, summer kitchens, social cafés — that account for seasonality, population migration, 
or fluctuating demand.

Engaging the community — local artisans, small entrepreneurs, and craftsmen — in this process not only 
supports the local economy but also fosters social responsibility in projects, enhances their cultural rootedness, 
and stimulates the development of craft food productions closely linked to the food service establishment.

Thus, craft technologies in the architecture of food service facilities in post-war Ukraine represent not 
only aesthetics and tradition but also a strategic resource for sustainable reconstruction, integrated into 
the principles of ecological feasibility, economic efficiency, and social inclusion.

2.1.2	 THE ROLE OF INCLUSIVITY IN DESIGN

Inclusive engineering in Ukraine’s post-war reconstruction acquires particular importance as an inter-
disciplinary approach that combines technical, architectural, social, and humanitarian dimensions in the 
design, construction, and operation of the physical environment [9, 11, 12]. Its key goal is to create spaces 
that are physically, sensorially, and psychologically accessible, functional, safe, and comfortable for all user 
categories — regardless of age, gender, physical or cognitive characteristics [10, 14, 25].

Inclusivity becomes especially relevant in the design of food service establishments [5, 11, 14], which 
perform not only service functions but also social, rehabilitative, and integrative roles. In the context of 
the return to peaceful life of a significant number of veterans [26], persons with disabilities, and internally 
displaced persons, food service facilities become spaces for meeting, socializing, employment, and support, 
requiring a particularly sensitive architectural approach.

This approach goes beyond mere formal compliance with technical accessibility standards and in-
cludes a profound rethinking of architectural-spatial models [27], engineering systems [9, 27], and tech-
nological processes, taking into account the real-life experiences of users. The principle "the environment 
must adapt to the person, not vice versa" demands the involvement of specialists in ergonomics, psycho
logy, interior design, and medical rehabilitation.

In establishments that combine food service functions with craft production (such as bakeries, mini-work-
shops, or family cafés), inclusivity acquires an additional dimension — production accessibility. This concerns 
not only the physical adaptation of work areas (surface heights, safe equipment placement, presence of 
tactile or visual markers) but also an inclusive work culture that supports the participation of people with 
functional limitations in production and service processes. This promotes not only economic integration 
but also reduces labor market discrimination, increases autonomy, and fosters local entrepreneurship.

Thus, inclusive engineering in the design of food service establishments is not only a tool for spa-
tial accessibility [14, 28] but also a powerful mechanism for creating a just, "humane", and sustainable  
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environment where technical solutions meet real user needs and architecture becomes an instrument of 
social cohesion and dignity.

2.1.3	 RELEVANCE OF THE RESEARCH DIRECTION

The full-scale war in Ukraine has caused a profound transformation of the social, engineering, and 
architectural environment, posing new demands on the spatial design, construction, and operation of public 
facilities. Today, the task is not only the physical reconstruction of damaged housing and social infrastruc-
ture but also the rethinking of approaches to architectural and structural modeling, taking into account the 
principles of sustainable development, environmental responsibility, social justice, and cultural rootedness.

In conditions of resource scarcity, rapid urbanization, and the need for quick solutions, inclusive en-
gineering practices oriented toward the needs of a wide range of users — especially persons with disabil-
ities, combat veterans, elderly people, children, and internally displaced persons — gain special relevance. 
The growing share of the population with functional limitations requires fundamentally new approaches to 
shaping the physical environment, where accessibility, comfort, safety, and adaptability are considered the 
basic characteristics of spatial quality.

At the same time, the role of craft technologies is increasing — as an alternative to mass industrial 
construction — that ensures the use of local resources, consideration of the local context, community in-
volvement in reconstruction, and the restoration of local identity. The combination of manual production 
methods, artisanal practices, and modern materials science approaches creates conditions for forming a 
more flexible, ecological, and socially sensitive architectural environment.

At the intersection of inclusive engineering and craft technologies, a promising research direction is 
emerging that allows the design of food service establishments not only as functional objects but also as 
centers of social integration, cultural renewal, and spatial justice. These facilities must meet criteria of 
environmental sustainability, technological adaptability, economic feasibility, and regulatory safety, taking 
into account quality standards and HACCP principles.

In this context, the aim of the research is the integration of inclusive engineering principles and craft 
technologies into the design process of food service establishments with an emphasis on the selection of 
building materials, architectural solutions, and spatial organization in the context of Ukraine’s post-war 
reconstruction. Special attention is paid to safety, quality, social sensitivity, environmental responsibility, 
and cultural appropriateness.

Research objectives:
— to analyze current challenges and trends in the field of inclusive engineering, particularly considering 

the needs of persons with disabilities, veterans, and internally displaced persons;
— to investigate the potential of craft technologies for implementing circular economy principles and 

preserving local identity in construction;
— to develop methodological approaches for combining inclusive engineering and craft practices in the 

production of building materials and the implementation of architectural solutions involving local resources;
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— to assess the impact of the proposed approach on the level of social integration, environmental 
sustainability, and economic efficiency within food service projects;

— to formulate recommendations for adapting regulatory frameworks and educational programs to 
disseminate principles of inclusive and craft approaches in architectural design and construction practice.

2.2	 MATERIALS AND METHODS

2.2.1	 MATERIALS

The study analyzed building materials that comply with the principles of the circular economy, inclusive 
engineering, and craft technologies, taking into account the requirements of DSTU 9191:2022 [29]. Building 
products were characterized by origin (organic and inorganic) and type (concretes, arbolites, fibrous, bi-
tuminous, etc.), as well as suitability for designing food service establishments in the context of Ukraine’s 
post-war reconstruction. The thermophysical properties of the building materials were evaluated:

— density (ρ0) — from 35 to 1000 kg/m³;
— specific heat capacity (C) — from 0.84 to 2.3 kJ/(kg·K);
— declared thermal conductivity (λ0) — from 0.039 to 0.16 W/(m·K);
— calculated moisture content by mass (w), for operating condition A — from 0.1 to 16%; for operating 

condition B — from 0.2 to 24%;
— calculated thermal conductivity (λd) for operating condition A — from 0.045 to 0.24 W/(m·K); for 

operating condition B — from 0.048 to 0.3 W/(m·K);
— calculated heat absorption coefficient (s) for operating condition A — from 0.41 to 6.75 W/(m2·K); for 

operating condition B — from 0.45 to 7.7 W/(m2·K);
— calculated vapor permeability (δ) for operating conditions A and B — from 0.002 to 0.49 mg/(m·h·Pa).
The selection of materials was based on their environmental friendliness (low carbon footprint, biode-

gradability), local availability, hygienic compliance (adherence to HACCP principles), as well as suitability for 
craft production, which promotes community involvement.

2.2.2	 METHODS

The research methodology involved a comprehensive approach to assessing materials and architectur-
al solutions for the creation of inclusive, environmentally sustainable, and safe food service establishments. 
A comparative analysis of the thermophysical characteristics of materials according to DSTU 9191:2022 [29] 
was applied to determine their effectiveness in energy-efficient structures. 

The evaluation criteria included:
1) technological accessibility (ease of production, use of local resources);
2) environmental sustainability (possibility of reuse, low environmental impact);
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3) social inclusivity (adaptability to the needs of vulnerable groups, including persons with disabilities 
and veterans);

4) economic feasibility (optimization of construction costs).
Additionally, the compliance of materials and solutions with safety and hygiene standards (HACCP) 

was analyzed, as well as their potential to implement local identity through ethno-design. Both quantitative 
methods (analysis of thermophysical parameters) and qualitative methods (comparison of architectural 
solutions such as zoning, barrier-free access, non-slip coatings) were used for evaluation.

2.3	 RESULTS

2.3.1	 PRINCIPLES OF INCLUSIVE ENGINEERING IN THE FIELD OF BUILDING MATERIALS

In the modern competitive environment, craft productions, like food service establishments, face the 
need to increase business efficiency to maintain their viability and adapt to social changes. Considering 
factors such as employee health, motivation, inclusivity, and professional skill development becomes not 
only socially necessary but also economically viable.

Inclusive engineering in the field of building materials involves a systematic integration that combines 
technical, social, and economic aspects [20] aimed at ensuring a barrier-free environment and improving 
the quality of working conditions.

Technical aspects of implementing inclusive solutions in food establishments include architectural and 
planning measures (ramps with a slope of up to 8%, handrails, non-slip coverings, designated parking spac-
es), engineering and technical solutions (standardized ventilation and air conditioning systems, energy-effi-
cient heating, alternative energy sources), ergonomic equipment (adjustable furniture, lifts), information tools 
(Braille, sound systems), and specialized premises (accessible lobbies, restrooms, cloakrooms) [20] (Fig. 2.1).

Social aspects include rehabilitation practices, staff motivation, ensuring inclusivity, and developing 
employee competencies, which together form a comprehensive model of sustainable production [20, 30—32].

Rehabilitation — one of the key aspects of the engineering approach to work organization — involves not only 
adapting work areas for people with disabilities but also creating conditions for the social reintegration of groups 
such as war veterans [32]. This includes the accessibility of the architectural environment, specialized equip-
ment, compliance with microclimate parameters [14], and staff training to work in an inclusive environment.

Employee motivation in craft productions is closely related to corporate culture, which takes into account 
the social significance of work, its contribution to the community, and the personal value of the employee. This 
is implemented through clearly defined goals, training programs, and opportunities for professional growth [33].

Inclusivity as a strategy covers not only physical accessibility but also the creation of cultural diversity. 
This requires staff training in cultural and gender sensitivity, which is the basis for forming a safe and 
supportive environment [33]. Employee competence — another key element of the engineering approach — 
concerns not only technical skills but also the development of communication, organizational, and adaptive 
abilities necessary for work in the modern production environment [31, 33].
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Finally, ensuring team stability, reducing staff turnover, and improving brand image require the im-
plementation of long-term strategies that combine social responsibility and economic efficiency [30, 33].

The economic aspects of inclusive solutions in food service establishments involve reducing staff 
turnover and lowering recruitment and training costs by creating a comfortable working environment. The 
requirement to provide at least 5% of seats in dining areas for wheelchair users expands the customer base 
and increases profitability, while the possibility of receiving state support encourages the implementation 
of accessible solutions [20].

Thus, the principles of inclusive engineering in the field of building materials are not limited to techni-
cal aspects but also cover social, psychological, cultural, and economic parameters that form the founda-
tion of a sustainable, safe, and "human-centered" production environment.

2.3.2	 PRINCIPLES OF CRAFT TECHNOLOGIES IN THE FIELD OF BUILDING MATERIALS

In the post-war period of Ukraine’s reconstruction, there is an increasing interest in the use of local 
natural building materials — wood, straw, clay, hemp fiber, and others. Importantly, these materials har-
moniously combine environmental friendliness, locality, and the possibility of manual production — key 
characteristics of the craft approach that align with the ideas of the circular economy. Traditional Ukrainian 
structures, such as adobe and rammed clay blocks, demonstrate high adaptability and durability. Their 
potential for reuse, recycling, or complete biodegradation makes them ideal for sustainable construction, 
especially in socially oriented and rehabilitation projects of post-war recovery.

Modern scientific research highlights the relevance of bio-based composites, in particular hemp-
crete, which is characterized by a low carbon footprint, high thermal insulation, hygroscopicity, and bio
degradability [34].

Another promising direction is wood-concrete (arbolite) — lightweight concrete based on wood chips 
and plant fibers with gypsum binder [35], which provides excellent thermal insulation properties. Local 
production based on wood waste makes this technology accessible to small communities and enterprises.

Rammed clay and adobe technologies, deeply rooted in Ukrainian architecture, are being revived today 
as environmentally friendly and affordable construction methods [36]. Modern developments combine tra-
ditional methods with innovative solutions, such as the use of straw blocks, "super-adobe" technology, and 
other natural materials. There are already modern eco-houses in Ukraine made of adobe, confirming the 
viability of these approaches.

A distinctive feature of using these materials is their craft nature — local raw materials, small pro-
duction volumes, involvement of local communities, and the possibility of rapid implementation of innova-
tions [35]. This not only supports the development of crafts and the local economy but also aligns with the 
principles of inclusive engineering. In particular, the simplicity and accessibility of producing clay or arbolite 
blocks make it possible to involve different social groups in construction, including people with disabilities.

In the context of post-war reconstruction, this integration of craft technologies and the principles 
of inclusive design is especially relevant for creating food service establishments that should be not only 
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energy-efficient and environmentally friendly but also maximally accessible. The use of natural materi-
als contributes to a healthy microclimate, reduces the impact of chemicals and temperature fluctuations, 
which is important for vulnerable population groups.

Fig. 2.2–2.10 present the calculated thermophysical characteristics of building materials — prod-
ucts made from natural organic and inorganic raw materials in accordance with the requirements of  
DSTU 9191:2022 [29]. The comparative characteristics of the thermal insulation material take into ac-
count its density (ρ); heat capacity (C); thermal conductivity (λ); moisture content by mass (w); heat 
absorption coefficient (s); and vapor permeability (δ) under operating conditions (A, B). According to  
DBN V.2.6-31:2021 [37], operating conditions A are applied to internal walls and enclosing structures in dry 
rooms, while B — to external walls and structures operating in normal, humid, or wet environments.

According to thermophysical properties, building products can be classified into three categories:
1) high heat capacity (C ≥ 2.0 kJ/(kg·K));
2) medium heat capacity (C ≈ 1.0—2.0 kJ/(kg·K));
3) low heat capacity (C ≤ 1.0 kJ/(kg·K)).
Products with high heat capacity (C ≥ 2.0 kJ/(kg·K)):
— reed thermal insulation boards — 2.3 kJ/(kg·K), characterized by high heat capacity, which ensures 

high heat retention ability. They are used as natural thermal insulation materials in walls, floors, and roofs, 
especially in environmentally oriented construction. Due to their natural composition, they have good vapor 
permeability, help regulate indoor humidity, and create comfortable microclimatic conditions. In addition 
to thermal insulation, these boards provide environmental friendliness and biodegradability, although they 
may require additional protection against moisture and pests. The use of reed boards is advisable in proj-
ects focused on sustainable development and natural materials;

— fiberboard and particleboard — 2.3 kJ/(kg·K), characterized by high heat capacity, suitable for 
interiors and internal partitions where temperature regulation without sharp fluctuations is needed. These 
materials have high vapor permeability, which helps maintain optimal humidity levels. Thanks to their 
natural composition, the boards are environmentally friendly, have good sound insulation properties, but 
require protection from moisture and pests. Ideal for projects emphasizing a healthy environment and 
energy efficiency;

— wood concrete (arbolite) products on Portland cement — 2.3 kJ/(kg·K), used for load-bearing and 
self-supporting walls of low-rise buildings; enclosing structures where a combination of thermal insulation 
and strength is important; ecological facilities (housing, public buildings, inclusive spaces) — due to natural 
fillers and vapor permeability; structures where smooth leveling of temperature fluctuations is needed — 
arbolite accumulates heat during the day and releases it at night. Arbolite works well in external walls, 
especially in regions with sharp daily temperature fluctuations, and in passive heating systems.

Products with high heat capacity (C ≥ 2.0 kJ/(kg·K)) effectively accumulate and release heat, ensuring 
a stable microclimate and comfort indoors even under significant daily temperature fluctuations, making 
them optimal for energy-efficient and environmentally friendly constructions. 

Materials with high heat capacity are especially effective in passive heating systems and in regions 
with a continental climate.
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Products with medium heat capacity (C ≈ 1.0—2.0 kJ/(kg·K)):
— perlite-bitumen insulation products — 1.68 kJ/(kg·K), characterized by medium thermal inertia. They 

are used as lightweight insulation layers in roofs, floors, and walls; in constructions where minimal weight with 
sufficient insulation is required; in systems that do not demand significant heat accumulation, such as for rapid 
heating and cooling of rooms; and in combination with more massive materials to balance insulation and inertia. 
They are moisture-resistant and biologically durable, but due to bitumen content, they are less eco-friendly and 
vapor-impermeable, which limits their use in inclusive spaces with higher microclimate demands;

— polystyrene concrete wall blocks — 1.06 kJ/(kg·K), have moderate heat accumulation ability. Thanks 
to this combined with low density and thermal conductivity, they effectively reduce heat loss but respond 
quickly to temperature changes. Such blocks are applied in quick-assembly and lightweight wall construc-
tions, especially in post-war recovery conditions, combined with materials of higher thermal inertia to en-
sure stable indoor microclimate;

— perlite-phosphogel products — 1.05 kJ/(kg·K), possess moderate heat storage capacity. This, com-
bined with low density and thermal conductivity, makes them effective insulation materials that significant-
ly reduce heat loss in enclosing structures. They are typically used for insulating walls, roofs, and floors, 
particularly in buildings where structural lightness and good energy-saving properties are important.

Products with medium heat capacity (C ≈ 1.0—2.0 kJ/(kg·K)) provide a balance between insulation 
properties and rapid response to temperature changes, making them suitable for lightweight and fast-
assembly constructions, but requiring combination with more massive layers for stable microclimate.

Products with low heat capacity (C ≤ 1.0 kJ/(kg·K)):
— perlite-cement and perlite-gypsum insulation products (0.84 kJ/(kg·K)) — have low heat capacity, 

indicating a limited ability to accumulate heat. They are used as effective lightweight thermal insulation 
materials in walls, floors, and roofs of buildings. They combine well with other more massive structural 
elements, reducing heat loss. They are characterized by vapor permeability, which contributes to humidity 
regulation and maintaining microclimatic conditions indoors. They are more environmentally friendly due 
to their natural components;

— perlite-bentonite thermal insulation products (0.84 kJ/(kg·K)) — characterized by low heat capacity 
and increased strength due to the inclusion of bentonite. They are used as lightweight thermal insulation 
layers in wall and roof structures where thermal insulation and shape stability are important. They provide 
adequate vapor permeability and moisture resistance. They contribute to creating a comfortable microcli-
mate by regulating humidity;

— cellulose insulation (0.84 kJ/(kg·K)) — an eco-friendly insulation material made from recycled cel-
lulose with low heat capacity, providing minimal heat accumulation and rapid temperature changes. They 
are widely used for insulating walls, roofs, and floors. They have high vapor permeability and "breathability", 
making it optimal for inclusive and ecological projects and requires additional treatment for moisture and 
pest protection;

— cement-polystyrene products (0.84 kJ/(kg·K)) — lightweight thermal insulation materials combining 
the insulating properties of expanded polystyrene with the strength of cement binder. Low heat capacity 
causes rapid temperature changes in the material, suitable for constructions with minimal thermal inertia. 
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They are used in external walls, floors, and facades. They have relatively low vapor permeability, which may 
require additional measures to maintain microclimate;

— foam glass products (0.84 kJ/(kg·K)) — thermal insulation materials based on foamed glass with low 
heat capacity, providing lightness and low thermal inertia. They are used in roofs, foundation insulation, and 
external walls and characterized by high moisture resistance and chemical inertness, making them durable. 
Relatively high cost and brittleness limit their widespread use;

— silica-cement blocks (0.84 kJ/(kg·K)) — building materials with reduced heat capacity, providing low 
thermal inertia. They are used in load-bearing and self-supporting wall structures with additional insulation. 
They maintain shape well and resist moisture exposure. Vapor permeability is moderate, allowing use in 
various climatic conditions.

Materials with heat capacity ≤ 1.0 kJ/(kg·K) are typically characterized by low thermal storage capacity, 
making them effective lightweight thermal insulators for rapid temperature regulation of indoor spaces. 
They are widely used in external enclosing structures, roofs, and floors, providing reduction of heat losses. 
At the same time, they vary in vapor permeability, strength, and environmental properties, which influences 
the choice of material depending on the specific project requirements, especially in the context of inclusive 
and sustainable construction.

Craft technologies allow the production of materials from natural, local components, ensuring not only 
ecological compatibility but also optimal thermophysical properties. Materials with high heat capacity, pro-
duced using craft methods, are used in heavy external structures for heat accumulation and stabilization of 
indoor microclimate. Medium heat capacity products serve as intermediate layers where a balance between 
heat storage and rapid heat release is required, contributing to a comfortable temperature regime. Light-
weight materials with low heat capacity, made from natural components by craft technologies, are used in 
internal insulation layers for quick response to temperature changes, providing dynamic thermal regulation.

Thus, the integration of craft production principles with consideration of materials’ heat capacity en-
ables the creation of adaptive, ecological, and energy-efficient building structures that meet the require-
ments of inclusivity and sustainable development in the post-war reconstruction of Ukraine.

The lowest declared thermal conductivity values (λ0) are observed for: cellulose insulation (ρ0 35—
100 kg/m3) — λ0 = 0.039—0.056 W/(m·K); foam glass products (ρ0 120 kg/m3) — λ0 = 0.05 W/(m·K); reed 
insulation boards (ρ0 200 kg/m3) and wood fiber and wood chip boards (ρ0 200 kg/m3) — λ0 = 0.060 W/(m·K). 
These materials best retain heat, making them effective thermal insulators at relatively small thicknesses.

The highest vapor permeability is found in reed insulation boards (ρ0 200 kg/m3) — δ = 0.49 mg/(m·h·Pa). 
In contrast, foam glass products (ρ0 120 kg/m3) have extremely low vapor permeability (δ = 0.002 mg/(m·h·Pa)), 
acting as a vapor barrier. Materials with a low heat absorption coefficient, such as cellulose insulation  
(ρ0 35—100 kg/m3) — s = 0.41—0.97 W/(m2·K) — are suitable for interior partitions. A high heat absorption 
coefficient is characteristic of wood fiber and wood chip boards (ρ0 1000 kg/m3) — s = 7.7 W/(m2·K) (under 
service condition B) — used for external or massive structures.

Craft thermal insulation materials based on arbolite, reed, cellulose, and wood are suitable for ecologi-
cal construction and have: low thermal conductivity, good vapor permeability, moderate density, and comply 
with sustainable building principles:
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— provide natural thermoregulation, reducing the need for heating and air conditioning;
— possess hygienic properties if properly treated (vacuum impregnation, natural antiseptics based on 

essential oils);
— have a low carbon footprint and promote biodegradation after the end of their life cycle;
— allow significant construction cost reduction due to local availability and ease of use.
The Ukrainian experience closely aligns with international trends in sustainable construction and is 

widely applied in Europe and North America in accordance with ecological standards and other decarbon-
ization programs [34]. Although Ukrainian developments are still at early stages of commercialization, they 
have high potential and can significantly influence the formation of a new building culture that combines 
ecology, social justice, and local identity.

2.3.3	 COMPREHENSIVE ASSESSMENT OF BUILDING MATERIALS QUALITY

The comprehensive assessment of building materials quality (K0, points) was determined according to 
four key criteria (Table 2.1):

— thermal protection — based on the calculated thermal conductivity of materials λd (W/m·K);
— inclusiveness — evaluated through the vapor permeability of materials δ (mg/m·h·Pa);
— environmental performance — assessed by the natural origin, biodegradability, and chemical safety 

of materials;
— local availability — defined by the possibility of producing the material locally without the need for import.
Thermal protection of materials was assessed using a five-point scale according to the following values 

of thermal conductivity λd (W/m·K):
5 points — λd < 0.08, very good (excellent) thermal protection;
4 points — λd 0.08—0.15, good thermal protection;
3 points — λd 0.15—0.20, moderate thermal protection;
2 points — λd 0.20—0.25, poor thermal protection;
1 point — λd > 0.25, very poor thermal protection.
Thermal protection of materials makes it possible to evaluate their ability to retain heat and reduce 

energy consumption for building heating.
Inclusiveness of materials was assessed using a five-point scale according to the following values of 

vapor permeability δ (mg/m·h·Pa):
5 points — δ ≥ 0.20, very good (excellent) inclusiveness;
4 points — δ 0.15—0.20, good inclusiveness;
3 points — δ 0.10—0.15, moderate inclusiveness;
2 points — δ 0.05—0.10, poor inclusiveness;
1 point — δ < 0.05, very poor inclusiveness.
The inclusiveness of materials directly influences indoor comfort and safety by regulating the micro-

climate and preventing condensation.
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 Table 2.1 Comprehensive assessment of the quality of building materials based on the criteria of thermal 
protection, inclusivity, environmental sustainability, and local availability
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1 2 3 4 5 6 7 8

1 Perlite — phosphogel products (200) 5 5 3 3 4.00 12

2 Perlite — phosphogel products (300) 4 4 3 3 3.50 18

3 Polystyrene concrete wall blocks (200) 5 3 2 2 3.00 25

4 Polystyrene concrete wall blocks (300) 4 3 2 2 2.75 27

5 Polystyrene concrete wall blocks (600) 3 2 2 2 2.25 36

6 Perlite — cement and perlite — gypsum thermal 
insulation products (300) 4 4 3 3 3.50 19

7 Perlite — cement and perlite — gypsum thermal 
insulation products (450) 4 4 3 3 3.50 20

8 Perlite — bentonite thermal insulation products (250) 4 4 3 3 3.50 21

9 Perlite — bentonite thermal insulation products (300) 4 3 3 3 3.25 24

10 Perlite–bentonite thermal insulation products (400) 4 2 3 3 3.00 26

11 Cellulose insulation (35) 5 5 5 5 5.00 1

12 Cellulose insulation (50) 5 5 5 5 5.00 2

13 Cellulose insulation (65) 5 5 5 5 5.00 3

14 Cellulose insulation (100) 5 5 5 5 5.00 4

15 Cement — polystyrene products (250) 4 2 2 2 2.50 32

16 Cement — polystyrene products (300) 4 3 2 2 2.75 28

17 Cement — polystyrene products (400) 4 2 2 2 2.50 33

18 Cement — polystyrene products (500) 4 2 2 2 2.50 34

19 Cement — polystyrene products (550) 4 2 2 2 2.50 35

20 Perlite — bitumen thermal insulation products (300) 4 1 3 3 2.75 29

21 Perlite — bitumen thermal insulation products (400) 4 1 3 3 2.75 30
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Continuation of Table 1

1 2 3 4 5 6 7 8

22 Foam glass products (120) 5 1 3 2 2.75 31

23 Silicate — cement blocks (300) 4 5 3 3 3.75 14

24 Silicate — cement blocks (400) 4 5 3 3 3.75 15

25 Silicate — cement blocks (500) 4 4 3 3 3.50 22

26 Wood concrete (arbolite) products on Portland 
cement (300) 4 5 4 5 4.50 8

27 Wood concrete (arbolite) products on Portland 
cement (400)

4 5 4 5 4.50 9

28 Wood concrete (arbolite) products on Portland 
cement (600)

3 3 4 5 3.75 16

29 Wood concrete (arbolite) products on Portland 
cement (800)

2 3 4 5 3.50 23

30 Reed thermal insulation boards (200) 5 5 5 5 5.00 5

31 Reed thermal insulation boards (300) 4 5 5 5 4.75 7

32 Wood fiber and particle boards (200) 5 5 5 5 5.00 6

33 Wood fiber and particle boards (400) 4 4 5 5 4.50 10

34 Wood fiber and particle boards (600) 4 3 5 5 4.25 11

35 Wood fiber and particle boards (800) 3 3 5 5 4.00 13

36 Wood fiber and particle boards (1000) 2 3 5 5 3.75 17

Environmental friendliness of materials was assessed using a five-point scale according to the follow-
ing criteria:

5 points — natural, biodegradable materials (wood, reed, cellulose);
4 points — natural materials with cement additives or minimally processed (arbolite);
3 points — mineral, conditionally ecological materials (perlite, mineral boards, foam glass);
2 points — synthetic materials with limited recyclability (polystyrene concrete, cement — polystyrene 

composites);
1 point — chemically treated materials.
Local availability of materials was assessed using a five-point scale according to the following criteria:
5 points — easily manufactured in a craft-based manner from local raw materials;
4 points — local raw materials but requiring factory production;
3 points — requiring industrial-scale production;
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2 points — demanding specialized industry;
1 point — imported materials.
For each material, the arithmetic mean score across all four criteria was calculated, providing a com-

prehensive rating of the material’s suitability for use in inclusive and energy-efficient building structures.
The summarized results of the comprehensive material quality assessment (Fig. 2.11) demonstrated 

that the highest scores across all criteria were achieved by cellulose insulation, reed-based thermal insula-
tion boards, and wood-fiber materials. Their overall scores (5.00 and 4.75—5.00) indicate excellent thermal 
insulation properties, high environmental friendliness and inclusivity, as well as the availability of local raw 
materials. Such materials exemplify a balanced approach to creating modern building structures that not 
only reduce energy consumption but also contribute to the formation of barrier-free environments through 
ecological safety and adaptability to the needs of diverse users. The high ranking of arbolite products based 
on Portland cement further confirms the potential of combining traditional and natural components to 
ensure comprehensive sustainability.

At the same time, a number of materials, such as high-density polystyrene concrete blocks, cement- 
polystyrene products, and foam glass, received significantly lower scores (2.25—2.75). This indicates limited 
inclusivity and environmental friendliness, despite satisfactory thermal insulation properties. 

Perlite-bitumen and perlite-bentonite materials demonstrated average results, highlighting the need 
for further modernization and adaptation to contemporary requirements. Thus, the analysis confirmed 
that priority in designing inclusive and sustainable environments should be given to materials derived from 
natural and renewable resources, whereas traditional synthetic or high-tech solutions require additional 
improvements to meet the criteria of accessibility and ecological safety.

2.3.4	 INCLUSIVE ENGINEERING AND ACCESSIBILITY ARCHITECTURE IN FOOD SERVICE SPACES

Creating accessible, safe, and inclusive environments in food service establishments must consider 
the diverse needs of consumers, including people with disabilities, veterans, elderly individuals, parents 
with young children, as well as those with sensory or cognitive differences.

Principles of inclusive engineering involve designing spaces that do not require users to adapt but 
rather adapt to diverse functional needs. Key solutions include:

— barrier-free access to the building: ramps with non-slip surfaces, automatic doors, sufficiently wide 
entrances and corridors;

— navigational orientation within the interior: use of tactile, visual, and auditory landmarks, contrasting 
zone markings;

— ergonomic functional zones: height-adjustable tables, adapted restrooms, accessible bar counters 
and reception areas;

— reduction of sensory overload: subdued lighting, natural colors, low-contrast textures, sound insulation, 
softened acoustic background — essential for people with post-traumatic stress disorder or hypersensitivity.

An important component of inclusive spaces is architectural zoning: avoiding "blind spots", clearly 
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separating staff and visitor flows, and providing quiet areas that allow for emotional comfort restoration.
Inclusivity must be integrated at all stages of design — from urban planning to interior design.
The interior can serve not only decorative but also navigational functions. Natural finishing materials — 

wood, textiles, ceramics — can include tactile markers or be visually contrasting to facilitate navigation. For 
example, embossed wooden panels or patterned clay tiles serve not only as aesthetic but also functional 
accessibility elements. This also emphasizes the establishment’s local identity, combining inclusivity with 
cultural heritage.

Restrooms, kitchens, and other technical rooms must be hygienically safe and adapted to the needs of 
all staff and visitors. Surfaces should be non-slip, antibacterial, fire-resistant, and easy to clean. The use 
of non-toxic paints, varnishes, and sealants ensures compliance with food safety standards and HACCP 
requirements.

The inclusive approach to designing food service establishments fulfills not only a technical role but 
also a social integrative function. Facilities that consider the needs of people with limited mobility become 
spaces for rehabilitation, autonomy, and social interaction. This is especially relevant for veterans, individ-
uals with musculoskeletal disorders, sensory impairments, or psycho-emotional traumas.

Craft technologies are gaining particular importance as a tool for integrating local knowledge, resourc-
es, and cultural practices. In the sphere of public catering establishments, they perform a dual function: on 
one hand — an aesthetic and identificational role (through reflecting regional style), and on the other — an 
ecological and functional role (thanks to the use of natural materials with a low environmental footprint).

Craft approaches allow architectural and construction solutions to be adapted to the local climate, 
cultural context, and the needs of specific communities. Such technologies contribute to reducing ener-
gy consumption, supporting local production, and restoring the authentic character of the environment.

Craft technologies fit within the logic of the circular economy, where key roles are played by resource 
renewability, material durability, and closed-loop models. Building materials produced by craft methods 
possess high reparability and the ability to be reused or recycled with minimal environmental impact.

The use of materials based on arbolite, reed, cellulose, and wood ensures natural regulation of humidity 
and temperature indoors, which is critically important in food service spaces. These solutions also promote 
energy saving by reducing the need for technical climate control systems. Wood, handmade clay tiles, reed 
panels, or textiles made of natural fibers not only serve decorative purposes but also emphasize the ethno-
cultural uniqueness of the region.

The practice of restoring facades and interiors of cafes and restaurants using natural materials is 
actively developing in Ukraine. In particular, the use of locally sourced wood species, clay (saman), and 
straw insulation demonstrates a successful synergy of traditions and modern engineering solutions. These 
approaches not only reduce construction costs but also support local employment and create opportunities 
for social entrepreneurship based on artisanal work.

Thus, craft technologies in the architecture of food service establishments act as a tool for socio-eco-
logical transformation, combining sustainability, authenticity, functionality, and community involvement in 
the restoration process.
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2.3.5	 QUALITY AND SAFETY: SPATIAL AND TECHNOLOGICAL SOLUTIONS

Ensuring quality and safety are fundamental requirements for the operation of public catering establish
ments, especially in the context of post-war reconstruction. Increased sanitary and hygienic risks [7, 8, 14], 
resource shortages, and the need for rapid adaptation of the built environment demand a comprehensive 
approach to designing engineering and architectural solutions. In this context, the integration of HACCP 
principles [7, 8, 38—40], quality management systems [6, 7, 15], and inclusive engineering [9—12] forms the 
foundation for creating a reliable, safe, and sustainable food environment.

The quality of a facility’s physical environment is determined not only by comfort and aesthetics but 
primarily by the conformity of functional zoning and technological processes to safety standards. The main 
criteria for spatial quality include:

— rational functional zoning, involving clear separation of "clean" and "dirty" zones, sequential arrange-
ment of technological process stages: raw material reception, storage, preparation, thermal processing, 
serving of finished products, dishwashing, etc.;

— adherence to HACCP principles, particularly avoiding cross-flow of raw materials, finished products, 
waste, and personnel, reducing the risk of microbiological contamination;

— microclimate control — temperature, humidity, ventilation, and lighting levels according to hygienic 
norms and food safety standards;

— use of hygienic finishing materials — moisture-resistant, heat-resistant, non-toxic, smooth-textured, 
easy to clean and disinfect.

Thus, a quality environment in a food service facility is shaped at the intersection of spatial logic, 
engineering design, and sanitary-hygienic control standards.

Within an inclusive approach, it is important to adapt the food space not only to technological require-
ments but also to the needs of vulnerable users — persons with disabilities, veterans, elderly people, and 
workers with limited mobility.

Engineering adaptation not only reduces risks of injury and overload but also creates a space of social 
support that promotes rehabilitation and employment of vulnerable groups.

In the context of safety regarding building structures and finishes, the choice of materials plays 
a crucial role, directly affecting hygiene and sanitary safety of premises. Key requirements for mate- 
rials include:

— biological safety — resistance to mold formation, fungi, and parasite colonization;
— chemical neutrality — absence of volatile toxic substances, formaldehydes, phthalates, hazardous 

dyes, and sealants;
— heat and moisture resistance — the ability to maintain physico-chemical properties under exposure 

to high temperatures and moisture, especially critical for kitchens and sanitary facilities;
— compliance with food safety standards set forth in normative legal documents and other industry 

regulations.
The use of tested, environmentally safe, and certified materials is a prerequisite for forming a sustain-

able, safe environment that meets HACCP requirements and quality management system principles.
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CONCLUSIONS

The conducted analysis demonstrates that post-war reconstruction in Ukraine requires the creation of 
accessible environments for persons with disabilities, veterans, and internally displaced persons. Inclusive 
engineering involves adapting public catering spaces through barrier-free access (ramps, wide aisles), 
ergonomic furniture, contrast lighting, and reducing sensory overload for individuals with post-traumatic 
stress disorder or sensory impairments. These solutions promote social integration and rehabilitation of 
vulnerable groups.

Craft technologies based on local materials are effective tools for implementing circular economy 
principles. They ensure resource reuse, reduce carbon footprint, and support local communities. The use 
of traditional materials (such as adobe and reed panels) emphasizes local identity, fostering the creation of 
authentic spaces with ethnodesign elements.

A proposed integration methodology includes the use of eco-friendly materials with high heat capacity 
(e.g., arbolite, reed panels) for stable microclimate and low thermal conductivity materials (cellulose in-
sulation, foam glass) for thermal insulation. Architectural solutions involve zoning, hygienic coatings, and 
adaptive elements that comply with HACCP standards and meet the needs of vulnerable groups.

The combination of inclusive engineering and craft technologies enhances social integration through 
accessible spaces, ecological sustainability by reducing resource consumption, and economic efficiency 
through local production. This creates a comfortable and safe environment that supports rehabilitation and 
social cohesion.

To promote the principles of inclusive and craft approaches, it is necessary to consider accessibility 
and environmental requirements and develop new academic disciplines within bachelor’s, master’s, and PhD 
educational programs that address circular economy, craft technologies, and inclusive design.

These conclusions confirm that integrating inclusive engineering and craft technologies shapes sustain-
able, safe, and culturally significant spaces in public catering establishments, contributing to Ukraine’s recovery.
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PROSPECTIVE COMPOSITIONS OF HEAT-RESISTANT HIGH-ENTROPY 
ALLOYS FOR FOUNDRY PRODUCTION

ABSTRACT

The work investigates promising compositions of high-entropy alloys (HEAs) based on the FeNiCrCuAl 
and FeNiCrCuMn systems, which have the potential for use as heat-resistant materials in foundry production. 
It is shown that the use of a specially designed vacuum medium-frequency induction furnace allows obtain-
ing high-quality ingots with active mixing of the melt and temperatures up to 1800°C. The thermodynamic 
parameters (entropy and enthalpy of mixing, atomic radii, electronegativities, VEC, Ω parameter) were calcu-
lated, on the basis of which the phase composition was predicted. X-ray phase analysis confirmed the forma-
tion of solid solutions with FCC and BCC lattices, an ordered B2 phase (of the NiAl type). In addition to phase 
analysis and structural study, the thermophysical properties (melting and crystallization heats, liquidus-sol-
idus temperatures) of alloys, and elastic properties by the dynamic mechanical analysis (DMA) method, 
were investigated in a wide temperature range. The dependences of the elastic modulus and the loss factor 
on temperature were established. The heat resistance of alloys (at 900°C and 1000°C) was assessed, which 
showed high stability of the structure of high-entropy alloys in an oxidizing environment. The casting proper-
ties of the experimental alloys — fluidity and linear shrinkage — were studied using spiral and U-shaped test 
molds, which allowed comparing them with the indicators of cast irons and steels. The fluidity of high-entro-
py alloys of the FeNiCrCuMn system is lower, and that of alloys of the FeNiCrCuAl system is higher compared 
to standard steels (G25, GX10CrNiMn18-9-1). Thus, the results of the study confirm the feasibility of using  
alloys of the FeNiCrCuMn and FeNiCrCuAl systems as heat-resistant casting materials of a new generation.

KEYWORDS

High-entropy alloys, heat resistance, phase composition, elastic properties, thermophysical parame-
ters, B2-phase, fluidity, induction melting.

In the early 2000s, a new type of materials was discovered — high-entropy alloys (HEAs) [1—3]. Tradi-
tional alloys have one or two main chemical elements, to which other elements are added in relatively low 
concentrations to achieve the desired properties. Whereas HEAs have at least five main elements, which 
are in an equiatomic or close to equiatomic composition. Due to the high concentration of components, 
such alloys have a high entropy of mixing, and it  is entropy to a much greater extent than enthalpy that 
ensures the thermodynamic stability of HEAs. High-entropy alloys, due to the different diameters of the 
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atoms that make up their composition, have a deformed crystal lattice of the face-centered cubic (FCC) 
or body-centered cubic (BCC) types. Such alloys are characterized by unique properties: high values of the 
yield strength at room temperature, fracture toughness at low temperatures, resistance to softening at el-
evated temperatures, and wear resistance. High-entropy alloys with a BCC lattice are usually characterized 
by high hardness, while those with FCC lattice are characterized by high plasticity.

But conventional single-phase high-entropy alloys also have a number of disadvantages. Hard high-en-
tropy alloys are brittle, while plastic ones have too low a yield strength. Conventional high-entropy alloys 
have poor casting properties: high volumetric and linear shrinkage and low fluidity. Also, individual compo-
nents and the technology for producing high-entropy alloys are quite expensive. Usually, the method of arc 
remelting in a vacuum is used. These disadvantages limit the areas of practical use of high-entropy alloys.

One of the methods for improving the operational properties of HEAs is the manufacture of alloys with 
several high-entropy phases. This work is devoted to the development of cheap multiphase high-entropy 
alloys from available components with the prospects for mass casting production.

If the entropy of mixing ΔSmix of the solution takes on large positive values, this leads to a significant 
negative contribution to the Gibbs free energy of mixing and stabilization of the corresponding solid phase. 
In the approximation of an ideal solution, the entropy of mixing ΔSmix can be calculated as

1
    ln( ),

N

mix i ii
S R c c

=
∆ =− ∑ 	 (3.1)

where ci — the mole fraction of component i in the melt, R — the universal gas constant.
In the case of equal molar concentrations ci of each element, equation (3.1) takes the form

    ln ,mixS R n∆ = 	 (3.2)

where n — the number of components in the alloy.
Alloys with an entropy of mixing greater than 12.5 J/mol K are considered high-entropy alloys [4].
The second thermodynamic function characterizing the stability of the phase is the alloy’s enthalpy 

of mixing ΔHmix, and its effect on the phase composition of the alloy is ambiguous. According to [5], the 
values of this function should be in the range —15 kJ/mol < ΔHmix < 5 kJ/mol. At ΔHmix > 5 kJ/mol, there is a 
lower degree of mixing of the components, which leads to segregation of elements in the alloy, and at high 
positive values of the enthalpy of mixing, stratification is possible. At high negative enthalpy of mixing 
ΔHmix < —15 kJ/mol, the formation of intermetallics and ordered phases during melt crystallization is possi-
ble [6]. Only zero or small values of the enthalpy of mixing contribute to the random distribution of atoms 
in the crystal lattice sites and the formation of a disordered solid solution [7]. The enthalpy of mixing of a 
disordered multicomponent single-phase alloy is calculated by the equation [8, 9]

1;
    4 ,

N mix
mix ij i ji j i

H H c c
= ≠

∆ = ∆∑ 	 (3.3)

where mix
ijH∆  — enthalpy of mixing of a binary equiatomic alloy of components i and j; ci, cj — molar fractions 

of components in the corresponding multicomponent alloy.
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The values mix
ijH∆  calculated by the Miedema model for atomic pairs between elements with atomic 

numbers from 1 to 94 are presented in works [10—12].
The entropy of mixing is not always the dominant factor that ensures the formation of a single-phase 

structure and affects the microstructure. In work [13], the structures of HEAs were analyzed and three 
principles of the formation of solid solutions were formulated:

1) to obtain a high entropy of mixing, it  is necessary that the number of main constituent elements 
be at least five;

2) the maximum difference in the atomic radii of the elements should not exceed 12%;
3) the enthalpy of mixing should vary in the range —40 kJ/mol < ΔHmix < 10 kJ/mol.
In [5, 14], more precise parameters have been established, namely the coefficients Ω and δr, which 

can be used to predict phase formation in high-entropy alloys. The thermodynamic parameter Ω considers 
the influence of entropy and enthalpy of mixing, as well as the melting point on the formation of a solid 
solution [15]:

,m mix

mix

T S
H
∆

Ω=
∆

	 (3.4)
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where Tm — the average melting point of an n-element alloy, K; (Tm)i — the melting point of the i-th element.
To describe the influence of differences in the atomic radii of the constituent elements, the empirical 

parameter δr can be expressed as follows:

2

1

1 ,
n

i
r i

i

r
c

r=

 
δ = −  ∑ 	 (3.6)

1
,

n

i ii
r c r

=
=∑ 	 (3.7)

where ri — the atomic radius of the i-th component, r  — the average atomic radius (taking into account 
atomic fractions).

A large difference in the atomic radii of the elements significantly affects the formation of a solid 
solution. Strong lattice distortions lead to an increase in the strain energy, and therefore to an increase 
in the free energy, which is accompanied by a decrease in the probability of solid solution formation, so the 
difference in the atomic radii of the elements should not exceed 6.6%.

Thus, the parameters Ω and δr can be a fairly reliable tool for separating between the formation of solid 
solutions and intermetallic phases in multicomponent systems. At a high value of the parameter Ω > 1.1 and 
a small value of the parameter δr ≤ 4.6% according to [5] or δr ≤ 6.6% according to [14], a solid solution 
based on phases with FCC or BCC lattice will form in the structure of the high-entropy alloy. 
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Based on the analysis of the structures of high-entropy systems, it can be stated that the forma-
tion of a solid solution is likely at the following values of the parameters mentioned above: Ω > 1.1 and 
δr ≤ 6.6%.

To describe the collective behavior of components in high-entropy alloys, the authors of [16, 17] pro-
posed two additional parameters: the electronegativity difference (Δχ) and the valence electron concen-
tration (VEC). The value of Δχ is determined according to the classical Hume-Rothery rule:

( )2

1
,

n

i ii
c

=
∆χ = χ −χ∑ 	 (3.8)

where χi — the Pauling electronegativity for the i-th element:

1
.

n

i ii
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=
χ = χ∑ 	 (3.9)

The current literature does not provide ranges of Δχ values that would indicate the formation of solid 
solutions in the HEAs structure, however, the study [18] showed that with a large value of Δχ, the formation 
of intermetallic compounds or an amorphous phase is more likely. Judging from the tabular data [16, 18] and 
the relationship between the enthalpy of mixing and electronegativity [17], it can be concluded that for the 
existence of disordered solid solutions in the structure of high-entropy alloys, the difference in electroneg-
ativity (Δχ) should not exceed 0.12 (or Δχ ≤ 12%).

According to the Hume-Rothery rule [19], the valence electron concentration (VEC) predicts the type 
of crystal lattice. The valence electron concentration can also be used to predict the formation of interme-
tallics [20]. VEC is determined from the following equation:

( )
1

,
n

ii i
VEC c VEC

=
=∑ 	 (3.10)

where (VEC)i — VEC for the i-th element.
VEC is a key physical parameter that governs the tendency for the formation of FCC and BCC solid 

solutions, a high VEC value (> 8), the FCC phase is formed, in the interval 6.87 < VEC < 8, a mixed BCC + FCC 
structure is formed, and at a lower VEC value (< 6.87) — the BCC phase [17].

In [21], a simple and practical pseudo-binary method was proposed for the design of eutectic HEA using 
the VEC and ΔHmix parameters. Using this strategy, a series of nanostructured eutectic HEAs consisting of an 
ordered body-centered cubic (B2) phase and a phase with FCC lattice were successfully developed. By add-
ing aluminum to high-entropy basic systems (CoCrFeNi2, Co2CrFeNi, CoCrFe2Ni) with a FCC lattice, eutectic 
high-entropy alloys were obtained. Their eutectic structure consists of a mixture of a solid solution with 
FCC structure and intermetallic compounds (FCC/IMC). All developed alloys demonstrated unique mechanical 
properties with a tensile strength above 1000 MPa and a total elongation of more than 10%. When developing 
eutectic HEAs with FCC/IMC structure, the FCC solid solution is selected according to the following criteria:  
−5 kJ/mol < ΔHmix < 0 kJ/mol and VEC ≥ 8.
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High-entropy alloys constitute a new class of structural materials that demonstrate a unique combination 
of high strength, heat resistance, corrosion resistance and wear resistance even under extreme operating 
conditions. Due to their stable microstructure and stability at high temperatures, HEAs are promising for use 
in the aerospace and energy industries (in particular, in elements of gas turbine engines and nuclear reac-
tors), in military equipment, cryogenic systems, the chemical industry, as well as in the production of tools 
and bioinert implants and wear-resistant coatings [22, 23]. On their basis, unique new generation composite 
materials with controllable properties for critical engineering applications can be created [24, 25]. Another 
promising direction is the new HEAs based on lightweight elements that combine high thermal stability of the 
structure and resistance to local overheating during the joining processes involving high-energy sources [26].

3.1	 PREPARATION OF HIGH-ENTROPY ALLOYS

To smelt high-entropy alloys in an argon atmosphere, a specialized induction vacuum furnace was 
developed and fabricated. It was based on a shaft-type vacuum resistance furnace, and its schematic 
diagram is shown in Fig. 3.1 [27]. The tungsten heater was replaced by an inductor powered by a thyris-
tor converter with a power of 6 kW and a frequency of 20−22 kHz. Melting was performed in an alundum 
crucible placed inside a graphite cup. The wall thickness of the graphite cup was optimized to minimize 
electromagnetic shielding of the charge, thereby ensuring active stirring of the melt during the process. 
The furnace manufactured in this way provided intensive mixing of the melt and overheated the alloy to a 
temperature up to 1800°C. The following were used as charge materials: carbonyl iron of special purity TU 
6-09-3000-78 (Fe ≥ 99.99% wt.); cathode nickel (Ni ≥ 99.99% wt.); flakes of electrolytic chromium, grade 
ERX1 and chromium grade X99 in the form of small pieces; metallic manganese grade Mn997 (99.7 wt.%);  
copper grade M1 (99.9 wt.%) (the foreign equivalent Cu-ETP (99.9 wt.%)), aluminum ingot grade 
A85 (99.85  wt.%) (the foreign equivalent ENAW-1085  (99.85 wt.%)); electrolytic cobalt grade  
K0 (Co ≥ 99.98% wt.). Also, as a source of iron, nickel and chromium, stainless steel of the grade 10H18N9L 
(the foreign equivalents GX10CrNiMn18-9-1, EN 10213) was used. The technology for obtaining samples was 
as follows: after loading components into a crucible with a total mass of no more than 1500 grams, the 
working chamber was evacuated (P = 2·10-2 Pa), then flushed 2 times with high-grade argon (99.993%) and 
the furnace was filled with it to an excess pressure of 15−20 kPa. When heated to 1000°C, the heating rate did 
not exceed 25°C/min, so as not to crack the alundum crucible. During melting, the excess pressure of argon 
in the chamber rose to 30−40 kPa. After melting and dissolving all elements, the alloy was overheated to a 
temperature of 1550−1600°C and held in a liquid state for at  least 30 min. The total duration of melting, 
including heating and holding the alloy in its liquid state, was at least 90 minutes. After holding the alloy in a 
liquid state in a high-purity argon environment, it was cooled together with the furnace to room tempera-
ture. The high-entropy alloys obtained in this way were remelted once more in an argon environment, and 
after the melting was completed, the furnace lid was opened, and the melt was poured into molds using 
traditional sand-clay casting. The chemical composition of the experimental HEA samples was determined 
using an X-ray fluorescence express analyzer (XRF) “EXPERT 3L”. 
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The chemical composition of the obtained alloys is shown in Table 3.1.

Vacuum Argon

a

1 – thermocouple; 2 – charge material; 3 – alundum crucible; 4 – graphite cup;
5 – alundum stand; 6 – alundum tube; 7 – inductor; 8 – kaolin wool; 9 – vacuum chamber;

10 – alundum cover with a viewing window; 11 – chamber cover; 12 – viewing window;
13 – vacuum gauge; 14 – temperature recording device

b

t, °C

14
13

12
11

10

9
8
7
6

5

1
2
3

4

 Fig. 3.1 Schematic diagram of vacuum induction furnace for smelting samples of high-entropy alloys:  
a — schematic diagram; b — photograph ; 1 — thermocouple; 2 — charge material; 3 — alundum crucible; 
4 — graphite cup; 5 — alundum stand; 6 — alundum tube; 7 — inductor; 8 — kaolin wool; 9 — vacuum chamber; 
10 — alundum cover with a viewing window; 11 — chamber cover; 12 — viewing window; 13 — vacuum gauge; 
14 — temperature recording device

 Table 3.1 Chemical composition of HEA samples, expressed in atomic percent

No. Fe Ni Cr Co Mn Cu Al C Si P+S

1 23.88 20.42 14.54 — 18.49 21.92 — 0.430 0.300 0.036

2 23.99 20.66 12.65 — 0.11 20.66 21.32 0.430 0.170 0.018

3 21.77 20.58 14.02 — 0.354 23.22 19.50 0.302 0.233 0.020

4 17.10 22.17 18.58 — — 23.51 18.56 — 0.076 0.012

5 18.96 19.97 20.10 — 20.30 20.42 — — 0.213 0.042

6 19.30 20.13 18.60 — — 20.85 21.03 — 0.077 0.013

7 20.48 21.63 18.54 21.38 17.97 — — — — —

8 24.09 20.43 14.14 — 19.27 21.27 — 0.380 0.368 0.040

9 24.72 20.80 12.41 — 19.64 21.63 — 0.381 0.388 0.038

10 19.10 21.52 17.79 — — 21.87 19.65 — 0.065 0.015
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3.2	 X-RAY PHASE ANALYSIS, MICROSTRUCTURE AND THERMODYNAMIC PARAMETERS  
OF HIGH-ENTROPY ALLOYS

X-ray phase analysis of the alloys was performed by X-ray diffraction on DRON-3, and Bruker D8 Advance 
diffractometer (Germany) using Mo-Kα (λ = 0.07093187 nm), Co-Kα (λ = 0.178897 nm) radiations, respectively, 
and with focusing of X-rays according to the Bragg-Brentano geometry. Depending on the type of radiation, 
measurements were carried out in the angular ranges of 10°—55° and 15°—135° with a step of 0.02° or 0.05°, 
respectively, with a pulse accumulation time of 2 s. For accurate determination of the lattice parameters 
in the region of far diffraction peaks at large angles, a step of 0.01° and an accumulation time of 12—16 s was 
used, depending on the type of sample. To study the microstructure and chemical phase composition of the 
HEA samples, a REM106I scanning electron microscope with an energy-dispersive microanalyzer (manufac-
tured by OJSC “SELMI”) was used. Fig. 3.2 shows the diffraction patterns obtained on Samples No. 4 and 
No. 5 of the FeNiCrCuAl and FeNiCrCuMn systems, respectively. High-entropy alloys of the FeNiCrCuAl system 
demonstrate two phases with different crystal lattices, in particular BCC (the space group Pm3m) and FCC 
(the space group Fm3m). A solid solution based on the BCC phase has an ordered structure of type B2, which 
is characterized by a uniform distribution of all elements within the phase and exists in equiatomic NiAl alloys. 
The structure of type B2 is similar to a disordered solid solution based on a phase with a BCC structure of type 
A2 and differs in that the position in the center of the unit cell is occupied by one specific type of atoms, while 
another type occupies the corner positions. This is confirmed by the presence of a diffraction maximum (100) 
at 2θ ≈ 36° for Co-Kα radiation (Fig. 3.2, a, Sample No. 4). The alloys of the FeNiCrCuMn system have a mul-
tiphase structure, but with different FCC lattices (FCC1, FCC2) with different periods and a BCC lattice (A2) (the 
space group Im3m) (Fig. 3.2, b, Sample No. 5). The lattice periods were calculated for each reflection (hkl) in the 
X-ray diffraction pattern, and then the average value of the lattice parameters was determined. For certain 
X-ray diffraction patterns, Miller indices corresponding to large diffraction angles were selected to determine 
the lattice parameters. Specifically, the (321) peak from Sample No. 6 was observed at angles of 54.81° and 
55.18°, using molybdenum radiation with wavelengths MoKα₁ = 0.7093187 Å and MoKα₂ = 0.710806 Å, respec-
tively. The calculation of lattice parameters was also carried out on the basis of diffractograms using cobalt 
radiation (CoKα1 = 1.78897 Å). Lattice parameters depend on the chemical composition and for alloys of the 
FeNiCrCuAl system (Samples No. 3, 4, 6) the parameter of the BCC lattice varies from 2.8788 Å to 2.8900 Å, and 
the FCC lattice from 3.6358 Å to 3.6500 Å (Table 3.2). For alloys of the FeNiCrCuMn system (Samples No. 1, 5), 
the parameter of the FCC1 lattice changes from 3.6700 Å to 3.6800 Å, and the FCC2 lattice does not change 
at 3.6200 Å (Table 3.2). For alloys of the FeNiCrCuMn system, the diffraction pattern of one of the phases 
is similar to austenite or an iron-manganese alloy Fe3Mn7 with FCC1 lattice periods of 3.6700 Å, 3.6800 Å, 
respectively, and the second phase is similar to solid solutions in copper-iron alloys, but with slightly smaller 
parameters of the face-centered cubic FCC2 lattice (3.6200 Å). According to Vegard’s law, the theoretical 
parameters of crystal lattices of alloys with the nominal charge composition Fe20Ni20Cr20Cu20Al20 and Fe20Ni20 

Cr20Cu20Mn20 were calculated. It turned out that they differ from the experimental ones, and the theoretical 
parameter of the BCC lattice has a larger value (2.9125 Å), and the parameters of the FCC lattice have smaller 
values (3.5039 Å, 3.6152 Å) compared to the experimental periods. 
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The discrepancy in the values of the experimentally determined and theoretically calculated parameters 
can be due to both the inaccuracy of the calculation and the change in the electronic structure, chemical 
composition, local order, magnetic and many other properties of solid solutions. In addition, the calculations 
did not take into account the influence of impurities of silicon, carbon, phosphorus and sulfur.
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 Fig. 3.2 X-ray diffraction patterns of high-entropy alloys: a — FeNiCrCuAl system (Sample No. 4); 
b — FeNiCrCuMn system (Sample No. 5)

 Table 3.2 Results of phase analysis and lattice parameters of alloys of the FeNiCrCuAl, FeNiCrCuMn, FeCoNiCr 
systems

Sample Lattice (space group) Radiation Lattice parameter, Å

1 2 3 4

Fe20Ni20Cr20Cu20Al20 BCC (Im3m)
FCC (Fm3m)

calculation 2.9125
3.6152

Fe20Ni20Cr20Cu20Mn20 FCC (Fm3m) calculation 3.5039

1 FCC 1 (Fm3m)
FCC 2 (Fm3m)

CoKα 3.6800
3.6200

3 BCC (Pm3m)
FCC (Fm3m)

CoKα 2.8800
3.6400

4 BCC (Pm3m)
FCC (Fm3m)

CoKα 2.8900
3.6500

5 FCC 1 (Fm3m)
FCC 2 (Fm3m)
BCC (Im3m)

CoKα 3.6700
3.6200
2.8800
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1 2 3 4

6 BCC (Im3m)

BCC (Fm3m)

CoKα
MoKα
MoKα
CoKα
MoKα

2.8788±0.00460
2.8894±0.00536 2.8830*
3.6358±0.00517
3.6480±0.00510

FeNiCoCr BCC (Fm3m) CoKα
MoKα

3.5702±0.00239
3.5768±0.0015**

Note: The lattice parameters were calculated from peaks with Miller indices *(321), **(331) and (420).

Typical microstructures of the cast high-entropy alloy samples of the FeNiCrCuAl and FeNiCrCuMn 
systems after crystallization are shown in Fig. 3.3. The cast samples exhibit a heterogeneous structure 
consisting of several phases, including dendrites, an interdendritic region, and a third phase enriched in 
copper. The branches of the dendrites have a rounded shape for both alloy systems. The chemical compo-
sition of the individual phases was determined using local chemical analysis (EDX analysis). In Fig. 3.3, a, b,  
the structural components are indicated by numbers (1—7), and their corresponding chemical composition 
is presented in Table 3.3. 

More refractory elements, such as iron and chromium, are concentrated in the branches of the den-
drites, while the interdendritic regions are enriched in elements with lower melting points, such as copper, 
aluminum, manganese, and nickel. Unlike other alloy components, copper shows a tendency to segrega-
tion, forming a separate phase (Fig. 3.3, a, point 4, Fig. 3.3, b, point 7). This is due to its limited solubility 
in the FeNiCrAl-based solid solution and thermodynamic tendency to form copper-enriched regions, there-
fore, copper-enriched regions have a lower mixing entropy (Table 3.3). The calculated valence electron 
concentrations of  individual phases indicate the potential formation of solid solutions with FCC or BCC 
lattices. In alloys of the FeNiCrCuAl system, the white elongated regions in the interdendritic space of alloy 
No. 4, enriched in copper (Fig. 3.3, a, point 4), are characterized by the VEC equal to 9.566 el/at. This 
indicates the probable formation of a phase with FCC lattice. At the same time, the dendrites and the 
interdendritic space, where the VEC varies from 7 to 8 el/at (Table 3.3), probably contain a mixture of solid 
solutions with FCC and BCC lattices. This range of VEC corresponds to the transition zone between the 
stability of BCC and FCC phases, which indicates the possible coexistence of both types of crystal struc-
tures in the microstructure of the alloy. In alloys of the FeNiCrCuMn system, the dendrites have an elon-
gated oval shape with uneven edges (Fig. 3.3, b). The concentration of valence electrons suggests a high 
probability of forming two solid solutions in the interdendritic space of alloy No. 5, based on phases with 
a face-centered cubic lattice (Table 3.3, items 6 and 7). This is further supported by the results of X-ray 
phase analysis. The dendrites` branches of the alloy No. 5 of the FeNiCrCuMn system are enriched in chro-
mium, therefore these regions are characterized by a lower mixing entropy compared to the interdendritic  
space (Table 3.3, point 5).

 Continuation of Table 3.2
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 Fig. 3.3 Microstructures of cast high-entropy alloys: a — No. 4 and b — No. 5 of the FeNiCrCuAl and FeNiCrCuMn 
systems. Individual phases are indicated by numbers, and their chemical composition is given in Table 3.3

 Table 3.3 Chemical composition of individual phases in high-entropy alloys of the FeNiCrCuAl and FeNiCrCuMn 
systems

Alloy 
No. Point

Chemical composition (at.%)
VEC  
(el/at)

ΔSmix  
(J/mol·K) Lattice

Fe Ni Cr Cu Al Mn

4 1 37.78 5.61 46.78 4.15 5.68 — 7.017 9.809 BCC
FCC

2 26.75 12.36 34.53 13.09 13.27 — 7.286 12.576 BCC
FCC

3 8.18 34.25 4.31 23.47 29.80 — 7.814 11.709 BCC
FCC

4 3.73 13.36 1.47 67.51 13.92 — 9.566 8.259 FCC

5 5 28.36 6.21 52.33 2.00 — 11.1 6.250 9.903 BCC

6 25.31 25.39 19.99 10.01 — 19.3 8.215 13.016 FCC

7 5.46 19.51 2.88 44.80 — 27.4 9.404 10.760 FCC

As shown in Table 3.4, the increased content of chromium and iron in the dendrites of alloys of both 
systems caused an  increase in  the microhardness of  the dendritic branches, which turned out to be  
1.1—2 times higher compared to the microhardness of the interdendritic regions. At the same time, in alloy 
No. 3, the opposite trend is observed — the interdendritic region demonstrates a slightly higher hardness.
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 Table 3.4 The microhardness of the structural constituents in FeNiCrCuAl and FeNiCrCuMn high-entropy alloy 
samples

Alloy No.
Microhardness, Hμ (kgf/mm2)

Interdendritic space Dendrites Shell around dendrites

1 233±39 233±32 —

2 198±20 296±58 —

3 328±51 290±52 —

4 245±24
263±57

322±41 —

5 194±25 288±41 330±44

6 343±42 375±60 —

8 172±13 192±37 —

10 195±17
252±28

381±42 —

To further evaluate phase formation and the development of solid solutions in the studied FeNiCrCuAl 
and FeNiCrCuMn alloys, key thermodynamic parameters were calculated, as summarized in Table 3.5. The 
concentration of valence electrons in the alloys of the FeNiCrCuMn system (Samples No. 1, 5, 8, 9) varied 
from 8.397 to 8.589 el/at, and for the alloys of the FeNiCrCuAl system (Samples No. 2—4, 6, 10) — from 
7.601 to 7.846 el/at. These values indicate the formation of solid solutions with FCC lattice in the alloys 
of the FeNiCrCuMn system, and in the alloys of the FeNiCrCuAl system — a mixture of two phases with 
BCC and FCC lattices, which was previously confirmed by X-ray phase analysis. For the studied systems, 
the value of the thermodynamic parameter Ω exceeds 1.1. The alloys have relatively small negative values 
of the enthalpy of mixing ΔHmix from —4.867 to —3.23 kJ/mol for the FeNiCrCuAl system and small positive 
values of ΔHmix from 1.798 to 2.427 kJ/mol for the FeNiCrCuMn alloy system. All values of ΔHmix are in the  
range  —15 kJ/mol  <  ΔHmix  <  10 kJ/mol  [5, 17, 28]. In  addition, the configurational entropy coefficient  
ΔSmix/R ≥ 1.61 also indicates the probability of solid solution formation (Table 3.5). A  literature review of 
high-entropy systems shows that solid solution formation is likely when δr ≤ 6.6%. The FeNiCrCuAl system 
exhibits an average atomic radius difference of ≤ 6.4%, influenced by the presence of aluminum (143 pm), 
while in the FeNiCrCuMn system it is about 4%. In the FeNiCrCuMn system, all elements have similar radii 
(from 124 to 130 pm), which contributes to a smaller δr and, accordingly, a higher probability of forming 
stable solid solutions. For reference, the atomic radii of elements in the studied systems are: Fe — 126 pm, 
Ni — 124 pm, Cr — 130 pm, Cu — 128 pm, Mn — 127 pm. The difference in electronegativity (Δχ) has a minimal 
effect on the formation of a solid solution. Studies [16—18] show that at Δχ values exceeding 0.117, the 
formation of intermetallics is likely.
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 Table 3.5 Thermodynamic parameters of high-entropy alloys

Alloy No. ΔSmix/R* ΔSmix
(J/mol·K)

ΔHmix
(kJ/mol) Ω δr (%) Δχ VEC Lattice

1 1.635 13.597 1.992 11.50 4.091 0.147 8.56 FCC

2 1.628 13.538 —4.867 4.315 6.349 0.132 7.69 BCC+
FCC

3 1.644 13.669 —3.863 5.527 6.011 0.129 7.823 BCC+FCC

4 1.608 13.371 —3.230 6.587 5.461 0.125 7.846 BCC+FCC

5 1.624 13.504 2.427 9.549 3.256 0.143 8.397 FCC

6 1.615 13.424 —4.231 5.025 5.721 0.125 7.601 BCC+FCC

7 1.609 13.374 —4.153 5.814 3.171 0.136 8.033 FCC

8 1.636 13.601 1.799 12.74 4.046 0.148 8.540 FCC

9 1.628 13.535 1.798 12.62 4.066 0.148 8.589 FCC

10 1.612 13.404 —3.772 5.639 5.588 0.124 7.745 BCC+FCC

Note: *R – universal gas constant (8.314463 J/mol·K).

3.3	 CASTING PROPERTIES OF HIGH-ENTROPY ALLOYS

To evaluate alloys as casting materials, their technological characteristics, which are commonly called 
casting properties, are studied. To date, the casting properties of high-entropy alloys remain insufficiently 
studied, which determines the relevance of the presented work. The main casting properties include flui
dity, linear and volumetric shrinkage, crack resistance. In addition, this these characteristics include mac-
ro- and microstructure, the tendency of the alloy to gas saturation, contamination with oxide films during 
melting, as well as the manifestation of  liquation heterogeneity of the composition. In this work, fluidity 
(λ) (the ability of the alloy to fill the cavity of the casting mold and accurately reproduce its configuration) 
and linear shrinkage (εl) were studied. To determine them, special test molds were developed that allow 
obtaining quantitative data: U-shaped cast iron test mold with a vertical channel, which is an improved 
modification of the Nehendzi—Samarin mold, and a sand-clay test mold with an annular channel [29]. For 
the manufacture of sand-clay test molds, quartz sand was used as a filler. Liquid glass (4—5% by mass), 
technical lignosulfonates and kaolin (2—3% by mass), as well as the special surfactant (mixture of sodium 
salts of alkylbenzenesulfonic acids), fuel oil (1—1.5% by mass) and technical urea were used as binders. 
To prevent the formation of burn-in on the surface of the castings during pouring, the inner surface of the 
sand-clay sample was covered with antipenetration paste, which included: marshalite (ground powdered 
quartz), polyvinyl butyral, technical alcohol, acetone and nitro enamel.
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To ensure the feeding of the mold with liquid metal until complete solidification in the U-shaped chan-
nel, a sand-clay pouring cup (funnel) was used, which provided effective thermal insulation of the melt 
(Fig. 3.4). The dimensions of the pouring cup: external dimensions — diameter 90 mm, height 90 mm; cavity 
dimensions — diameter 50 mm, height 65 mm. The metal flowed from the cup into the cast-iron U-shaped 
sample through a transition channel 30—35 mm long and 13 mm in diameter, which ensured uniform metal 
flow from the funnel. This contributed to the initial stabilization of the filling rate of the cast iron mold, while 
the final stabilization was provided by the central downgate of the U-shaped mold itself. The temperature 
of the metal in the cast iron U-shaped test mold was controlled using a tungsten-rhenium thermocouple 
installed in the central riser near its junction with the U-shaped channel (Fig. 3.4, designation 3). Based 
on these measurements, the key thermal parameters of the experiment were determined: liquidus tempera-
ture, solidus temperature, cooling rate.
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 Fig. 3.4 Cast iron U-shaped test mold for determining fluidity and linear shrinkage of alloys according to the 
Nehendzi—Kuptsov method: a — photograph of the collected test mold; b — manufactured cast iron test mold;  
c — test mold`s drawing ; 1 — cast iron U-shaped test mold; 2 — sand-clay pouring cup (funnel);
3 — thermocouple installation location in the central downgate of the U-shaped test mold

The inner surface of the cast iron test mold was painted with a special water-based refractory paint 
(disthene-sillimanite — 70% by weight, perlite — 25%, bentonite — 2.5%, dextrin — 2.5%). Both halves of the 
mold after assembly were fixed with guide rods and a clamp. The temperature of the U-shaped mold was 
16°C (room temperature). The pouring cup and the sand-clay mold with an annular channel, which was used 
as a test mold for fluidity, were dried at a temperature of 600°C for 3—4 hours. 
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After drying, the pouring cup was installed on the upper part of the U-shaped cast iron test mold, and 
the sand-clay test mold with an annular channel — on a special ceramic stand. One portion of molten metal 
weighing about 600 g was poured into the funnel of a U-shaped cast iron test mold, and the second portion 
of the same mass was poured into a sand-clay mold for fluidity test. The temperature of the melt before 
pouring was controlled in the furnace, then in the pouring cup and in both test molds (Table 3.6). The 
pouring time was 3—4 seconds.

 Table 3.6 Pouring temperatures for fluidity and linear shrinkage of various alloys

Alloy tfurnace, °C t pouring cup, °C tU-mold, °C λ, mm εl, %

FeNiCrCuMn 1450—1500 1400—1406 1180—1206 142—147
{65—105}

2.22—2.63

FeNiCrCuAl 1550—1600 — — 320 2.50

G25 (AISI 1025) 1570 1514 1446 277{114} 1.95±0.15

GX10CrNiMn18-9-1 
(AISI 304L)

1550 1459 1398 262{179} 2.66±0.058

Note: In curly brackets is the length of the cost annular channel of the sand-clay mold (Fig. 3.6). tfurnace — metal tempera-
ture in the crucible of the induction furnace before casting; t pouring cup — metal temperature in the pouring cup above the 
U-shaped test mold; tU – mold — metal temperature at the entrance to the U-shaped channel

A control series of experiments were conducted to study the fluidity and linear shrinkage of high-entro-
py alloys of the FeNiCrCuMn and FeNiCrCuAl systems. For comparison, the casting properties of steel grades 
G25L (AISI 1025) and GX10CrNiMn18-9-1 (AISI 304L) were also determined.

As shown in Fig. 3.5, 3.6 and Table 3.6, the fluidity of the FeNiCrCuMn high-entropy alloy is lower than 
that of standard steels, whereas the FeNiCrCuAl alloy exhibits higher fluidity. It is known that the fluidity 
of alloys is significantly affected by the chemical composition and other technological properties [30]. The 
increased fluidity of the FeNiCrCuAl system alloy can be explained by a shorter crystallization interval com-
pared to the FeNiCrCuMn system alloy. In order to finally draw a conclusion about the fluidity of high-entropy 
alloys, it is necessary to conduct additional experiments: stabilize the metal pressure in the test mold, its 
geometric dimensions and configuration; control the temperature of the melt overheating above the liqui-
dus temperature; and also control the temperature in the pouring cup. 

It should also be taken into account that when using a massive metal U-shaped test mold, the influ-
ence of the thermophysical properties of the alloy under study on the result can be very significant. This 
influence increases with increasing heat transfer intensity from the metal to the mold. In this case, the 
thermophysical parameters of the alloy may become the predominant factor governing fluidity, diminishing 
the influence of other melt properties. No tendency to the formation of hot cracks was detected in the 
studied high-entropy alloys.
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The linear shrinkage in this work was determined as the difference between the linear dimensions 
of the foundry mold cavity (Lmc) filled with molten metal and the dimensions of the resulting casting (Lc) after 
cooling, according to the formula [29]

100%.mc c
l

c

L L
L
−

ε = ⋅ 	 (3.11)

Prior to pouring the metal into the fluidity test mold, the linear dimension of the mold cavity (Lmc) was 
measured (Fig. 3.4, b). After solidification, the length of the casting (Lc) formed in the central downgate 
of the U-shaped test mold was recorded (Fig. 3.5), and the linear shrinkage was subsequently calculated. 
The linear shrinkage of castings from high-entropy alloys of the FeNiCrCuMn and FeNiCrCuAl systems ap-
proaches the shrinkage of high-alloy steels and ranges from 2.22% to 2.63% (Table 3.6). The value of the 
linear shrinkage depends on the chemical composition of the alloy, the temperature and rate of filling the 
mold, as well as the cooling rate of the casting itself. It is known that the linear shrinkage of castings of gray 
cast iron is on average 1%, of steel — 2%, and for most other alloys — about 1.5%.

a b c d

 Fig. 3.5 Filled U-shaped channels in the Nehendzi—Kuptsov test mold with overfills for determining the 
fluidity of various alloys: a — casting from stainless steel GX10CrNiMn18-9-1 (λ = 262 mm); b — steel casting G25 
(λ = 277 mm); c — high-entropy alloy casting of the FeNiCrCuMn system (λ = 142 mm); d — high-entropy alloy casting 
of the FeNiCrCuAl system (λ = 320 mm)
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a b

c d
 Fig. 3.6 Assembled complex sand-clay test mold and castings from various alloys for determining fluidity and 
mechanical properties: a — complex ring test mold; b — high-entropy alloy casting of the FeNiCrCuMn system 
(λ = 105 mm); c — stainless steel casting GX10CrNiMn18-9-1 (λ = 179 mm); d — gray cast iron (λ = 265 mm)

3.4	 STUDY OF THE PHYSICAL AND MECHANICAL PROPERTIES OF HIGH-ENTROPY ALLOYS

Uniaxial tensile testing is relatively straightforward to analyze and enables the determination of several 
key mechanical properties of a material in a single test. These properties serve as quality indicators and 
are essential for engineering design calculations. Testing of samples with a diameter of 6 mm and a length 
of 30 mm was carried out on a tensile machine model P5. 
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Samples with a diameter of 3 mm and a length of 35 mm were stretched on a 1246P-2/2300 NIKIMP 
installation in accordance with the requirements of DSTU EN 10002-1:2006. The stretching rate was constant 
and was 1 mm/min, which corresponded to a deformation rate of έ = 10-3 s-1. The load and elongation of the 
samples were measured using force and displacement sensors (extensometers) with adapters. During the 
tests, the yield strength (σ0.2), the ultimate tensile strength (σu), relative elongation (δ), reduction of area (ψ) 
and the elastic modulus (E) were determined.

Brinell hardness was determined by applying a load of 750 kgf for 15 seconds using a hardened steel 
ball with a diameter of 5 mm pressed into the material. To determine the hardness by the Vickers method, 
a tetrahedral diamond pyramid with an angle at the apex of 136° was pressed into the samples. During the 
tests, loads of 10, 20 and 30 kgf were used; the holding time did not exceed 15 s.

The samples` hardness of alloys of  the FeNiCrCuAl system (Samples No. 2—4, 6, 10) (Table 3.7) 
is more than one and a half times higher than the hardness of samples of the FeNiCrCuMn system (Sam-
ples No. 1, 5, 8, 9). The formation of a B2-ordered body-centered cubic (BCC) phase at higher aluminum 
contents is the main factor responsible for the hardness increase. In addition, a significant difference 
in the atomic radii of aluminum compared to other alloy elements causes local distortions of the crystal 
lattice, which additionally contributes to increasing hardness and temporary resistance to fracture. The 
results obtained are consistent with the data of other studies. In particular, in [31], experimental values 
of microhardness and reduced Young’s modulus for the studied alloys in the entire range of aluminum 
concentrations are given. The dependence of microhardness is monotonic and reaches a maximum when 
the alloy consists entirely of a solid solution based on the BCC phase. Samples of the FeNiCrCuAl system 
with a mixed structure (with BCC and FCC lattices) in the cast state are characterized by brittle fracture 
in the elastic region: δ < 0.1%, ψ < 0.1%, without a clearly defined conditional yield point (Fig. 3.7). 
In contrast, alloys of the FeNiCrCuMn system with FCC structure demonstrate high plasticity: δ = 40%, 
ψ = 64% (Table 3.7).

The ultimate strength or temporary fracture resistance (σu) was used in the formula [32]:

( ) ,uHB HV k= σ 	 (3.12)

where the coefficient k is 2.54 for alloys of the FeNiCrCuMn system and 3.04 for alloys of the FeNiCrCuAl 
system were calculated.

Thus, high-entropy alloys with aluminum content are brittle, but are characterized by the highest hard-
ness. In contrast, samples of the FeNiCrCuMn system with FCC structure have significant plasticity and 
relatively low hardness, while their ultimate tensile strength and yield strength are not inferior to those 
of high-alloy standard steels. 

The tensile strength of alloys of the FeNiCrCuAl system exceeds the strength of high-strength cast iron 
of the EN‑GJS‑600‑3 grade. Therefore, the mechanical properties of high-entropy alloys are determined 
by their crystal structure and elemental composition: alloys with a BCC lattice are characterized by high 
strength and low plasticity, while materials with FCC lattice, on the contrary, are characterized by lower 
strength but high plasticity.
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 Table 3.7 Hardness and mechanical properties of high-entropy alloys

Alloy No.
Hardness (kgf/mm2)

σu, MPa σ0.2, MPa δ, % ψ, % Elastic  
modulus, GPaHB HV

1 156±13.5 — 603 335 40 64 122

2 309±6.4 — 997 — — — —

3 228±36 246.4±10.5 735 — — — 136

4 304±25 — 981 — — — —

5 218±18.5 — 842 — — — —

6 291±8 939

7 — 152±5.5 587 — — — —

8 125±12 — 483 — — — —

9 157±3.64 — 606 — — — —

10 275±17.3 — 887 — — — —
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 Fig. 3.7 Load-strain curves obtained during tensile testing of cast alloy samples belonging to the following 
systems: a — FeNiCrCuAl; b — FeNiCrCuMn

3.5	 STUDY OF THE THERMOPHYSICAL CHARACTERISTICS OF THE OBTAINED ALLOYS

The thermophysical characteristics of the alloys were studied using a synchronous thermal analy
zer (STA) of the STA 449F1 brand, manufactured by NETZSCH, Germany. STA is a combination of two research 
methods that are implemented simultaneously on one sample — thermogravimetry (TG) and differential 
scanning calorimetry (DSC). The main advantage of synchronous thermal analysis is that the mass change 
and thermal effects are measured on one sample simultaneously. 
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This approach provides a comparison of the results obtained by eliminating the influence of such fac-
tors as material heterogeneity, experimental conditions, sample preparation, etc. In addition, the combina-
tion of TG and DSC provides a more accurate determination of enthalpy values, since at any moment of the 
experiment the actual mass of the sample is known. In addition, the STA method saves time and sample 
material, which is especially important if the amount of the studied substance is limited, as well as when 
working with expensive or scarce materials. 

The study of the thermophysical characteristics of the HEAs were carried out in crucibles made of alu-
mina, in a dynamic environment of high-purity argon (20 ml/min). The heating and cooling rate was 20 K/min. 
The accuracy of temperature measurement was ±1°C. The sensitivity of the DSC signal registration was less 
than 1 μW. At the same time, the accuracy of determining enthalpy and heat capacity is ensured at the level 
of 3%. Thermal balances allow, during the experiment, to determine the current mass of the sample with 
an accuracy of 1×10-7 grams. The high sensitivity of the DSC allows to detect even insignificant thermal effects 
that arise in the material when heated or cooled, on the other hand, to record changes in the thermophysical 
properties of the sample under study. The ability of thermal balances to record the slightest change in the 
mass of the sample during the experiment allows to record the processes that occur in alloys during heating. 
Therefore, by the increase in the mass of the sample, it is possible to detect and control the oxidation of alloys. 
The loss of mass of the sample can be used to track the process of evaporation and decomposition. There-
fore, synchronous thermal analysis is widely used in the study of high-entropy and amorphous alloys [33].

When studying the obtained high-entropy alloys, the melting point of the alloy (ts — solidus temperature) 
was determined, and during cooling, the crystallization point (tl — liquidus temperature) and the crystalliza-
tion interval of the alloy were determined as the difference ∆t = ts—tl. The alloy samples were heated to a 
temperature of 1450°C at a rate of 20 K/min, then cooled below 200°C and heated again to 1450°C (Fig. 3.8).

It is possible to distinguish the difference between the alloys of two different systems FeNiCuCrMn and 
FeNiCuCrAl during their melting (Fig. 3.9). The thermogram of the alloy containing manganese clearly shows 
two separate melting peaks from two different phases, while in alloys of the FeNiCuCrAl system containing 
aluminum, one broad asymmetric peak was usually recorded.

The results of the studies are given in Table 3.8.

1400
1200
1000
800
600
400
200200
0

100
Time, min

Cooling

Temperature, °CDSC, mW/mg
 exo

First
heating

Second
heating

150500 200

1

0

-1

-2

-3

-4

-5-5

 Fig. 3.8 General view of the DSC curve
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 Fig. 3.9 STA curves: a — FeNiCrCuMn system; b — FeNiCrCuAl system

 Table 3.8 Solidus, liquidus temperatures and crystallization intervals of high-entropy alloy samples

Sample No. Solidus tem-
perature, °C

Liquidus tem-
perature, °C

Crystallization 
interval, °C

Melting heat, J/g

Solidus Liquidus

1 2 3 4 5 6

1 988.6 1284.4 295.8 29 80

2 1200 1310.8 110.8 223* —

3 1090 1320.8 230.8 226* —
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1 2 3 4 5 6

4 1123 1350 227 241* —

5 996.9 1306.2 309.3 24 76

6 1098.5 1342.3 243.8 3,6 119

8 984.6 1281.2 296.6 30 131

9 990.8 1285.2 294.4 26 120

10 1100 1345.5 245.5 279*

Note: *Double peaks that cannot be separated.

3.6	 STUDY OF ELASTIC PROPERTIES OF HIGH-ENTROPY ALLOYS BY DMA METHOD

In this work, dynamic mechanical analysis (DMA) was first used to study the elastic properties and in-
ternal friction of high-entropy alloys depending on temperature. The basics of the DMA method were devel-
oped by K. Menard in 1998 [34]. DMA provides an opportunity to investigate the change in elastic properties 
of materials under the action of small periodic, usually sinusoidal dynamic loads depending on temperature, 
time and frequency. One of the leading companies in the world that produce DMA analyzers is the NETZSCH 
company (Germany). The DMA 242C analyzer of this company was used for the research.

Main technical characteristics of the DMA 242C analyzer of the NETZSCH company:
— temperature range: —170…600oC;
— frequency range: 0.01…100 Hz;
— range of adjustable loads: Max. ± 8 N static and Max. ± 8 N dynamic;
— range of deformation amplitudes: Max. ± 240 μm;
— sensitivity to the magnitude of deformation: 0.5 nm.
The appearance and schematic diagram of the DMA 242C analyzer are shown in Fig. 3.10.
As can be seen from the above characteristics, in this case very small loads are applied to the sample 

(total 1.6 kg), therefore this method is rarely used for metals and alloys. This method is widely used to study 
the mechanical characteristics of rubber, polymer films, polymers and fibers.

Based on the fact that the mechanical properties of alloys are structurally sensitive, that is, a change 
in the phase composition or structure of the material necessarily affects its mechanical characteristics, the 
DMA method was used not for its direct purpose — determining the absolute values of mechanical charac-
teristics, but to study the features of structure formation in HEAs during their heat treatment and loading.

The principle of DMA operation is based on the registration of the reaction of the material (elonga-
tion, stress, phase shift, amplitude) to the action of small periodic dynamic loads depending on tempera-
ture, time and frequency. If a mechanical force (F) is applied to the sample under study, it will cause the  

 Continuation of Table 3.8
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corresponding reaction of  the material — deformation, stress, amplitude and phase shift. Registration 
of changes in parameters and appropriate mathematical processing make it possible to assess the influ-
ence of factors on the elastic properties of the material.
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 Fig. 3.10 Appearance and schematic diagram of the DMA 242C analyzer
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As is known, the complex modulus of elasticity of a viscoelastic material can be written as:

,E
σ

=
ε

	 (3.13)

where E — the complex modulus, MPa; σ – the load, N; ε — the strain, μm; or

( ) ( )2 2
,I IIE E E   = ε + ε    	 (3.14)

where EI — the modulus of elasticity, characterizing the elastic properties of the material; EII — the loss 
modulus, characterizing the conversion of mechanical energy into other types of energy, for example, into 
heat, and is a measure of the unreturned, lost energy of oscillations; ω — the frequency of oscillations.

Moduli of elasticity are vector quantities, the relationship between them is shown by the equations:

cos ,IE E= δ 	 (3.15)

sin .IIE E= δ 	 (3.16)

For an elastic material: α = 0, cos 0 = 1, sin 0 = 0

.IE E= 	 (3.17)

For a viscous material: α = 90°, cos90° = 0, sin90° = 1

.IIE E= 	 (3.18)

Often, to assess the elastic properties of materials, a quantity called the loss coefficient, or the tangent 
of the loss angle, or the internal friction of the viscoelastic system is used, it is defined as

( )
( )tan .

II

I

E

E

ω
α =

ω
	 (3.19)

DMA analysis makes it possible to determine all the above parameters depending on time, temperature, 
load value and frequency. Additionally, it  is possible to determine the coefficients of thermal expansion 
of the material.

DMA studies were carried out by the three-point bending method on samples measuring 2×1×45 mm at 
a static load of 8 N and a dynamic load of 7 N, a maximum amplitude of 100 μm and frequencies of 1, 5, 10 Hz.

Since there are no values of the elastic characteristics of high-entropy alloys in the literature, to assess 
the reliability of our results, a theoretical calculation of the elastic modulus was performed according to the 
additivity law:

1
,

n

theor i ii
E c E

=
=∑ 	 (3.20)
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where Ei — the Young’s modulus of the i-th element; ci ≤ 1 — the concentration of the i-th element in atomic 
ratio; n – the number of elements in the alloy. The values of Young’s modulus of pure metal elements are 
given in Table 3.9. The results of the studies are given in Table 3.10 and Fig. 3.11, 3.12.

 Table 3.9 Values of Young’s modulus of pure metals

Metal Al Fe Cr Co Ni Mn V Ti Zr Nb Hf Ta

Young’s modulus, GPa 70 210 250 200 200 194 135 120 97 105 137 186

 Table 3.10 Elastic properties of the studied alloys

Alloy Etheor, GPa Eexp, GPa Eexp/Etheor

Ti2ZrHfNbTa 130.9 91 0.7

TiZr2HfNbTa 134.2 119 0.88

CrMnFeCo2Ni3 210.7 194 0.92

Al5Cr15Mn11Fe18Co17Ni31V3 202.9 147 0.72

Al27Cr16Fe20Co18Ni19 174.9 131.2 0.75

Young’s modulus and internal friction of the alloy are structurally sensitive parameters, therefore, using 
dynamic mechanical analysis, it is possible to establish those structural changes that are not recorded by DSC 
analysis, since they occur without thermal effects, or these effects are strongly stretched in time, therefore, 
DMA analysis can be used to study martensitic transformations [35, 36], relaxation in amorphous alloys [37] 
and other effects that are poorly recorded by other methods. The studies conducted in this way show that 
most of the obtained HEAs have structural transformations in the temperature range from 100 to 300°C.
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 Fig. 3.11 Curves of dynamic mechanical analysis of high-entropy alloy CrMnFeCo2Ni3
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 Fig. 3.12 Curves of dynamic mechanical analysis of high-entropy alloy Al5Cr15Mn11Fe18Co17Ni31V3

3.7	 RESEARCH ON THE HEAT RESISTANCE OF HIGH-ENTROPY ALLOYS

The heat resistance of high-entropy alloys was studied using the method of GOST 6130-71 “Meth-
ods for determining heat resistance”, recording the ratio of the change in sample weight to its surface 
area (mg/cm2). Using this method, the heat resistance of HEA samples that demonstrated low kinetics 
during heating and aging in an artificial air atmosphere at temperatures of 900°C or 1000°C was studied 
and the data were compared with standard alloys with different oxidation resistance.

To study the heat resistance, a STA 449 Jupiter F1 synchronous thermal analysis device was used. The 
study was carried out in an inert gas flow (high-purity argon 20 ml/min) and in a dynamic oxidizing environ-
ment (artificial air 20/80 O2/N2, 100 ml/min). The experiments were carried out on cast samples of the same 
size and shape. To establish the temperature and quantitative parameters of oxidation, two measurement 
modes were used: the study of oxidation kinetics and the study of heat resistance.

Mode 1. The samples were heated in air to 1450°C. The temperature of the onset of intensive oxidation 
was recorded using the thermogravimetry (TG) curve, which was determined by a sharp increase in the 
weight of the sample. The temperature of the onset of the exothermic effect and its enthalpy, which corre-
sponds to the formation of an oxide film, were determined using the differential scanning calorimetry (DSC) 
curve. This mode allows to establish the characteristic temperatures of the onset of intensive oxidation with 
high accuracy (±1°C). The specific oxidation intensity was calculated as the ratio of the thermal effect to the 
surface area of the sample (J/g cm²).

Mode 2. The samples were heated at the maximum possible rate of 50 K/min, subjected to isothermal hol
ding in a stream of artificial air at 900°C and 1000°C for 4 hours with continuous control of the sample weight.  
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Heat resistance was estimated as the specific increase in the sample weight during the exposure time, 
related to its surface area (mg/cm²·h).

Thermogravimetric diagrams of the oxidation of the samples were recorded and processed using the 
Netzsch Proteus software package.

There are compositions of the samples used for the studies in Table 3.1. In addition, Sample 7_1 was 
added to the study, which is close to Sample 7 but in its composition manganese was replaced by aluminum 
(actual composition in wt % of Al-15, Cr-17, Fe-23, Co-21, Ni-22).

For comparison of heat resistance, standard alloys G45, SM96, GX10CrNiMn18-9-1 were used. During 
the study, it was found that alloys G45, SM96 have low heat resistance compared to the studied samples 
of high-entropy alloys, therefore their values were not included in the final heat resistance comparison 
diagrams, these data can be found in Table 3.11.

 Table 3.11 STA results of oxidation studies of standard alloys

No. Alloy
Onset temperature 
of the intensive, 
oxidation °C

Oxidation  
intensity, 
J/g cm2

Average oxidation 
at 900°C,  
mg/cm2 h

Average oxida-
tion at 1000°C, 
mg/cm2 h

1 G45(C45) 948 2840 3.28 5.7

2 SM96 1113 358.3 0.85 2.31

3 GX10CrNiMn18-9-1 1142 1497 0.02 0.17

High-strength alloy SM96 with a special coating is used for the manufacture of blades of gas turbine 
engines, although it is excluded from the final comparison diagrams, it is heat-resistant, since compared 
to steel G45, its oxidation resistance is almost 4 times higher. Oxidation of this alloy occurs in two stages. 
The first stage begins at 1113°C and continues to 1318°C, in this temperature range there is moderate oxi-
dation of the alloy, which leads to an increase in its weight by 0.63%. More intensive oxidation of this alloy 
begins at a temperature of 1318°C.

GX10CrNiMn18-9-1 steel showed sufficiently high heat resistance, therefore its results are shown 
in  Fig.  3.13 and 3.14 under number 8. Although this alloy has an  temperature of intensive oxidation 
above 1000°C. Within prolonged exposure at 1000°C, its low oxidation intensity is initially maintained, but 
after 200 min exposure, the sample begins to oxidize intensively and the surface of the sample is quickly 
covered with a dense layer of oxide. After 30 minutes, an oxide layer forms on the surface of the sample, 
blocking access to the metal surface and the oxidation rate decreases, Fig. 3.15.

HEA Sample No. 1 when heated to 1000°C has a threshold for increasing the intensity of oxidation at a 
temperature close to 400°C and from this temperature gradually oxidizes (Fig. 3.16). Other HEA samples 
with manganese (Samples No. 5, 7) behave in a similar way. When exposed for 4 hours at 900°C, they 
continue to oxidize evenly, the intensity of oxidation decreases with exposure time, which is obviously 
a consequence of the oxide layer. But when heated to 1000°C, the intensity of oxidation remains approxi
mately the same.
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HEA No. 4 when heated to 1000°C practically does not oxidize during heating (Fig. 3.17). When exposed 
for 4 hours at 900°C, it oxidizes evenly with a very low intensity (average oxidation rate 0.001 mg/min). The 
same, low level of oxidation intensity is maintained when exposed at a temperature of 1000°C. HEA No. 6 
behaves similarly, which is close in chemical composition to HEA No. 4 and contains Al at the base of its 
chemical composition.
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 Fig. 3.13 Average oxidation of samples mg/cm²·h at 4-hour isothermal holding at 900°C
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 Fig. 3.16 Thermogravimetric diagram of the HEA Sample No.1 when heated to 1000°C

HEA Sample No. 3, similar in chemical composition, is oxidized more intensively, but still at a rela-
tively low level. It demonstrates equally high heat resistance and its oxidation rate is  in the range from  
0.002 mg/min to 0.003 mg/min when exposed for 4 hours both at 900°C and at 1000°C.

HEA No. 2, when heated to 1000°C begins to gain weight of the oxide film at temperatures above 400°C, 
and already at a temperature of 516°C begins to oxidize intensively, rapidly gaining weight with an intensity 
of up to 0.219 mg/min (Fig. 3.18). The surface of the sample is quickly covered with a layer of oxide, which 
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blocks access to the metal surface and already at a temperature close to 800°C the oxidation rate decreas-
es, but above 900°C the oxidation intensity begins to increase again.
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 Fig. 3.17 Thermogravimetric diagram of HEA Sample No. 4 when heated to 1000°C
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 Fig. 3.18 Thermogravimetric diagram of the HEA Sample No. 2 when heated to 1000°C

After 4 hours at 900°C, the sample continues to oxidize evenly, but with a low oxidation intensity, since 
the oxide layer protects the surface of the sample. Approximately the same oxidation intensity is maintained 
after 4 hours at a temperature of 1000°C. Such a strong difference in heat resistance is probably directly 
related to the decrease in the chromium content in the sample. 
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A representative example is HEA Sample No. 7_1. Its composition is similar to that of HEA No. 7, but with 
manganese content replaced by aluminum. This substitution immediately altered the oxidation behavior. The 
heat resistance of this alloy at 900°C reaches the level of the reference alloy GX10CrNiMn18-9-1 (Fig. 3.13) and 
significantly surpasses it at 1000°C (Fig. 3.14). Furthermore, intensive oxidation is absent up to its melting 
point of approximately 1379°C.

HEA Samples No. 1, 5, 7 have average heat resistance, which significantly exceeds standard structural 
steels (G45) and even the heat-resistant alloy SM96. They begin to oxidize at 400—500°C, but the oxide layer 
at higher temperatures partially protects the materials.

HEAs samples No. 3, 4, 6, 7_1 practically do  not oxidize at  900°C and 1000°C, surpassing steel  
GX10CrNiMn18-9-1 at temperatures above 900°C. Therefore, the oxidation behavior of the studied samples 
of high-entropy alloys differs depending on their composition. Thus, samples containing a combination of a 
significant amount of Al (6—11%) and Cr (14—18%), which contribute to the formation of protective oxide films 
Al2O3 and Cr2O3, have the best performance and an intensive oxidation temperature above 1000°C. Samples 
containing manganese and not containing aluminum have the lowest heat resistance in this alloy system.  
All samples with a high Mn content (~16—19%) showed the worst performance. HEA Sample No. 2 (Al ~11%, 
but Cr only ~13%) has worse resistance than HEA No. 3 (Al ~10%, Cr ~14%), which emphasizes the impor-
tance of the combination of these elements. The content of Copper (Cu) can worsen heat resistance, the 
most resistant samples are: No. 6 — has an average Cu content of ~20%, No. 7_1 does not contain copper 
at all (in its composition it is replaced by cobalt). HEA Sample No. 3 has the highest Cu content ~23.2%, 
which may also be the reason for the deterioration of heat and scale resistance indicators despite the 
presence of Al and Cr in sufficiently large quantities. This suggests that an excess amount of copper may 
be harmful and it is advisable to completely or partially replace it with cobalt to increase heat resistance.

CONCLUSIONS

A specially designed vacuum medium-frequency induction furnace provides reliable melting of high-en-
tropy alloys (HEAs) at temperatures up to 1800°C with active mixing of the melt. This allows obtaining homo-
geneous ingots with precise chemical composition and minimizing the formation of non-metallic inclusions.

Thermodynamic analysis of HEAs compositions (estimation of mixing entropy, enthalpy, δr, Δχ,  
VEC, Ω) showed that most of  the studied alloys meet the criteria for the formation of solid solutions. 
In alloys with aluminum, the probability of the formation of ordered intermetallic phases of type B2 (NiAl) 
was revealed.

X-ray phase analysis confirmed the presence of FCC and BCC phases, in particular phases of type γ-Fe, 
B2-NiAl. In alloys with a high Mn content, two FCC phases with different lattice parameters are formed. The 
calculated lattice periods correlate with the theoretical VEC parameters.

Thermophysical characteristics of the alloys (liquidus/solidus temperatures, heats of fusion and crys-
tallization) were determined experimentally based on STA studies. It was shown that the crystallization 
intervals for HEAs significantly affect their fluidity and dendritic morphology during casting.
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The HEAs elastic properties were investigated by the method of dynamic mechanical analysis (DMA). 
It was found that the elastic modulus E’ decreases with increasing temperature, and the loss tangent tgδ 
demonstrates stable viscoelastic behavior up to 600—700°C. This indicates good stability of the structure 
under thermomechanical loading.

The heat resistance of the alloys was tested at temperatures of 600—800°C. FeNiCrCuMn and FeNiCrCuAl 
alloys showed a slight change in mass, preservation of phase composition and microstructure, which indi-
cates a high level of oxidative stability and suitability for long-term operation at high temperatures in air.

The casting properties of the HEAs (fluidity, shrinkage) were studied using spiral and U-shaped test 
molds. The best indicators were obtained for the the FeNiCrCuAl system alloys, which demonstrated a filling 
length of up to 320 mm, which exceeds the indicators of gray and special cast iron.

High-entropy alloys based on the FeNiCrCuAl system is promising heat-resistant casting material of a 
new generation. It combines good fluidity, high thermal stability, favorable microstructure and resistance 
to oxidation, which opens up wide possibilities for their practical application in critical machine compo-
nents, heat exchangers, energy and chemical equipment.
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CAST STRUCTURES WITH COMPOSITE AND REINFORCED NON-METALLIC 
FUNCTIONAL FILLER

ABSTRACT

The chapter presents the results of research on the scientific and technological prerequisites for obtain-
ing steel hollow castings with composite and reinforced non-metallic filler by the lost foam casting method.

A system of equations was obtained that describes the gas-hydrodynamic conditions of  lost foam 
casting with polystyrene patterns saturated with reinforcing elements (RE), and taking into account the heat 
exchange between RE and the matrix melt during mold filling and casting solidification.

Modern domestic and foreign materials for cast structures for protective purposes were analyzed and 
the prospects for the use of  low-alloy and microalloyed steels were determined. It was established that 
optimal performance characteristics are achieved under the conditions of the correct selection of heat 
treatment modes, which provides a combination of high strength with sufficient plasticity.

To  determine the influence of  composite and non-metallic fillers on  the possibility of  obtaining 
a high-quality casting, computer simulation methods were used and the results obtained were verified 
by full-scale experiments.

The research conducted by the authors at the Physico-Technological Institute of Metals and Alloys of the 
National Academy of Sciences of Ukraine and carried out within the framework of project No. 2023.04/0029, 
state registration 0124U003980, supported by a grant from the National Research Foundation of Ukraine 
under the program “Science for Strengthening the Defense Capability of Ukraine” is of high scientific and 
practical importance for the manufacture of special-purpose foundry products and will be useful for spe-
cialists-manufacturers of foundry, scientists and scientific and pedagogical workers in the specialty “Metal
lurgy” (Foundry).

KEYWORDS 

Reinforced cast structure, reinforcing filler, matrix melt, gas-hydrodynamic conditions, heat exchange 
processes, computer simulation, polystyrene foam pattern, cast steel, alloying, lost foam casting, heat treat-
ment of steel, technological process.

Modern foundry production today is focused on a significant reduction in the metal content of prod-
ucts, simultaneously with the complication of their geometry and functional purpose. Therefore, the cre-
ation of scientifically based new technologies for the manufacture of hollow steel structures with special 

DOI: 10.15587/978-617-8360-17-7.CH4

Oleg Shinsky, Inna Shalevska, Iuliia Kvasnytska,  
Pavlo Kaliuzhnyi, Oleksandr Neima, Anatolii Shalevskyi

© The Author(s) of chapter, 2025. This is an Open Access chapter distributed under the terms of the CC BY license

4



120

MODERN TRENDS IN CONSTRUCTION MATERIALS TECHNOLOGIES

properties by the method of lost foam casting using reinforcing fillers is relevant and required additional 
research into the processes of heat and mass transfer and gas-hydrodynamics and the determination 
of optimal technological parameters.

To  implement in  industry a new design of cast hollow steel modules with a spherical surface and 
high-hardness compacted fillers and metal composites with a steel shell, the technology of lost foam cast-
ing was adapted, which made it possible to obtain a given binary design of modules of the system “steel 
shell — compacted filler in a bound state” and “steel shell — reinforced metal composite” in a single-cycle 
technological process and directly in the mold.

The new technological process for producing cast binary modules is based on the use of polystyrene 
foam patterns filled with the specified dispersed materials, which are installed in a mold, in which a vacuum 
is created and directly in the presence of the pattern, the liquid metal of the shell is poured. Under the 
conditions of heat exchange between the liquid metal and the polymer pattern, the latter undergoes thermal 
destruction, and its volume is filled with liquid metal. Under the influence of the heat flow from the metal, 
the filler forms a solid material in the form of a metal composite with a reinforcing steel phase, which cor-
responds in chemical composition to the shell metal. In this case, the liquid metal seeps into the filler due 
to the pressure gradient between the metal Pm and the porous filler Pf (Pm—Pf), since a vacuum is formed 
in the latter within (0.1…0.2) Pa (Pa — atmospheric pressure).

4.1	 DETERMINATION OF THE THERMOPHYSICAL MODEL OF THE INTERACTION OF THE REINFORCING 
FILLER AND THE STEEL MATRIX MELT IN THE MOLD

The production of reinforced castings by lost foam casting are accompanied by complex gas-hydrody-
namic and heat-mass exchange processes. When obtaining hollow castings by reinforcing them with metal 
and non-metallic fillers located in polystyrene foam patterns, new multi-component systems arise for the 
theory of casting processes: “metal — pattern — filler — mold” and “metal — reinforcing filler — mold”. There-
fore, the study of the regularities of heat and mass exchange in these systems in the manufacture of shell 
binary cast structures and their mathematical description is relevant. In this case, it is necessary to deter-
mine the influence of the presence of solid and porous polystyrene foam patterns, metal and non-metallic 
materials in the mold on the conditions of heat exchange in the mold. The phenomenon of liquid flow during 
lost foam casting is essentially a problem of unsteady flow with free boundaries. Molten metal flowing in the 
mold during lost foam casting destroys the polystyrene foam pattern, forming a gas gap between the molten 
metal and the pattern. The rate of destruction of the pattern and the pressure in this gap depend on the heat 
exchange in the mold, and in the presence of reinforcing elements this process is complicated. There is in-
formation on the development of a two-dimensional thermal model, which is based on the mass and energy 
balance in the gas gap between the polystyrene foam pattern and the molten metal. The pressure in the gap 
is determined by the mass and energy balance method, which directly takes into account such important 
process parameters as the permeability of the coating, foam characteristics, pouring temperature and 
metal properties, but does not take into account the presence of additional reinforcement [1].
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Therefore, research devoted to the development of a thermophysical model of the interaction of the re-
inforcing filler, polystyrene foam pattern and liquid steel in the mold during lost foam casting was relevant.

At the same time, the development of a thermophysical model of the interaction of the reinforcing 
filler, liquid steel and polystyrene foam pattern in the mold during lost foam casting will make it possible 
to predict the conditions of the melt flow, its solidification and cooling in the mold, which makes it possible 
to create promising casting methods for obtaining high-quality reinforced structures, including hollow bi-
nary modules for protective structures.

The authors established the conditions of heat exchange in the mold in which the reinforcing elements 
are placed, under different flow regimes of the matrix alloy in the porous channels of the polystyrene foam 
pattern.

The process of interaction of molten metal with mono- and reinforced polystyrene foam pattern during 
lost foam casting was investigated.

According to previously established laws on the conditions of casting solidification, movement of ma-
trix alloy (MA) in the mold in the presence of metal reinforcing elements (RE), their interaction with the 
polystyrene foam pattern and thermal destruction products in the form of liquid, gaseous and solid phases, 
a physical model of mass and heat transfer was developed during the formation of the structure and prop-
erties of cast reinforced structures in multicomponent systems new to the theory of casting processes: 
“metal —  pattern —  RE — mold” [2, 3].

At the same time, the boundary temperature conditions and the final temperature at the heat exchange 
boundary of the “MA-RE” system were established

,
2

L S
k

T T
T

−
= 	 (4.1)

where TL, TS — liquidus and solidus temperatures for the matrix alloy, °C.
For the integrated MA-RE system, the heat exchange contact area will be n·SP, n·SMRE, respectively, where 

n —the number of reinforcing elements located in the mold cavity, pcs., and their mass will be

20.785 ,  MRP MRP MRPm n g R L kg= ⋅ ⋅ ⋅ ⋅  kg	 (4.2)

where gMRP — density, kg/m3; LMRP — characteristic length of the reinforcing element, m.
It should be noted that the vertical reinforcing elements installed in the mold (in this case, it is possible 

to consider them in the form of rods) complicate the flow area of the liquid metal (mold) and have a certain 
effect on the thermophysical and hydrodynamic processes occurring in it.

When obtaining castings, the resistance of the filler metal medium to be poured depends on the tem-
perature conditions of filling the mold, the dimensions and geometry of the reinforcing elements and their 
placement in the mold cavity. It should be noted that the liquid alloy with dense packing of RE flows through 
“capillary” thin channels, which are formed by particles of these elements or  in the cavity of the mold, 
in which RE are located at a fixed distance from each other.
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To simplify the problem, it is possible to use the conditions of heat exchange in the form of a limit in a 
single channel of length L, filled with rods according to the heat balance scheme presented in works [3, 4] 
and in Fig. 4.1, a, and has the form

( ) ( )
1 2 ,p cp c b b c n c b c

c V F T T F T T⋅ρ⋅ ⋅ ⋅ − =α ⋅ ⋅ − 	 (4.3)

where Tb2 — the average temperature at the channel outlet over the channel cross section, °C;
Tb1 — the average temperature at the channel inlet over the channel cross section, °C;
Cp — the specific heat capacity, J/(kg×°C);
ρ — the MA density, kg/m3;
Fc — the cross-sectional area of a single capillary channel, m2;
Vc — the average flow velocity in the channel, m/s;
Fn — the total contact area of the liquid metal with the surface of the channel (filler), m2;
Tc — the average wall temperature along the channel length, °C;
Tb — respectively, the average temperature of the liquid alloy along the channel length, °C;
αc — the heat transfer coefficient at the boundary of the porous channel formed between the RE and 

the MA melt, W/m2,°C.
It is also recommended to determine the heat transfer coefficient by formulas, the structure of which 

depends on the MA flow regime in the pore channels (laminar or turbulent) [4]. At the same time, for prac-
tical use and study of the kinetics of changes in the temperature of the matrix melt in the pore space, it is 
recommended to represent the contact surface of heat exchange in the system “matrix melt — reinforced 
phase” through the equivalent (integral) radius of the reinforcing element Rae [2]. In this case, the heat 
transfer coefficient for the MA laminar flow in the channels formed by the RE is determined by the equation 
of the dimensionless heat transfer coefficient NuD [4]

( )
0,140,33

0,33
1.86 Re Pr ,c b

D D
c s

D D
Nu

L

  α µ
= = ⋅ ⋅ ⋅  λ µ   

	 (4.4)

where D  — the given channel diameter, m;
λc — Nusselt criterion, which characterizes the similarity of heat transfer processes at the interface 

between the wall and the fluid flow;

Pr
a
ν

=  — Prandtl criterion;

Re
V D⋅

=
ν

 — Reynolds criterion;

n — viscosity coefficient, m2/s;
αc — thermal diffusivity coefficient, m2/s;
µb — dynamic viscosity at metal temperature Tb, H×s/m2;
µc — dynamic viscosity at wall temperature Ts (Ts³ TL);
TL — liquidus temperature of the matrix alloy °C.
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For turbulent MA flow regime in RE porous channels, the formula for Nu is recommended

0,055

0,8 0,330,036 Re Pr ,c
DD

c

D D
Nu

L

 α ⋅
= = ⋅ ⋅ ⋅ λ  

	 (4.5)

 Fig. 4.1 Heat exchange scheme during melt flow in the pore space of the reinforcing phase along: a - the length; 
b - the cross-section of the mold with RE oriented in it: (b): 1 — shell (mold); 2 — reinforcing element; 3 — matrix 
melt; 2’ — equivalent cross-section of the reinforcing element; 3’ — equivalent cross-section of the matrix melt
Source: [3]

However, despite the achievements in the theory of MA melt flow in the RE environment located in the 
cavity of the mold, in the theory of lost foam casting the features of the interaction of thermal destruction 
products of the gasified pattern (GP) and their influence on the gasohydrodynamics of the process and 
the formation of the quality of cast blanks in the absence of a macroreinforcing phase were more often 
considered.

The RE presence directly in the polystyrene GP, and the latter is located in the cavity of the mold, allows 
to change the conditions of filtration and mass transfer of vapor-gas (VGP) and liquid products (LP), which 
are formed during the destruction of the pattern and modify the gas dynamics of the process, as well as the 
conditions for forming the quality of castings.

The features of VGP filtration through the known system: “ VGP — coating — mold” and the new “VGP 
RE channel — GP — coating — mold” were considered, taking as a basis the physical model of the process 
of filling the mold with GP with “zero” open porosity, which is presented in the works [2, 5].
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When filling the mold through the gap “metal — pattern” and channels around the reinforcing elements, the 
GP undergoes the VGP filtration process. During the mold pouring with liquid MA 1 (Fig. 4.2) at a speed W1, the GP 
decomposes at a linear speed W5, and since W1 < W5, a “meta l- pattern” gap d1 is formed, in which a backpressure 
Rf is formed due to the VGP formation. At the same time, the LP covers the entire surface of the MA flow front 
in the form of a thin film “D” [6]. The heat flux from the liquid MA to the GP is transmitted by radiation and ther-
mal conductivity through the LP film “D” and the gas-saturated gap “d”. In this case, the heat exchange surface 
on the side of the pattern F5’ is reduced by the area of the RE Fa compared to the monopattern. In addition, part 
of the pattern destruction products at the time of the formation of the gap d1 is filtered in the VGP form into the 
depth of the mold under the action of the Pf—Po pressure gradient, first through the refractory coating (RC) 2 
and accumulates on the grains of the molding material (MM) 4 in the form of a condensed liquid phase (CLP).

pattern

VGP

4

3

CLP

5

2

6

1

LPW5

Ia b

IIa b

PM, W1

a4

l4’’

l4’

Pp

dn

dv

 Fig. 4.2 Physical model of the interaction of a gasified pattern with metal during the period of filling the mold 
with: a - a mono pattern; b - reinforced pattern: 1 — metal; 2 — refractory coating on the pattern; 3 — zone of low gas 
permeability (LGP); 4 — molding material (MM); 5 — mold; 6 — gap “metal — pattern”; products of thermal destruction 
of polystyrene: LP — liquid, VGP — vapor-gas; CLP — VGP condensate on MM grains; Pp, Pm — VGP pressure in the gap 
and metal, respectively; W1, W5 — linear velocity of destruction of the pattern and metal rise in the mold; I — initial 
stage of pouring, II — final stage of pouring
Source: [3]
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At the same time, a zone of low gas permeability 3 (LGP) with a width of a4 is formed at a distance 
of  l4 from the “metal- mold” boundary due to partial CLP overlap of  the MM channels. In  this case, 
the VGP flow passes through four zones in  the mold: RC with a  thickness d and gas permeability Kp,  
two MM layers with a thickness l4’ and l4’’ and gas permeability K4, and LGP with a width of a4 with gas 
permeability KLGP.

In the same period, when the mold is filled with MA, VGP is also filtered through channels with a diam-
eter dn—da, which formed around the RE by GP thermal destruction due to temperature exchange between 
the RE and the GP. At the same time, a new heat exchange system is also formed: “GP (VGP) — RE (pore 
channels)”, which leads to additional GP thermal destruction and an increase in the channel diameter to the 
value dy [2].

In this case, the VGP is filtered through the channel with an area Fd and the RC into the mold wall with 
the formation of a similar LGP. Under the action of the pressure gradient (Pp—Pv), the LP formation in a mix-
ture with VGP is carried to the end surface of the mold, and does not accumulate in the pore channel or on 
the surface of the metal flow front.

Based on the presented physical model of VGP filtration in the mold, the kinetics of the change in the 
gas regime during the lost-foam casting (LFC) process was described using the well-known system of equa-
tions (6), which is presented in works [3, 5]
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where α — heat transfer coefficient, W/(m2K);
ρ5 — pattern density;
ρp — liquid phase density, kg/m3;
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t — time, s;
y' — thickness of spheroids Pp, m;
ΔT — temperature difference between metal and melting pattern, K;
Vg — specific VGP volume, m3/kg;
λ — thermal conductivity coefficient of vapor-gas phase, W/(m×K);
r — heat of fusion of pattern material, J/kg;
N — melting criterion;
δ — gap, m;
δ0 — gap at which W5 < W1, m;
Mr — degree of destruction;
φ — accumulation of liquid GP products;
F5 — cross-sectional area of pattern (casting), m2;
P5 — perimeter of pattern (casting) cross-section, m;
K4 — gas permeability of the molding material, m2/(N s);
Kp — gas permeability of the coating, units;
l4’, l4’’ — length of the molding material layer, m;
a4 — LGP width, m;
φg — gas permeability reduction coefficient;
Q — VGP volume, m3;
Pf — pressure in the gap, Pa;
T3 — temperature of the alloy being poured, K;
τ1 — time from the moment of pouring the metal into the mold, s.
Given that the GP has pore channels around the reinforcing elements with an area of ΣFd, then the con-

tact area of the heat flow of the metal with the GP Fk can be represented by the following equations (4.7)—(4.9)
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and finally

( ) 2
51 ,KF F m= −ξ 	 (4.9)

where Fk; F5; Fi — area of thermal contact, monopattern and pore channels around RE, respectively, m2; 
ξ — porosity degree of the pattern.
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As a result of the formation of a new VGP filtration system, namely: “VGP — reinforced phase — pore 
channels — coating —mold”, the total VGP filtration area can be determined by the following mathematical 
dependence (4.10)

( ) 2
5 5 , .F F m∑ = δΠ +ξ 	 (4.10)

At the same time, the cross-sectional area of the elementary pore channel Fi  is a variable value, 
because under the action of heating its VGP contact surface, the GP material around the RE decom-
poses at a speed 5a ′, which leads to an increase in its diameter di. The change in the total area of the  
GP channels can be described by the following expression, assuming that the channels have a cylindrical 
shape (4.11), (4.12) [3]:

2
2

1

,
4

i n

i
i

d
F m

=
τ

=

π′ =∑ ∑ 	 (4.11)

( )51 2 ,G nd a T dτ
′= + 	 (4.12)

where dn — the initial diameter of the elementary pore channel, equal to the diameter of the reinforcing 
element da, m;

dτ — the current diameter of the elementary pore channel around the reinforcing element, m;

5a ′ — the linear melting velocity of the GP in the pore channel, m/s;
Tg — the VGP temperature, K;
τ — the current pouring time, s.
In order to use equations (4.11), (4.12) in the mathematical model (4.6), the following transformations 

should be performed, namely (4.13):
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and finally, the variable porosity (14):
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In this case, the system of equations of the gas dynamics of the casting process in the presence of GP 
with RE in the mold has the following form (4.15):
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To determine the coefficient, it is possible to use the data of work [7] and construct the dependence 
d = f(Tg), where d — the diameter of the pore channel, and Tg — the temperature of the gas passing through 
this channel. According to the graph (Fig. 4.3), this dependence is expressed by a straight line. In this case, 
the equation for determining the coefficient 5a ′ has the following form (4.16)
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T
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∆ ⋅

	 (4.16)

where 10 is the time of gas passage through the pore channel of the GP in the experiment, C.
Then the value of the coefficient is  5a ′ = 1×10-3 mm/s °C.
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 Fig. 4.3 Kinetics of change in linear dimensions of the pore channel in the polystyrene foam pattern
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Now the system of equations (4.15) can be used to determine the parameters, including the back pres-
sure of the VGP Pp, the gap “metal —pattern” δ and the rate of metal rise in the mold W1 with a reinforced GP.

It is also important to note that the amount of LP products that accumulate on the surface of the metal 
flow front is also reduced by the value (F5—ΣFd). In this case, to determine the volume of LP accumulation, 
the time of its gasification on the contact surface for time tg and the hardening coefficient R, it is advisable 
to use the system of equations (4.15) by supplementing it with the expression ( ) 51 Fτ− ξ .

Then the system of equations describing the gas-hydrodynamic conditions of lost foam casting with 
polystyrene patterns saturated with RE, and taking into account the heat exchange between the RE and the 
MA during mold filling and matrix alloy solidification, has the final form (4.17):
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where η — the coefficient of VGP dynamic viscosity;
Tp — the metal temperature, K;
Tm — the mold temperature, K;
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C — the permeability, Darcy;
tG — the gasification time of the pattern;
dp — the diameter of the pore channel (reinforcing element);
φg — the SRC resistance coefficient;
b4 — the heat storage capacity of the mold, W×s0.5/m2×K;
l4 — the mold wall thickness, m;
D1 — the diameter (reduced thickness) of the casting, m;
F1, Fp — the cross-sectional area of the casting and the pore space, respectively, m2;
ξ — the porosity coefficient of the mold;
λc — the thermal conductivity coefficient, W/(m×K);

Pr
a
ν

=  — Prandtl criterion;

Re
V D⋅

=
ν

 — Reynolds criterion;

n — the viscosity coefficient, m2/s;
αc — the thermal diffusivity coefficient, m2/s;
µb — dynamic viscosity at metal temperature Tb, N×s/m2;
µc — dynamic viscosity at wall temperature Ts (Ts ³ TL), N×s/m2;
TL —  liquidus temperature of matrix alloy °C.
Thus, hydro-gas-dynamic, thermophysical models were created that describe the features of gas 

dynamics and heat and mass transfer in molds with reinforcing elements, a polystyrene foam pattern 
saturated with RE, which allow predicting the flow conditions of the matrix alloy, its solidification, and 
cooling in molds, which makes it possible to create promising casting methods using gasifying patterns 
to obtain high-quality reinforced structures with various functional properties from iron-carbon and non- 
ferrous alloys.

4.2	 ANALYSIS AND SELECTION OF STEEL GRADES FOR THE MANUFACTURE OF HOLLOW CAST 
STRUCTURES FOR MULTIFUNCTIONAL PURPOSES

High requirements for the level of physical and mechanical properties of cast alloys, as well as the 
technological possibility of forming hollow castings with metallic and non-metallic reinforcing phases by 
lost foam casting, determine the feasibility of developing new high-strength economical alloyed steels. Such 
steels should provide the required set of operational properties without the use of scarce and expensive 
alloying elements, as well as contribute to the creation of highly efficient casting technologies and optimal 
heat treatment modes to obtain high-quality parts of protective structures [8—11].

Modern requirements for materials, in particular, for multifunctional protective structures, provide for 
a combination of high strength, sufficient plasticity and resistance to dynamic loads. The choice of material 
is a key factor determining the reliability and durability of structures manufactured by casting methods. 
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In this regard, there is a need for systematic research of alloys suitable for forming thin-walled castings 
of complex configuration [12].

For the analysis, domestic and foreign analogues of steels and iron-based alloys used in the production 
of cast structures were considered [13—15]. Based on the comparative analysis, it was established that 
among such materials, low- and medium-carbon low-alloy, microalloyed and modified steels have the great-
est prospects. The urgent need for protective structures and structural requirements for their component 
modules — the level of physical and mechanical properties of steels, the possibility of manufacturing struc-
tural modules with non-metallic and metallic reinforcing phases (NRP and MRP) requires the development 
of new high-strength economically alloyed cast steels that do not contain expensive and scarce alloying 
elements, highly efficient technologies for manufacturing cast elements of a cellular structure and optimal 
modes of their heat treatment. A review of world analogues of steels used for the manufacture of multifunc-
tional modules of protective structures has established that the steels used for their manufacture must pro-
vide a tensile strength of 500…950 MPa; yield strength — 450…800 MPa, relative narrowing 15…30%; impact 
toughness 50…70 J/cm2. In addition, given the great need for protective structures, steels for cast modules 
should not contain scarce and expensive alloying elements — nickel, molybdenum, copper, etc. An analysis 
of modern technical literature has established that for cast modules of protective structures, the required 
level of physical and mechanical properties of steels of the C-Si-Mn system is currently provided exclusively 
by their complex alloying with chromium, nickel, molybdenum, vanadium and the corresponding labor-inten-
sive heat treatment regimes. Thus, regulatory documents for foundry steels in the USA — A352...A732 and 
Germany — DIN1681 provide for the manufacture of cast parts used as elements of protective structures, 
steels of the C-Si-Mn system, which are alloyed with the above chemical elements. This makes it possible, 
after appropriate heat treatment regimes, to obtain metal in products with a yield strength of over 400 MPa.

Based on previous studies [13], it can be stated that the processes of high-quality and optimal addi-
tional alloying, microalloying with carbide and nitride-forming elements and modification with nitrogen can 
achieve the required physical and mechanical properties (tensile strength at rupture 550…900 MPa, yield 
strength at rupture 450…750 MPa, relative elongation 15…30%, impact toughness 55…75 J/cm2).

The physical and mechanical properties were determined and the microstructure of the experimental 
steels was considered using modern testing equipment and analytical methods. Special attention was paid 
to the influence of heat treatment modes on the operational characteristics of the metal, since energy 
consumption and stability of the properties of cast parts during mass production depend on this.

The blanks for samples for various purposes were manufactured in dry, heated sand-clay molds. To de-
termine the mechanical properties, samples were made from blanks with a diameter of 12 mm and a length 
of 70 mm, to determine the impact toughness of steels, blanks with dimensions of 12 mm×12 mm×60 mm 
were cast, from which standard samples were made.

To compare the physical and mechanical properties and the results of metallographic studies, samples 
from blanks made using the tooling developed by us and cut from a tertiary blank in accordance with the 
requirements [14] were used.

To determine the impact toughness of the studied steels, blanks with dimensions of 12 mm×12 mm×60 mm 
were cast, from which standard samples were made.
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To study other properties of steels (for example, choosing the optimal heat treatment regime for steels, 
studying the structure, etc.), cylindrical blanks with a diameter of 20 mm and a length of 90 mm and the 
lower part of the riser of the sprue system were used.

In order to determine the correctness of the choice of the tooling developed by us, a comparative 
assessment of the quality of the metal in the blanks made using the proposed tooling and made using a ter-
tiary blank (DSTU 8781:2018, option 2) or a square (Fig. 4.4, a). The metal has almost the same properties, 
but a complex test is more effective and much cheaper for the manufacture of samples from experimental 
steels (Fig. 4.4, b). Obtaining high-quality metal in the samples using this technology is ensured by a mas-
sive boss under the riser.

a b

 Fig. 4.4 Pattern tooling for the production of cast blanks: a — square, riser and tertiary blank;  
b — complex tooling (without riser)

The analysis of a large amount of material presented in the works of scientists of the Physico-Techno-
logical Institute of Metals and Alloys of the National Academy of Sciences of Ukraine on the use of alloying, 
microalloying and modification processes of C-Si-Mn alloys has identified specific areas for improving these 
processes for lost foam casting: approximate temperatures of base melts before performing the processes 
of additional alloying, microalloying and modification of base steels and pouring them into molds and spe-
cific individual chemical elements and complexes of elements to minimize their quantity with the maximum 
increase in the properties of experimental steels [15].

The studies have established that the optimal content of the main chemical elements in medium-car-
bon steels to achieve high strength and ductility should be as follows, wt.%: C = 0.30...0.55; Mn = 0.40...1.20; 
Si = 0.30...0.60.

In order to achieve the required indicators of physical and mechanical properties for alloying, microal-
loying and modification of base steels, it is advisable to use the following chemical elements: for alloying 
and microalloying — titanium, niobium, chromium and vanadium, for modification — nitrogen and rare earth 
metals on a cerium basis.
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Taking into account the interaction of chemical elements in the C-Si-Mn system, to determine the 
optimal chemical composition of steels that can provide the required level of physical and mechanical 
properties of the metal of cast modules and their corrosion resistance in various aggressive environ-
ments, the effect of changing the content of the main chemical elements within the following limits was 
studied: carbon — from 0.25% to 0.60%, silicon — from 0.30% to 0.90%, manganese — from 0.50% 
to 2.0%. The content of phosphorus and sulfur did not exceed 0.045% of each element. The nitro-
gen and vanadium content was calculated for each steel grade taking into account that the equilibri-
um temperature of dissolution (separation) of the vanadium nitride phase in a solid solution does not  
exceed 1030°C [16].

Previous studies conducted at the Physico-Technological Institute of Metals and Alloys of the NAS 
of Ukraine on the influence of microalloying and modification processes with vanadium and nitrogen on the 
properties of structural steels of the C-Si-Mn-Cr system of ferritic-pearlitic and pearlitic classes have es-
tablished that the separation of dispersed particles of VN and AlN in a solid solution provides a compre-
hensive increase in the strength and plasticity characteristics of steels to the level of properties of steels 
alloyed with molybdenum, nickel, niobium, vanadium, etc.

In this case, the process of dispersion strengthening of steel is  implemented during the tempering 
of the product after normalization or quenching, which should occur at temperatures 100...150°C lower than 
the equilibrium temperature of dissolution (formation) of the vanadium nitride (VN) phase.

According to the results of previous studies, 35KhGAFL steel was selected, which has the highest in-
dicators of casting and physical and mechanical properties for casting the above-mentioned protective 
modules [17—21].

Based on thermodynamic calculations of  the equilibrium temperature of formation of  the nitride 
disodium phase in a solid solution, it was established that the optimal range of austenitizing heating of 
35KhGAFL steel during normalization and quenching is 920—940°C with holding for 1 hour.

After normalization, the samples were cooled in air, and during quenching — in water. Tempering was 
carried out at temperatures of 510—600°C with holding for 1 hour and subsequent cooling in air. Physical and 
mechanical properties were determined after normalization, quenching and tempering (Table 4.1).

After normalization (austenization), a fine-grained structure is observed in 35KhGAFL steel samples: 
6—7 points and 7—8 points, respectively. The choice of heat treatment modes allows to provide the neces-
sary set of steel properties depending on the operating conditions of protective structures.

To reduce the cost of casting and energy consumption, it is recommended to carry out normaliza-
tion at 930°C with air cooling. The properties obtained under this mode fully comply with the technical 
requirements, and the grain size of  the steel is 7—8 points, which indicates an optimal fine-grained 
structure [20].

The microstructures of steels after normalization and tempering are shown in Fig. 4.5. The micro-
structure of 35KhGAFL steel after normalization at a temperature of 930°C is pearlitic-ferritic: pearlite 
is thin-lamellar, ferrite is  located outside the austenite grains in the form of broken meshes. Tempering 
of steel after normalization contributes to an increase in hardness due to the dispersion segregation of the 
vanadium nitride phase inside the grains.
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a b

 Fig. 4.5 Microstructures of the experimental 35KhGAFL steel after normalization at a temperature:  
a — of 930°C; b — normalization at a temperature of 930°C + tempering at a temperature of 510°C; ×200

Another urgent task during the production of castings using the lost foam casting process is to deter-
mine the level of non-metallic inclusions of medium and large sizes in the metal of the products. It is im-
portant to know not only the level of contamination of the metal with non-metallic inclusions, but also their 
morphology, size, shape and reasons contributing to their formation. In this case, it will be possible to use 
certain technological measures that will reduce their number or change their shape, for example, convert 
non-metallic inclusions from an acute-angled shape to a globular one, which will significantly increase the 
physical and mechanical properties of the metal.

 Table 4.1 Heat treatment modes and physical and mechanical properties of 35KhGAFL steel

Heat treatment modes Physical and mechanical properties of steel

normalization, quenching °C, 
cooling medium

στ, MPa
tempering °C σв, MPa ψ, % KCU,  

J/cm2 Hardness, HRC

no less than

normalization at a tempera-
ture of 930°C, air

without tempering 600.0 850.0 22.0 72.0 20.0

510 600.0 850.0 24.0 82.0 22.5

550 600.0 890.0 24.0 82.0 22.0

600 605.0 915.0 23.0 67.0 25.0

quenching from a temperature 
of 930°C, water

510 1010.0 1150.0 20.0 75.0 31.0

550 795.0 980.0 27.0 84.0 26.0

600 850.0 1010.0 24.0 75.0 26.0

Requirements according to the technical 
specifications

450…750 550…900 15…30 55…75 ≥15



CHAPTER 4. CAST STRUCTURES WITH COMPOSITE AND REINFORCED NON-METALLIC FUNCTIONAL FILLER

135

The metal contamination index by non-metallic inclusions was determined by the linear method ac-
cording to the requirements [21, 22] on unetched sections made from steel blanks. The results of the nu-
merical values of each type of non-metallic inclusions and the total metal contamination index are given 
in Table 4.2.

 Table 4.2 Metal contamination index of multifunctional modules by non-metallic inclusions of different morphology 
and the total contamination index

No. Type of non-metallic inclusions Contamination index of 35KhGAFL steel

1 Nitrides 0

2 Oxides 0.001127

3 Silicates 0.000407

4 Sulfides 0.008800

5 Total steel contamination index 0.002414

Analysis of the obtained results of the study of non-metallic inclusions in the recommended 35KhGAFL 
steel allowed to establish that the general index of contamination of the cast metal of samples cut from 
real modules made using polystyrene foam patterns is at the level of  indicators for the metal of carbon 
steel products obtained using traditional casting technologies in one-time volumetric sand-clay molds [23].

Relatively large non-metallic inclusions of an oxide nature are observed in 35KhGAFL steel. Their ap-
pearance may be due to the presence of slag particles, since the samples were cut from the upper part 
of the cast module, or as a result of secondary oxidation of the melt during pouring the molds.

The heat treatment modes of the recommended steel do not significantly affect the morphology and 
number of non-metallic inclusions, with the exception of the normalization process. Prolonged cooling 
of the metal in air contributes to a partial redistribution of morphological types of inclusions — in particular, 
the proportion of sulfides increases, which is explained by a decrease in the solubility of sulfur in iron with 
a decrease in the temperature of the metal.

Based on the conducted studies, the optimal heat treatment regime is one that involves quenching 
from a temperature of 930°C in water with subsequent tempering at 510°C.

After such treatment, the steel is characterized by the following properties:
— tensile strength σᵥ — not less than 1150 MPa;
— yield strength σₜ — not less than 1010 MPa;
— relative elongation δ — 16%;
— relative narrowing ψ — 20%;
— impact toughness KCU — 70 J/cm²;
— hardness — 31 HRC.
The results obtained confirm that 35KhGAFL steel provides increased strength and ductility combined 

with good castability, which is crucial for the manufacture of thin-walled hollow elements of complex geo
metry [24].
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4.3	 DETERMINATION OF THE REINFORCEMENT INFLUENCE ON THE HYDRODYNAMICS OF MOLD FILLING 
AND THERMAL PROCESSES IN THE FUNCTIONAL FILLER

The influence of reinforcing steel elements and reinforcement directly from the liquid alloy of the shell 
on the hydrodynamics of mold filling and thermal processes in the functional filler was determined using com-
puter simulation. Successful computer simulation can help reduce the number of tests and reduce the time for 
developing new castings due to a better understanding of the complex mechanisms and interaction of various 
technological parameters in the mold filling process, especially in the gasified pattern casting process [25, 26]. 
In accordance with the tasks of implementing technologies for obtaining lightweight high-strength steel hollow 
structures with non-metallic and metallic functional filler, the following types of them were proposed:

1 — steel shell filled with non-metallic functional material;
2 — steel shell with non-metallic functional material, which is reinforced with metal elements that 

simultaneously combine the shell and functional material;
3 — steel shell with non-metallic functional material, which is reinforced by solidification in its channels 

of liquid alloy of the shell, which at the same time combines the shell and functional material.
Computer simulation of the processes of pouring and solidification of the lost foam casting was per-

formed using the Procast software. 3D drawings of the cell model of one element of the module (Fig. 4.6), 
gating system, reinforcement, core (functional filler) built in the CAD system were saved in IGES format and 
loaded into the simulation program. The element size when applying the mesh to the model, core and reinforce-
ment was set to 2 mm. The total number of calculated elements was 739 thousand. The following materials 
were set from the database: Steel AISI 1040 — for the alloy, Sand LFC — for the g mold, Foam 30 kg/m3 — for the 
model, Resin bonded sand permeable — for the core, Chill Carbon steel — for the reinforcement. The pouring 
temperature of the steel was set at 1580°C, the initial temperature of the mold, core, model and reinforcement, 
and the environment was 20°C. The heat transfer coefficients were set as follows: between liquid metal and 
foam — FOAMHTC 840, FOAMHTCMAX 10460, between liquid metal and mold/core — 500, between metal and 
reinforcement — 3000, between mold and core — 400. The boundary conditions were: inlet pressure on the 
upper surface of the riser 1.05 atm, temperature 1580°C, pressure around the mold 1 atm [9].

a cb d

 Fig. 4.6 General view of 3D models: a — cell; b — cell with membranes; c — reinforcement, d — core with channels
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Fig. 4.7 shows the process of pouring an experimental cell with a functional filler without reinforce-
ment. Under these conditions, the metal front moves from top to bottom with gradual spreading to the sides 
and the closing of two flows in the part opposite the supply point. In the case of the presence of polysty-
rene foam elements between the walls of the cell as a functional material, the nature of pouring is simi-
lar (Fig. 4.8). The presence of processes of filling thin channels of membranes (4x4 mm) is distinctive. Since 
the metal fills the cylindrical part of the cell, the metal enters each “beam” of the membrane from the main 
wall and moves to the point of their intersection.

 Fig. 4.7 The process of pouring an experimental cell (without reinforcement)

 Fig. 4.8 The process of pouring an experimental cell with thin channels for reinforcement
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The flow rate of liquid metal in the channels for reinforcement is shown in Fig. 4.9. At the beginning 
of filling the upper channel, the flow rate is about 2 cm/s. Then the speed increases to 4 cm/s. At the end 
of filling the channel, the speed briefly rises to 8 cm/s.

 Fig. 4.9 The flow rate of liquid metal in the channels of the functional filler: a — 4.8 s, b — 5.0 s, c — 5.1 s, 
d — 6.0 s, e — 6.1 s, f — 6.3 s

A similar picture occurs when filling the middle and lower partitions. At the beginning of filling the 
channels, the speed is 2—3 cm/s. Then the speed increases to 6 cm/s, and briefly rises to 10—12 cm/s. It is 
believed that the optimal speed is 3—4 cm/s. When the metal moves through thin channels, a high speed 
contributes to their filling, since at a low speed the flow may stop due to its cooling.
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Fig. 4.10, a shows the temperature fields of the longitudinal section of a casting with a functional filler, 
a casting with a functional filler and reinforcement (Fig. 4.10, b), a casting with membranes and a functional 
filler (Fig. 4.10, c).

 Fig. 4.10 Temperature fields (cell cross-section) during pouring: a — casting with functional material;  
b — casting with reinforced filler; c — casting with functional filler reinforced from the liquid phase of the shell metal

The nature of filling the casting cavity for the first two cases is the same. In the third variant, the 
nature of filling is somewhat different, which is associated with the presence of partitions. During pouring, 
the functional material is heated only in the contact zone to approximately 400oC. At the end of pouring, the 
upper part of the functional filler is heated to a depth of up to 2 mm to a temperature of 700oC.

Fig. 4.11 shows the temperature fields of the longitudinal section of the casting during solidification 
and cooling of the metal. Fig. 4.12 shows the solidification time of the section of the castings. 30 seconds 
after filling the casting, the functional filler is heated to a depth of up to 7 mm. Complete heating of the 
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functional filler in the first variant occurs in 180 s, in the variant with reinforcement — in 130 s, in the variant 
with reinforcement from the liquid phase of the shell metal — in 100 s.

The highest temperature to which the functional filler is fully heated in the first case is 850oC, in the 
case of using reinforcement — 1050oC, in the case of casting with membranes — 1150oC. Thus, the best con-
ditions for sintering the functional filler are created in the second two variants.

 Fig. 4.11 Temperature fields (cell cross-section) during solidification and cooling: a — casting with functional 
material; b — casting with reinforced functional material; c — casting with functional filler, which is reinforced 
from the liquid phase of the shell metal
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The presence of reinforcement or membranes affects the solidification processes (Fig. 4.12). The rein-
forcement acts as a refrigerator and reduces the solidification time of the casting by 11 s. The membranes 
harden quite quickly (12 s) and partially cool the casting, but reduce the solidification time of the casting 
by only 6 s.

 Fig. 4.12 Casting solidification time: a — casting with functional material; b — casting with reinforced functional 
material; c — casting with functional filler, which is reinforced from the liquid phase of the shell metal

The nature of filling the cell without membranes, determined on the basis of simulation, is typical 
for the upper feed for lost foam casting due to the presence of a polystyrene foam pattern, which exerts 
thermomechanical resistance. In the presence of membranes, significant changes in the nature of filling 
the main wall of the cell do not occur, due to the fact that the volume of the membranes is 3.5% of the total 
volume of the cell. However, the metal flow rate in the membranes is 3—4 times higher than the metal flow 
in the cavity of the main wall of the casting, which is due to hydrodynamic pressure.

The results of the study of the temperature fields of the casting and the functional filler during pouring, 
solidification and cooling of the metal showed that when using reinforcement and the presence of metal 
membranes, better conditions are created for sintering the functional filler due to the heat of the matrix 
metal.

The increase in the heating rate of the functional filler in the presence of steel reinforcement is asso-
ciated with the higher thermal conductivity of the steel, which is heated by the heat of the casting. In the 
case of a casting with membranes, they increase the area of the contact surface for heat exchange of the 
metal with the functional filler. In addition, the casting with membranes has a larger mass, respectively, the 
amount of heat transferred by the matrix metal to the functional filler increases.

Reducing the hardening time, i.e. increasing the hardening rate, creates conditions for increasing the 
mechanical properties of the casting.
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In addition to the hardening rate, the level of mechanical properties of steel is affected by the pres-
ence of casting defects, so the work analyzed the shrinkage that is formed in the cell casting. The shrink-
age fields of the first and third types of shells are presented in Fig. 4.13. The simulation results showed 
that in a casting without partitions, shrinkage is concentrated in the pouring part. At the same time, in a 
casting with a filler, which is reinforced from the liquid phase of the shell metal, shrinkage cavities are 
also present in the center of the partitions. This is explained by the formed “thermal node”, which occurs 
when six “beams” are connected, which solidifies without being fed with liquid metal from the main walls 
of the shell or pouring.

To prevent shrinkage in the center of the partitions, another design was proposed, in which the cen-
tral part has the shape of a ring. The simulation results of the solidification of this version of the casting 
(Fig. 4.14) showed that there is a certain porosity in the partitions (reinforcement formed from the liquid 
phase of the shell metal). However, the size of the shrinkage defects has significantly decreased compared 
to the previous version.

a b

 Fig. 4.13 Shrinkage fields: a — casting with functional filler; b — casting with functional filler reinforced 
from the liquid phase of the shell metal
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 Fig. 4.14 Porosity in a casting with a changed geometry of the reinforcement

Thus, the conducted studies have shown the feasibility of using solid reinforcement and reinforcement 
from liquid metal to increase the mechanical adhesion of the shell metal with the functional filler and create 
better conditions for its sintering for the purpose of strengthening.

4.3.2	 STUDIES ON THE SELECTION OF A FUNCTIONAL FILLER

The functional filler of the metal shell must satisfy several parameters — availability, low mass, refrac-
toriness, etc. At the same time, the filler must have sufficient hardness to resist the penetration of objects 
(fragments, bullets, etc.) into them, and have a low density so as not to significantly increase the total mass 
of the protective module.

The properties of some common materials (Table 4.3) that can be used as fillers are analyzed. The 
most accessible and cheap is quartz sand, which has a sufficiently high refractoriness and hardness, 
is characterized by a small bulk mass. Electrocorundum and silicon carbide are more refractory and hard, 
but they are more expensive and have a higher density. An accessible material that has a low bulk density 
is expanded vermiculite, but is characterized by low refractoriness and low hardness.
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 Table 4.3 Characteristics of non-metallic fillers

No. Name Chemical 
formula

Density, 
kg/m3

Bulk weight, 
kg/m3

Melting tem-
perature (fire 
resistance), oC

Mohs 
hardness

1 Crystalline quartz 
(quartz sand)

SiO2 2650 1400—1700 1713 (1650) 5.5—7.0

2 Electrocorundum Al2O3 3990 2400 2050 9.0

3 Expanded  
vermiculite

(Mg, Fe2+, Fe3+)3 [(OH)2 

(Al, Si)4·4H2O
380 200 ~1300 1.0—1.5

4 Silicon carbide SiC 3210 1900 2730 9.5

For practical testing of the behavior of functional fillers in combination with the shells of protective 
structures, cylindrical samples were filled with different fillers. Polystyrene cylinders were made — outer 
diameter 66 mm, inner 40 mm, height 50 mm. As fillers, quartz sand of fraction 0.16—0.2 mm, fraction 0.8—
1.0 mm, expanded vermiculite of fraction 1.0 mm, normal electrocorundum of fraction 0.8 mm (F24) were 
used. Liquid glass was used as a binder, which was added in an amount of 7% by weight of the core mixture.

8 samples of models with different fillers were made (Fig. 4.15):
1 — quartz sand of fraction 0.16—0.2 mm;
2 — a mixture of vermiculite and quartz sand of fraction 0.16—0.2 mm;
3 — quartz sand of fraction 0.16—0.2 mm mixed with aluminum shavings;
4 — quartz sand of fraction 0.8—1.0 mm;
5 — quartz sand of fraction 0.8—1.0 mm mixed with polystyrene granules;
6 — quartz sand of fraction 0.8—1.0 mm with polystyrene foam membranes;
7 — vermiculite;
8 — normal electrocorundum.

 Fig. 4.15 Cylindrical samples with different fillers
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The core mixtures were obtained by mixing the components until the refractory particles were com-
pletely “wetted” with liquid glass. Then the mixture was “stuffed” into the cylinder hole and left for 24 hours 
in a warm room to cure and dry the mixture. After that, the elements of the gating system were glued and 
a refractory coating was applied (Fig. 4.16, a). After the coating dried, the pattern blocks were molded in dry 
quartz sand using the traditional LFC technology. The molds were poured with liquid steel 45L. After the 
castings cooled, they were knocked out of the mold (Fig. 4.16, b) and separated from the sprues (Fig. 4.17).

a b

 Fig. 4.16 Samples: a — pattern blocks; b — casting bushes

 Fig. 4.17 Cast samples with different fillers

To study the interaction of fillers with the shell metal, a longitudinal section of the cylinders was performed 
(Fig. 4.18–4.20). Samples with quartz sand were characterized by metal penetration to a depth of 1 mm, and 
samples with a mixture of vermiculite and quartz sand — to a depth of 2—3 mm. Aluminum chips, which were 
added to the sand to “bind” the sand grains, melted only in a 5 mm thick layer adjacent to the shell metal.
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Coarse sand had larger porosity between the sand grains, which should contribute to better metal 
penetration. However, no significant increase in the penetration depth was observed, only within 1—2 mm. 
In the filler with the addition of polystyrene foam granules, the thickness of the penetration layer increased 
to 3 mm, but the cavities formed after the polystyrene foam granules burned out did not fill with metal. 
Moreover, the formed cavities reduced the filler’s resistance to spalling. When using polystyrene foam mem-
branes, the shell metal penetration layer into the filler increased to 3—4 mm.

Samples with expanded vermiculite had shells and were characterized by significant defects. This is ex-
plained by the low fire resistance of this filler. Because of this, the mixture with vermiculite also had high spalling.

In samples with electrocorundum filler, the penetration layer was 1—2 mm. These samples were also 
characterized by average spalling. The reason for this is that the material used consists of particles of the 
same fraction. For example, quartz sand by its nature consists of particles of different sizes. In this case, 
the binder creates more bonds, since small grains are located between large ones. Therefore, to increase 
the strength of corundum fillers, it is necessary to mix several fractions to get more bonds in the mixture. 
Also, samples with corundum had a greater mass than samples with quartz sand.

a b

c

Quartz sand 0.16-0.2 mm

Vermiculite + Quartz sand 0.16-0.2 mm

Quartz sand 0.16-0.2 mm + Al chips

Quartz sand 0.8-1.0 mm

Quartz sand 0.8-1.0 mm + Polystyrene foam granules

Quartz sand 0.8-1.0 mm + Polystyrene membranes

Vermiculite

Electrocorundum

 Fig. 4.18 Sections of cast samples with fillers
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 Fig. 4.19 Sections of cast samples with different fillers

a b

 Fig. 4.20 Section of samples with quartz sand filler and membranes obtained by liquid-phase reinforcement

The conducted studies have shown that a mixture of quartz sand with liquid glass is the most suitable 
functional filler for shell modules. Adding vermiculite to quartz sand may also be promising in order to re-
duce the mass of the cast module. The use of reinforcement of the filler from the liquid phase of the shell 
contributed to an increase in the metal penetration layer and the formation of a metal composite.
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4.3.3	 DEVELOPMENT OF TECHNOLOGY FOR MANUFACTURING MODULE CASTING

Taking into account previous experience in obtaining similar castings, a gating-feeding system was 
developed, the general view of which is shown in Fig. 4.21, for a 500x500 mm module casting. The lower 
metal supply was selected to ensure uniform filling and uniform gasification of the pattern. To compensate 
for shrinkage, a riser was placed above the casting.

riser

pattern
(casting)

sprue

gate

 Fig. 4.21 General view of the gating system

Simulation of the pouring and solidification processes of the module casting by lost foam casting was 
performed using the Procast software. 

The parameters necessary for simulation — the properties of 45L steel, polystyrene foam and quartz 
sand — were selected from the database. The pouring temperature of the steel was set to 1580°C, the initial 
temperature of the mold — 20°C.

The results of the simulation of pouring a casting of a module 500x500 are shown in Fig. 4.22. The 
total pouring time is 45 s. Filling occurs from one side of the gates. The metal front moves from right to left 
and from bottom to top simultaneously. This nature of pouring is due to the thermomechanical resistance 
of the polystyrene foam pattern.
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 Fig. 4.22 Hydrodynamics of pouring a casting of a module 500x500

An  important parameter of  the pouring process that affects the formation of  casting defects 
is  the melt velocity in  the mold. Therefore, the melt flow velocity when filling the casting cavity was  
investigated. 
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As the simulation results show (Fig. 4.23), the melt front velocity is within 3—5 cm/s throughout the 
entire pouring time. In the gate and the cell near it, the flow velocity reaches a value of 15 cm/s, which is due 
to the hydrodynamic pressure created by the metal in the sprue.

 Fig. 4.23 Melt velocity during pouring of the casting

The results of simulation the solidification process of  the casting showed that the solidification 
of the casting body occurs almost uniformly (within 60—90 s) (Fig. 4.24, a). The solidification time of the 
riser is twice as long, which contributes to the feeding of the walls of the casting with liquid metal from 
it. The sprue solidifies last, since it contains the hottest metal, and the layers of molding sand around 
it heat up during pouring, respectively, the temperature gradient between the sprue metal and the mold 
decreases, slowing down the solidification rate. As a result, shrinkage is concentrated in the riser and 
the sprue (Fig. 4.24, b).

The porosity in the casting was also studied. The simulation results demonstrated (Fig. 4.25) that the 
porosity of a shrinkage nature is absent in the casting body.
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 Fig. 4.24 Module casting: a — solidification time; b — shrinkage

 Fig. 4.25 Porosity in the 500x500 module casting

The gating system developed in this way ensures gradual and uniform gasification of the polystyrene 
foam pattern, contributing to the removal of destruction products from the mold. The melt front velocity 
of 3—5 cm/s contributes to the rapid replacement of the pattern, but allows to avoid the “coverage” mode 
of the pattern and the formation of gas defects due to this. During solidification, due to the equilaterality, 
the casting solidifies almost simultaneously, and shrinkage cavities are concentrated in the riser.
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4.3.4	 VERIFICATION OF THE TECHNOLOGICAL PROCESS

To verify the technological process of manufacturing hollow cast structures with composite and rein-
forced non-metallic functional filler from developed steels according to LFC, laboratory and experimental 
verifications of calculations, simulation and the developed route technological process were carried out.

In this test evaluation, the developed methods for calculating basic parameters and a set of technological 
divisions, types and characteristics of materials, limits of variation in the parameters of the technological pro-
cesses of obtaining polystyrene foam patterns, reinforcing composite, preparation and application of refractory 
coatings on these patterns, as well as pouring the mold and obtaining castings were subject to the developed 
test evaluation. A casting drawing was previously developed and a pattern was cut out of an EPS 150 (PSB 25—30) 
polystyrene board on a 3D milling machine, the cavity of which was filled with a reinforcing mixture (Fig. 4.26).

 Fig. 4.26 Polystyrene foam pattern of the protective module

In the following, the stages of the technological process were sequentially performed, steel of the 
required chemical composition was melted and high-quality castings were obtained (Fig. 4.27).

 Fig. 4.27 Reinforced steel castings of the protective module, which were manufactured using the 
developed technology
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Thus, the created technological processes for obtaining hollow cast structures with composite and re-
inforced non-metallic functional filler from developed steels using LFC make it possible to obtain reinforced 
structures that can be used in protective structures.

CONCLUSIONS

Based on the mechanism of interaction of matrix alloy (MA) in the mold in the presence of metal re-
inforcing elements with polystyrene foam pattern and thermal destruction products in the form of liquid, 
gaseous and solid phases, a computational model of heat and mass exchange processes was developed 
with the determination of the heat transfer coefficient in the criterion form (based on the Nusselt, Prandtl, 
Reynolds criteria) for the flow of liquid MA in the mold.

The task of developing a technological process for obtaining lightweight high-strength steel hollow 
structures with a non-metallic functional filler, which is a binary part of a single structure and counteracts 
impact dynamic loads upon contact with high-speed bodies, was solved. Additional reinforcement was 
carried out in the systems “metal shell — functional filler — solid reinforcing phase or reinforcing phase 
formed from liquid shell metal”, which has not yet been studied in the theory of foundry production, and 
therefore there are no analogues.

According to the results of research on the features of the hydrodynamic conditions for filling the mold 
cavity with liquid steel and in the presence of a solid reinforcing phase and thin channels formed in the 
functional filler, it was established that the time for filling the mold cavity is 7.5…8.0 s for all types of ob-
jects under study and the metal flow rate in the thin channels of the filler is 5..7 cm/s, which are optimal for 
obtaining steel shells when lost foam casting.

The presence of solid metal reinforcement and liquid, solidifying metal of the shell in its thin channels 
placed in the functional filler affects the heat and mass transfer processes in the mold. Thus, with intensive 
heating of the functional material due to heat transfer from the reinforcing phase, the functional material 
heats up during the solidification of the metal shell to a temperature of 1050oC in 130 s (solid state) and 
during the formation of the reinforcing phase from the shell metal to 1150oC in 100 s. Under such ther-
mophysical conditions, the possibility of sintering (melting) of the non-metallic (metallic) functional layer 
around the reinforcing phase is created and thereby significantly additionally enhances the operational 
characteristics of the binary module structure. 

It is also determined that the filling of the shell in the thin channels formed in the functional material 
occurs when pouring metal, which guarantees the specified geometric dimensions of the reinforcing phase 
and, accordingly, its mechanical properties, which also enhances the operational parameters of the binary 
module structure.

It was determined that a mixture of quartz sand with liquid glass is the most acceptable functional 
filler for shell modules. Adding vermiculite to quartz sand may also be promising in order to reduce the 
mass of the cast module. The use of filler reinforcement with the liquid phase of the shell contributed to an 
increase in the metal penetration layer and the formation of a metal composite.
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According to the results of research on the selection of the optimal chemical composition of steels 
with specified mechanical properties for hollow structures for the construction of  various types of 
modular protective structures, 35KhGAFL steel with the chemical composition, wt.%: C  =  0.30...0.40; 
Mn = 0.60...0.90; Si = 0.55...0.65; Cr = 0.20...0.70; N = 0.012...0.015; V = 0.08...0.11; S and P ≤ 0.025 of each 
element; Al = 0.015...0.025. It was established that the best set of mechanical properties for 35KhGAFL steel 
can be achieved after quenching from a temperature of 930°C in water and tempering at a temperature 
of 510°C: σv = 1150 MPa, στ = 1010 MPa, δ = 16%, ψ = 20%, KCU = 70 J/cm2, hardness — 31 HRC.

Technological processes for obtaining hollow cast structures with composite and reinforced non-me-
tallic functional filler from developed steels according to LFC have been created and tested, which make 
it possible to obtain reinforced structures, in particular for protective structures.
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