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SH-SYNTHESIS OF COMPOSITION MATERIALS ON THE BASIS OF 

TiB2-TiC- MgO 

 

R.Abdulkarimova*, K.Kamunur, A.Batkal, N.Assanbek 

al-Farabi Kazakh National University, 71, al-Farabi str., Almaty, Kazakhstan 

abdulkarimovaroza@mail.ru 

 

ABSTRACT 

In the present study TiB2, TiC containing composite materials were obtained by SHS from a 

mixture of TiO2, B2O3 (ore), C - carbonated rice husk (CRH) and Mg. The products SH-

synthesis were characterized using X-ray diffraction analysis and scanning electron 

microscopy.  

INTRODUCTION 

Boron, borides and related compounds have unique bonding characteristics, structural, 

peculiarities and superior intrinsic properties. These materials, especially transition metal 

borides show high hardness, high melting point and electrical conductivity. Hence borides are 

strong candidates for wear resistant applications metals lead to low plasticity and low strength 

that considerably limits the field of their application [1]. However, strong covalent bonds 

inherent to the phases of pure diborides of transition. In this regard, at present great attention 

is paid to the technology of producing multi-component metals in combination with more 

plastic materials playing the role of binding. They are, for example, aluminium or magnesium 

oxide which play the role of a high-temperature binder and filler decreasing the content of 

expensive diboride, when obtaining composition materials.   

One of the promising methods for obtaining composition materials is the method of self-

propagating high temperature synthesis. Self-propagating high-temperature synthesis (SHS) is 

a method for producing inorganic compounds by exothermic reactions, usually involving 

salts. Since the process occurs at high temperatures, the method is ideally suited for the 

production of refractory materials with unusual properties, for example: powders, metallic 

alloys, or ceramics with high purity, corrosion–resistance at high–temperature or super-

hardnessity [2]. 

One of the main sources of boron ores in Kazakhstan are borates from the Inder deposit 

[3]. These wide available raw materials can be used to obtain boron-containing refractory 

composition materials [4]. 

mailto:abdulkarimovaroza@mail.ru
http://en.wikipedia.org/wiki/Inorganic_compound
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METHODOLOGY OF EXPERIMENT 

The mixtures were prepared with the different ratio of components:  magnesium powder, 

borate ore, titanium oxide, carbonated rice husk (CRH). Preliminary mechanical activation of 

the samples was performed in the «Pulverizette-5» of a high-energy planetary centrifuge mill.   

Cylinders with the diameter of 20 mm and height 20÷30 mm were obtained with the help of a 

hydraulic press of the brand CARVER for production of pressed samples. The dried samples 

were burned at room temperature initiating ignition by magnesium. The temperature of SHS 

was measured using optical pyrometer. After combustion, the samples were structurally 

characterized by X-ray diffraction (XRD) using Dron – 4 diffractometers (operating with a 

Cu- Ka radiation source). The microstructure of the ceramic composite was studied by 

scanning electron microscopy (QUANTA 3D 200i, FEI, USA) electron.  

 

RESULTS AND DISCUSSION  

The study on the effect of preliminary mechanical activation (MA) of the charge on 

macrokinetic characteristics of SHS, phase composition and structure of the obtained 

composites in the system B2O3–Mg–TiO2-C with the use of borate ore is of both theoretical 

and practical application. The preliminary series of experiments showed that for initiating 

synthesis by burning local heating up to short duration with the help of initiation of the system 

by magnesium is quite enough, then the process occurs in the mode of a self-propagating 

combustion. The system under study is so active that does not require an additional heating up 

of the reaction medium. 

 

 

1- non-activated; 2- activated for 5 min; 3- activated for 10 min  
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Fig. 1- Dependence of the combustion temperature of activated and non-activated systems in the 

atmosphere on the time of MA and the content of magnesium in the system Mg–TiO2– B2O3(ore)-C 

The use of preliminary MA of the charge in a high-power planetary mill significantly 

decreases the temperature of beginning of exothermal interaction of the mixture components, 

reduces the synthesis time of the final product, and results in a more complete procedure of 

chemical reactions [5].  

Therefore, the powder of the prepared charge was activated for 3-10 minutes before SH-

synthesis. As is seen in Figure 1, maximum temperature of combustion increases with both 

the increase in the content of magnesium and increase in the time of preliminary mechanical 

activation of the charge. 

Acceleration of the chemical reaction after mechanical reaction is conditioned by «pumping » 

of additional (excessive) energy into the reacting substances, the energy accumulating in the 

formed structural defects. Excessive energy reduces the activation barrier of the chemical 

reaction. The effect of excessive energy on the reaction rate is a kinetic factor of acceleration 

of a chemical reaction [5,6].  

A qualitative and semi-qualitative X-ray phase analysis of the composition of SHS products 

for the system Mg–TiO2 – B2O3(ore) -C was carried out. The presence of high temperature 

phases – titanium diboride, titanium carbide, magnesium oxide and their spinels in the SHS 

products are determined by the method of X-ray analysis. 

 

       

Fig. 2 – Microstructure of the composition material on the basis of TiB2-TiC- MgO 

Fig. 2 shows the microstructure of the resulting composite. 
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CONCLUSIONS 

The possibility of using borate ore of Inder deposit of the Republic of Kazakhstan and model 

compounds of boron for production of boron containing composition materials in the system 

Mg–TiO2– B2O3-C is shown. The effect of preliminary mechanical activation of the charge on 

macrokinetic characteristics of SHS, the phase composition and structure of the obtained 

composites in the system Mg–TiO2– B2O3-C using borate ore is stated. The regularities of 

combustion depending on the charge composition and conditions of SH-synthesis have been 

studied.  
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NEW DIRECTIONS OF APPLICATION OF MACROKINETIC 

APPROACHES IN ISMAN 

M.Alymov*, B.Seplyarskii 

 Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences, Russia, 

Chernogolovka 

* director@ism.ac.ru   

Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of 

Sciences is a developing research institution. In the mid fifties, A.G. Merzhanov and co-

workers began to study thermal explosion and wave propagation in condensed systems. 

These researches became a direct continuation and development of the ideas and methods of 

N.N. Semenov and his school. In a short period, the theory of thermal explosion in condensed 

systems was developed, and appropriate experimental techniques for determining the 

parameters of thermal explosion were designed and manufactured.  

In 1967, A.G. Merzhanov, I.P. Borovinskaya, and V.M. Shkiro came to a scientific discovery 

officially termed the "solid flame phenomenon". Solid flame is a process in which starting 

reactants, intermediate products, and final products are present in their solid state throughout 

the entire process. Solid flame combustion turned out to yield valuable refractory 

compounds. The problem of the “solid flame” relates to many scientific disciplines, as a 

result the directions of researches related to thermodynamics, physicochemical kinetics, 

structural and phase transformations, nonlinear effects in highly nonequilibrium systems, and 

heat and mass transfer processes appeared. This circumstance has led to creating a novel, 

highly efficient production method – Self-propagating High-temperature Synthesis (SHS) – 

which is based on ideas of N.N. Semenov, Ya.B. Zel’dovich,  and D.A. Frank-Kamenetskii. 

Combination of ideas and development of novel experimental and theoretical methods have 

led to foundation of a new research direction – structural macrokinetics – studying 

physicochemical and structure transformations of substance in the nonequilibrium systems. 

Combination of the macrokinetic and materials studies has become a distinctive feature of the 

Institute, which was founded in 1987. 

The purpose and scope of Institute activities are to carry out fundamental, research, and 

applied scientific studies in the field of physics and chemistry of combustion and explosion 

processes, including self-propagating high-temperature synthesis, physicochemical 

transformations of substances under high temperatures and pressures, and materials science. 

mailto:director@ism.ac.ru
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The works of Institute have interdisciplinary character. Scientific and production 

organizations implementing new technologies and manufacturing new materials were 

established. SHS-produced materials allow finding new solutions to a wide variety of 

problems (from ecology to the description of natural phenomena). 

Particular attention in the presentation is drawn to the application of methods of the theory of 

ignition and combustion to ensure the safety of operations with non-passivated nanopowders 

and related compact products. Metal nanopowders are pyrophoric, i.e. capable of self-igniting 

upon contact with air due to high chemical activity and large specific surface. In order to 

make the safe process of further processing of nanopowders into products, they are 

passivated. Within the framework of the RSF project (no. 16-13-00013P), various 

macrokinetic modes (self-ignition or combustion mode) of interaction between the compact 

samples of pyrophoric iron nanopowders and the air were detected and investigated. The 

effect of porosity of compact samples on the dynamics of their heating was studied. 

It was found that the maximum temperature of self-heating decreases with increasing relative 

density of samples, which indicates that the oxidation process is limited by the diffusion 

supply of the oxidizing agent. It was shown that the process of interaction between the 

samples and the air is superficial. A qualitative agreement between the results of theoretical 

analysis and experimental data was obtained. The dependence of mode of sample-air 

interaction on the duration of the presence of boxes in air was found. The possibility of 

passivation of samples made of iron nanopowders was experimentally established. 

 

The work was supported by the Russian Science Foundation (project no. 16-13-00013P). 

 

 

 

 

 

 



14 

MOLECULAR STRUCTURE OF BIS (LIDOCAINE) 

TETRATHIOCYANOCOBALTATE(II) MONOHYDRATE 

 
K.Amirkhanashvili*1, A.Sobolev2, V.Tsitsishvili1, N.Zhorzholiani1  

 
1 Petre Melikishvili Institute of Physical and Organic Chemistry at Tbilisi State University, 31 A.Politkovskaia 

str., Tbilisi 0186, Georgia 

2University of Western Australia, 35 Stirling Highway, Perth 6009 WA, Australia. 

* amirhan@hotmail.com    

 

A new cationic-anionic complex was obtained in water-methanol solution with 1:2:4 molar 

ratio of the cobalt chloride, lidocaine, and potassium thiocyanate; the composition of the 

complex is described by an empirical formula C32H48CoN8O3S4. The crystal and molecular 

structure of the complex was determined using single crystal (blue plate with sizes 0.33  0.30 

 0.10 mm3) X-ray diffraction method. X-ray diffraction measurements were carried out with 

an Oxford Diffraction XCALIBUR E CCD diffractometer equipped with graphite-

monochromated MoKα radiation ( = 0.709 mm-1. F000 = 822,  = 0.71073 Å,  T = 100(2)K). 

The data collection, cell refinement and data reduction were carried out with the CrysAlisPRO 

package of Rigaku Oxford Diffraction [1]; theta range for data collection ws up to 2max = 

64.0º, 40364 reflections collected, 12544 unique (Rint = 0.0338).  The structure was solved by 

direct methods and refined against F2 with full-matrix least-squares using the programs 

complex SHELXL-2014 [2]; final GOF = 1.001, R1 = 0.0361, wR2 = 0.0882, R indices based 

on 10495 reflections with I > 2(I) (refinement on F2), ||max= 0.54(7) e Å–3, 465 

parameters, 5 restraints.  

The compound crystallizes in the triclinic centrosymmetric space group P-1 (No. 2), with the 

following unit cell parameters: a = 8.7209(2), b = 11.8438(3), c = 19.9384(5) Å, = 

80.581(2), = 78.485(2), = 72.783(2)°, V = 1915.47(8) Å3, Z = 2, Dc = 1.352 g/cm3.  

According to the X-ray crystallography, the investigated compound has a molecular crystal 

structure of bis(lidocaine) tetrathiocyanatocobaltate(II) monohydrate, in which coordination 

of the Co2+ ion with four thiocyanate (rhodanide) anions generates distorted tetrahedral anion 

Ni[(NCS4)]
2– with N-bonded thiocyanates, while two protonated cations LidH+ and one water 

molecule remain in an outer coordination field (Fig. 1). 
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Fig. 1. Molecular structure of the (LidH)2[Co(NCS)4].H2O complex with atom labelling. 

 

Nitrogen atoms in the CoN4 tetrahedron are located at at approximately equal distances from 

the central cobalt atom (the lowest value is 1.9531(13) Å for the Co–N1 bond, the largest 

1.9694(12) Å for the Co–N2 bond), but the angles between the N–Co–N bonds deviate from 

tetrahedral with a minimum of 104.95(5)o for angle N2–Co–N4 and a maximum value of 

111.22(4)o for angles N1–Co–N4 and N2–Co–N3. The cobalt atom and the atoms of nitrogen, 

carbon and sulfur of the thiocyanate groups do not lie on the straight line, deviations relate to 

the greatest extent to the angles Co–N–C, having values from 160.61(12)o for Co–N4–C4 to 

177.28(11)o for Co–N3–C3; –N–C–S angles are close to 180 degrees (from 178.56(12)o for 

angle N3–C3–S3 to 179.36(14)o for angle N1–C1–S1). Apparently, the tetrahedral 

coordination distortions are caused by hydrogen bonds in which the sulfur atoms of three 

thiocyanate groups participate (see Table 1).  
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Table 1. Hydrogen-bond geometry. 

D–H···A D–H (Å) H···A (Å) D···A (Å) D–H···A (º) 
N211—H211···S1 0.83 (1) 2.87 (2) 3.6550(12) 157(2) 

N111—H111···S2 0.83 (1) 2.52 (2) 3.3295(12) 164(2) 

O01W—H01B···S2 0.86 (1) 2.84 (2) 3.4870(14) 134(3) 

O01W—H01A···S4 0.86 (1) 2.52 (1) 3.3479(15) 162(3) 

N114—H114···O112ii 0.88 (1) 1.95 (2) 2.8036(14) 166(2) 
N214—H214···O212iv 0.88 (1) 2.16 (2) 2.9158 (14) 143(2) 

Symmetry codes: (ii) −x+2, −y+1, −z; (iii) x+1, y, z. 

 

So, sulfur atom S1 enters into a hydrogen bond with the nitrogen atom N211 of the “right” 

cation of lidocaine, sulfur atom S2 forms a bifurcated hydrogen bond with the nitrogen atom 

N111 of the “left” cation and a water molecule, while sulfur atom S4 forms a hydrogen bond 

through the second hydrogen atom of the water molecule. The distance between the donor and 

the acceptor exceeds 3.3 Å, and these hydrogen bonds are relatively weak.  

Generally, the aromatic rings in the LidH+ cations are asymmetric, but the deviations of the 

C–C bond lengths and angles from the standard ones are insignificant, the torsion angles are 

small, and the aromatic rings can conditionally be considered flat.  

The С11–N111, N111–C112, C112–O112 and C112–C113, as well as the С21–N211, N211–

C212, C212–O212 and C212–C213 bond lengths are typical for crystalline carboxamides [3]. 

According to the values of the corresponding torsion angles (see Table 2), in the “left” cation 

the amide group is twisted out from the plane of the aromatic ring by ≈68o, in the “right” 

cation – by ≈104o. For both cations the aromatic ring and the oxygen atom adopt a 

synperiplanar (cis) conformation with respect to the N111–C112 and N211–C212 bonds, 

while the aromatic ring and diethylamino chain adopt the antiperiplanar (trans) conformation. 

  

Table 2. Torsion angles in LidH+ cations from aromatic rings to diethylamino chain. 

Atoms (º) Atoms (º) 
C16–C11–N111–C112 67.49(17) C26–C21–N211–C212 103.84(14) 

C11–N111–C112–O112 –4.0(2) C21–N211–C212–O212 –3.2(2) 

C11–N111–C112–C113 173.06(12) C21–N211–C212–C213 173.29(11) 

N111–C112–C113–N114 158.65(11) N211–C212–C213–N214 167.90(11) 
O112–C112–C113–N114 –24.20(18) O212–C212–C213–N214 –15.45(17) 

 

In general, the flexible parts of lidocaine cations have the same conformations, but differ in 

structural details. In both cations the amido and amino nitrogen atoms adopt an antiperiplanar 

conformation. Such staggered conformation excludes the formation of an intramolecular 

hydrogen bond N–H···N noted in the lidocaine free base [4] and its molecular complex, when 
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the nitrogen atoms adopt a synperiplanar conformation [5]. On the contrary, if the carbonyl 

oxygen atom and the nitrogen atom of the amino group adopt the synperiplanar conformation, 

it leads to the formation of a relatively strong intramolecular hydrogen bond N–H···O in the 

LidH+ cations [6]. However, in the studied compound, the interatomic distance between the 

donor and the acceptor exceeds 3.1 Å, while the distance between the amino nitrogen atom 

and the carbonyl oxygen atom in the neighboring cell is 2.8-2.9 3 Å (see Table 1), as 

generated by the SHELXL program. According to this data, the picture of intermolecular 

hydrogen bonding in bis(lidocaine) tetrathiocyanatocobaltate(II) monohydrate is rather 

complicated, and consideration of the crystal packing, as well as participation in its formation 

of “non-classical” C–H···O and C–H···S hydrogen bonds, is the next step in our work. 

This research was carried out with the financial support of the Shota Rustaveli National 

Science Foundation of Georgia, project FR 18-3889. 
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A thermoelectric generator (TEG) converts heat energy (temperature differences) directly into 

electrical energy. Its operation does not depend on weather and/or time. TEGs are widely used 

in distant regions of the Earth for autonomous servicing special objects located under water 

and in space. Their use is urgent for electric supply of information and monitoring systems 

operating in hardly accessible localities.  

The wide use of microelectronic devices necessitated the creation of low-power (1-5 W), 

durable (1 year and more), continuous sources of power. Many such TEGs have been created, 

wherein radioactive isotope or natural gas is used as a source of heat. They are built on the 

base of low-temperature (Bi-Te-Se-Sb) and medium-temperature (Pb-Te-Ge) alloys. The 

building of a similar TEG on the base of high-temperature SiGe alloy seems to be more 

promising.   

The main working node of a TEG presents branched made of n- and p-type thermoelectric 

materials. They convert the heat energy into electric power. The efficiency (η) of branch is  

proportional to the temperature differences between its hot and cold ends Th-Tc and to the 

efficiency of the thermoelectric material used in it Z=α2σ/λ (where α is the Seebeck 

coefficient V.K-1, σ – electrical conductivity Ohm-1cm-1, and λ – thermal conductivity W.cm-

1K-1). Hence, the building of high-temperature TEG on the base of highly efficient 

thermoelectric materials is energetically justified.   

To build a high-temperature TEG from the known thermoelectric material, the n- and p-type 

alloys have been used [1,2]. An intensive research work at Sukhumi Institute of Physics and 

Technology in the direction of their development and practical use has been conducted since 

1954. In particular, the n- and p-type Si0.93Ge0.07 and Si0.68Ge0.32 thermoelectric alloys have 

been developed. In 1984, a reactor TEG ROMASHKA was built on the base of the first of 

them; in 1989, a reactor TEG BUK of space designation was built on the base of the second 

alloy. The both of them were successfully tested in practice. The SiGe alloys combine well 

high working temperature (up to 1100 °C) and comparatively high efficiency (Ζ=0.6-0.8.10-

mailto:barbaqa@gmail.com
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3.K-1). By these features the potential η of these alloys exceeds 10%. Additionally, the SiGe 

alloys are capable of stable operation in the air at up to 1000 °C and generate the greatest 

electrical power (up to 2 W)  from the effective area unit [3].  

Polycrystalline Si and Ge were used as main components of the SiGe alloys, amorphous B as 

doping components for p-type alloys, as well as amorphous phosphorus for n-type alloys [4-

6]. Si and Ge mass fragments were preliminarily ground by in a metal mortar and the 

produced powder was sieved in a 0.16 mm screen. Thereafter the SiGe alloy charge was 

placed in a chamber of RETSCH planetary ball mill PM-100 CM to be ground into 0.1µm 

grain-containing powder for 20 hours. The mass samples produced from the powder were 

compacted in an induction press, in vacuum, at the temperature of 1250-1370 °C, by 480 kg 

pressing, for 20-30 minutes. The matrix and punches were made from solid graphite. The 

isothermal homogenizing annealing of the samples in the air and vacuum took place at the 

temperature of 1200–1300 °C. Table 1 presents the study results of the thermoelectric features 

of the produced SiGe alloy. The described SiGe alloys synthesis method is easily performed, 

the thermoelectric characteristics being similar to those obtained by another method.  

 

Thermoelectric characteristics of n- and p-type Si1-xGex alloys at 25 °C 

x 0 1 2 3 4 5 10 20 32* 

αn . 10-6. v. K-1 98 94 90 88 88 92 97 105 142 

αP .10-6. v. K-1 145 130 101 96 95 85 92 93 105 

σn . Om-1. cm-1 2381 2000 1923 1887 1887 1666 1613 1587 769 

σp . Om-1. cm-1 2222 2128 2000 2000 1960 1923 1754 1587 1042 

λn . 10-2.W. K-1. cm–1 47 24 14 11 8.2 7.0 6.4 5.6 5.0 

λp . 10-2.W.K-1. cm–1
  51 29 14 11 9,6 7.6 6.8 6.2 5.7 

(n)  α2σ . 10-6.W. K-2. cm–1 22.8 17.7 15.6 14.6 14.6 14.1 15.2 17.5 15.5 

(p)  α2σ .10-6.W. K-2. cm–1 46.7 35.9 20.4 18.4 1.7 13.9 14.8 13.73 11.5 

Zn . 10-3. K-1 0.05 0.07 0.10 0.13 0.18 0.20 0.24 0.31 0.31 

Zp .  10-3. K-1 0.09 0.12 0.15 0.17 0.18 0.18 0.20 0.22 0.22 

32*- Characteristics of SiGe alloys used in space power engineering [6]. 

Given the electrophysical characteristics of the SiGe alloys, it was decided to build a 

monolythic mini TEG containing 16 branches (8 of n-type and 8 of p-type), the cross-section 

area of which will be 1.3x1.3 cm2, height - 2 cm. The cross-section area of each its branch 

will be 0.3x0.3 cm2, the height – 1.5 cm. The branches will be interconnected in succession. A 

natural gas burner will be used as heater, whereas an air radiator operating on the principle of 
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a heat pipe – as cooler. Under conditions of operation, the temperature of the converter’s hot 

ends will make 700 °C, and 70 °C – of the cold ends.  

Pre-estimates show that the TEG’s potential energetic characteristics in case the  n- and p-

type Si0.68Ge0.32 alloys are used [7] will be:  E=1.85 V; R= 0.56 Ohm; W=1.5 W; Q=31.2 W; 

η=6,5%. In the future, for raising the electrodriving force, 2-3-times higher α-possessing n- 

and p-type SiGe alloys will be developed.    

Figure 1 shows a photograph of a mini TEG of the mentioned design built on the base of n- 

and p-type Si0.90Ge0.10 alloys. Its branches are separated from one another by electrically 

insulating layers.   

 

Fig. 1. Mini TEG based on n- and p-type Si0,90Ge0,10 alloys 

 

The B-doped Si is used as an interconnect material of the hot side, electrode graphite being 

used as an interconnect material of the cold side. Soldering of interconnect plates with the 

SiGe alloy was carried out by the Fe-Ni alloy. The converter is mechanically stable and heat-

resistant. Its electric resistance is 0.284 Ohm, which exceeds by 6% the value calculated from 

the electric resistance of the used thermoelectric material. 
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Low-alloyed high-strength steels are widely used in various branches of modern industry, 

including construction, agricultural, transport, engineering and defense, for the manufacture 

of welded metal structures. Machinery and constructions of critical purpose require the use of 

steels of a wide class of strength in a fairly wide range of mechanical properties and, 

accordingly, of different structural and phase composition. Many structures of high-strength 

steels are structures of long-term use under external loading conditions. Therefore, the study 

of the influence of structural factors on the mechanical properties and crack resistance of 

welded joints of these steels becomes important. Nowadays in the manufacture of these metal 

structures, mechanized or automatic welding in shielding gases is used. Often they are 

replaced such progressive technologies as laser and hybrid laser-arc welding, which allow to 

obtain welded joints at increased speed with much smaller dimensions of welds and heat-

affected zones (HAZ), as well as to improve the quality of joints of high-strength steel and the 

to raise productivity of their manufacture. 

OBJECTIVES OF THE RESEARCH 

Our main idea is to obtain welded joints with high operational properties, using both 

traditional and advanced welding technologies by selecting the requisite modes for each 

process. The aim of the work was to determine the regularities of influence of the structural-

phase composition of the metal of welded joints of low-alloyed high-strength steel on the 

mechanical properties of these joints; revealing ways to optimize the welding process 

parameters (heating and cooling rates, heat input) for each method (laser and hybrid laser-arc) 

fusion welding. 

TECHNIQUES AND EQUIPMENT 

A comprehensive approach is needed to solve this problem. We adhere to it and recommend 

everyone to do it. Its essence consists in carrying out materials science research at all 

structural levels from grain to dislocation. This is done using three types of microscopy: 

Optical microscopy, Analytical scanning electron microscopy, and Transmission electron 

mailto:omberdnikova@gmail.com
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microscopy. Optical microscopy allows determining: size and microhardness of grains and 

volume fraction of the phases of the structure. Analytical scanning electron microscopy 

allows determining: chemical composition size and distribution of phase particles and make 

fractographic analysis. Transmission electron microscopy allows determining: density and 

distribution of dislocation, substructures, segregations. 

RESULTS AND DISCUSSION 

Studies were carried out on samples of welded joints of high-strength steel (0.14% C) with an 

8 mm thick bainite-ferrite structure produced by an laser (modes #1-#3) and a hybrid laser-arc 

(modes #4-#6) welding. In the case of  hybrid laser-arc welding, filler wire was used. Nd: 

YAG-laser DY 044 was used as a source of laser radiation. Table 1 presents the parameters of 

the welds: the weld width, the total width of the HAZ and the width of the overheating zone − 

I HAZ as the most important zone. The small dimensions of welds and HAZ should help 

reduce the level of local internal stresses in the metal of welded joints and increase their crack 

resistance. 

Table 1. Welds and HAZ parameters and their mechanical and structural properties. 

No. Weld HAZ I HAZ 

 Width 

(mm) 

Micro- 

hardness 

(MPa) 

Grain sizes (μm) Dislocation 

density (cm−2) 

Width 

(mm) 

Width 

(mm) 

Micro- 

hardness 

(MPa) 

Grain 

size 

(μm) 

Dislocation 

density (cm −2) 

#1 5.0 2850…3510 50…90×150…410 (2…4)·1010 2.0 0.4 3830…4170 50…90 (4…6)·1010 

#2 4.0 3450…4010 30…100×120…400 − 1.9 0.3 4010…4420 30…80 − 

#3 3.3 3870…4330 20…40×100…400 (4…6)·1010 0.8 0.25 4010…4250 30…60 (8…10)·1010 

#4 4.0 3800…4010 30…120×170…350 (4…6)·1010 1.9 0.3 3540…3900 30…60 (6…8)·1010 

#5 4.3 4050…4420 30…80×150…300 − 1.6 0.35 3830…4010 25…50 − 

#6 4.2 3360…3940 20…80×150…250 (6…8)·1010 1.4 0.23 3360…4010 20…40 (8…10)·1010 

 

In laser welding, studies have shown that at 880 J/mm (#1) a bainite-ferrite structure is 

formed in the weld metal and HAZ, mainly the BU (correspondingly 55% and 35%), Fig. 1a. 

When the heat input decreases to 316 J/mm (#3), the phase composition of the weld metal and 

HAZ changes from bainite-ferrite to bainite-martensite, Fig. 1b, c. Also crushing of the grain 

and subgrain structure in 1.3...1.4 times occurs with a certain increase in microhardness. Fine-

grained grain structure of lower bainite (BL) is mostly (45...50%) formed under conditions of 

uniform redistribution of the volume dislocation density in the weld metal ρ = (6...8)×1010 

cm–2, and in the metal of HAZ ρ = (8...9)×1010 cm–2. 
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    a                   b    c 

Fig. 1. The microstructure of welded joints produced by laser welding at 880 J/mm (a); 316 J/mm (b, 

c). 

Studies of the structure and phase composition of welded joints in hybrid laser-arc welding 

have shown that when going from 363 J/mm (#4) to 314 J/mm (#6), the phase composition of 

metal of the weld and the overheated HAZ remains the same (bainite-martensite). However, 

the volume fraction of BL decreases noticeably (up to 10...20%). Herewith, in the case of 314 

J/mm, the integral value of the dislocation density increases to ρ = 1.5×1011 cm–2 and the 

mostly structure of the BU is formed, Fig. 2c. And the most uniform distribution of dislocation 

density ρ = (4…6)×1010 cm–2 is characteristic for the BL structures at 363 J/mm, Fig. 2a, b. 

It should be noted that in this case an increase in the density of dislocations is observed while 

a decrease in heat input from 363 J/mm to 314 J/mm. Perhaps this is due to a change in the 

ratio of the contribution of the arc and laser components of the hybrid process in the resulting 

value of heat input, namely, with a relative increase in the contribution of the arc component 

from 39% to 54%.  

As a result of mechanical testing of welded joints, it was found that the most stable values of 

strength and ductility are characteristic of laser welding conditions. However, welded joints 

produced by hybrid laser-arc welding are characterized by the highest ultimate strength. 

Herewith, the optimal structure, from the point of view of phase composition (mainly BL, 

more than 50%) and a gradient-free dislocation density distribution, is formed at 363 J/mm 

with a maximum contribution to the heat input of the laser component. 
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    a        b    c 

Fig. 2.The microstructure of welded joints produced by hybrid welding at 363 J/mm (a,b); 314 J/mm 

(c). 

 

CONCLUSIONS 

The structure and properties of welded joints of low-alloyed high-strength steel depend on the 

welding methods and the modes used. 

Under various welding conditions, the following structure transformations are observed: the 

ratio of the phase components forming in the welding zones (lower bainite, upper bainite, 

martensite), as well as their parameters and volume fraction, changes.  

Hybrid laser-arc and laser welding is characterized by the formation of lower bainite 

structures with significant refinement of the grain and subgrain structure with a uniform 

distribution of the dislocation density. 

A significant increase in strength, ductility and crack resistance of welded joints of low-

alloyed high-strength steel at a decrease in heat input and a transition to laser and hybrid 

laser-arc welding evidences the validity of the relationship “welding method (modes) → 

structure → properties”. 
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Scanning electron microscopy (SEM) is one of most important techniques for materials 

characterization.  The easy of SEM application to imaging surface morphology of different 

specimens in their natural state makes this technique a necessary instrument for research study 

in such fields as metallurgy, semiconductors, ceramics, composite materials, mineralogy, etc.  

Recently the development of a new generation of high resolution (HR) and environmental 

SEM expanded its applicability to the investigation of new nanostructured and bio-materials.  

Chemical characterization of materials at micrometer scale is performed as a rule by a 

combination of SEM and Energy Dispersive Spectroscopy (EDS) techniques.  EDS in SEM 

faces frequently essential problems connected, first, to small sizes (micron and sub-micron) of 

structural constituents, which can be smaller than the characteristic size of X-ray excited 

volume.  This leads to considerable inaccuracy in results of EDS.  An additional problem 

decreasing accuracy of chemical analysis is a presence of light elements (B, C, N and O).  

Currently, determination of light elements by EDS is not specified well even for cases when 

the analyst has not restrictions in sizes of analyzed particles.  One more difficulty is a possible 

overlap of characteristic X-ray peaks of metals with peaks of light elements (for example, 

strong overlap of Ti L and N K characteristic peaks).  Taking into account that carbon is 

most frequently contained in surface contaminations and presence of oxygen can be often 

explained by partial surface oxidation one can conclude that EDS analysis of such specimens 

is extremely difficult and ambiguous.  One way to override the indicated difficulties is to 

combine a local chemical data with a local crystallographic data.  However, obtaining a local 

crystallographic information about structure, orientation relationship, preferred orientation, 

etc. in SEM presented a real challenge until recently.  In the present paper, principles and 

possibilities of two techniques for determination and analysis of local crystallographic 

structure in SEM: Electron Back Scatter Diffraction (EBSD) and Transmission Kikuchi 

Diffraction (TKD) [1, 2] will be considered. 
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EBSD patterns are formed in SEM when a stationary probe is focused on a steeply inclined 

specimen.  Initially, the incident beam is scattered quasi-elastically through large angles 

within the specimen, so that the electrons diverge from a point source just below the specimen 

surface and impinge upon crystal planes in all possible directions (Fig.1, at the left).  

Subsequent elastic scattering of the divergent electrons by crystal planes forms an array of 

Kikuchi cones whenever the Bragg condition 

2d sin = n 

is satisfied (Fig.1, at the right). 

 

Fig.1:  Schematic of EBSD patterns formation. 

Two Kikuchi cones are associated with each crystal plane.  The diffracted electrons emerge 

from the specimen on the surface of these cones whose axes are normal to the diffracting 

plane.  The distribution of diffracted intensities is recorded by the intersection of the Kikuchi 

cones with a CCD, where the resulting EBSD pattern can be viewed (Fig.2).  An example of a 

real EBSD pattern measured from Ni is shown in Fig.3.  Analysis of EBSD patterns provides 

the crystal symmetry of the analyzed phase, and crystallographic information from highly 

localized regions on the sample surface.  The analyzed region in EBSD technique has lateral 

dimensions about 0.1 m and the depth less than 0.05 m. 

TKD utilizes the same principles as EBSD but is applied to thin specimens transparent for 

primary electrons with 20–30 KeV energy.  TKD allows improving dramatically the lateral 

resolution. Twins of 5 nm size in gold membrane can be easily seen in TKD map (Fig.4).    
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Fig.2:  Schematic of EBSD setup.  

Fig.3:  EBSD pattern measured from Ni sample. 
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Fig.4:  TKD map measured from unsupported gold membrane of 50 nm thick. 

Use EBSD & TKD in SEM provides the researcher with valuable structural information.  

Typical applications are as follows: phase identification, point group determination, EBSD & 

TKD mapping making it possible grain boundary determination, grain size analysis, 

misorientation and preferred orientation analysis, phase distribution analysis, etc.  In addition, 

a combination of EBSD & TKD results with those obtained by EDS allows overriding the 

fore mentioned difficulties in interpretation of EDS results and doing these results 

unambiguous. 
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Synthesis and oxygenation of high-temperature superconducting specimens is a complex 

process [1,2], which in order to obtain an optimal result 

requires the settling of such problems as: achieving in 

the oven an exactly fixed temperature in the definite 

time; temperature rate control; the given temperature 

stability in a desired time interval; visual control of the 

going process parameters, etc.  

On the basis of these requirements a device MEISSA has 

been developed to control and record data in a system for 

oxygenating high-temperature superconducting 

specimens (Fig. 1).  

The oxygenation process of specimens is going in a high-temperature compact continuous 

cylindrical oven. It accommodates a quartz 

pipe (Fig. 2), containing, in turn, test 

specimens. A K-type thermocouple is 

mounted in the same quartz pipe as a 

temperature transmitter; the control scheme 

is built on the OMEGA-made SN7200 

temperature controller.  

 

 

Fig.2. Quartz tube with thermocouple 

Fig.1. Unit MEISSA 

https://link.springer.com/article/10.1007/BF03220967
https://link.springer.com/article/10.1007/BF03220967
mailto:bezhan2003@yahoo.com
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The schematic circuit of the MEISSA unit is given in Fig. 3. 

For more comfortable control over the technological process, visualization and memorization 

of the current physical parameters, the National Instrument NI USB-6009 multifunctional I/O 

device has been added to the system. Information about the current temperature and oven 

voltage is supplied from the MEISSA unit at its input, the output being connected to a 

personal computer. LabView - a software using graphical diagrams to create virtual 

instruments, enables making a virtual device on a PC monitor [3-5] for demonstrating the 

technological process.  

The front view of the created virtual device is depicted in Fig. 4, while the flowchart in Fig. 5.  

Fig.3. Schematic circuit of the MEISSA unit 

Fig.4. Front panel of the  virtual instrument Fig.5. Block diagram of the virtual instrument 
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Thus, MEISSA – a device for controlling and data recording the system of high-temperature 

superconducting specimens’ synthesis in the oxygen environment has been designed and 

manufactured.  It allows for oxygenating superconducting specimens placed into a compact 

continuous cylindrical oven under different algorithms of temperature conditions, its 

temperature stability within 201000°C not exceeding ±1°C. The process control is exercised 

by the OMEGA-made SN7200 temperature controller; as for data organization and 

communication, it is ensured by the National Instrument NI USB-6009 multifunctional I/O 

device.  The current technological process parameters can be controlled both on the front 

panel of the physical device, as well as on the front panel of the virtual device created in a PC 

environment by the graphical diagrams of the LabView software. Similarly, the automatic 

recording of data in a PC takes place in the form of Excel files. The device has been 

functioning for several years now and has proved itself as a simple and reliable operational 

tool for controlling ovens of different type. 
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Ternary intermetallic systems based on Ti-Al-Me are actively studied for the alloys 

production with a unique set of properties (low density, strength, heat resistance, oxidation 

resistance, as well as biological compatibility with human tissues) due to which they are 

widely used in the aerospace industry, medicine, electronics etc. [1,2]. Among these ternary 

intermetallic the Heusler alloys (compounds of the general formula X2YZ, where X, Y are 

transition metals, Z are elements of III-IV groups) are of special interest. Heusler alloys 

exhibit shape memory properties, superelasticity, magneto-optical and magnetocaloric 

properties, and possibility for control of these properties by magnetic field [3]. 

Basically, the Heusler alloys are produced by spark plasma sintering (SPS), selective laser 

sintering (SLS), but in most cases in industry these alloys are produced by arc-melting (AM) 

in argon atmosphere. In this work the method of self-propagating high-temperature synthesis 

(SHS) was used as an alternative process for Co2TiAl, Fe2TiAl and Cu2TiAl Heusler alloys 

production. 

Metal powders of Co (d ~20 μm), Fe (d ~ 20 μm), Ti (PTM, d ~ 11 μm), Al (АSD-4, d ~ 6 

μm) and Cu (d ~ 20 μm) were used. Initial powders were thoroughly mixed for 10 min in a 

molar ratio of (2Co+Ti+Al), (2Cu+Ti+Al) and (2Fe+Ti+Al) in a porcelain mortar until a 

homogeneous mixture.  The powder mixture was pressed into cylindrical samples with a 

diameter of 12 mm and height of 15 mm, which then were placed in a reaction furnace 80 mm 

high and 20 mm in diameter. Samples were heated preliminary up to the initiation of the SHS 

reaction. After the initiation of the SHS reaction, the heating of the reaction furnace was 

turned off. The synthesis was carried out in vacuum at a pressure of 1.33·10–3 Pa or in an 

argon atmosphere of ~ 105 Pa. 

2Co-Ti-Al system: The synthesis of samples in the 2Co-Ti-Al system occurred in the thermal 

explosion mode. The reaction proceeded simultaneously throughout the entire volume of the 

sample, while the maximum rate of temperature rise reached 3500 ºС/sec. The temperature of 

the ignition temperature in vacuum (Fig. 1(a)) is 565 ºС, which is almost 100 ºС lower than 

mailto:busurina@ism.ac.ru
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the Al melting point and indicates the beginning of the solid-phase reaction. The maximum 

combustion temperature of thermal explosion in vacuum is 1470 ºС. 

 

    

                                     (a)        (b) 

Fig.1 Temperature profile of the combustion of (2Co+Ti+Al) mixture in vacuum and argon (a) and 

XRD of combustion products of 2Co-Ti-Al system (b). 

 

The XRD analysis (Fig.1, a) of synthesized materials in vacuum showed the presence of the 

Co2AlTi phase (Heusler phase), the content of which was 99 wt. %. The unit cell parameter of 

Co2TiAl was a=5,8433±0,0002 Å. The synthesized product has a homogeneous 

microstructure (Fig.2, a) and consists of Co2TiAl grains with an average size of 20 μm. The 

results of energy-dispersive analysis (EDA) confirmed the chemical composition of the main 

phase Co2TiAl (points 5.6 in Fig. 2, b). 

2Fe-Ti-Al system: Phase formation in the 2Fe-Ti-Al system during SHS largely depends on 

the experimental conditions (particle size of the initial mixture, initial temperature, heating 

conditions, heat transfer, etc.). SHS in the 2Fe-Ti-Al system took place in the thermal 

explosion mode. The maximum combustion temperature of the SHS reaction reached 1136 

ºС, the ignition temperature was 590 ºС. X-ray phase analysis (XRD) of products synthesized 

in vacuum showed that the main phase is Fe2TiAl (Heusler phase) (Fig. 3, a,b) with content 

no less than 82,8 wt. %. 
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(a)       (b) 

Fig.2 Microstructure of cross-section and EDA in points of combustion product of 2Co-Ti-Al system. 

 

 

 

(a)                                                                           (b) 

Fig. 3. XRD and EDA of the combustion products of the 2Fe-Ti-Al system.  

 

2Cu-Ti-Al system: Combustion in the 2Cu-Ti-Al system in the SHS process took place in the 

frontal mode with a combustion velocity ~ 10-15 mm/s. The maximum combustion 

temperature reached 982 ºС. X-ray phase analysis of combustion products (Fig.4, a) showed 

that the main phase is Cu2TiAl (Heusler phase) with a content about 96.4 wt. %. Secondary 

aluminides phases (Cu9Al4 and Ti3Al2) were also formed in the synthesized product. In the 
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microstructure (Fig. 4, b), grains of the Cu2TiAl ternary phase is surrounded by an interlayer 

with inclusions of titanium and copper aluminides. 

 

(a)                                                                     (b) 

Fig.4. XRD (a) and (b) of of the combustion products of the 2Cu-Ti-Al. 

 

For all systems, the properties of the synthesized products were investigated. Porosity and 

microhardness were measured. Magnetic and electrophysical measurements were carried out 

in a wide temperature range. 
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ABSTRACT  

A system of differential equations is derived that simulates the process of chemical synthesis 

of boron carbide / titanium diboride composites in nanopowdered form from a liquid charge is 

suggested and analyzed in view possible routes of its solution. Such a mathematical modeling 

should lead to optimized parameters of the technology of production boron carbide based 

nanocomposites, the important class of hard materials with diversity of industrial applications. 

Because of complex of properties useful for diversity of industrial applications, boron carbide 

based nanocomposites serve for the important class of advanced hard materials. I previous 

works [1 – 9], authors have developed an effective method of their chemical synthesizing in 

nanopowdered form from corresponding liquid charge. As is known, e.g. see [10], 

optimization of parameters of chemical technologies is possible through their mathematical 

modeling. Here, we develop a system of differential equations describing time-evolution of 

concentrations of reactants, intermediate substances, and products of chemical reactions 

leading to the formation of boron carbide / titanium diboride B4C–TiB2 nanocomposites. 

In this case, the precursors must contain sources of boron B, carbon C, and titanium Ti. In the 

original technology developed, the sources of boron are powders of elemental boron in the 

amorphous structure a-B, boron oxide B2O3 or boric acid H3BO3. A carbon source is some 

liquid organic compound CxHyOz, and titanium source is a powder of titanium dioxide TiO2. 

From these precursors, a liquid mixture is prepared in the form of a suspension aqueous 

solution, which is subjected to a multi-stage heat treatment in order to obtain reactants. 

As a result, the boron-containing reactant is always obtained in the form of amorphous boron 

a-B powder. By pyrolysis of the organic solvent, carbon is reduced in the form of graphite 

carbon black in turbostratic structure t-C. Carbon is also contained in the emitted carbon 

dioxide CO2. At the high temperature (> 700°C) heat treatment stage, these two components 

mailto:levaniantashvili@yahoo.com
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interact with the formation of carbon monoxide CO: CO2 + C → 2 CO. The production of a 

carbide-based composite product requires an excess of free carbon over its dioxide. Under 

relevant conditions, the carbon-containing reactants are C and CO (not CO2 and CO). The 

titanium-containing reactant is TiO2 powder, which practically does not undergo any change 

during the preliminary heat treatment. 

In the physical chemistry standard approach [11], mathematical modeling of a technological 

process is carried out based on its representation by a combination of homogeneous, 

irreversible, and formally simple chemical reactions that are isothermally occurring in a 

closed system. As the reactants are B, C, CO, and TiO2, and B4C and TiB2 must be contained 

in the products, it is needed to write down a system of formally simple chemical reactions 

leading to the corresponding transformation. 

A qualitative analysis of the problem leads to the conclusion that this transformation is 

feasible through the following chemical reactions: 

C + TiO2 → TiO + CO,        (1) 

3CO + TiO → TiC + 2 CO2,       (2) 

2B + TiC → TiB2 + C,        (3) 

4B + C → B4C.         (4) 

Hence, in addition to boron carbide with the approximate chemical formula B4C and titanium 

diboride TiB2 the product is carbon dioxide CO2 as well. Free carbon C being a reactant in 

reactions (1) and (4) in reaction (3) is an intermediate substance. Similarly, carbon monoxide 

CO being a reactant in reaction (2) in reaction (1) is an intermediate substance. And finally, 

according to reactions (1) and (2) titanium oxide TiO and according to reactions (2) and (3) 

titanium carbide TiC serve for intermediate substances. 

By standard definition, the order of a chemical reaction is the total number of particles – 

“molecules” interacting in an elementary act of collision. Therefore, for reactions (1 – 4), the 

orders are 2, 4, 3, and 5, respectively. As practice shows, the order of a simple chemical 

reaction cannot exceed 3 and, therefore, reactions (2) and (4) seem to be complex. The 

establishment of real, i.e. effective, orders for these reactions requires more detailed 

consideration of their chemical mechanisms. 

First, note that the icosahedral cluster B12 is the main structural motif for any condensed phase 

of elemental boron (as well as boron-rich compounds), including amorphous boron [12]. It 

remains stable only in the powder particle bulk and upon (in our case, high-temperature) 

ablation from the particle surface the B12 cluster takes a quasiplanar form with broken bonds 
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and, accordingly, greatly increased chemical activity [13]. For this reason, it is natural to think 

that not 4 individual B atoms enter into the reaction, but a B12 quasiplanar cluster. Clusters 

formation is also characteristic of carbon ablation. One of the highest mass spectrometric 

peaks corresponds just to C3 clusters [14]. Therefore, the mechanism of reaction (4) can be 

represented as the interaction of only two particles – clusters B12 and C3. Similarly, 

mechanism of the reaction (3), in which elemental boron also acts as a reactant, seems to be 

the interaction of B12 cluster with (TiC)6 fragment of the titanium carbide structure. At high 

temperatures, in a medium containing both carbon and oxygen various oxycarbon structures 

are formed. Among small oxycarbonic clusters [15] only (CO)3 is metastable and, for this 

reason, hyperactive chemically. Therefore, mechanism of the reaction (2) is represented as the 

interaction of a metastable cluster (CO)3 with a fragment of the titanium oxide structure in the 

form of a diatomic TiO molecule. Already in its original form, order of the reaction (1), is 2. 

However, most likely, it is carried out not by the interaction between C atom and TiO2 

molecule [16], but some small carbon cluster, for example, C3 and the corresponding 

fragment (TiO2)3 of the titanium dioxide structure. 

Finally, the process for producing boron carbide / titanium diboride composite is represented 

by a combination of simple reactions, 

                                 C3 + (TiO2)3 → 3 TiO + (CO)3,              (1b) 

(CO)3 + TiO → TiC + 2 CO2,    (2b) 

B12 + (TiC)6 → 6 TiB2 + 2 C3,    (3b) 

B12 + C3 → 3 B4C,     (4b) 

which are second-order chemical reactions, since the reactants are formally representable by 

pairs of interacting clusters. As all components of the process –reactants, intermediates, and 

products – are in finely dispersed phases (nanopowders, clusters, and gases), it can be 

assumed that components mixing achievable is reasonably good to consider system to be 

homogeneous. In this case, the reaction space is the volume and the components are 

quantitatively characterized by the concentration, the number of “molecules” of a substance 

per unit volume. 

Now we discuss the applicability of another important assumption of the mathematical model, 

which is the closeness of the system, i.e. lack of exchange of matter between the reaction 

chamber and the environment. The final – most high-temperature stage of heat treatment of 

the precursors mixture is carried out in the same chamber in which the main process of 

composite synthesis in an inert gas – argon flow. The gaseous products of the precursor 
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pyrolysis, which do not turn into reactants of the main process, are carried away by this flow. 

Three of the four reagents, namely B, C, and TiO2 are in the solid phase. The fourth reagent 

CO most likely is not a diatomic molecular gas, but exists in the form of oxycarbon clusters 

(CO)3 and others. So, it is clear that the reactant is not supplied to the system. 

Target products B4C and TiB2 are obtained in the solid phase. As for the non-target product 

CO2, it is formed in the gas phase and, therefore, is carried out by argon flow from the 

chamber. Despite the presence of such exchange of CO2 gas with environment, the reaction 

chamber can still be considered to be effectively closed. The fact is that with an adequate 

choice of the composition of the charge the system has not any excess of free carbon, with 

which carbon dioxide could react. In other words, CO2 even left in the system would behave 

like an inert gas, would not affect the composition and quantity of the target product. 

According to the acting masses law, the power-law dependence of a simple chemical reaction 

rate on the concentrations of reagents determines its order. Therefore, the rates of reactions (1 

– 4) should be the square functions of the concentrations of corresponding reactants. This 

significantly simplifies the system of kinetic equations. It is convenient to operate with 

concentrations of “molecules”, compositions of which correspond to the formula units of 

substances, and not clusters actually participating in the reactions. In this case, for the rates 𝑉1 

, 𝑉2 , 𝑉3 , and 𝑉4  of these reactions we have: 𝑉1 = 𝑘1[C][TiO2] ,    (1c) 𝑉2 = 𝑘2[CO][TiO] ,    (2c) 𝑉3 = 𝑘3[B][TiC] ,    (3c) 𝑉4 = 𝑘4[B][C] .     (4c) 

The reaction constants 𝑘1 , 𝑘2 , 𝑘3 , and 𝑘4 included here by definition are positive and do not 

depend on the reactants concentrations. They noticeably (according to the Arrhenius law) 

depend on temperature and, to a lesser extent, on other process conditions – pressure of the 

flowing gas, reactants phase states and dispersion, etc. If the process is not isothermal, i.e. 

temperature in the chamber changes these parameters become complex functions of time, 

which significantly complicates the solution of the equations of chemical kinetics. 

In the considered technological process, during the heating period the basic chemical 

reactions described above proceed too slowly. As for the cooling stage effect, it begins after 

the almost complete consumption of all reactants and, therefore, the practical completion of 
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the formation of products. Therefore, the assumption that the process in question is 

isothermal, and the reaction parameters are time constants is quite acceptable. 

Chemical reactions reduce the concentration of reactants. Therefore, the rates of their change 

in sign are opposite to the reaction rate sign, i.e. are negative. As the concentrations of 

products increase, the rate of change, on the contrary, turns out to be positive. In any case, the 

magnitude of the reaction rate is multiplied by the stoichiometric coefficient of this 

component in the reaction. Based on these comments, the desired system of kinetic equations 

is written in the following form: 

                                      
𝑑[B]𝑑𝑡 = −4𝑘4[B][C] − 2𝑘1[C][TiO2] ,  (5) 𝑑[C]𝑑𝑡 = −𝑘4[B][C] ,    (6) 𝑑[TiO2]𝑑𝑡 = −𝑘1[C][TiO2] ,   (7) 𝑑[CO]𝑑𝑡 = −2𝑘1[CO][TiO2] ,   (8) 𝑑[B4C]𝑑𝑡 = +𝑘4[B][C] ,    (9) 𝑑[TiB2]𝑑𝑡 = +𝑘1[C][TiO2] ,   (10) 𝑑[CO2]𝑑𝑡 = +2𝑘1[C][TiO2] .   (11) 

These equations, which determine the rates of change in the concentrations of reactants and 

products, were obtained by excluding the concentrations of intermediates TiO and TiC. The 

condition that the rates of change in their concentrations equal zero leads to the relations: 𝑘2[CO][TiO] = 𝑘3[B][TiC] = 𝑘1[C][TiO2] . 
Since mathematical modeling of chemical process kinetics involves solving system of first-

order differential equations describing the reactant and product concentrations evolution with 

time 𝑡, it is necessary to provide the initial conditions in the form of concentrations at the 

initial ( 𝑡 = 0 ) and final ( 𝑡 = ∞ ) time points, respectively, for reactants and products: [B]0 , [C]0 , [TiO2]0 , [CO]0 , [B4C]∞ , [TiB2]∞ , and [CO2]∞ . Some of these values can be related 

with each other. In order to find a relation for the process under consideration, we introduce 

the stoichiometric coefficients 1 − 𝑥 and 𝑥 of the product component (B4C)1–x(TiB2)x, where 𝑥 < 1 . Since we deal with a composite based on boron carbide, not titanium diboride, the 

inequality 1 − 𝑥 > 𝑥 or 𝑥 < 1/2 must be held, and [B4C]∞/[TiB2]∞ = 1/𝑥 − 1 . The 

concentrations of reactants and products at the final and initial time points, respectively, 

should be zero. 
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Subsystem of 3 equations (5 – 7) contains just 3 unknown functions – concentrations of solid-

phase reactants [B] , [C] , and [TiO2] . We have converted it into the form, where each 

equation contains only one unknown function and parameter 𝑝 = 4𝑘4/𝑘1 . In particular, 

equation for [TiO2] contains term proportional to [TiO2]𝑝. In general, 𝑝 ratio is not a rational 

number and, consequently, such equation cannot be integrated in elemental functions. But, if 𝑝 is a rational number a simple transformation of unknown function converts equation into 

form with integer instead of 𝑝 . The choice of 𝑝 = 1 is impossible because divergent 

coefficients in the equation. So, simplest choice for analytical solvability is: 𝑝 = 2 . For this 

test case we have find non-explicit, but analytical solution: 

(1 − 𝑎1[TiO2]) 1𝑎1𝑎2−1 (1 − 𝑎2[TiO2]) 1𝑎2𝑎2−1 = 𝑎3exp (−𝑎1𝑎2𝑘1𝑡) , 

where 𝑎1 , 𝑎2 , and 𝑎3 are the integration constants to be determined via initial concentrations 

of these reactants: [B]0 , [C]0 , and [TiO2]0. 

Our further efforts will be directed on obtaining analytical solutions in special functions and / 

or numerical solutions. 

This work was supported by Shota Rustaveli National Science Foundation of Georgia 

(SRNSFG) – Grant # AR–18–1045: “Obtaining of boron carbide-based nanostructured 

heterophase ceramic materials and products with improved performance characteristics”. 
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INTRODUCTION  

Last years, more and more attention is paid to the development of a new class of structural 

materials - deformable high-strength cast irons. It is explained by the fact that the use of hot 

plastic deformation methods for the manufacture of cast-iron products make it possible to 

intensify technological processes, reduce metal losses and increase the level of its mechanical 

and exploatation characteristics. Besides this, the combination of hot plastic deformation with 

austempering and isothermal quenching processes have a multifactorial effect on the structure 

and properties of high strength cast iron. At the same time, the influence of the degree of 

preliminary hot plastic deformation on the homogenization and grain size of austenite, which 

significantly determine the phase composition and morphology of isothermal quenching 

products in the intermediate temperature area, remains poorly studied for high strength cast 

iron [1,2]. In the present work the cast and deformed silicon cast irons has studied.    

EXPERIMENTAL PROCEDURES: 

The experimental meltings of cast iron were carried out in a 50-kg-capacity crucible using an 

electrical induction furnace of intermediate frequency. The furnace charge consisted of High-

Purity Pig Iron: 3.62% C, 2.00% Si, 0.35% Mn, 0.003% S, 0.06% P and up to 10% steel 

scrap. After melting at 1350°C, the liquid metal was held for 5 min followed by 

spheroidization operation of graphite inclusions by treatment with metallic Mg. The cast iron 

was poured at   1430°C into Y block ingots (30 mm). The chemical composition of smelted 

cast iron is presented in Table 1.  

The part of cast ingots were rolling in a laboratory mill at a speed of 0.8 m/sec, with various 

degrees of deformation (summary Ɛ≈65%) after 950°С heating. Ingot and deformed  

specimens have been isothermal quenching at the temperatures: 280°С and 400°С within 30 

minutes in the melt  Pb-Sb metallic alloy bath, after austenization at  900°С during 20, 40, 60 
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and 90 minutes. For study the relation of characteristics structure components of high strength 

cast iron the metallographic and X-ray structural analyzes were used.  

   Table 1 

Elements C Si Mn S P Mg 

Weight , % 3.45 2.30 0.25 0.003 0.05 0.045 

 

According to the data obtained, the studied cast irons, depending on the degree of plastic 

deformation, differ in the form of graphite inclusions, in the amount of retained austenite and 

in the dispersity of the metal matrix. In cast irons, which degree of hot plastic deformation 

does not exceed 30%, graphite inclusions retain in their spherical shape, and at higher degrees 

of deformations they are elongated to the direction of deformation. A metallographic analysis 

of studied samples shows that with an increasing plastic deformation degree of ductile iron, 

the metallic matrix grain size decreases and the volume fraction of bainite increases. An 

irregular distribution of carbon is determined in the primary austenite at the beginning of 

austenitization. The isothermal decomposition of the primary austenite,  inhomogeneous in 

composition in the intermediate temperature area is followed by the formation of a bainitic 

metal matrix with an irregular distribution of the structural components. This is explained by 

the higher stability of the areas of high-carbon austenite and requires optimization of 

continuing austenitization, ensuring the homogenization of the metal matrix without intensive 

growth of austenitic grain. An increase the degree of deformation causes dimensional 

inhomogenity of bainitic crystals, the finest of which are located near graphite inclusions. In 

the course of research it was determined that a change of the deformed state influences 

multivalued on the processes of formation of the final structure of cast irons during their 

subsequent thermal treatment. According to the data of X-ray diffraction analysis, the 

increasing plastic deformation up to 30%, causes increasing the proportion of bainitic 

constituent in the structure of the metal matrix of studied specimens. The typical X-ray 

diffractogram of studied austempered ductile irons are presented in the Figure 1. This 

dependency is evidently due to the grain size refinement of the primary austenite and the 

increasing of nucleation centers number of bainitic crystals. More significant plastic 

deformation causes decreasing the completeness of the —α transformation regardless of the 

temperature of   isothermal  quenching,  which   is  the  result  of   intensification  of  the  

carburization  processes of austenite  due to shape changing of graphite inclusions.  As it 
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seems from the presented data of figure1, with an increase of austenitization time, the amount 

of retained austenite continuously increases and stabilizes at final homogenization of primary 

austenite in all isothermally quenched cast irons (fig 2). 

 

                                                                                                      Fig.1. XRD diffractogram of   

                                                                                                                 bainitic ductile iron  

 

 

 

 

  

 

 

 

 

 

 

                                      a                                                                                          b 

Fig.2. Influence of austenization time on the amount of retained austenite after isothermal                         

treatment within 30 minutes at the temperatures: a) 280°С and b) 400°С. 

 

Typical microstructures of investigated ductile irons are presented in the Fig. 3, Fig.4.  
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                           a                                                    b                                                    c 

Fig.3. Microstructures (X400) of isothermal quenched (at the 280°C) ductile iron,  depending on the 

degree of plastic deformation:  a) Ɛ≈30%,   b) Ingot,  c) Ɛ≈65% 

 

     

                           a                                                     b                                               c 

Fig.4. Microstructures (X400) of isothermal quenched (at the 400°C) ductile iron, depending on the 
austenitization time:  a) 30 min,  b) 45 min,  c) 60 min 

 

CONCLUSIONS                             

Based on the data obtained, it can be concluded that a combination of hot plastic deformation 

and isothermal quenching processes allows more wider influence range on the process of 

structure formation of high-strength cast irons. During the experiments it was determined that 

hot plastic deformation: 

Increases the dispersion of grains of the metal matrix and accordingly microhardness by 4-6 

units of HRC; 

Increases the degree of decomposition of the primary austenite during isothermal quenching, 

if the degree of plastic deformation does not exceed 30%; 

Causes elongation of graphite inclusions and stabilizes the primary austenite with an 

increasing degree of deformation over 30%; 

Increases the diffusion activity of carbon, accelerates the process of homogenization of the 

primary austenite and reduces duration of austenitization as whole at a compression degree 

over 30%. 
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One of the best methods for hardening and restoring metal products is their processing by 

electrospark alloying, i.e. the  transfer of alloying material to the treated surface by the 

appearance of sparks during electric discharge. This method allows the alloying of the surface 

layers of parts using conductive metals, alloys and composite materials. The result is coatings 

that are closely related to the base metal. The precise selection of alloying electrode materials 

makes it possible to obtain coatings with the desired properties. It is desirable to cover 

operating parts at high temperatures, in aggressive environments and in intense wear 

conditions with heat-resistant, wear-resistant and corrosion-resistant layers.  Such a coating is 

used to select a nickel-chromium alloy hardened by inclusions of particles with high 

hardness.[1-3]. 

In the F. Tavade Institute of Metallurgy and Materials Science, the aluminothermic reduction 

of nickel and chromium chlorides (CrCl3, NiCl2), with the participation of powder reinforcing 

particles, hardening phases of chromium carbide (Cr3C2), involved in the preparation of 

cermet powder NiCr-Cr3C2, each particle of which is a solid base metal  solution (80% Ni - 

20% Cr) reinforced with dispersed inclusions of chromium carbide. 

For electrospark alloying of metal surfaces, compact electrodes (4X5X40 mm) were obtained 

by pressing and sintering a NiCr-Cr3C2 powder mixture.  To compare wear resistance, U8 

steel specimens were coated using standard T15K6 hard alloy electrodes. 

The experiments were carried out on electrospark alloying devices "Elitron 10" and "Elitron 

12".  The thickness of the coating and its quality indicators depend significantly on the short-

circuit current.  From its optimum value (8A), the thickness reaches 130 μm.  Subsequent 
raising of the short-circuit current does not affect the coating thickness. 

The microhardness of the coating, both upon coating with T15K6 hard alloy electrodes and 

after coating with NiCr-Cr3C2 cermet electrodes, is obtained from the same order and varies in 

the range of 1000-1400 kg / mm2.  As for the thickness of the alloyed layers (R.1. A, b), in 

any case, both standard hard alloys and electrodes are obtained from test powders in the 

amount of 0.80 - 0.130 mm.  The thickness of the coating depends mainly on the power 

parameters of the electric spark alloying plant. 

Figure 1 shows microphotographs of the coating obtained by electrospark alloying.  
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                                                         x 100                                                             x100   

                                       а                                                                  b 

                                      a - alloyed by an electrode of steel T15K6; 

                                      b - alloyed by an electrode of NiCr-Cr3C2. 

Fig. 1 Microphotographs of the coating obtained by electrospark alloying (the main material is steel 

U8). 

 

 

Fig. 2 The microstructure of the layers hardened by electrospark alloying. 

 

                                                                                                 

       
                                   х 500                                                 х 500 

                                               a                                                             b 

 

                                a - alloyed by an electrode of steel T15K6; 

                                b - alloyed by an electrode of NiCr-Cr3C2. 

 

Fig. 2 shows the microstructure of the layers hardened by electrospark alloying. 

 

The results of microstructural analysis and microhardness measurements show that carbide 

inclusions have a thick, elongated shape. Together with thick carbide inclusions, relatively 

small particles of different orientations are visible. From the surface of the coating to the 

boundary of the treated part, the hardness decreases. 

The hardness of the alloyed (“white”) layer significantly depends on the appearance of new 
phases, which are formed by the chemical interaction of the elements of the alloying electrode 

with the material of the workpiece. It should be noted that the microhardness of the transition 
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layer is relatively lower than the microhardness of the base metal. This is due to the partial 

tempering of the transition layer of hardened steel (U8) due to the influence of temperature in 

the process of electro-alloying. 

In order to establish the optimal parameters for obtaining a coating by electrospark alloying, 

the process modes changed. Under conditions of an oscillation frequency of 100 Hz and a 

current strength of 5 A (soft mode), the coating thickness was reached 40-60 μm, which was 
insufficient for the necessary hardening of this surface. Under conditions of a frequency of 

200 Hz and a current strength of 8A (enhanced mode). the coating thickness reached 100-130 

microns, but the surface was rough. To obtain a smooth surface, alloying was carried out first 

by enhanced mode, after which the same surface was coated with a relatively soft mode. 

Tests on the wear of the rollers, the duration of each cycle of which was 10 min, were carried 

out on the installation "SMC-2". The wear rate of the lower roller was 15%, the shaft rotation 

frequency was 300 rpm, and the pressure on the test sample was 60 kgf. The results of the 

wear tests are shown in Table 1. 

The wear resistance of surfaces doped with NiCr-Cr3C2 electrodes is obtained in the same 

order as coatings made of standard hard alloys. 

                                                                                                       

  Table 1.   Test results of electric spark coating with a pressure of 60 kgf. 

 

# 
Anode 

material 

Sample weight, g Wear test time, min 

Before 

alloying 

After 

alloying 10 20 30 40 50 60 

1 NiCr-Cr3C2 
164,6 

163,5 
164,7 

164,8 

163,4 

164,7 

163,3 

164,7 

163,2 

164,7 

163,2 

164,7 

163,1 

164,7 

163,1 

2 
T15K6 

(standard) 

163,7 

164,5 
163,8 

163,9 

164,3 

163,9 

163,3, 

163,8 

164,2 

163,8 

164,1 

163.8 

164,1 

163,8 

164,0 

 

CONCLUSION 

 

Joint aluminothermic reduction of nickel and chromium chlorides (CrCl3, NiCl2) with the 

participation of powder particles of the reinforcing and hardening phases of chromium carbide 

(Cr3C2), a ceramic-metal powder NiCr-Cr3C2 was obtained. Each powder particle is a metal 

base of a solid solution of nickel-chromium (80% Ni-20% Cr) reinforced with dispersed 

inclusions of chromium carbide. 

By compacting and sintering powdered NiCr-Cr3C2, compact electrodes (4X5X40 mm) were 

manufactured for electrospark alloying of the surfaces of metal parts. 

The microhardness and wear resistance of surfaces doped with NiCr-Cr3C2 electrodes is 

obtained in the same order as the surfaces coated with electrodes of a standard T15K6 hard 

alloy. 
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The metallurgical industry is one of the most massive material-forming industries. High 

amount of by-products, in the form of mill scale sludge is generated every year in each section 

of steel making plants due to hot rolled metal processing at elevated temperatures. Mill scale, 

often called as scale, is the flaky surface consisting of the iron oxides iron(II) oxide (FeO), 

iron(III) oxide (Fe2O3), and iron(II,III) oxide (Fe3O4, magnetite). It can be considered as a 

valuable metallurgical raw material for iron and steel making industry [1, 2]. The strict 

environmental regulations as well as the valuable metallic content cause the ability to recycle 

mill scales become an important issue. Currently, many metallurgical plants have 

accumulated large amounts of mill scale in the dumps, containing oils (4-12 %), moisture (4-

18 %). After the removal of oil and water, this material contains up to 70% of iron with the 

minimum amount of sulfur compounds and can be effectively used in both blast and steel 

smelting operations. The solution of this task is becoming more effective due to the world 

deficit and the constant growth of the cost of iron ore, as it allows to reduce raw materials 

dependence and improve the ecology. So, there has been a big tendency to recover the 

valuable iron content in the production process. 

Accordingly, most used route to recycle the iron content wastes, briquettes are charged into 

blast furnace due to its reducing atmosphere or into the electric arc furnace (EAF) during the 

melting of stainless steel scrap [3]. These processes allow the processing of mill scale in the 

metal product, but the economic efficiency remains at a sufficiently low level.  

The most effective approach is the use of energy efficient technologies and the expansion of 

nomenclature of the products obtained from the recycled scale. In this regard, the present 

study was conducted to evaluate the possibility, efficiency, and consequences of the reduction 

of mill scale in combustion mode. A promissory route to production of cast different 

composition ferro alloys is using technique which was called the “SHS-technology of 

hightemperature melts” or the “SHS-metallurgy” [4, 5]. This is an energy-saving technique 

due to the use of internal energy released in high-caloric combustion reactions. Early, the 

mailto:svn@ism.ac.ru


55 

possibility of preparation on cast ceramic coatings inside metallic pipes firstly was 

demonstrated by reprocessing of mill scale [6]. 

In the work the scales generated from steelmaking plants were collected and used for 

reparation of powder mixtures with the reducing agent (Al) and alloying additives (Si, B). The 

average particle size was 50–100 μm for the scale and less than 140 μm for aluminum (brand 

PA-4). The weight of the initial mixture for combustion was constant in all experiments (1200 

g). Combustion was carried out in graphite moulds 80 mm in diameter. The inner surface of 

the graphite molds was laminated with Al oxide (Al2O3) to ensure minimal reactive 

interaction between the form material and metal melt. 

Our previous studies have demonstrated that the SHS process carried out under high gravity 

conditions affords the best separation of the target product (ingot) from the slag (Al2O3) and 

convective mixing of all alloy components, which becomes especially important with an 

increase in the number and concentration for alloys with an increased number of components 

and their concentration of components in the alloy. Therefore, the synthesis of the as cast 

alloy under study was carried out in a centrifugal SHS setup [4]. 

The main data on the determination of optimal chemical and technological conditions for the 

production of cast ferroalloys in Fe-Si-Al, Fe-Si-Al (Cr, Mn), Fe-Si-Al-B systems will be 

presented in the talk. Fig. 1 illustrates composition and the microstructure of SHS produced 

as-cast ferro alloys by reprocessing of mill scale wastes. 

  

 
Al Si Mn Fe Total 

Sp.1 4.3 23.2 0.6 71.9 100 
 

 
Al Si Cr Mn Fe Total 

Sp.1 4.0 20.0 3.4 4.8 67.8 100.0 
 

(a) (b) 

Fig. 1. The microstructure (fissure) and microanalysis of chemical composition (EDS) synthesized cast 

ferro alloys: (a) – Fe-Si-Al, (b) – Fe-Si-Al (Cr, Mn). 
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The analysis of the obtained data allows drawing a conclusion about the prospects of the 

materials under investigation and the method of their production for the formation of 

volumetric materials for steel making industry. The production of complex alloyed ferroalloys 

can be realized in combustion mode (SHS) for powder mixtures on the basis of scale. The 

process of obtaining high-alloy ferroalloys is completely energy independent, which makes it 

attractive for practical realization.  

 

The study was supported by the Basic Research Program of the Russian Academy of Sciences 

in priority areas (KP 15). 
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Stage-wise depiction of the process of ancient iron metallurgy development might be 

achieved only after study of archaeological monuments of this category.  

The workshops of iron metallurgy exposed and studied on the territory of Lower Bolnisi, 

Georgia, where relevant material of early antique era metallurgical manufacture was found are 

significant [4]. 

Archaeological material of iron metallurgical center of Cholchi covers specific information, 

which was found in  the Black Sea south-eastern region [6]. Four metallurgical centers with 

some dozen workshops-objects of the period of functioning were revealed which date from 

the end of the II cc B.C. inclusive antique era. Industrial wastes (forges/furnaces, slag, a set of 

manufacture equipment) found on those monuments show well a forge construction and 

technological scheme of pyro-metallurgical process going on in it.  

The key device of ironworking found on the territory of Georgia is a metallurgical forge and 

its construction and operation principle determine prospects of workshop development and  

possible increase of production scales. Each stage of iron assimilation in the region is 

characterized by furnaces of corresponding construction and dimension. Proceeding from the 

production conditions, the furnace undergoes preliminarily designed constructional changes 

of local character. Their quantitative characteristics were determined as a result of 

consideration of construction elements of furnaces of ancient iron production metallurgical 

cycles and at the background of comparison of analyses of production processes going on in 

those furnaces [1]. 

Taking into account the dynamics of changes of iron production furnaces, quantitative 

changes of construction elements, increase of industrial scales and the times of their 

functioning, we determined the periods of functioning of definite metallurgical centers: 1. 

Chronologic range of Chorokhi metallurgical center is X-VII cc. B.C.  2. Chronological 

frames of existence of Choloq-Ochkhamuri metallurgical center is XI-VII cc B.C.. 3. Period 

of functioning of Supsa-Gubazeuli metallurgical center is from XII c. B.C inclusive antique 

mailto:t.badzo@yahoo.com
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era. 4. Khobi-Ochkhamuri metallurgical center functioned  in XI-VIII cc B.C. Thus, iron 

metallurgical centers of Georgia were functioning with the continuous production cycle from 

the XII century B.C inclusive antique era (Fig. 1).  

Iron production forges, while keeping the characteristic form of  stationary shaft type forges, 

undergo constant dynamic changes of construction dimensions, at periodical growth of 

correspondent  production scales. According to archaeological technological data we can 

distinguish four periods of production and economic development of iron metallurgical 

workshops in Georgia: 

1. Early stage of iron metallurgy assimilation (XII-X cc. B.C.); 

2. Stage of technological perfection of production cycle of metallurgy (X-VIII cc B.C.); 

3. Period of intense assimilation of metallurgical production  (VII-VI cc B.C.);  

4. Period of cardinal technical-technological transformations of iron metallurgical 

production (V-I cc B.C.) [3]. 

 
Chorokhi metallurgical center Choloq-Ochkhamuri 

metallurgical center 
Supsa-Gubazeuli metallurgical 

center 
Khobi-Ochkhamuri 
metallurgical center 

Object       Date Object Date Object Date Object Date 
 a,C 14 V  a, C 14 V  a, C 14 V  a, C 14 V 
Charnali 1.1 

Charnali 1.2 

Charnali 2.1 

Charnali 2.2 

Charnali 3.1 

Charnali 3.2. 

XI 

X 

VIII 

IX-VIII 

IX-VIII 

VIII-VII 

X-VIII 

IX-VIII 

VIII-VII 

VIII-VII 

IX-VIII 

VIII-VII 

Jikhanjuri 1.1 

Jikhanjuri 1.2 

Jikhanjuri  1.3 

Jikhanjuri 2.1 

Jikhanjuri  3.1 

Jikhanjuri 4.1 

Tsetskhlauri 1.1 

Tsetskhlauri 2.1 

Leghva 1.1 

Leghva 1.2. 

 

IX 

VIII 

IX 

VIII-VII 

VIII-VII 

IX 

X-VIII 

IX 

X-IX 

XI-X 

X-IX 

XI-IX 

IX-VIII 

VIII-VII 

X-IX 

VIII-VII 

IX-VIII 

XI-IX 

XI-IX 

XI-IX 

 

Askana 2.1 

Askana 2.2 

Askana 3.3 

Askana 4.1 

Mziani 2.1 

Mziani 3.1 

Mziani 4.1 

Mshvidobauri 1.1 

Mshvidobauri 2.1 

Mshvidobauri 4.1 

Nagomari 1.1 

Nagomari 1.2 

 

XIII-XII 

XIII-XII 

Anc. 

IX 

XI-VII 

XI-VII 

XIII-XII 

X-VIII 

XIV-XIII 

XV-XIV 

X-IX 

XIV 

IX-VII 

XII-X 

Anc. 

XII-X 

IX-VII 

XII-X 

VIII-VII 

X-VIII 

X-VIII 

XII-X 

XI-IX 

XII-XI 

 

Chogha 2.1. 

Chogha 3.1 

X-IX 

X-VIII 

X-IX 

XI-X 

General date XI-VII X-VII General date XI-VII XI-VII General date XIV-anc. XII-anc. General date X-VIII XI-IX 

 

Fig.1. Chronological groups of forges functioning on the territory of Georgia  

a, C14 – Archaeological and radio-carbon dates; 

V – Dates of relevant constructional changes. 

 

On the territory of Georgia the iron culture genesis from the moment of its assimilation till 

global spreading of iron-steel products covers transitional stages of using the production 

organization conditions and technical-technological facilities, which depend on distribution of 

raw material, products necessary for metallurgical process, for their further assimilation-

processing and on the order of differentiation of the work process [2].  

By IX-VII cc B.C. swift growth of total production cycle of metallurgical centers  reaches its 

highest indices by VII-VI centuries and it is connected with active functioning of Chorokhi 

and Supsa-Gubazeuli metallurgical centers working on poly-metallic and magnetite ores. 

Maximum loading of production process is conditioned by assimilation of the Black Sea 
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shore magnetite sands, as one of the main ore bases.  By VIII-VI cc B.C. increase of 

corresponding iron production indices, compared to the previous periods is determined 

according to the proportion:  1 : 1.5 :3. 

Differentiation process undergoes still more deepening and refining in antique era. After 

separation of professional universal metalworking masters from metallurgical manufactures, 

smith’s shops were created as independent units. Specialists of relatively narrow, but highest 

qualification, forgers, use to amalgamate in the new type production/manufacturing nuclei. 

District urban workshops of antique era unite the system of highly skilled masters of 

metallurgist – metalworkers, whose works are the etalons of commodity goods. The goods 

produced in urban workshops show the limit of perfection. 

Results of historic-metallurgical study offered in the present article, considering the  

chemical-technological analysis of products of iron manufacture and production wastes and 

the data of dynamics of development of construction elements of forges, determine the 

general scheme of iron culture assimilation on the territory of Georgia [5-7].  

Dynamics of assimilation-spreading of iron culture in the XII-I cc B.C. on the territory of 

Georgia obeys the ascending principle of progress of creativity. At the same time, at definite 

stages of civilization it undergoes qualitative and quantitative changes, together with 

corresponding technical-technological fluctuations, impulse upheavals, which determine 

achievements of ferrous metallurgy and metalworking in the South Caucasus region. 
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Abstract. In this study obtaining methods of matrix ceramic composites with different 

compositions by high temperature pressing technology have been discussed.   Following 

ceramic composites have been obtained α-Al2O3, α-Al2O3-GO, α-Al2O3-RGO. Ceramic 

composites are obtained in high temperature vacuum furnace with different temperature and 

pressure conditions. Received ceramics do not have open pores and their density reaches 99.5 

% of TD.  

INTRODUCTION 

Ceramic materials are widely used in many fields of science because they have  excellent 

chemical, mechanical and thermal properties. Alumina (Al2O3)  is remarkable example of 

ceramic materials. Due to its outstanding characteristics, alumina is used in autoindustry, 

aerospace and biomedical activities also  as cutting materials. Alumina in its various levels of 

purity is used more often than any other ceramic materials. Alumina-based ceramic materials 

are the cheapest, because aliminum is one of most abundant elements on Earth and the 

methods of its production are well developed. Nevertheless, alumina-based ceramics have 

some disadvantages, such as low resilience and fracture toughness [1-3]. Improvement of the 

physical-mechanical properties of ceramics to a certain degree became possible by reducing 

the size of particles of sintered powders to nano sizes, using different dopants and reduction 

of sintering time, because during consolidation process the grain sizes dramatically increase, 

which negatively affects to final product properties. Recently special attention is paid to 

reinforced ceramic composites with carbonaceous materials. Considering the unique physical-

mechanical properties of carbon nanostructures, they are widely used as reinforcement for 

alumina ceramic composites [4].  

The aim of this work is to prepare and to study the mechanical properties and microstructure 

of alumina matrix composite material reinforced by (1.5 wt.%) graphene oxide (GO) and 

reduced graphene oxide (RGO) using hot pressing method. 

mailto:sipt@sipt.org
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EXPERIMENTAL PROCEDURE AND SAMPLE PREPARATION 

Synthesis of graphene oxide and reduced graphene oxide. Synthesis of graphene oxide have 

conducted by intercalation method from graphite.  Graphite flakes (2 g) mixed in 50 mL of 

H2SO4 (98%) and potassium permanganate (6 g) very slowly during 1 h. The flask kept under 

at ice bath (27-35°C) with continuous stirring. After 1 h 100 ml water was added in the 

mixture.  Then continue stirring again about 1 h and 20 mL H2O2 was added. After washing 

and filtration, the mixture centrifugation has done.  Stable graphene oxide suspensions have 

obtained which used as reinforcement materials in ceramic composite.   

Synthesis of reduced graphene oxide. A weighed amount of GO and distilled water were 

placed in ultrasonic bath. The mixture was held for 3 h. The resultant black substance was 

then heated in a commercial microwave oven for 2 minutes at 800 watts. The solution was 

then filtered and washed with ethanol. The obtained residue was dried using an oven at 110°C 

for 6 hours. The obtained rGO solid were then characterized.  

Preparation  of  pressing powdery composite. 65 g α-Al2O3 was mixed to graphene oxide 

(1.5% mas.)  and in the other hand to reduced graphene oxide. 100 mL H2O was added into 

mixture and homogenization carried out by nanomill during 24 h. Then the mixture dried and 

placed in press form.  

SEM. Structural-morphologic investigation of ceramic composites has been performed by 

JEOL JSM-6510LV and Nikon ECLIPSE LV 150 microscope. Chemical content of these 

samples has been measured simultaneously with energy dispersive micro XRD analyzer. 

Determination of microhardness. Microhardness and modulus of Al2O3 have been studied 

according to ISO-14577 international standard at dynamic ultra microhardness tester DUH-

211S. 

RESULTS 

Alumina is material which widely used for obtain of matrix ceramic composites. High 

temperature vacuum furnace (OXY-GON) has been used for obtaining of them [5-6]. 

Alumina based ceramic composites have obtained in the OXY-GON furnace: α-Al2O3, α-

Al2O3-GO, α-Al2O3-RGO.   Sintering temperature–1400-1600⁰C, sintering time was 20-60 

min at maximum temperature. Refrigeration of graphite pressure-shape has been in inert 

atmosphere. Obtained corundum product has black color, because there have been thermal 

dissociation and formation defect lattice of Al2O3 in vacuum. For purpose, relaxation (whiten) 

of product with defect structure have been annealing in high temperature furnace at air 
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(1600˚C, 1 h). Physical-mechanical and structural-morphological study has been conducted 

for obtained materials.   

 

           

Fig. 1. SEM of GO and RGO  

            

Fig. 2. SEM of alumina based ceramic composite  

As an electronic micrographs (Fig. 1) showed, average number of  GO or RGO layers are 10-

30 nm and graphene oxide particles sizes are approximate 50-70 nm in suspension.   

As above mentioned, Obtained ceramic samples with various thickness and cylindrical 

diameter forms (Fig.2) their microhardness was established at dynamic and static conditions. 

Microhardness is relatively high at small depth (load) and its value falls when depth (load) 

increases and goes at stationary value.  Reason may be is obtaining condition of ceramics. 

Also some physical-mechanical parameters of obtained composite materials are given in table 

1. 
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Table 1. Physical-mechanical properties of composite ceramics which is reinforced with 

graphene oxide and reduced graphene oxide. 

Sample 
Density 

g/cm3 

Open porosity,  

% 

Water 

absorption  

% 

Microhardness, 

GPa (200 g) 

-bending 

strength 

GPa 

α-Al2O3 3,94-3,96 0,08-0,11 0,03-0,05 12 300 

α-Al2O3-GO 

(1.5% mas.) 
3,98-4,00 0,02-0,04 0,03-0,05 16.9 385-410 

α-Al2O3- RGO 

(1.5% mas.) 
3,95-4,00 0,01-0,03 0,03-0,05 18,4 380-400 

 

CONCLUSIONS 

In this works, obtaining ceramic matrix composites was investigated, which is based on 

consolidation of powdery composites in high temperature vacuum furnace OXY-GON.   

Following pressing powdery composites α-Al2O3, α-Al2O3-GO, α-Al2O3-RGO have been 

obtained by ball milling. Ceramic products were obtained by sintering at 1400-1600⁰C (1 hr, 

50 MPa), which is characterized by high flexural strength (380-450 MPa), microhardness and 

fracture toughness and without of open porosity. Their relative density achieves 99.5% of the 

TD. 
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INTRODUCTION 

In our work is considered fabrication of double-layered ZrO2-HfO2, using modernized 

reactive magnetron sputtering technology. We studied the influence of the pulse photon 

treatment (PPT) and annealing in the N2 ambient on the physical characteristics of fabricated 

structure. 

It has been shown that the PPT and annealing in the N2 ambient significantly improve the 

electro-physical characteristics of the dioxide layers. As a result of additional treatments, 

transition metal dioxides with improved physical properties were obtained and used to 

improve the electro-physical characteristics of the memristor. Nanostructure of Si-ZrO2-

HfO2-Al was fabricated on p-type silicon substrates using reactive magnetron sputtering. 

Various measurements are conducted to study their electro-physical and structural 

characteristics. Dioxide layers with improved properties were then used in the Si-W-ZrO2-

HfO2-Mo-Al metal-insulator-metal structure to study the resistive switching effect. 

 

EXPERIMENT AND MEASUREMENTS 

For fabricating MOS structures p type silicon was used as a substrate with the following 

parameters: Thickness ~300µm; diameter 65mm; surface orientation [100]. For studying 

optical properties of the dioxide layers Al2O3 was used as a substrate with the following 

parameters: Thickness ~300µm; diameter 75mm; surface orientation [0002].  Dioxide layers 

were fabricated in the Ar and O2 ambient using reactive magnetron sputtering technology. 

Concentration of Ar and O2 gases was controlled using SRS RGA200 mass spectrometer [1]. 

In the vacuum chamber, sputtering targets of Zr and Hf metals were placed so that ZrO2 and 

HfO2 dioxide layers were obtained without breaking the vacuum. 

Experiment results showed that optimum technological conditions for fabricating dioxide 

layers are following: 

Pressure in vacuum chamber, P=3.7÷4.9·10-2 Pa; process duration, t=7.5 min; substrate 

temperature, T= 5500C; Ar:O2 = 20:70; voltage on magnetron, U ≈ 300V; current, I=300mA. 

mailto:ladojibuti@gmail.com
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Thickness of each dioxide layer fabricated in abovementioned conditions was ~45nm. For 

improving physical characteristics of the dioxide layers we studied the influence of the pulse 

photon treatment (PPT) and annealing in the N2 ambient on fabricated structures. The PPT 

process was conducted in two modes: 1) Power density 50W/cm2, 2 pules with 0.5sec 

duration each and 2) Power density 70W/cm2, 1 pulse with 1sec duration. Power density of 

PPT device can be modified continuously to 100 W/cm2 and duration of pulse from 0.1sec to 

100sec with 0.1 step.   

Thermal annealing of fabricated structures was carried out in thermal annealing oven. 

Annealing temperature was (500÷800)0C and process duration 15 minutes. For obtaining 

MOS structure, Si-ZrO2-HfO2 was coated with Al using vacuum-thermal evaporation 

technology [2]. 

For studying electro-physical characteristic of the fabricated MOS structure, C-V and G-V 

measurements were conducted. Fig.1a and b show the measurement results. 

 

 

Fig.1.Normalized C-V(a) and G-V(b) characteristics of Si- ZrO2/HfO2-Al structure, 

1)Without additional treatment; 2,3) After PPT and 4) After thermal annealing 

 

As seen in figure1 a and b, 1sec., 70W/cm2 PPT and thermal annealing significantly decrease 

charge in oxide (Fig.1a) and density of states on the Si-oxide border (Fig.1b).    

Figure 2 shows Si-ZrO2/HfO2 XPS curves without additional treatment (---) and after PPT (-). 
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Fig.2. -ZrO2/HfO2 XPS curves, 

 (---) without additional treatment; (-) after PPT. 

 

Figure 3 a and b shows optical transmission spectrums of ZrO2 and HfO2 dioxide layers 

without additional treatment and after PPT in 1sec. 70W/cm2 mode. As seen in curves, PPT 

has influence only on ZrO2 layer.   

 

 

Fig.3. Optical transmission spectrum of a) ZrO2 (1) before and (2) after PPT  

and b) HfO2 (1) before and (2) after PPT  

 

On the bases of experimental results, dioxide layers with improved physical characteristics 

were used in the Si-W-ZrO2-HfO2-Mo-Al metal-insulator-metal structure to study the 

resistive switching effect. Total thickness of both dioxide layers was ~55nm. 
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Figure 4 shows I-V characteristics of memristor before and after PPT in 1sec. 70W/cm2 mode. 

Measurement results showed that in Si-W-ZrO2-HfO2-Mo-Al structure before additional 

treatment Roff/Ron=1,4·10–5 and after PPT Roff/Ron=2,3·10–6. Hysteresis loop area divided by 

the rectangle area where the loop is placed was 0.23 before additional treatment and after PPT 

it has become 0.63.  

 

Fig.4. Si-W-ZrO2-HfO2-Mo-Al memristor I-V curves,  

(1) without additional treatment and (2) after PPT 

 

CONCLUSION 

1. Optimum modes of PPT and thermal annealing of dioxides layers was selected. 

2. Technological route of resistive memory fabrication was selected. 

3. Memristor I-V measurements showed that after PPT in 1sec. 70W/cm2 mode, Roff/Ron value 

decreases ~10 times and hysteresis loop increases ~2,74 times.  
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To date, a number of PPI systems of various modifications are used in electronics technology. 

These systems were created to provide faster (than diffusion furnaces), but still thermal 

heating du e to the use of various lamps as a heat source. These are closed and maximally 

heat-insulated systems. In such systems, to reduce heat removal from the samples, the holders 

are made of materials with low thermal conductivity[1-10]. 

With allowance for the important role of the ionization factor in the technological activation - 

diffusion processes [11-16], we developed a series of PPI 1-8 systems, in which, on the 

contrary, conditions are created for maximum reduction of sample heating, and attention is 

paid to the spectral composition of photon radiation. When developing this series, the task 

was to create such systems that would allow a controlled change in the duration, spectral 

composition and intensity of irradiation as well as in the sample heating temperature. In this 

paper, four of them are presented. 

The first PPI-1 system (Fig.1) of this series consists of two units: a control unit and a radiation 

unit. The use of the П-shaped reflector design, and the radiation source of a set of 19 KG 

1000x220 halogenic lamps arranged in two rows, ensures uniform irradiation of the samples 

throughout the area of 100 cm2. The system allows a smooth change in the irradiation power 

density up to 190 W. cm-2, and the pulse duration from 0.1 to 1000 sec in 0.1sec increments. 

The reflector is made of special ceramics, characterized by stable optical properties. The 

temperature of the samples, depending on the physical or technological task, is controlled by 

selecting holders and venting heated air. In order to avoid uneven heating of the sample over 

the entire area, to reduce the local places of heat removal, the contact of the sample with the 

holder should be minimal or continuous over the surface. This is achieved by placing the 

samples in the reflector block on quartz needles or on a copper holder with a polished surface. 

The design of the copper holder provides its cooling with running water or liquid nitrogen 

vapor. 

mailto:z.jibuti@gmail.com


70 

     

                 Fig.1 PPI-1, radiation unit.                                            Fig.2 PPI-2, radiation unit. 

 

Later, to solve a number of research and technological problems, the need arose to develop 

PPI-2 systems, where the radiation unit (Fig.2) is designed to provide photon effects on the 

samples simultaneously from both sides, and PPI-3 (Fig.3), designed for photon exposure of 

the plates in a vacuum or inert medium. The reflectors in these systems are made of polished 

stainless steel. 

                                            

         Fig.3 PPI-3, radiation unit.                                     Fig.4 PPI-4, radiation unit.                                 

 

According to its characteristics, the PPI-4 system (Fig.4) is somewhat different. Its creation 

was caused by the need to better vary the spectral composition of the radiation in the visible 

and ultraviolet spectral regions, which turned out to be especially important for wide-band 

gap materials and structures. This system has two photon sources. The first of them is the 

DRT 1000 mercury lamps, located in the upper part of the reflector unit. The source operates 

in a continuous mode. The rated power of each lamp is 1 kW. The second source is located at 

the bottom of the reflector and consists of a set of 10 halogen lamps KG 1000x220. The 

source operates in a pulsed mode.The system allows smooth and stepwise change of the 

radiation power. The pulse duration can be changed from 0.1 to 10 s, in increments of 0.1 s. 

The reflector is also made of ceramic. The sample is placed on quartz stands between two 
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lamp sections. To avoid uneven heating of the sample throughout the area, the contact of the 

sample with the holders is minimal. The heated air is vented through the air offtake. The 

arrangement of the lamps and the shape of the reflector provide uniform processing of 

samples with an area of 100 cm2. During irradiation, the sample is placed in such a way that 

the working side of the sample is directly exposed to radiation of the DRT 1000 lamps. The 

greater number of photons emitted by the lamps energetically exceeds the band gap of 

semiconductor materials used in electronics. Therefore, the main absorption of photons occurs 

in a thin surface layer of the material, which leads to the excitation of its electronic 

subsystem. The radiation intensity of the DRT I000 lamps is insufficient for annealing defects 

and activating the implanted impurity. To create conditions for diffusion processes, the back 

side of the sample is subjected to pulsed photon exposure from KG 1000x220 lamps. The 

emission spectrum of the lamps provides resonance absorption of photons at the energy levels 

of defects, thereby reducing their chemical bond in the sample. The simultaneous use of both 

radiation sources can significantly reduce the heating temperature of the sample. In this case, 

undesirable redistribution of the impurity can be avoided. If necessary, the diffusion dispersal 

of an impurity can be controlled by its depth distribution by changing the operating modes of 

the KG 1000x220 lamps. 

The use of these systems in electronics technology made it possible, keeping high quality, to 

significantly reduce the duration and temperature of the processes. 
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Investigation of the transport properties of semiconductors have shown that there might be 

observed inhomogeneities of different origin [1-3]. One of the type of inhomogeneity 

connected, with random space fluctuations of the composition [4] in so-called inhomogeneous 

semiconductor alloys. The semiconductors crystals contained disordered areas of different 

origin usually have the low values of carriers mobility. Sufficient attention has to be given to 

the effects of inhomogeneites blocking current carriers flow. At certain conditions the 

properties of these disordered areas can be surprisingly distinguished from the properties of 

matrix and have strong effect on their properties. Nowadays, experimental knowledge 

concerning such materials is quite rudimentary with a few exceptions. This paper is devoted 

mainly to researching of electrical properties of InPxAs1-x semiconductor alloys. The purpose 

of presented work is to reveal the contribution of disorder scattering of charge carriers to the 

electrons mobility of semiconductor alloys, particularly for InPxAs1-x solid solutions. 

Composition dependences of current carriers’ mobility data at 300 K for InPxAs1–x solid 

solutions with nearly the same carriers concentration n~1016 cm–3 and 1018 cm–3 are presented 

in Fig. 1. 

Fig. 1. Composition dependences of the current carriers mobility (µexp) for InPxAs1-x solid  

solutions at 300 K: 1,3—our data and 2—data [5], n: 1, 2- 10
16 

cm
-3

; 3- 10
18 

cm
-3      
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This Fig.1. reveals the weak minimum in composition dependence on the InP-rich side of 

solid solutions system. Such character of composition indicates the appearance of the 

additional, so-called “alloy” scattering, mechanism of the current carriers scattering relatively 

to existing mechanisms in InAs and InP. First the “alloy” scattering of current carriers was 

observed in SiGe semiconductor alloys [7].  

The main question at theoretical consideration of current carriers scattering is to analyze 

inhomogeneity electrostatic potential V(r) modulating the energy bands in semiconductors. 

The general characteristics of potential V(r) are inhomogeneity amplitude, potential 

distribution function and characteristic spatial extent of inhomogeneity. The most important is  

how the inhomogeneity general characteristics of potential V(r) depends on and under what 

conditions they will be large enough to change considerably the semiconductors properties 

compared with a homogeneous material [6].  

The “alloy” scattering mechanism of current curriers have been originally derived by Brooks 

[4]. According to Brooks in disordered alloy the composition changes from one region to 

other one at the expense of statistical fluctuations. This causes energy bands deformation, 

peaks and dips at the edge of bands, which looks like deformation potential in theory of 

scattering by thermal vibration of lattice atoms (Fig.2). 

 

 

 

 

 

 

 

 

Fig.2. A schematic band diagram of an inhomogeneous semiconductor alloy with small-scale (a) and 

large-scale (b) composition fluctuations [6]. 

So “alloy” scattering can be considered as” frozen” scattering by thermal vibration of lattice. 

The feature of “alloy’’ scattering is that at low level of carriers concentration its contribution 

to the mobility increases with increase of alloy components content. At high level of carriers 
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concentration the mobility depends on alloy components content weakly and scattering is 

defined by ionized impurities.  

We carried out appropriate analysis of the mobility on the basis of reasonable theories [8]. It 

is necessary to consider simultaneous action of all kinds of carriers scattering in InPxAs1-x 

semiconductor alloys: the “alloy” disorder scattering, scattering on acoustic lattice vibrations, 

scattering on impurity ions. The net mobility (μ) depends on the various mobility components, 

associated with each scattering mechanism, as:  

1/ μ=1/ μdis+1/F (1/ μL+1/ μI) 

where μL, and μI  are the components related to the lattice vibrations and ionized impurity  

scattering respectively, μdis is the component related to disorder scattering and F is a 

correction factor, which takes into account the combined effect of different scattering 

processes. 

Comparison of experimental dates of mobility with theoretical predictions in InPxAs1–x solid 

solutions with n~1016 cm–3 has shown, that at temperatures near 300 K the prevailing 

mechanism is the scattering on optical phonons. Contribution of the disorder scattering 

increases with increasing of InP composition in solid solutions system at fixed 

temperatures and weakens with lowering of temperature in the range of 4.2–300K and never 

dominates. Assumption of the existence of an additional mechanism of the current carriers 

scattering due to the disordered arrangement of solid solution atoms allows achieving the full 

agreement of experimental mobility with the theory. 

Obtained composition dependence of current carriers mobility for InPxAs1–x alloys (Fig. 1) 

differs from the similar dependence for SixGe1–x alloys [7] with well-defined minimum in the 

middle of alloys system. The data for alloy scattering in InPxAs1–x solid solutions do not 

reveal such tendency. An estimate of maximal share of disorder scattering in InPxAs1–x solid 

solutions results in the value which does not exceed~20% of total magnitude of 

determinative scattering at 300K and~10% at lower temperatures. The reason of absence of 

clear minimum in the composition dependence of mobility for InPxAs1–x solid solutions, as 

for SixGe1–x alloys, may be apparently connected with the specific properties of InPxAs1–x 

caused by fact, that sublattices of InP and InAs retain a certain natural properties in contrast 

to Si and Ge in SixGe1–x alloys. Model of inhomogeneities, describing disordered regions and 

applying for explanation of experimental results, was found to be in fair agreement with 
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experimental data. The “alloy “  disorders in InPxAs1-x practically do not disturb the crystal 

lattice in tangible way at temperatures in the range of 4.2-300 K. 
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Polymer composites (PCs) made of polyester resins have gained increased attention as 

construction materials. The construction of bridges and concrete repair are new areas where 

the use potential of polyester resins has increased drastically[1]. Different inorganic fillers, 

including various fibrous materials (FM), are used for the production of PCs. The FMs 

substantially enhance the mechanical properties of PC. Basalt and metal fiber are unique 

fibers having high density and specific rupture properties at a certain load. Above mentioned 

properties allow its use in many applications [2].  

One of the significant components of PC is the andesite filler of Bakuriani mine which we 

successfully used for making PCs [3].  For obtaining highly filled PCs of enhanced 

mechanical strength we decided to use two fractions of andesite. The first fraction is a coarse 

fraction with the particles size up to 1,5 mm and the second fraction is a fine micro and nano 

fraction. The coarse fraction was obtained by using of “Retsch” crasher, and fine micro and 

nano fraction  (so-called “andesite powder”) – by grinding of coarse fraction in the “Fritsch“ 

mill. The PC samples of armoplastoconcrete (type of PC) were also produced. Graphite was 

selected as armoplastoconcrete aggregate. Graphite with its mechanical characteristics is 

acceptable and non-deficit raw material. The optimal size of Graphite riprap is considered 10-

12mm. Duramax-type steel fibers with hooked ends were used for reinforcement.  Dramix 

type basalt fiber length is 3,5 cm and its diameter is 0,6 mm. Metal fibers (TurboBuild 

integral) with a length of 2cm and with diameter of 15mkm; linear density 550 tacks. Above 

mentioned fibers are shown in Figures 1-2. 

A producer of basalt fibers is Basalt Fibers LLC, Rustavi. To determine metal fiber corrosion 

resistance those were placed in the area of plastconcrete.  The fibers did not reveal the 

significant signs of corrosion because weight loss was only 0.03%. 
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Cylindrical and cubic-shaped samples were fabricated by using of andesite filler, Graphite 

riprap, and metal basalt fibers. Polyester resin was used as a binder of the above-mentioned 

components. Diameter of the armoplastoconcrete (cylindrical shaped) samples was 10 cm and 

the length of this sample was 9-10 cm. The side length of cubic shaped armoplastoconcrete 

sample was 10 cm. Therefore, we have explored the characteristics of cubic shape and 

cylindrical shaped armoplastconcrete . 

1. The process of hardening of fine-grained plastoconcrete (fabricated on a base of polyester 

resin) is studied according to the increase in time of the indicators of durability on tension 

and compressing, as well as hardness. It was determined that after 3-7 days, the durability 

on the tension of plastoconcrete is approximately 60% of the maximum durability, on 

compressing – 95%, and hardness – 58% of the maximum hardness; 

2. The average weight of the produced armoplastoconcrete is 2,29 gr/cm3, specific weight - 

3,09 gr/cm3, general porosity – 25,8%, open porosity – 5,7%, closed porosity – 21,0%, 

water absorption – 0,32%; 

3. The durability limit of plastoconcrete on compressing is 57,0MPa, armoplastoconcretes - 

72,6-76,0MPa. Reinforcing by fibers gives a 27-33 % increase of the durability limit on 

compressing of plastoconcrete. There is no big difference between the durability limits of 

plastoconcrete reinforced by steel and basalt fibers. The diagram presented below (see 

Figure 3) reflects the comparative durability of cement-concrete and reinforced polymer 

concrete on compressing; 

4. The durability limit of plastoconcrete  is 7,35MPa, armobasalt –plastoconcrete -10,4MPa, 

and armosteel – plastoconcrete - 8,42MPa. So, The durability of plastoconcrete on tension 

compared to cement concrete’s durability is approximately 7 times higher. Reinforcing of 

plastoconcrete by basalt and steel fibers gives the increase of durability accordingly by 41 

Fig. 1. Metal fibers Fig. 2.  Basalt fibers 
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and 14%.  In this case, a basalt fiber  not only equals but also exceeds with its  efficiency  a 

steel fiber; 

5. The preference of plastoconcrete at shocking compared to cement concrete was increased. 

The indicator of shock resistance  of cement concrete is 3,3kgf.cm/cm3 , the analogue 

indicator of plastoconcrete - 36,2 kgf.cm/cm3. Unlike cement concrete, basalt, as well as 

steel fibers (inserted in plastoconcrete) do not increase a shock resistance indicator 

seriously. 

 

 

 

 

 

 

 

 

It is clear from above mentioned data that armpolymerconcrete is highly recommended 

because of it many positive mechanical properties but most importantly it is not 

biodegradable.     

Nowadas, one of the most important and rapidly developing fields of a modern macro-

molecular chemistry is a chemistry of biodegradable  polymers and technology. It is widely 

recognized fact that chemistry of biodegradable  polymers and technology is fast developing 

and crucial field of chemistry. Nowadays we have a lot of biodegradibel polymers avaliable 

produced by several scientific societies and one of them is  homo-PEUs.  

In 1997, Katsarava et al. [4] published a synthesis of homo-PEUs (1-L6), without using 

diisocyanates, via active polycondensation. In this procedure, active carbonates (e.g. di-p-

nitrophenyl carbonate) interact with di-p-toluenesulfonic acid salts of bis (a-amino acid)-a,x-

alkylenediesters. They have developed a novel class of amino acid-based poly (ester urea)s 

(PEU) materials which are biodegradable in vivo and possess mechanical properties superior 

Fig. 3. The comparative durability of cement-concrete and reinforced polymer concrete 

on compressing 
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to conventionally used polyesters (<3.5 MPa) [5]. Table 1 below summarizes the properties of 

exemplary PEUs. 

Table 1 

Polymer 

designation 

Tensile Stress 

at Yield 

(MPa) 

Percent    

Elongation 

Young’s 
modulus 

(MPa) 

1-L-Leu-6 21 114 622 

 

Homo-PEU (1-L6) was used as a biodegradable component of PC and round-shaped samples 

were made. PC with above mentioned biodegradable components are shown in Figures 3-4. 

The biodegradability and mechanical characteristics of the samples shown in Figures 4 and 5 

are under exploration. It is noticeable that we are exploring biodegradability characteristics in 

natural conditions 

 

                  

 

 

 

 

 

 

The inovative idea of this research is to make a composite, which would be strengthened by 

fibers and solid nanoparticles. It should be noted that this sort of polymer would satisfy a 

wide range of requirements. we are able to insert the biodegradable components into polymer 

material that would convert polymer material into biodegradable material and therefore our 

planet would be protected from potential pollutants. 

 

 

 

 

Fig. 5. The sample’s morphology,                           
Zeiss (x50) 

Fig. 4. The sample prepared 

for biodegradability study 
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Anthropogenic activities, such as rising energy usage and production, as well as natural 

processes, release enormous amount of trace pollutants into the atmosphere, affecting Earth’s 

living environment. After beginning of the industrialization process in 19th century, number of 

different types of pollutants had been increased in the atmosphere. It should be noted that 

effects of the increased number of pollutants are severe, because huge amount of greenhouse 

gases changed energy balance on the Earth and several pollutants affected human and 

ecosystem heath. Therefore, it is crucially important to investigate ongoing physical and 

chemical processes in the atmosphere and that is why the research of the atmosphere pollution 

is one of the most important research topics. Nitrogen Dioxide (NO2) is considered as one of 

the most widely spread pollutants, among several different pollutants. The source of that 

pollutant might be different, but primary source is fuel combustion processes. NO2 possess 

ability to undergo transformation process and that is why it can be precursor of several 

pollutants such as acid rains and Ozone (O3). Based on the above provided information, it can 

be concluded that it is important to have improved methods to control NO2 emission and 

accumulation process. 

The aim of this research is to determine amount of the nitrogen dioxide into the atmosphere 

by using of the cost-effective sensors and expensive Teledyne NO2 instrument and compare 

results of these two instruments and determine how close these results are. Widely spread 

method for measuring nitrogen dioxide is chemiluminescence method, which is based on the 

principle of chemiluminescence reaction. The process happens in the reaction vessel between 

NO2 and O3. During that reaction high energy state NO2* is formed. The energy emitted by 

the NO2* is proportional to the amount of the Nitrogen dioxide. The principle based on which 

cost-effective sensor works is electrochemical. The target air is oxidized or reduced on the 

electrode and produced current is measured. The amount of current produced by the sample is 

proportional to the amount of sample that has been oxidized or reduced.  

mailto:lkirtadze4594@sdsu.edu
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In this research we used both sensor and chemiluminescence methods for determining amount 

of the Nitrogen Oxides. The research has been conducted by using of the sensor “Flying 

Laboratory SOWA” from the SMART|AtmoSim_LAB of Tbilisi State University and by 

using of the National Environmental Agency’s instrument that works based on the 

chemiluminescence principle (“Teledyne NOx +O3 analyzer-Model T204”). Sensor was 

placed on the National Environmental Agency’s station and data was collected for two 

months. Collected data was analyzed by using of the MathWorks MATLAB and Microsoft 

Excel. 

Nitrogen Dioxide concentration vs time plots had been plotted and various trends has been 

evaluated. It should be noted that, station measured NO2, and sensor measured NO2 has been 

plotted together on the graph.  

 

 

 

 

Fig. 1: 1st May, day-time data 
 

 

 

Sensor data has noticeable noise and that is why the data had been smoothed by using of the 

moving average smoothing method.  
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Fig. 2: 1 May day time with smoothed sensor data 

 

 

 

Based on the correlation coefficient value, it can be concluded that the data collected by the 

sensor and the data collected by the station chemiluminescence apparatus are quite close. It is 

noticeable that during three-month, sensor was working without any kind of problem while it 

is not created to work in this kind of regime. 

Based on the collected results it can be concluded that, amount of the nitrogen dioxide is 

increased during the daytime period and decreased during the nighttime period. This fact most 

likely is the result of the transport traffic which is more intensive during the day and less 

intensive during the nighttime period especially due to the current corona virus pandemic 

restrictions. It should be also noted, that given station is located in recreation area and is away 

from heavy traffic, but it still has main influence on NO2 concentration in air. 
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ABSTRACT. For several years Georgian Institute of Metallurgy and Materials Science has 

been actively working now to develop the technology of "without ingot rolling". where casting 

and rolling plant was designed and pilot version constructed.  The method is a combination of 

two independent processes (continuous casting, hot rolling). This work discusses in detail the 

mechanism for the formation of the primary billet in a combined mold. The article discusses the 

methodology for determining the basic technological parameters of the process "without ingot 

rolling " of their relationship with structural, powerful energy parameters and mechanical 

properties of the work pieces. The values of all parameters and their interdependence are 

provided in the paper as nomogram. The experiments show that the difference between 

theoretical computations and experimental data is no more than 5-7%. The specified method has 

mastered the technology of producing aluminum leaves with a thickness of 8,10,16,22 mm by 

the method "without ingot rolling." 

Key words: crystallizer, roll, billet, crystallization front, meniscus of the liquid metal, 

deformation.  

Today, the world leading steel manufacturers pay great attention to development of the highly 

efficient modular equipment and plants for low-productive companies. Against the background 

of the world energy crisis, great emphasis is placed on significant reduction of energy carriers 

and capital investments per ton metal production. In that direction the priority is given to metal 

sheets production using com- pact casting and rolling plants (so-called direct method). The 

mentioned method permits 6-7-fold  reduction of energy resources, reduction of steel loss  by 5-

7%, and moreover, it allows to cut out 60-70% of expensive equipment and plants from the 

techno- logical processes (casting and rolling plants), which, in its part, leads to significant 

reduction of production space and capital investments. All of these together with the highly 

ecological factors show clearly why the mentioned method is considered to be the most actual 

and prospective today. 

The method of direct rolling is quite simple. Liquid metal is poured between a pair of rotating 

rolls equipped with cooling system and placed in a horizontal plane at a certain distance 
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from each other. Rotation velocity is such that the billet coming out of the rolls has enough 

time for crystallization. By means of the rolls rotation velocity variation the metal 

crystallization front can be shifted to the line joining the centers of the rolls to regulate the hot 

rolling process necessary for producing a strong fine-grained structure. Georgian Institute of 

Metallurgy and Materials hasbeen actively working for several years now to develop the 

technology of “casting and rolling” process.  According to the detailed analysis of the 

available sources a pilot casting and rolling plant construction was developed and fabricated in 

metal. At the first stage, the values of minimum tensile stresses, which provide the 

mechanical and structural properties characteristic of rolling, were studied during hot rolling.  

 

Fig. 1. Scheme of the billet shaping process in direct 

rolling 

They were processed aluminium billets in hot rolling 

(500-550°C) ∅16mm were casted at different strains ε 

20-60%. It was estimated that at 35-40%  strain the 

samples completely satisfy   properties of the rolled 

metal. The forces generated on the rolls at  0-60%  strain were theoretically calculated (with 

account of the billet size, the temperature and chemical composition of the metal, the diameter 

and rotation velocity of the rolls). Relation between the forces generated on the rolls. 

As it was mentioned above, by means of the rolls rotation velocity variation the liquid metal 

crystalli- zation front (point C, Fig. 1) can be shifted to the line OO' joining the centers of the 

rolls. The higher the point the more is the billet strain in hot rolling, and consequently, the 

greater are the forces generated on the rolls. These are the forces regulating the proc- ess of 

casting. Theoretical calculation estimates the force to be maintained throughout the process of 

casting in order to avoid the metal crack (due to in- sufficient cooling) and the billet jam 

between the rolls due to the greater strain thanadmissible. 

                           
Fig. 2. Nomogram of relation between the billet 

crystallization velocity and the forces Generated on the 

rolls in the process of direct rolling. h=10mm ,  

 

“without ingot rolling” process, a combined mold is 

used, two movable (wolves) and two fixed (side 

blocking plates) walls. during hot rolling from the 

crystallizer, the resulting billet is subjected to resistance both on the roll and on the side plates, 
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due to the acting forces. on the side plates, these forces are caused firstly by the ferrostatic 

pressure of the molten metal, and secondly by hot rolling of the work piece caused by the 

transverse deformation process due to friction end by slipping. Both values are so small that 

they can be neglected when calculating the energy parameters. Thus, we know the location of 

the metal meniscus with respect to the axial line 001 (angle α is taken from the 

recommendation in the literature [4.5.]), And in the case of 35–40% of the tension point C, 

using the proposed empirical formula, we calculate the time required for obtaining thickness 1 

/ 2h, and the speed of rotation of the rolls which is equal to: 𝑤 = (𝛼 − 𝛾)2𝑘𝑐𝑜𝑠2𝛾𝑅2 [(1 + ℎ2𝑅) − 𝑐𝑜𝑠𝛾 (2 + ℎ𝑅 − 𝑥0𝑅 − 𝑏𝑥0𝑅2 ) + 𝑐𝑜𝑠2𝛾(1 − 𝑥0𝑅 )] 
W-is the angular velocity of rotation of the rolls;  α-A angle point value; R-radius of the rolls, 

m; γ-C- is the angle at the point; h -is the thickness of the work pieces, m; K-value 

crystallization characteristic in measurement m2 / min .; X0 - the growth rate of the crust 

thickness at the initial stage of crystallization is m. On the basis of the method described above 

the optimal velocity for the rolls with 420mm diameter was established to be 0.7rot/min 

(V=0.92 m/min) for casting an aluminium sheet of 10mm thickness and 240mm width at 35-

40% strain. Certainly, in real process of casting the crystallization front is not uniformly 

distributed throughout the cross section, which is due to the method of liquid metal delivery 

to the crystallizer. The metal flows derived at that moment break the integrity of the 

crystallization front. Therefore, in real casting the forces derived on rolls are admissible to be 

5-10% more compared to the optimal one, the more so if the forces of friction coefficient on 

the lateral closing plates are neglected.  As our experiment shows, during casting the forces 

change to 35-65t in great interval, but it is well regulated by means of the rolls rotation velocity 

providing a stable process. Such a change of forces is caused by fluctuation of the level of liquid 

metal in crystalizer because casting from the intermediate ladle is manu ally done. In conditions 

of 420 mm diameter crystallizer when α=30º the height of the metal pole in the crystallizer is 

just 110 -115mm, while 10-20mm variation of the metal has a great influence on crystallizaion 

process. Experimental casting proceeds in quite a short period (3) and since the velocity variation 

process is easily regulated this is not a great problem. How- ever, in conditions of manufacture the 

all-around automation of the process will be necessary. The same method was used for 

estimating the velocity for aluminium sheets of 8-9 mm thick.As the experiments showed, 

technological parameters computed theoretically do not greatly differ from the parameters 

estimated experimentally. 
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The method is a combination of two independent processes (continuous casting, hot rolling). 

First of all, we assessed the minimum strains providing properties of the rolled metal for the 

billet produced by the method. Examination of metallographic and mechanic properties of the 

samples produced with different strains show that the strain of 35-40% is quite sufficient for 

the billet to gain the properties of rolled metal. Under such strain proper time and velocity 

necessary for production of the metal sheet of h/2 thickness were theoretically calculated. The 

values of all parameters and their interdependence are provided in the paper as nomograms. 

The experiments show that the difference between theoretical computations and experimental 

data is no more than 5-7%. The mentioned method, i.e., the so-called direct method was used 

to develop the technology for production of aluminium sheets of 8, 10,16 and 22 mm 

thickness.  

CONClUSIONS 

1.Technology Mastering and manufacturing of aluminum alloy sheets with a thickness of 8-

22 mm. method " Without ingot rolling ". The optimal values of all the basic technological 

parameters of the process, their relationship with structural, powerful energy parameters and 

the mechanical properties of the work pieces are determined. 

3.reconstruction of test equipment to move to a new stage. Which concerns the technological 

process for the manufacture of composite plates with a thickness of 25-45 mm based on 

aluminum alloys. This work has already been submitted and obtained Patent: P 2018 6913 B. 

4.Iron-aluminum, like titanium-aluminum, belongs to the group of incompatible metals in the 

manufacture of the composite. A method has been developed to establish additional 

mechanical bonding between composite layers during molding. The application is currently 

under consideration by the National Intellectual Property Center of Georgia. 
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Investigations of structural defects in silicon introduced with high energy particles or –rays 

have achieved remarkable progress in recent years. Radiation in the room temperature forms 

numerous vacancies and matrix interstitials in silicon, that can take part in the formation of 

stable complexes. At present, there is extensive information on changes in the electrophysical 

properties of irradiated silicon, but further complete studies are required to establish a firm 

understanding of their microscopic mechanisms. This information is necessary to create new 

semiconducting materials and equipment based on Si with controllable parameters. There is 

very little information about the relationship between the electrophysical properties of 

neutrons-irradiated silicon and the characteristics of the internal friction temperature spectra 

[1]. Obtained results show wide application possibilities of the internal friction in the 

investigations of radiation defects.  

In the experiment boron doped monocrystalline silicon grown by Czochralski method in [111] 

direction was used. Double-side polished plates with (111) orientation and 0,5-1 mm 

thickness and rods: 0,8x0,8x30mm3 with [111] direction were prepared for the investigations. 

The investigated samples are characterized with resistivity 200ohm.cm and dislocation 

density ~104cm-2.  

Electrophysical characteristics were determined in the constant magnetic field of 0.5 Tesla 

induction on the Ecopia HMS-3000 device by Hall effect measurements. Optical absorption 

spectra of IR irradiation were studied on Cary 660 FTIR Spectrometer. Dynamic mechanical 

characteristics were determined by internal friction method at torsion oscillations frequency 

~1Hz and in the ranges of 5.10-5-10-3 strain amplitude. The samples were irradiated at room 

temperature with -rays from a 60Co source (E=1,25MeV) to a fluence of 2.1017cm-2 photons 

(Irradiation by -rays from 60Co was conducted on the Agat-Metrology radiation device at 

Georgian National Agency for Standards and Metrology). 
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Electrophysical characteristics of highly polished Si:B substrates in initial, -rays irradiated 

and annealed (at 300⁰C, 0,5 hrs.) states were studied at room temperature.  Current carriers’ 

mobility is sufficiently high in the initial state that indicates homogeneous distribution of 

dopant B atoms and dislocations formed during growth in monocrystalline Si structure. 

Noticeable increase of electrical resistivity and slight decrease of current carriers’ mobility 

and concentration is observed in -rays irradiated state.  

Table 1.  Electrophysical characteristics of p-Si:B monocrystals  

p-Si:B 

(111) 

Resistivity, 

ohm.cm 

Holes concentration, 

cm-3 

Holes mobility, 

cm2.V-1.sec-1 

Initial state 200 8.1013 450 

After -rays irradiation,  

2.1017cm-2 
235 6.1013 445 

After annealing  

at 300 ⁰C,  0,5hrs 
130 1.1014 455 

 

Effect of thermal annealing at 300 ⁰C temperature on the electrophysical characteristics was 

studied. Radical changes in the structure of radiation defects are expected at these 

temperatures. In particular, dissolution of divacancies and vacancy-oxygen pairs and 

formation of new, thermally stable complexes [2-3]. Actually, annealing in vacuum at 300⁰C 

temperature for 0,5 hrs cause significant decrease of resistivity, slight increase of holes 

mobility and concentration.  It is supposed, that these changes of electrophysical parameters 

are stipulated by decrease of concentration of electrically active radiation defects, formation 

of new complexes and shift of important part of thermal and radiation origin defects in the 

core and atmospheres of dislocations.  

Abundance of overlapping maxima stipulated by the interactions of current carriers, lattice 

oscillations and electronic transitions have been revealed in a wide range of wave number of 

IR irradiation optical absorption spectra. As expected, maxima related to optically active 

oxygen (1105cm-1) and carbon (505cm-1) are distinguished with high absorption intensity. In 

the optical absorption spectrum after -rays irradiation maximum has been revealed in a wave 

number region of 2360cm-1. 

Thermal annealing causes a weak reduction of intensity of maximum related to the optically 

active oxygen atoms. It is supposed, that oxygen atoms react with radiation defects during 

annealing and forms complexes. This assumption is confirmed by the fact that intensity of 
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maxima in 885-890cm-1 region related to the optically active, electrically neutral VO2 

complexes increases by 15-20% in the annealed state. According to the literature [3-4], this 

transformation is stipulated by recombination of divacancy dissolution products- vacancy and 

oxygen atoms. The formation of VO2 complex should also be associated with a weakening of 

the negatively charged divacancy maximum at 2360cm-1. It should be noted, that the 

dislocations together with their atmosphere, is a very effective source of radiation defects 

capture and subsequent transformation. Dislocation can make a significant contribution in 

modifying an influence of -rays irradiation[5].  

 

Fig.1. IR irradiation optical absorption spectra of  Si plates  with (111) orientation  

1-initial, 2- after -rays  irradiation  

Internal friction and shear modulus amplitude dependences have been investigated at room 

temperature. In initial state Si is characterized with unchanged internal friction intensity in a 

range of 5.10-5-1.10-4 strain amplitude.  Linear increase of internal friction begins from the 

critical point 1.10-4 and continues up to 1.10-3 strain amplitude (fig.2 a). Internal friction 

change is reversible in a range of 5.10-5-1.10-3 strain amplitude, which indicates absence of 

plastic deformation in sample structure under such conditions. -rays irradiation causes an 

increase of critical strain amplitude up to 4,5.10-4, significantly reduces an inclination of 

internal friction linear branch on the Q-1(ɛ) curve. In a wide range of strain amplitude internal 

friction change is still characterized by complete reversibility. Annealing of -irradiated 

sample causes further increase of critical strain amplitude up to 5.10-4. For comparison it 

should be noted that annealed (at 300⁰C) non-irradiated silicon is characterized with critical 

strain amplitude increased only by 15%.  

Torsional oscillations frequency squared (f2) proportional to the shear modulus decreases 

monotonically by increasing strain amplitude. Shear modulus reduction rate increases sharply 
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at the critical point of strain amplitude. Fig.2.b shows regularities of changes in dynamic 

shear modulus under the influence of -irradiation and thermal annealing. 

     

Fig.2. Amplitude dependences of internal friction (a) and shear modulus (b) of monocrystalline Si 

[111] in initial state (1), after -rays irradiation (2), after thermal annealing at 300⁰C, 0,5 hrs (3). 

Changes of electrophysical characteristics and IR irradiation optical spectra stipulated by -

irradiation and thermal annealing of monocrystalline Si have revealed transformations in the 

structure of radiation defects. It is supposed, that as a result of transformation high thermally 

stable complexes containing vacancies and oxygen atoms have been generated.   

Migration of defects towards dislocation nuclei is stimulated in a deformation field localized 

with dislocations existing in Si structure. Respectively their effective blocking takes place, 

which is reflected in an increase of the main characteristic of dislocation-pinning center, 

critical amplitude, by 3-4 times in -rays irradiated monocrystalline Si.  
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Elemental and magnesium-thermal self-propagating high-temperature synthesis (SHS), hot 

pressing and spark plasma sintering were used to produce ultra-high temperature ceramics 

(UHTCs) based on the solid solutions of carbides (Ta,Zr)C, (Ta,Hf)C and borides (Ta,Zr)B2, 

(Ta,Hf)B2. UHTCs demonstrated high resistance against the impact of high-enthalpy 

oxidative gas flow. Sequences of chemical and structural transformations were investigated. 

At 3000 0С, the rate of thermochemical corrosion of carbide-based UHTCs was 15-20% lower 

as compared to the basic composites, whereas the boride ceramics based on (Ta,Zr)B2, 

(Ta,Hf)B2 demonstrated decomposition enthalpy up to 390 kJ/g, which is an order of 

magnitude higher than the enthalpy of analogous materials. To enhance the oxidation 

resistance, silicides MoSi2, ZrSi2 and TaSi2 were added to the UHTCs.   

SHS in the ZrB2-MoSi2-ZrSi2 and HfB2-MoSi2-HfSi2 systems was employed to obtain heterophase 

powders with 1-2 μm boride grains and 2-4 μm silicide grains. Eutectic colonies MeIVSi2–MoSi2 were 

present within the molybdenum disilicide grains. The peculiarities of infiltration of carbon framework 

by MeIV–MeVI-B-Si melt were studied.  

Hierarchically-structured TaSi2-SiC ceramic reinforced with discrete SiC and Si3N4 fibers was 

synthesized. This ceramic combined high hardness and fracture toughness and was used for 

plasma-ionic sputtering of high-temperature coatings.  

This study proposes a combustion-based ceramic matrix composite processing technique 

intended on single-step in situ deposition of single-crystal SiC nanowires (SiCnw) on the 

surface of carbon fibers (Cf) and formation of SiCnw–reinforced SiC matrix. This was 

accomplished by Ta-catalyzed combustion of poly-(C2F4)-containing reactive mixtures with 

pre-mixed chopped Cf. Depending on the combustion conditions, carbon fiber surface is 

subjected either to formation of diffusion layers, ceramic particle incrustation or growth of 

continuous arrays of carbon-coated single-crystal SiCnw with a nearly defect-free lattice, 10-

50 nm diameter and 15-20 μm length. Thermodynamics, phase and structure formation 

mechanisms were explored, and the optimal conditions were outlined for reproducible Cf/in 
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situ SiCnw dual reinforcement of SiC-based ceramics. Hot pressing at 1500 ºC produced Cf/in 

situ SiCnw-reinforced ceramic SiC-TaSi2 specimens with a relative density of 97%, 19 GPa 

Vickers hardness, 3-point flexural strength σ = 420 ±70 MPa and fracture toughness K1C=12.5 

MPa∙m1/2. 

The coatings consisted of amorphous phase with the inclusion of nanoparticles of fcc solid 

solution Ta(Si,C,N). Coatings had the hardness of 26 GPa and Young modulus of 268 GPa 

and were characterized by thermal stability up to 800°С and friction coefficient of 0.2 (at 

800°С). Low friction coefficient was caused by formation of thin oxide layer consisting of 

TaSixOy nanofibers in the contact zone.  

The work was supported by the Russian Science Foundation (Agreement No. 19-19-00117).  
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ABSTRACT 

The gold electrodeposition process from a chloroauric solution on carbon electrodes obtained 

on the basis of rice husk was investigated by means of cyclic voltammetry. The morphology 

of electrodeposits was analyzed by means of scanning electron microscopy. It has been shown 

that electrochemical reduction of AuCl4− on carbon electrodes occurs until its full recovery, 

i.e. Au0. The scanning electron microscopy allowed to obtain the images of gold adsorbed on 

the carbon surface, while the morphology of the deposits was described. In particular, it is 

clearly seen that the surface of carbon has a relief structure and gold has grown in the form of 

clusters. The smallest gold nanoparticles adsorbed on the surface of carbon electrode that 

could be examined were 100-250 nm in diameter. 

KEY WORDS: gold electrodeposition, carbon electrode, rice husk, cyclic voltammetry 

 

INTRODUCTION 

Activated carbons (AC) have a set of unique properties: electrical conductivity, high specific 

surface area, resistance to many chemical reagents, due to which their practical applications 

are constantly expanding [1-3].  

High interest in gold is associated with various fields of application of this metal and its value 

as an asset in the financial market. Gold is the subject of numerous studies of electrochemical 

processes occurring at the surface of various materials. The purpose of this work is to study 

the anodic oxidation and cathodic reduction of gold ions using carbon-based materials, which 

were obtained by carbonization and activation of rice husk (RH). 

In the present work, gold electrodeposition process on the carbon electrode was studied by 

means of voltammetry, while the morphology of the electrodeposits was analyzed by scanning 

electron microscopy (SEM). 

mailto:zhazyra@mail.ru
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EXPERIMENTAL 

The cleaned and dried RH was collected from local farms of Almaty region, Kazakhstan, and 

subjected for carbonization at 500oC in the argon atmosphere. Carbonized RH was mixed 

with potassium hydroxide by use the weight proportion of 1:5 (carbonized rice husk to KOH) 

and activated at 850oC under argon atmosphere. The resulting mixture was subjected to 

washing by distilled water until the neutral pH. 

Specific surface area of resulting carbon materials was investigated by use of “Sorbtometer-

M”. Microstructural and elemental analysis was carried out using the Quantum 3D 200i Dual 

System SEM, JEO JSM-6490LA scanning electron microscope and Raman spectroscopy 

(“NTEGRA Spectra Raman”) with laser wavelength of 473.0 nm, signal with an area 

diameter of 80 nm. The electrochemical investigations were conducted by using Autolab 

Potentiostat/Galvanostat Model AUT83945 (PGSTAT302N).  

A working solution with the concentration of 100 mg·L-1 were prepared by diluting the 

standard samples of Au3+ ions (“IRGIREDMET”) with distilled water. The basic background 

electrolyte was a solution of 0.1 mol·L-1 hydrochloric acid. 

 

RESULTS AND DISCUSSION 

In order to identify the surface morphological features of synthesized samples, the SEM has 

been used. As it can be seen from Figure 1 a,b, the samples have a complex structure. Surface 

macrostructure represent typical macropores with diameter of 4-22 µm (Figure 1a,b). The 

typical Raman spectrum of graphene exhibit three peaks: peak D at 1351 cm-1, peak G at 1580 

cm-1, and peak 2D at 2700 cm-1. The ratio between the intensities of peak G (IG) and peak 2D 

(I2D), IG /I2D gives an estimate of the number of layers [4]. Analysis of Raman spectra (Figure 

1c) of carbon material obtained from RH showed the content of graphene films with three or 

more layers (IG /I2D= 0.63; 0.50; 0.43; 0.30). 

The obtained adsorbents composed of amorphous silica and carbon. Specific surface of 

annealed RH was determined by BET method; it was 2818 m2 g-1, pore specific volume was 

1.59 cm3 g-1 and average pore size was within 1.0 ÷ 2.0 nm. 

The carbonized and activated rice husk (CARH) have a rather low redox potential and the 

stationary potential is 0.05 V (Ag/AgCl).  The measured stationary (real) potential of gold in a 

hydrochloric acid medium is equal to 0.47 V (Ag/AgCl). The potential difference between 
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gold (oxidizing agent) and sorbent (reducing agent) is 0.42 V relative to the reference 

electrode. 

Cyclic voltammetry curves of gold ions in 0.1 M HCl measured on carbon-capped electrodes 

are illustrated in Fig. 1d (curve 1) [5]. This curved represents an oxidative peak (0.8 V) in the 

reverse scan and a reductive peak (0.55 V) in the forward scan. The background electrolyte 

based on 0.1 M HCl measured on a carbon electrode was also examined in this potential 

region (Fig. 1d, curve 2). However, no clear redox processes were observed. Since activated 

carbon has a large surface area, large charge-discharge currents of the double electric layer 

(non-Faraday currents) were revealed. 

 

Fig. 1. (a) SEM images of the surface of the carbon electrode before and (b) after adsorption of gold, 

(c) Raman spectra of activated carbon, (d) Cyclic voltammograms on carbon electrode in (curve 1) 0.1 

M HCL + 100 mg·L-1 HAuCl4 and (curve 2) 0.1 M HCl at 5 mV·s-1. 

 

In turn, charge-discharge currents are due to the large surface area of electrode, which is 

reflected on the voltammograms. Thereby in order to calculate the kinetic data on the gold 

electroreduction reaction on this material, compensation should be made for a non-Faraday 

current. For this purpose, the currents of a double electric layer were taken from the value of 

the cathodic current peak. Finally, the resulting peak current values were used to calculate the 

diffusion coefficient which will be discussed during the Conference.  
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CONCLUSION 

The resulting material obtained on the basis of RH was studied by modern and informative 

methods of physico-chemical analysis including scanning electron microscopy, Raman 

spectroscopy and BET analysis. It was demonstrated that the resulting material has a 

developed macroporous structure and possesses a high specific surface area. The 

electrodeposition of gold was studied in solutions containing HAuCl4 forming AuCl4
− ions. 

When current density was equal to zero, the system exhibited a constant open circuit potential 

of about +420 mV vs. Ag/AgCl. the diffusion coefficient which will be discussed during the 

Conference. The features of diffusion coefficients and adsorption capacity will be discussed 

during the Conference. 
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During synthesis of ceramic and metal-ceramic systems under the conditions of theological 

combustion (SH-synthesis), the phase composition of the reaction products, the structure and 

properties of the material being obtained are largely determined by the thermokinetic 

characteristics of the combustion process. Combustion parameters, in their turn, depend not 

only on the composition of the charge, but also on the dispersion of the reagents, density and 

uniformity of the pre-requisites of the samples being synthesized [1]. An effective way to 

influence the formation of the microstructure and phase composition of the final products is to 

introduce "inert” and "active" additives introduced into the charge [2].   Mechanochemical 

treatment (MCT) of powder materials in activator mills is an effective way to obtain active 

components for SHS-charge systems. By varying the MCT modes and introducing various 

organic modifiers into the processed powder, particles of a composite structure consisting of 

inorganic and organic parts (an inorganic core encapsulated in an organic shell) can be 

obtained [3]. Each of the components of the modified powder material performs its role in the 

subsequent SH-synthesis process 4. Wollastonite is one of the promising filler materials 

widely used in the world practice when creating various composite systems 5.  MCT of 

wollastonite, as well as other minerals, leads to changes in the dispersion, defect and 

structural arrangement of the particle surface, which is a prerequisite for obtaining, in this 

way, the material of microadditives in the SHS-charge mixture.  

In this paper, wollastonite was chosen as an additive for conducting SH-synthesis of quartz-

based systems with a stoichiometric ratio of it to APS-grade aluminum. The modifying 

additives of wollastonite were polyvinyl alcohol (C2H3OH)n,), silicon H2SiO3n(H2O) and 

succinic acid (C4H4O6). Mechanochemical treatment (MCT) of powders was carried out in a 

planetary centrifugal mill (PCM) at an acceleration of 40 g. Activated powders were pressed 

into cylindrical samples with a diameter of 20 mkm and a height of 20 mkm with the 

introduction of a binder in the amount of 5%. The subsequent combustion was carried out at 

9000C.  

In the course of MCT, there takes place not only destruction of particles, but also 

accumulation and redistribution of defects in the volume of the particle. The change in 
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particle defects can be estimated by the size of the crystallites. As the time of MCT increases, 

there occurs accumulation of defects and the size of wollastonite particle crystallites decreases 

(from 910 to 740 Å). However, in the presence of modifiers in the course of MCT, an increase 

in the size of crystallites is observed (up to 1100 Å). Such changes may be associated with the 

flow of defects to the surface, where the chemical processes of interaction of surface layers 

with additives-modifiers begin to proceed.  

The changes in morphology and the formation of surface structures on wollastonite particles 

as a result of MCT are illustrated by images obtained using a transmission electron 

microscope. Figure 1 shows wollastonite particles in the initial state, having a needle like 

shape. After the MCT of wollastonite powder, an organic film is formed on the surface, which 

increases as the processing time increases. When using succinic acid and polyvinyl alcohol as 

a modifier, the polymer formation on the particle surface is more intense (Figure 1 b,c). 

Wollastonite particles retain their needle-like shape and are encapsulated in a structured 

organic film of various thicknesses.  

 

 

 

         

                             а                                                   b                                                c 

Fig. 1. Electron microscopic images of wollastonite samples in the initial state (a) and after MCT in 

the presence of succinic acid (b) and polyvinyl alcohol (c) for 20 minutes 

 

The obtained modified particles showed high activity, that is evident in the change of kinetic 

characteristics of combustion mode of SHS systems into the charge of which wollastonite was 

introduced in different conditions. Introduction of wollastonite powder in the initial state into 

the charge mixture (SiO2+37.5% Al), first of all, increases the induction period and reduces 

the combustion rate, as well as the maximum process temperature (Figure 2). Wollastonite 

plays the role of ballast, which takes part of the heat of the exothermic reaction between 

quartz and aluminum, resulting in a slower combustion process (from 50 deg/sec.) up to 10 

deg / sec.) and the maximum combustion temperature somewhat decreases. The higher the 

content of wollastonite in the charge mixture, the lower these characteristics are. When 

wollastonite additives are introduced to the charge mixture, after MCT, the thermokinetic 

parameters of SH-synthesis change.  If the induction period decreases after 10 minutes of 
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treatment and the combustion rate increases, then the reverse changes are observed for these 

two parameters with the increase in MCT time (Figure 3).  

 

 

 

 

 

 

 

 

 

Fig. 2.  Thermograms of the system [(SiO2 +37.5%Al] combustion without (1) and with 

wollastonite additives in the amount of 5(2) and 10% (3) 

The decrease in the temperature of combustion of the mechanically activated mixtures can be 

related to a decrease in the temperature of the reaction due to the stored energy of mechanical 

activation, as well as the loss of chemical energy of the system as results of the interaction of 

components during MCT. The increase in the combustion temperature is primarily due to a 

significant increase in the level of particle energy stored during MCT.  

At the next stage, wollastonite, processed in a mill with modifiers, was introduced into the 

mixture (SiO2+Al). Figure 4 shows that after 10 minutes of MCT of wollastonite with 

modifiers, its introduction in an amount of 5% in the charge leads to a decrease in the 

induction period and an increase in the combustion rate.          

X- ray phase analysis of samples showed that after the introduction of activated wollastonite 

into the charge mixture, highly dispersed phases of Ca2Al((AlSi)O7) and Fe2SiO4 are formed 

in the synthesis products, which increase the strength of the material from 28 to 35 MPa. 

Phase formation occurs under high-speed and high-temperature conditions, therefore they 

have a high degree of dispersion. Modification of wollastonite with succinic and silicic acid 

within 20 minutes contributes to the formation of aluminum nitride in the synthesized sample, 

which in its turn strengthens the material (up to 40-52 MPa). After 40 minutes of processing 

wollastonite with silicic acid, the fraction of reduced silicon decreases, but particles of 
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gelenite - Ca2Al ((AlSi)O7), which strengthens the material, are formed. A similar pattern in 

phase formation is observed when using wollastonite modified with polyvinyl alcohol and 

succinic acid for 40 minutes of MCT.  

 

 

 

 

Thus, by introducing activated and modified wollastonite into the charge mixture in an 

amount of 5%, it is possible to purposefully influence the thermokinetic characteristics of the 

combustion process and, as a result, control the phase formation and properties of the 

synthesized material.  

 

 

 

 

 

 

 

 

Fig. 3. Thermogram of the combustion system 

[(SiO2 +37.3%Al] with wollastonite additives in an 

amount of 10% after MCT during 10 (1), 20 (2), 

30(3) and 40 minutes (4) 

Fig. 4. Thermograms of the system 

[(SiO2 +37.3%Al] with 5% wollastonite 

activated for 10 minutes with flint (1), succinic 

acid (2), polyvinyl alcohol (3) and without 

modifier (4) 
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Evolution of modern techniques requires development and production of metal-ceramic 

materials with high physical-mechanical properties, among which, exceptional methods of 

obtaining unlimited longitudinal dimension products by SHS electrical-rolling process 

method are developed at the Ferdinand Tavadze Metallurgy and Materials Science Institute. 

[1]. 

Heating current at the deformation core causes the initiation of synthesis and continuous 

compensation of heat losses during hot deformation of the product, while maintaining 

equality of rolling and combusting front transfer speed ensures to form viscous-plastic mass 

in the hot core of the deformation.  

In order to obtain high quality nonporous materials, it is necessary to study the dependence of 

the degree of relative deformation on the material density. For this purpose, the process of 

rolling a cone-like specimen was studied, where the rolled one represents material obtained by 

variable shrinkage. For each intersection of this material, the corresponding shrinkage 

(relative deformation), current angle of bite, density, and other rolling parameters are 

determined. The relative deformation carried out from the beginning to the end of the rolling 

stock was 0-65%. 

According to the Law of Mass Conservation, an image is obtained by which the location of 

the cross-section of the wedged material corresponding to any point chosen at the length of 

the rolled material can be determined: 

                                       𝐿₀ₓ = −h0+√(ℎ₀)2+4L₁ₓh₀B₁+B₁ₓ2𝐵₁ 𝐾ₓ𝑡𝑔ά2𝑡𝑔ά  ,                                                  (1) 

And given the cone-likeness of the product, its height equals to: 

                                                      H0x=h0X+2L0xtgά,                                                             (2) 

Where: L0x is the length of the wedge-type target billet; h0 and H0X are the height of wedge-

type billet and section height of wedge-type billet; B1 is the width of front of the prepared or 

rolled material; B1X - is the width of the target section; L1x - x is the length of section-rolled 
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target; KX =ρ0/ ρ1x  - x is the hardening coefficient at the section; ρ0 and ρ1x - are the densities 

of the material in the cross section X and mixture; ά – Wedge-type target’s cone-likeness. 

During the experimental studies, flat specimens of briquetting charge with same thickness 

were rolled and put in containers (with different shrinkage) (ΔH = 3 mm, 6 mm, 9 mm, 12 

mm, 14 mm). The length of the deformation core were conventionally divided into aisles. The 

initial and final intersections of each site were considered as the entry and exit intersections at 

the deformation core, for which, according to the law of mass conservation, mathematical 

transformations made possible to obtain image which determines: billet’s transfer velocity. 

                                   U1 = 𝜋 𝐷 𝑛 (1 − ∆ℎ𝐷 ) 𝐾H ̥B ̥ / 60 H₁B₁                                            (3) 

Where: H0 B0 and H1 B1 are the height and width of the charge and rolled stock; 𝜌0 and 𝜌1 - 

specific densities; U0 and U1 - Velocities of movement of the charge and material, in aisles 

located at the core of deformation (at the entering and leaving sections); U0 = 𝜋 𝐷 𝑛(1 −∆ℎ𝐷 )/60 - horizontal constituent of roll’s circular velocity, D - diameters of rolls; n - number of 

turns of rolls; Δh - shrinkage; K= 𝜌̥/ 𝜌₁- coefficient of hardening. 

Billet derived from SHS (self-propagating high temperature synthesis) process, appears to be 

porous material, from which, after further hot-pressing (rolling) it, material with intended 

mechanical properties and measurements is obtained. In the deformation core, the formed 

grains of the synthesized charge approach each other, and at the exit of cross section, 

hardened material is obtained; Porous empties are significantly reduced and the relative 

porosity decreases to 2–5% at certain shrinkage. As a result of material’s shrinkage at the 

cross-section, compression takes place predominantly, the grains move in a vertical direction. 

Reaching some kind of adhesion, the charge begins to flow in a longitudinal direction. Thus, 

SHS electro-rolling process involves intergranular and interparticle shear deformation. 

Increase of material density along the deformation core depends on charge compaction 

degree. 

On the basis of experimental data, the density of the material depending on the whole length 

of the rolling or the relative deformation can be calculated by the following empirical image: 

                                                     ρₓ=ρ₀+(ρ₁-ρ₀)(l1x/l1)
m  ,                                                    (4) 

or 

                                                     ρx=ρ0+(ρ1-ρ0) (εx/ε)m  ,                                                    (5) 
Where: ρ₀ and ρ₁ - are the densities of the synthesized charge and the rolled material; m - is 

the coefficient, depending on the relative deformation, specifically: when ε = 9-30%,  m = 1; 
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when ε = 30-45%, m = 0.75; when e = 45-60%,  m = 0.5;  Ɩx ,Ɩ  - is the lookup of the expanded 

material at the cross section and the total rolling, or the lookup of deformation  core and the 

lengths of the whole aisles; ɛx , ɛ - are relative deformations corresponding to Ɩx, Ɩ  arcs in the 

search section of wedge-type rolled material or in the deformation core. 

(4) and (5) allow us to calculate the density values for any intersection of the rolled material, 

or the density-dependent values of relative deformation along the deformation core.  

Reliability of the empirical images was tested by experiments. Relative error between 

experimental and empirical values was 2-4%. Dependence of the material density change on 

the length of the rolled material is shown in Fig. 1, and the values of the initial and final 

densities of the deformation core were determined experimentally and computed (5), (Fig.2).   

            

  Fig.1.  TiB06  material density change over            Fig. 2. TiB06 material density  change in  relative  

                 rolled  material length.                                    deformation change: 1 - Experimental data; 

                                                                                                  2 - (5) Computed by the image; 

                                                                                                 

As it can be seen from Figure 2, except for the initial and final cross-sections of the 

deformation core, the density values obtained experimentally and calculated empirically along 

the entire deformation core are 4.4% with average relative error. From the above we can 

conclude that the curves obtained by image (5) are more or less close to the experimental 

density change curve. Therefore, the empirical images (4) and (5) may be applied to the base 

of the Ti-B system for the SHS electro-rolling of the metal-ceramic material. 

Thus, as we know what rolled billet dimensions are, it is possible for any of its carving points 

to determine the carving size before proper rolling, which will allow us to determine 

shrinkage magnitude and angle of bite on the rolling mill. 

Theoretical calculations show that in the case of TiB06 box groove rolling, the relative 

porosity of the initial synthesized charge is 50%, depending on the relative porosity and the 
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relative deformation of the rolled material. In the deformation core aisles’ inlet and outlet 

sections, comparison between billet and roll velocities and its incensement change is shown in 

Figure 3.  

 

Fig.3. Comparison between billet and roll velocities in the deformation core aisles’ inlet and outlet 

sections. 

As it is shown in Fig. 3, growth of deformation (along with porosity decreasing), increases 

container and roll velocities relative growth when entering the deformation core. This is due 

to the fact that as shrinkage increases, intensity of compaction falls. Synthesized charge flows 

in a predominantly transverse direction, despite that the horizontal constituent of the circular 

velocity vector increases. Although no sharp increase in friction forces is observed, which 

itself ensures longitudinal displacement of the billet. From ε = 25% to some degree of 

deformation (54-55%), lag between billet velocity and roll velocity decreases. At this time, 

intensive compaction is taking place, that is, the synthesized TiB06 grains move 

predominantly in vertical direction and elongation is minimal. As the deformation increases   

(ℇ = 54-55%), shrinkage of TiB06 grains and titanium phase increases, thus, decreases 

porosity. Thereby, we can conclude that rolling process should be carried out at ℇ> 54% 

relative shrinkage conditions. ℇ = 54-58% can be applied as optimal mode, with relative 

porosity decreasing to 2-3%. Further growth of deformation slightly affects to the material 

compacting. Also it worsens rolling mill’s effectiveness (energy-force parameters is 

increasing dramatically), biting conditions and rolling stability in general. In the event of 

breaching a TiB06 fastening condition, if angular velocity of the rolls is reduced, total forces 

increase due to the separation of deformation core from the combustion front, i.e. growth of 

holding time, which itself increases the slip between the combustion front displacement and 

the billet displacement. The charge becomes cold, increasing resistance to deformation and 

danger of cracking. If the speed of rolls is above the optimum speed,  difference between the 

combustion front and the billet displacement velocity slip is reduced, i.e, the combustion front 

is approaching the starting point of  deformation core, amount of liquid phase in SHS 
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products increases and billet structure remains unformed. Full compacting process does not 

take place and porosity increases. 

Thus, technological regime disruption, particularly in the case  of non-optimal delay of 

synthesized specimens and missing rolling and SHS velocities prior to begin rolling process, 

porous materials and cracks are formed during compacting. 

Based on aforementioned studies, optimal technology of TiB06  material for SHS electro-

rolling has been established, which allows constant distance formation from deformation 

center to combustion front. Also we can obtain equal compacted materials on the whole 

length of billet. 

CONCLUSION 

The work deals with the TiB06 SHS electro-rolling process of selected charge in order to 

obtain metal-ceramic protective and corrosion-resistant tiles. In particular, during the process 

of SHS electro-rolling, according to experimental data and theoretical calculations, we have 

obtained searching section of rolled products and wedge-type billet’s matching point 

calculation image that corresponds to the rolled products. Billet’s movement velocity and 

density value of charge and rolled products change due to different values of relative 

deformation. Obtained results can be used during SHS electro-rolling of Ti-B system charges. 

We have developed SHS electro-rolling technology of material, which ensures speed equality 

of rolling and synthesis process throughout the whole work, as well as the means for 

obtaining compacted materials. TiB06 metal-ceramic tiles that are developed through that 

technology meet the required properties. 
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RESUME 

Along with combined results of studying basic kinetic properties of thermo-graphical, 

radiographic-phase  and charge’s metal chloride-oxide reduction processes, we have 

developed the scheme of obtaining composite powders (NiCr-Cr3C3;  NiCr-Cr3C3 –Co-Cu;  

CrB2-AI2O3;  (TiCr)B - AI2O3; CrNi –B4C; WC-FeNi; FeCr-Ni3AI; CrNiCo-AI2O3) 

strengthened with high-melting compounds. 

It was found that the maximum fraction of the obtained composite powders varies within 100-

125 µm and does not exceed 5%, while remaining fractions of particles are 5-20 µm within 

30-35%, 20-50 µm - 35-40%, 55-100 µm - 15-20%. Powder particles (oxides, carbides) of the 

solidifying, hardening phase are evenly distributed throughout the powder and their fraction 

does not exceed 5 µm. Researching of composite powder’s technological properties has 

revealed: Density varies from 4.6 to 4.95 g /cm3; Free dump specific weight 1,05-1,2 g /cm3; 

Judder specific weight 1.5-1.65 g /cm3 and fluidity 39-42 sec. 

One of the promising methods to obtain metal-ceramic powders is the joint Aluminum 

recovery of corresponding metal’s chloride-oxide-carbide charge - by formation of 

reinforcing, strengthening phase powder particles (AI2O3) or by collaboration of fine-disperse 

carbides and other high-melting compounds. This task can be resolved only by using powder 

metallurgy methods that gives the opportunity to create composite materials and powder 

alloys with unique properties [1-3]. 

Metal-ceramic powders with improved exploitation features are used for manufacturing 

special-purpose products and for restoration and reinforcement of detail surfaces as well. 

Wide range of customers for such products include: machinery, stone processing and mining-

concentrating factories, aviation, metallurgical factories, oil-processing companies, private 

working objects and etc. 
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In order to determine the nature of thermal effects running in the process of obtaining 

powdered composite material with relevant burden and its recovery through the Aluminum, 

initial raw material was used: nickel chloride (NiCI2). Chromium chloride (CrCI3), chromium 

carbide (Cr3C2), cobalt oxalate (CoC2CI4), boron anhydride (B2O3), titanium oxide (TiO2) and 

metal aluminum powder. 

Summarizing the results of thermographyс and radiographic-phase studies, nature of thermal 

effects in current chloride-oxide charge’s aluminum recovery was explained.Interaction of 

nickel and chromium chlorides with aluminum is highly exothermic, rapidly going process, 

and it begins at 650°C. During the reaction, temperature of charge increases arbitrarily 

throughout the whole mass and reaches 900-950°C. At this time, secondary product, that’d 

been resulted from the reaction - ALCI3,  can be easily removed from reaction zone (its 

evaporation temperature is 180°C). 

 In case when large aluminum granules are used for reduction, molten aluminum will restore 

its surrounding nickel and chromium chlorides. Metallic nickel and chromium are being 

produced. High-melting nickel (NiAI, Ni2AI3) and chromium (AI7Cr, AI11Cr, AI11Cr2, AI4Cr, 

AI3Cr, AI9Cr4, AI8Cr5, AICr) compounds can also be formed. The latter are involved in the 

process of charge recovery. 

Reduction of metal aluminum particles size results in an increase of reducing agent’s reaction 

surface. This helps to fasten recovery process. Thermographic study revealed that reduction of 

nickel and chromium chlorides with metal aluminum (with NaCI addition into the charge, 

(relatively NaCI:CrCI3 = 1:1))  initiates the reaction at 560 and 475°C respectively.  

 After completion of reduction reaction aluminum content in the obtained product is 3.5-5.0%, 

and with the addition of charge in NaCI, rate decreases to 0.015-0.3%. This event can be 

explained by the fact that in the first case, contact of the reduction agent is less with the 

restoration component and that the arising chromium forms  above-mentioned compounds 

with residual aluminum. In the second case presence of relatively low temperature salt 

defrosting (CrCI3: NaCI) impedes interactive solubility of metal chromium and aluminum. 

 Thermal dissolution (dissociation) cobalt oxalate, with temperature influence, revealed that at 

415 0C cobalt oxalate decomposition begins, and the obtained cobalt powder only accords 

with high temperature modification. 

 Thermographic research made it possible to study thermal effects resulted from aluminum 

reduction of components (NiCI2, CrCI3, CoC2O4, NaCI) inside the charge. Ratio of the 
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chromium chloride mixture with sodium chloride corresponds to 1:1 thermogram. Fixed 

thermal effect 2250C corresponds to the beginning of crystalline water removal temperature 

from cobalt oxalate and it is endothermic in nature. 

The following effect of 4150C corresponds to the beginning of the cobalt dissociation as well 

as the eutectic melting of  NiCI2- CrCI3 - NaCI. However, its exothermic nature is explained 

by initiation of dissociation-induced reduction reaction. In this case, endothermic effect of 

reagent dissociation is significantly behind the exothermic effect of reduction reaction, and 

total exothermic-character effect is displayed on the thermogram. The third effect at 6500C 

can be explained by aluminum melting and by effective reduction process, which is 

exothermic in nature and the temperature throughout the reactive mass can be increased 

arbitrarily up to 8000C. Upon reaching this temperature, produced complex salt N NaAICI4 

begins to melt and the endothermic effect is observed on the thermogram. 

The nature of thermogram temperature difference curve of  aluminum oxide compounds B2O3 

and TiO2, showing that the endothermic effect 4250C corresponds to the boron oxide melting 

temperature, and the exothermic effect 6500C corresponds to the beginning of the titanium 

oxide reduction process. It should be noted that with the use of other oxides (Fe3O4, CoO) as 

charge components, reduction temperature always corresponds to melting temperature of 

aluminum and it is  exothermic in nature. 

During reduction processes, addition of high-melting compounds to the charge does not alter 

the nature of temperature differential curves, indicating that these components do not 

participate in chemical procedures involved in the process. 

By combining results of the research on thermographic, volumographic, radiographic-phase 

and basic kinetic characteristics of the procedure, a process scheme to fabricate composite 

powders reinforced by high-melting compound was developed (Figure 1), including: mixing 

of charge in rotary mixer → charge briquetting → charge-type oven reduction in argon 

atmosphere → condensation of secondary product (AICI3) → wet grinding of sinter cake in 

ball mill → drying powders → riddling → prepacking. Throughout the whole cycle, loss of 

suitable powder does not exceed 5%. 
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Constituent components of the charge 

CrCl3 NiCl2 WCl6 FeCl2 CuCl2 CoC2Cl4 

B2O4 TiO2 Fe3O4 CoO Cr3C4 B4C 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Hydrometallurgical processing 

Wet grinding in 

a ball mill 

 

Centrifugation 

(Filtration) 

 Drying (vacuum 

drying oven) 

t=1100C; 

τ = 3 hour 

 

 

 

 

Obtained composite powders 

CrB2-Al2O3 (TiCr)B2 – Al2O3 NiCr – Cr3C2 NiCr – Cr3C2 – Cu - Co 

CrNi-B4C WC - FeNi FeCr – Ni3Al Cr – Ni – Co – Al2O3 

 
 

Fig. 1. Scheme of the process for producing composite powders hardened by refractory compounds 
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Reducted briquettes retained their shape due to the solidification of residual secondary 

product (NaAICI4). It resembles a cloudy mass (Fig. 2) and the briquettes reducted for 

complete removal of the latter are subjected to hydrometallurgical processing in accordance 

with the following scheme: Briquette’s grinding mass processing in a rotary ball mill with wet 

(water) method; Centrifugation and complete removal of chlorine-ion with water; Drying 

powder in a vacuum-drying oven at 100-1100C (0.0133 MPa – 100 Hg). 

The powder was riddled through a vibro sieve. Particle shapes of obtained composite powders 

are different (Fig. 2 a, b, c).  Dendritic structure (Fig. 2b) varies between 2-5 μm in 

accordance with axis and branch diameter, with a length not exceeding 100 μm. Dispersity of 

dried powders are determined by “Coulter Model TA-II” - particle size analyzer, and, it was 

found that its maximum fraction range was between 100-125 µm and not more than 5%, but 

remaining fractions of the particles were 5-20 µm within 30-35 ^, 20-50 µm - 35-40% and 55-

100 µm - 15-20%. It’s worth noting that the powder particles of the reinforcing, hardening 

phase are evenly distributed throughout the powder, not exceeding 5 µm. 

Researching of composite powder’s technological properties has revealed: Density varies 

from 4.6 to 4.95 g /cm3; Free dump specific weight 1,05-1,2 g /cm3; Judder specific weight 

1.5-1.65 g /cm3 and fluidity 39-42 sec. 

         

 

                  a - Spongy shape                   b - Dendritic  shape                  c- Shrapnel form 

Fig 2. Forms of composite powders particles 
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RADIAL FORGING MACHINE FOR PROCESSING POROUS 
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ABSTRACT: Based on the analysis of the designs of rotary and radial-forging machines, it is 

shown that hydraulic crimping machines are most suitable for processing porous sintered 

workpieces. The design of a gas-hydraulic radial forging machine is proposed, which makes it 

possible to increase the degree of deformation of the work piece and increase the intensity of 

the forging process, which increases the productivity of the forging machine. 

KEYWORDS: radial-forging machine, porous sintered workpieces, receiver. 

BASIC PART. Using the radial forging method in mechanical engineering is particularly 

advantageous for processing long axisymmetric parts of complex configurations, such as 

stepped shafts and axles. The complex shape of the inner surface is also distinguished by a 

group of axisymmetric parts with an internal stepped profile, in particular, adapter sleeves, 

nipples and stepped couplings, as well as parts with internal straight and spiral slots[1- 3].         

Obtaining the above parts by mechanical processing on metal-cutting machines is 

uneconomical, since during processing there are large losses of metal [1,2].        

In addition to the above, the radial forging method improves the structure and mechanical 

properties of the metal. The pulsating nature of the load characteristic of radial forging makes 

full use of the metal's plasticity resource, reducing the deforming forces, and makes it possible 

to manufacture parts from low-plastic and hard-to-form steels and alloys [3]. 

The radial forging process is implemented on radial forging machines of various designs. The 

leading manufacturer of modern rotary and radial forging machines is the Austrian company 

GFM [1]. 

Existing rotary forging machines are divided into three groups [3-5]:  

1) Circular machine; 2) Drum of the machine; 3) Spindle of the machine. Radial forging  
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machines are also divided into three groups: 1) Roller machines; 2) Lever machines; 3) 

Connecting rod machines. In addition, the metallurgical industry uses hydraulic crimping 

machines of various designs, such as hydraulic presses, devices with a forming punch and 

multi-punch machines [6,7]. 

On fig. 1 the classification of existing rotary and radial-forging machines is given. 

 

Fig. 1. Classification of radial forging machines 

Analysis of the designs of rotary and radial forging machines has shown that hydraulic 

crimping machines are most suitable for processing hard-to-form metals, their alloys and 

porous sintered workpieces [6,7]. Therefore, we developed a gas-hydraulic radial forging 

machine. 

We believe that the proposed machine design and material processing conditions will 

significantly facilitate the production of products of the desired shape, with a density almost 

close to the theoretical one, from porous sintered blanks, since deformation occurs under 

conditions of comprehensive compression. This is a completely new direction in the plastic 

processing of porous work pieces.  The scheme of its construction is shown in Fig. 2. 

The machine contains working cylinders 1 with piston rings 2, which are connected by means 

of shock absorbers 3 to the shock mass 4, to which the striker 5 is attached. Each working 

cylinder 1 is tightly connected to the upper part of the high-pressure gas receiver 6 of an 

annular shape, which at the same time is a machine body. The high-pressure gas receiver is 

common to all working cylinders. The lower cavity of the working cylinders 1 is closed by 

covers 7 and connected to the high-pressure hydraulic system via a pipeline. The working 

cylinders are arranged radial in a circle. 
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Toothed rails 8 are attached to the side surfaces of the shock masses, which are engaged with 

the synchronizing gears 9 and 10. The gears 9 and 10 are located in the cylindrical recesses of 

the machine body. 

 

Fig. 2. Scheme of machine 

The principle of operation of the machine is as follows. From the hydraulic system, the high-

pressure ,( p ATM)  liquid enters the lower chamber of the working cylinders 1, as a result of 

which the cylinder pistons overcome the resistance of the high-pressure gas ,( 0p ATM) in the 

receiver 6, and radial move the shock masses 4 together with the strikers 5 to the periphery of 

the installation. This action prepares the machine for the job. 

When the feed mechanism feeds the work piece between the strikers, the lower part of the 

working cylinders 1 is abruptly disconnected from the high-pressure system and connected to 

the atmosphere, which causes a sharp drop in pressure in this cavity. At the same time, under 

the influence of high-pressure gas of the receiver 6 in the upper cavity, the pistons of the 

cylinder 1, together with the shock mass 4 and the strikers 5, are rapidly accelerated from the 

periphery to the center of the machine and strike the work piece, which leads to its plastic 

deformation. 
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The toothed rails 8 attached to the shock masses 4 together with the gear wheels 9 and 10 

provide a coordinated shock movement of the shock of all four masses, which is necessary in 

order for the strikers to simultaneously carry out shock effects on workpiece. 

After the end of one working cycle, the lower areas of the working cylinders are re-connected 

to the high-pressure system, and the machine is ready to perform the next cycle when it 

returns to its original state.   

CONCLUSION.  

The positive effect of the presented machine is due to the fact that its design scheme contains 

radial arranged in a circle working cylinders, the upper part of which is constantly connected 

to the high-pressure gas receiver, which is common to all working cylinders.  In this case, it 

becomes possible to influence the work piece simultaneously from four sides, which creates a 

favorable deformation scheme and a stress-strain state of all-round compression. This 

dramatically reduces the probability of occurrence and development of cracks in the work 

piece, which increases the possibility of producing high-quality products and greatly 

facilitates the process of plastic deformation of sintered porous workpieces. Besides that the 

intensity of the forging process is not limited, since the stresses in the longitudinal section of 

the work piece are far from critical, which makes it possible to increase the degree of 

deformation and intensity of the forging process, resulting in increased productivity of the 

machine. 
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ABSTRACT An effective method of production of boron carbide / metal diboride 

nanocomposites, the in prospective hard materials with improved mechanical properties, is 

their chemical synthesis from corresponding liquid charge. Here is reported on the initial 

stage of the technology – preparing liquid charge precursors. 

Among current commercial hard materials, boron carbides (B4C) possess the highest 

hardness-to-density ratio. For this and other unique properties, boron carbide based 

composites are widely used in various technologies. However, boron carbides’ brittleness and, 

therefore, relatively low stability against crack formation hamper further extension of the 

sphere of their industrial applications. As is believed, this problem can be resolved by creation 

boron carbide based composite materials in nanocrystalline state. 

Original technology suggested by authors includes obtaining of the B4C–MeB2 (metal 

diboride) nanocomposite powders from liquid charges in form of B- and Me-compounds 

dissolved in organic solvents by their multi-stage thermal treatment at relatively moderate 

temperatures. Organic solvents serve for C-source as well. Studies show that a powder 

obtained from such kind of liquid charge should be fine and truly composite, not a mixture of 

components’ powders. These are two important factors for retaining nanostructure and, 

consequently, achieving high mechanical properties of solid materials and / or goods obtained 

by further compacting of powders. 

In the literature, there are number of reports on synthesis of B4C and MeB2 powders 

separately, as well joint synthesis of these component-powders. Their review and references 

to original works will be given elsewhere [1] (see also [2]). 

We try to answer the question: How to combine in novel technologies the methods of 

obtaining boron carbide, titanium and zirconium diborides in a single technological cycle in 
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order to obtain true powdered ceramic composites of B4C–TiB2 and B4C–ZrB2? Here, we are 

focused on preparing corresponding precursors in form of liquid charge. 

Earlier it has found the possibility of receiving the same composite from the system that 

consisted of amorphous boron and TiO2–glycerin–H2O or H3BO3–TiO2–glycerin–H2O 

systems. On mechanisms occurring in the preparation of ceramic compositions containing 

boron carbide and titanium diboride, one can see our previously released projects [3, 4] and 

also recent patent [5] and papers [6 – 12]. In particular, the data have been presented, which 

confirms the possibility of obtaining nanoscale powder B4C–TiB2 composite at relatively 

moderate temperatures. 

From the analysis of the literature in field, one can conclude that in the synthesis of metal 

(e.g. titanium and zirconium) diborides are often used organic compounds of different classes. 

And amorphous boron, boron oxide, boric acid and its compounds, boron halides, bororganic 

compounds, borates and its derivatives are used as boron sources. From commercial point of 

view, it is better to use available – cheap compounds (B2O3, H3BO3, and B(OR)3). The sol–

gel and co-precipitation methods are often used to obtain precursors and preceramic powders 

of metal borides and boron carbides. General analysis of the approach (see the scheme 

presented in Figure 1) of obtaining boron carbide and metal (e.g. titanium and zirconium) 

diborides shows that the final products are obtained using actually the same technological 

processes. For example, sources of boron, zirconium, and carbon are necessary for obtaining 

zirconium diboride and in this case it needs to implement technological processes in 

accordance to Direction I (Figure 1). The main problem is optimization of B2O3:ZrO2:C ratio 

during the pyrolysis. There are various literature data on pyrolysis of precursors under 

controlled conditions (ensuring the removal of excess carbon) showing that optimal 

temperature is within 500 – 800C and it depends on the nature of used organic compound. In 

case of using carbohydrates, pyrolysis is finished up to 500 C. And when using carbon-chain 

polymers, a temperature of 700 – 800 C is sufficient to form active carbon. For the 

preparation of B4C–ZrB2 or B4C–TiB2 composites, boron, zirconium and carbon-containing 

compounds are also necessary. These composites are mainly obtained by mixing the 

preprepared powders of borides or interaction of appropriate oxides and boron carbides. As 

shown in Figure 1, when implementing the method for producing zirconium boride by the 

Direction II, it is possible to obtain a composite B4C–ZrB2 (or B4C–TiB2) from the same 

initial compounds that are necessary to obtain ZrB2 (or TiB2). Only difference is the 

B2O3:ZrO2:C molar ratio change in way to obtain boron carbide and metal diborides as well. 
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Fig. 1. General technological route of obtaining of B4C–ZrB2 using organic compounds as carbon 

source. 

 

Preliminary studies have established the reality of the implementation of this technological 

route. For this purpose it was used different composition systems: amorphous boron–PVA–

H2O, amorphous boron–sucrose–H2O, amorphous boron–PVA–ZrO2–H2O, H3BO3–PVA–

TiO2–H2O, H3BO3–sucrose–ZrO2–H2O, H3BO3–sucrose–TiO2–H2O, H3BO3–sucrose–

Zr(OR)4–propanol–H2O, H3BO3–PVA–Zr(OR)4–propanol–H2O, H3BO3–PVA–Ti(OR)4–

propanol–H2O, etc. Some of these versions of the technology will be described elsewhere in 

more details in subsequent subsections together with corresponding SEM, EDX spectroscopy, 

and XRD data. 

For all the composites presented here, the precursor consisted of sucrose – 37, boric acid – 34, 

and titanium oxide – 2 g. Final product contained 18 – 20 % of titanium diboride. In 

particular, the synthesis of boron carbide precursor was carried out according to the following 

route. 120 ml of water and 25 g of sugar were placed in a porcelain cup. The resulting 

solution was heat-treated at 90 – 100 °C and under stirring 31 g of boric acid was added in 

portions until complete dissolution (solubility of boric acid in methanol at 100 °C is 29.53 g / 

100 ml). Due to reaction between boric acid and sucrose, various types of compounds should 

be obtained (e.g. esters). From the resulting solution, water was removed (at  90 °C) under 

stirring and viscous mass obtained. Then the temperature was raised to 145 – 150 °C. Within 

120 min, charge maintained at this temperature until the formation of a black porous mass. 
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Porous mass was cooled and grinded in porcelain mortar. Black powder is obtained. For 

pyrolysis of the precursor powder, the powdered sample was placed into quartz pipe under 

argon flow. The pipe was heat-treated up to 550 – 600 °C. During the pyrolysis following 

processes occur: sucrose melting (at 185 °C) and intensive destruction (starting from > 225 

°C). In the inert atmosphere up to 325 °C, about 30 % of the initial mass was left and mass 

loss at 500 °C was 78.55 %. 

 

Herewith, obtained boron oxide was melted (at 450 °C) and homogenously distributed in the 

resulting amorphous coal matrix. There occurs the homogenization of boric oxide in carbon 

obtained from sugar. When conducting the pyrolysis at a relatively low temperature, more 

amorphous coal was obtained than at high temperature (> 600 °C). Pyrolysis lasted in 120 

min. Low sintered large-porous black mass was obtained (Figure 2), which can be easily 

grinded both in mortar or ball mill. Infrared (IR) transmittance spectrum of a pyrolyzed 

organic precursor is shown in Figure 3. The bands were registered at around wavelengths of 

406, 409, 412, 417, 421, 424, 436, 447, 470, 496, 542, 633, 707, 883, 1633, 1651, 1682, 1698, 

1715, 1732, 1770, 2035, 2049, 2114, 2149, 2164, 2256, 2356, 2502, 3188, 3583, 3625, 3672, 

3728, 3747, 3798, 3817, 3849, and 3998 cm–1. That powder was pressed (40 – 50 MPa) into 

pills and carbidized at 800 – 1500 °С in argon or vacuum for 1 – 5 h. 

Summarizing we can conclude that obtaining of fine powders of boron carbide and boron 

carbide based nanocomposites using liquid charge in form of aqueous plus organic 

compounds solutions and suspensions is highly prospective route to develop novel hard 

materials with advanced mechanical properties. 

This work was supported by Shota Rustaveli National Science Foundation of Georgia 

(SRNSFG) – Grant # AR–18–1045: “Obtaining of boron carbide-based nanostructured 

heterophase ceramic materials and products with improved performance characteristics”. 

  

Fig 2. SEM image of 

pyrolyzed B4C precursors. 

Fig 3. IR transmittance spectrum 

of pyrolyzed organic precursor. 
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It is known that due to the climate factors, corrosion causes damage or complete failure of 

combat vehicles, weapons and equipment. In addition, corrosion has a negative impact on the 

accuracy and security of weapons. According to studies conducted by US, UK, Canada, 

Australia, the Netherlands and other countries, corrosion is considered to be a major problem 

for land, air and naval forces. These countries are constantly performing versatile studies to 

determine and analyze costs caused by corrosion. From this point, the great interest appears to 

be towards the development of the new corrosion-resistant armor steels and their use in the 

field of defense [1-3]. 

The goal of the work was to study corrosion-resistance of armor steel - MIILUX 500, with 

both accelerated methods in salt spray chamber, as well as its long-term examinations in 

Batumi subtropical climate of the atmosphere [4]. 

The object of the research was the armor steel MIILUX-500; it’s welded and non-welded 

samples. Also samples coated with polyurethane (one and two layer). [5].Chemical 

composition of the samples of armor steel MIILUX- 500 is set: (mass%): C - 0.3; Si - 0.7; Mn 

- 1.7; Cr - 1.5; Ni - 0.8; Mo - 0.5; B - 0.004; P - 0.003; S - 0.015; Hardness was measured by 

the Rockwell installation and it fluctuates in range of 48 ÷ 50HRC. Metallographic 

examination revealed that the steel has loosened Martensite-Troostitic microstructure.  

According to modern literature the research methods are selected in the subtropical 

atmosphere and salt spray (fog) chamber [6 – 9]. Salt spray chamber test method was based 

on ASTM B117 and SAE J2334 standards. One cycle consists of three phases:1. The relative 

humidity - 100%, temperature - 500C, duration - 6 pm; 2. Spraying (0,5% NaCl + 0,1% 

CaCl2 + 0,075% NaCO3), temperature - 250C, duration - 15 min; 3. Drying process - relative 

humidity - 50%; temperature - 600C; Duration - 17.75h.  

In salt spray chamber corrosion examinations of steel MIILUX-500 revealed: after 100 hours 

the uncoated samples have been strongly oxidized. Black and brown layer are covered with 

laps and it’s flaking. Samples coated with single layer polyurethane are oxidized in some 
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places on the ribs and alloy stitches. The rust spots are red in color. In some places, the paint 

is (point-like) greasy. After 200 hours of viewing, the state of the dyed samples coated with a 

single layer of polyurethane was significantly deteriorated. The number of red dot rusts 

increased. Damage to non-stained samples is particularly noticeable on welded stitches. After 

500 hours of viewing, strong corrosive decomposition of non-welded samples is observed 

throughout the surface. A large number of corrosion products fall off the surface without any 

force modifications. Corrosion centers (in the form of iron rust) are abundant on the sides and 

face of all coated samples. Welded samples coated with a single layer of polyurethane are 

particularly susceptible to damage - the welding strip is worn, indicating that the coating on 

the welded structure is defective, that the solution has percolated and that the paint has peeled. 

The picture clearly shows that the coating contains microforms in which the salty fog 

penetrates and under the paint, corrosive processes develop in conditions of limited oxygen 

supply. Iron oxides with low protective ability arise. As their volume increases, the paint layer 

breaks down and the rust releases to the surface. 

Electrochemical study was conducted of MIILUX - 500 coated steel with one - layer 

polyurethane in room temperature with 3% sodium chloride solution. The starting potential 

was 0.001 volts. Within 600 hours, the potential did not change. Then a slight break in the 

paint layer occurred and the potential value varied from -001 - -0.06 volts. After 1150 h, due 

to the pore elongation, the potential value changed in the positive direction to 0.036 - 0.068 V. 

At 1800 h the potential was stabilized and after 2200 h. it did not exceed -0.44 V, indicating 

that the steel was being measured, not the dye. Although, the oxidation process was not active 

under the paint and no oxidation was observed on the surface. If we compare the corrosive 

tests in the salt spray chamber and the electrochemical tests at room temperature, it is obvious 

that the activity of the corrosive processes, except for humidity, significantly is affected by 

temperature. The obtained results allow us to conclude that one layer of coating is insufficient 

and additional coating is required. Two-layer polyurethane-coated MIILUX-500 samples 

showed no changes and no damage. 

Long-term tests of samples of the armor steel MIILUX-500 were carried out at the Batumi 

Corrosion Research Polygon at the open atmospheric stand. There were exhibited: Samples 

welded and non-welded. Also polyurethane coated samples: uncoated (6 samples coated with 

one layer of polyurethane, 6 coated with two layers of polyurethane) and welded (6 samples 

coated with one layer of polyurethane, 6 coated with two layers of polyurethane). 

Meteorological data were monitored and processed throughout the exposition. According to 

program timeframe, within 30 days, 3, 6, 10 and 12 months, visual analysis of the removed 
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samples - description, photography, corrosion type determination and speed calculation, 

chemical analysis of corrosion products were conducted. Samples of polyurethane-coated 

MIILUX - 500, welded and without welding, suffer from equal corrosive degradation from 

the first days. Their surface is covered with Fe2O3 iron oxides, the number of which increases 

with time. The corrosion rate of welded samples after 1000 hours’ tests is K =0.35g / m2h. 

The corrosion rate of non-welded samples is less than one order. K =0.022 g /m2.h, (Fig. 1,2). 

Visual inspection made clear that after one month single-layer samples showed changes - 

spots and rust spots occurred, that gradually deepened. The samples coated with two layers, 

after 12 months of testing, despite high humidity and severe meteorological conditions, 

experienced no changes or damage. The exams continued and after one year the surface 

condition of the samples did not change – results were completely satisfactory. Despite severe 

meteorological conditions, no change or damage to the surface was observed. It is established, 

that the studied armor steel MIILUX-500 has been found to be compatible with its chemical 

composition, mechanical properties and corrosive properties. The results of our MIILUX-500 

tests in salt spray chamber and in natural conditions are correlated with each other. Steel 

MIILUX-500 coated with two layers of polyurethane is recommended in order to use in the 

humid subtropical atmosphere. The thickness of the paint should be equal on the entire 

surface and should not have mechanical damage. 

 

 

 
 

Fig.1 Corrosion rate of welded steel MIILUX-500 
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Fig.2.Corrosion rate of non-welded steel MIILUX – 500 
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One of the promising methods for making metal ceramic plates is an innovative SHS (self-

propagating high-temperature synthesis) followed by electric rolling combined process 

adopted by Ferdinand Tavadze Metallurgy and Materials Science Institute. This method 

ensures deformation of hot viscous plastic mass in the deformation core and continuous 

compensation of thermal losses.  

The SHS- electric rolling method is distinguished by its energy efficiency, low cost, efficient 

process management and ecological purity. It makes it relatively easy to obtain materials with 

planned properties. By using that method, it is possible to obtain special, different structural 

ready-made metal ceramic composite materials from pre-selected burdens. In particular: 

protective gradient, corrosion resistant, worn-resistant, scaling-resistant plates. The principle 

of SHS- electric rolling method: a pre-compact, burden briquette-filled container is delivered 

to rolling mill in the deformation core. Electrical chain provides deformation core with 

electricity: with burden roll – container-roll and with the use of joule heat SHS process starts 

to initiate, drive powers on and electric rolling process begins, at which point thermal SHS 

product with viscous plastic mass is delivered to the rolls. [Patent P6541.F. Tavadze Institute 

of Metallurgy and Material Science, 2016]. 

TiB0.6 alloy samples, wedge-shaped with compression of 25–62% and longitudinal with 

compression of 55%, were obtained by the SHS method followed by electric rolling. 

The aim of the work was the study an influence of compression degree of the wedge-shaped 

and longitudinal Ti-B0.6 alloys on their corrosion resistance in 10% solutions of NaCl, HCl 

and NaOH. 

Electrochemical studies of wedge-shaped (with compression of 25–62%) and longitudinal 

(with compression of 55%) TiB0.6 samples were carried out in 10% solutions of NaCl, HCl 

and NaOH. 

 Potentiodynamic curves were taken using a potentiostat at a speed of 50 mV / min. 

Polarization curves were constructed in the coordinates "potential - the logarithm of current 

density." 
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Dissolution and passivation areas are clearly expressed on the potentiodynamic curves in all 

the solutions studied by us. It was found that 25 - 62% compression of wedge-shaped alloys 

in a solution of sodium chloride does not significantly affect the electrochemical properties of 

TiB0.6. In solutions of hydrochloric acid and sodium chloride, the passivation areas are much 

longer than in the sodium hydroxide solution, which indicates their lower resistance in this 

solution (Fig1-3). On the potentiodynamic curves of longitudinal TiB0.6 samples with 55% 

compression, almost the same dependence is observed as for wedge-shaped samples - the 

passivation area is much less in sodium hydroxide solution than in solutions of sodium 

chloride and hydrochloric acid. (Fig. 4) 

It can be concluded that the studied TiB0.6 samples have high corrosion resistance in these 

solutions. 

The corrosion currents of the alloys were calculated by extrapolating the intersection points of 

the Tafel sections on the ordinate of the current density of the potentiodynamic curves 

recorded in 10% HCl, NaOH, and NaCl solutions. Corrosion rates were determined by the 

formula: K=
I∙A26,8∙n∙S g/m2h  The calculation results are shown in table. 

Table: Influence of compression ratio on stationary potentials and corrosion rate of wedge-

shaped and longitudinal samples of TiB0.6 alloy 

 

compression,% 10% NaCl 10%  HCl 10% NaOH 

wedge-shaped Est.,v. K, g/m2h Est.,v. K, g/m2h Est.,v. K, g/m2h 

25 -350 0,007 -400 2,12 -300 0,0614 

40 -400 0,024 -500 1,53 -500 0,049 

50 -450 0,003 -450 1,43 -600 0,038 

longitudinal, 

55% 
-400 0,00063 -500 0,85 -500 0,268 

 

As shown in the table, the corrosion rate of wedge-shaped TiB0.6 samples in solutions of 

hydrochloric acid and sodium hydroxide decreases with increasing of compression rate of the 

alloy, which is associated with a decrease of the porosity of the material. This effect is not 

observed in a sodium chloride solution, but the corrosion rate of TiB0.6 alloy is much lower. 

The highest corrosion resistance was revealed by longitudinal TiB0.6 samples with 

compression of 55% in the 10% solution of sodium chloride. In general, we can conclude that 

the studied compressed TiB0.6 samples, both wedge-shaped and longitudinal, showed high 

corrosion resistance in 10% HCl, NaOH, and NaCl solutions, especially in solution of sodium 

chloride. 
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Fig. 1. Potentiodynamic curves of wedge-shaped TiB0.6 samples with different compression ratios in a 

10% NaCl solution 

 

 

 

Fig.2. Potentiodynamic curves of wedge-shaped TiB0.6 samples with different compression ratios in a 

10% HCl solution:   1– 50 %; 2 - 40%; 3– 25% 
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Fig. 3. Potentiodynamic curves of wedge-shaped TiB0.6 samples with different compression ratios in a 

10% NaOH solution: 1-35%; 2-50%; 3- 40% 

 

 

Fig. 4. Potentiodynamic curves of 55% longitudinal TiB0.6 samples in the 10% solutions of: 1–HCI,     

2 -NaOH,   3 - NaCl 
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Researchers in more than 100 countries are currently using self-sustained reactions for 

material synthesis. Analysis of the Web of Science database shows that the number of 

publications on the topic of combustion synthesis (CS) has rapidly increased in recent years, 

with more than 2000 papers published in each year from 2018 to 2020.  Several examples of 

industrial applications of CS are known, including production (40 tons per year) of titanium 

diboride powders (Hubei DoBo Advanced Ceramics Co., Ltd., China), ferrosilicon nitride 

(100 tons per year) by NTPF Etalon (Russia), high performance LED phosphors (Ellim 

Advanced Materials South Ltd., Korea) for LG display, and others (Fig. 1). 

 

  

 

 

 

 

 

 

Fig. 1: bulk materials and net shape articles fabricated by CS route 

The goal of this mini review is to summarize and critically discuss the specifics for direct CS 

of the ceramics, including synthesis conditions, mechanism of microstructure formation, as 

well as material’s properties. Special attention is paid to the last achievements in the field, 

including analysis of such novel synthetic routes as reactive spark plasma sintering, 

combustion synthesis with mechanical stimulation, as well as CS of nanostructured ceramics 

and composites. 

The world market on advanced ceramics is continuously growing. While other technologies 

exist for the production of ceramic powders, it is logical to assume that some novel ceramics 
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will be difficult or essentially impossible to fabricate by such conventional approaches. 

Taking into account the novel routes to control powder morphology and the flexibility of 

energy-efficient CS, which is easy to scale up (cf. [1-4]), it may be expected that CS 

technologies will find their place in the market. The production of nano-scaled and sub-

micron spherically shaped carbides, borides, carbonitrides, and other ultra-high temperature 

powders using combination of the mechanically induced nanostructured composite particles 

and self-sustained reactions is among the first candidates for such applications [3, 5]. 

Combination of CS and Spark Plasma Sintering (SPS) for synthesis of monolithic ultra-high 

temperature bulk ceramics is another promising direction. Indeed, since these compositions 

possess very high melting points, it is in principle difficult to consolidate the powders to pore-

free bulk materials. Recent experiments showed that rapid SC reactions during SPS intensify 

mass transport in such systems, and thus enhance their sinterability (cf. [2, 4]. Additional 

investigation is required to optimize this method, but it has substantial potential as a substitute 

for conventional powder metallurgy approaches used to produce dense ultra-high 

temperature ceramics. 

The recent breakthrough results that demonstrate the ability of CS methods to fabricate 

metastable compounds are very promising [6-8]. The near future will show whether or not 

scientists are able to broaden the list of CS-produced metastable phases and raise the output of 

products to the laboratory (∼kg) scale. If successful, CS may become the go-to method for 

synthesis of such unique materials.  

It is worth noting that self-sustained reactions can also be used for joining materials. This 

method should be used when conventional approaches do not work. Such special cases 

include the joining of refractory materials (high-temperature ceramics) or dissimilar materials 

where the issue of CTE mismatch is critical. The reported examples of joining carbon-carbon 

composites [9,10] and silicon carbide to an aluminum alloy [11] demonstrate the effectiveness 

of CS-based approaches. 

Finally, many fundamental questions should be addressed to provide deeper understanding 

into the phenomenon of self-sustained reactions:  

Can the majority of such reactions can be accomplished in the solid flame mode that is 

essentially through solid-state diffusion? What mechanisms might be responsible for the 

occurrence of solid-state reactions within the microsecond time scale? What is the mechanism 
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leading to formation of metastable phases during SCS? Do SPS conditions influence the 

kinetics of the self-sustained reactions?  

In order to answer these and numerous other questions, novel in-situ and operando 

diagnostics should be designed and built. Such diagnostics should permit investigation of 

phenomena with microsecond temporal and nanometer spatial resolutions. These findings 

will certainly lead to the novel synthetic routes that apply the CS paradigm. 
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INTRODUCTION 

The superconductive properties of MgB2 with C32 structure and critical transformation 

temperature of Tc=39K was discovered in 2001 [1]. Since then, intensive investigation and 

development of different types of MgB2 superconductive materials in various forms and efforts 

to increase their Tc above 39 K takes place worldwide [2-5]. The technology of development 

superconductive materials belongs to traditional powder metallurgy: preparing and 

densification Mg and B powder blends in static conditions with their further sintering 

processes [6,7]. Results described in [8], where Mg-2B blend powders were first compacted in 

cylindrical pellets and were after loaded in hot conditions at 2 GPa pressure, seem also 

interesting.  

Existing data of the application of shock wave consolidation technology for  fabrication of 

high dense MgB2 billets with higher Tc temperature practically gave the same results and limit 

of Tc=40K is still considered maximal. Additional sintering processes after the shock wave 

compression are highly recommended for providing full transformation of consolidating blend 

phases into the MgB2 composites.  

The purpose of the current investigation is to investigate superconductive MgB2 based billets   

fabricated by hot shock wave  consolidation technique without any further sintering processes 

MATERIALS AND  EXPERIMENTAL PROCEDURES 

Superconductive Mg-2B and Magnetic nano-composite Mg-2B-1wt%Fe (coarse Mg and B (5-

10µ) and nano-Fe powder with a particle size of 25 nm) were consolidated  above 900°C using 

two stage hot shock wave method described in [9,10-11].  
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RESULTS. 

The experiments of hot shock wave consolidation/syntheses of Mg-2B based blend composites 

in steel container were performed below and above the melting point of Mg with intensity of 

loading around 5GPa. It was established that only loading by shock waves above the 900˚C 

creates favorable conditions and allows to obtain cylindrical samples near to theoretical 

densities with high value of critical temperature under 40K.  

The figure 1 represents the results of SEM investigation of nanostructured MgB2-1%Fe 

composited consolidated/synthesized  at 940°C temperature with intensity of shock wave 

loading around 5GPa. 

       

Fig. 1. The microstructures of MgB2-1%Fe composites obtained after 2 stage hot shock wave loading at 

940°C with intensity of loading around 5GPa. The structure have high density and shows good integrity 

between the consisting grains. The traces of melting-crystallization are observed too. 

 

It was found earlier that doping of MgB2 by C, Li, Be and other metals leads only to decrease 

of Tc. Positive effect was found only for the doping of MgB2 with heavier alkali and alkali-

earth metals which are capable of strong carrier donation to electron system and therefore 

essentially enhanced superconductivity properties of MgB2 up to 45-58K [12]. 

In order to improve magnetic moment of fabricated superconductive compounds   there was 

carried out comparative study of effects caused by added to Mg+2B mixture magnetic 

nanoparticles on the magnetic and electric properties of shock wave consolidated composites. 

These particles could introduce multiple pinning centers resulting in increased flux pinning and 

critical current density.  The nanoscale Fe with a particle size of 25nm was added to Mg+2B 
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mixture precursors and were consolidated by 2 stage shock wave fabrication method described 

above [10,11]. The results of structural and magnetic investigations are presented  on fig. 2. 

The figure 2 represents the results of magnetic and electrical characteristics of nanostructured  

MgB2-1%Fe composited consolidated/synthesized  at 940˚C temperature with intensity of 

shock wave loading around 5GPa.  

 

          a)                                                              b) 

       

                                                   c )                                                            d) 

Fig. 2. The results of investigation Magnetic characteristics for MgB2-1%Fe composites fabricated at 

940°C temperature with intensity of shock wave loading around 5GPa: a)Temperature dependence of 

magnetization in ZFC and FC modes under a magnetic field of 20 G; b) Temperature dependence of 

resistance; c) Magnetization hysteresis loop at 5K; d) Magnetization hysteresis loop at 20K.  

In order to evaluate the superconductive characteristics of obtained billets the magnetic 

moment temperature dependence in zero-field-cooled (ZFC) and field-cooled (FC) modes 

depending on experimental conditions and type of boron precursors were investigated. As 

reported in [9, 11, 12] the application of low temperatures up to 900⁰C and hot shock wave 

consolidation/syntheses of Mg-2B precursors in steel containers did not give results. In spite of 
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high density and uniform distribution of phases they did not obtain superconductive 

characteristics.  

DISCUSSION 

The hot shock wave consolidation-syntheses of Mg-2B composite powders were performed in 

steel containers below and above of Mg melting point. In order to determine the role of 

temperature, the consolidations were carried out at 500, 700 and 940˚C. At 500˚C and 700˚C 

the consolidation gives no results and obtained compacts have no superconductive 

characteristics. The application of higher temperatures provides the formation of MgB2 

composition in the whole volume of fabricated billets with maximal value of Tc=38.5 K 

without any post sintering process. This confirms the important role of temperature in the 

formation of superconductive MgB2 and corresponds with the literature data where only after 

sintering processes above 900˚C the formation of MgB2 phase with Tc=40 K takes place. The 

difference of Tc between the HEC and sintered MgB2 composites may be explained due to 

unreacted Mg and B phases or due to the existence of oxides in the starting materials. This 

could be checked by increasing of consolidation-syntheses  temperature or by the application 

of further sintering processes. The careful selection of initial Mg and B phases is important too 

and in case of consolidation Mg-2B precursors with corrections mentioned above the chance to 

increase critical temperature (Tc) of shock wave synthesized samples increases essentially. 

Next experimental stage is the fabrication of MgB2 superconductive materials.  

As it is seen from results of magnetic and electric measurements that .MgB2 -1%Fe composites 

retains its superconducting properties and reveals a magnetic hysteresis in the normal state. 

The critical temperature is about 36K as compared with T=38.5 for Hot shock wave fabricated 

MgB2 compounds. 

 

CONCLUSION 

The doping of Mg-2B precursors with 1% nanoscale Fe particles with dimensions 25nm and 

fabrication MgB2 -1%Fe samples shows that composites retains its superconducting properties 

and reveals a magnetic hysteresis in the normal state. The critical temperature is about 36K as 

compared with T=38.5 for Hot shock wave fabricated MgB2 compounds. 
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Among the sources of electrical energy such as photoelectric, thermoelectric, thermionic and 

magneto-hydrodynamic methods, which differ from existing ordinary ones by lack of 

intermediate complex huge aggregates, thermoelectric converters occupy a particular position. 

They are characterized by high reliability, full automation, simplicity of operation, 

functioning without service  for a long time, the absence of short circuits and transmission 

lines, small sizes, etc. Thermoelements as autonomous independent energy sources are the 

most needed for inaccessible places and radiation conditions (space, nuclear reactors, 

terrestrial and interplanetary artificial satellites, radiation-contaminated territories. In some 

cases, thermocouples are independent sources of small and average energy. For example, for a 

spacecraft in the passive side thermoelements are much more convenient for power supply, 

than complex sources operating on chemical fuel derived from a rocket engine. 

At the same time, it is very important that temperature drops of both low and high are 

characteristic for Space. In this case the use of thermocouples are most practical, optimal, 

advantageous and actually indispensable. The solution of this problem requires thermoelectric 

materials with high efficiency for different temperature ranges. 

But that is not enough. The main trouble  is that high-energy particles and electromagnetic 

radiation incapacitates devices in Space. At the same time, the thermoelements  are needed 

operating in extreme conditions for many years  with high reliability. There are still other 

extreme conditions when only nuclear energy sources can be used to obtain the energy for the  

hot part of the thermoelements. Therefore, for Space applications, as a heat source for 

thermocouples, atomic reactors (nuclear energy)  or radioactive isotopes (for example 

radioactive generator (SNAP)  are usually used. Many years of experience have shown that 

existing methods of radiation protection are not always sufficient. Solution of this problem  

demands to create radiation-resistant materials as an active element of generators, which 

defines a reliable guarantee of the operation of thermocouples.  
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Only radiation-resistant semiconductor materials, combining both high thermoelectric 

efficiency  and radiation resistance, can satisfy the requirements of this technical problem. For 

this purpose re the best for producing radiation-resistant thermocouples.  

It has been shown  that polycrystalline  InAs, easily prepared material, can be used for 

thermoelectric power conversion at efficiencies high enough to have practical interest [1].  

Furthermore  ternary III-V system of polycristalline InPxAs1-x semiconductor alloys a  may 

have  peak figures of merit which are higher (about 20%) than that of the binary lnAs.   

In thermoelectrical studies the problem is to increise  figures of merit η= zT, where z-     

thermoelectrical  efficiency is defined as: 

z=2/ 

– the Seebeck coefficient, – electrical conductivity, -thermal “phononglass electron-

crystals”. This means  that the materials must have low lattice thermal conductivity 

mechanism as in amorphous materials and high  electrical conductivity in crystals. From the 

expression of thermoelectric efficiency  z, it follows that an increase of z  is   possible by the  

increase in magnitude of/. This can be reached by alloying InAs by P up to 5at%. That is 

why ternary III-V system of polycristalline InPxAs1-x semiconductor alloys improves 

thermoelectric properties  of InAs. But alloying InAs with P not only improves InAs 

properties, it makes it radiation-resistant, despite the fact, that irradiation of InAs creates n- 

charged point defects that worsen the Seebeck coefficient and electrical conductivity, and 

leads to a deterioration of thermoelectric efficiency. The appereance of radiation-resistant 

properties is connected with that when phosphorus is added to InAs, irradiation creates 

disordered regions which are effective for scattering of short-wave phonons, but not of  long-

wave electrons. As a result, in InAs alloyed by P  /  increases and it exceeds a slight 

decrease in the Seebeck coefficient during irradiation. So thermoelectrical  efficiency  doesnot 

get worse. That means it is possible to create a radiation-resistant thermoelectric material for 

low temperatures application. 

Choosing  the appropriate concentration of P it is possible even to improve thermoelectrical 

efficiency. Fig, shows this improvement for InAs alloyed  by Pup to 3at%. 
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Fig. The dependence of thermoelectrical efficiency  of InAs ( curves 1a and 1b) and InAs alloyed by P 

with 3 at% (curves 2a and 2b); curves 1a and 2a refer to results before radiation, curves 1b and 2b 

refer to results after radiation by 7MeV energy electrons with fluences  of Ф= 3,8 1016_2,8 1017e/cm2. 

Obtained by us thermoelectrical material is one of the best low temperature  thermoelectrical 

material, which can be used  in a segmented arrangement of high temperature thermoelectrical   

materials  to create a thermocouple in the entire operating range from low to high 

temperatures.  

Thermally and electrically well compatible with Si-Ge  alloys  this helps [2-4]. Moreover this 

InAs is characterized by low effective mass and sufficiently high mobility. Indium-based 

alloys make it possible to create radiation-resistant material. In addition, InAs is 

technologically flexible, which makes it possible to create on its basis a new generation of 

highly effective thermoelements in a modern form, which are the layers of the quantum 

dimensions of homo and heterostructure. 
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High entropy alloys (HEAs) have recently emerged as a new class of advanced metallic 

materials promising for various applications [1, 2]. Their main feature is high complexity of 

chemical composition; according to original definition, HEAs should be composed of at least 

5 principal elements in close to equiatomic concentrations (5-35 at.%) [3]. 

One of the promising classes of the HEAs which attained particular attention is fcc-structured 

Co-Cr-Fe-Ni-Mn system alloys. The alloys have unique mechanical properties: very high 

ductility at room temperature becomes even higher when the temperature decreases into the 

cryogenic interval. Although composition-structure-properties relations of the Co-Cr-Fe-Ni-

Mn system alloys are under extensive investigation at the moment, many aspects of behaviour 

of these alloys have not received significant attention yet.  

Also, the problematic aspect is the production of HEAs with liquation free structure. 

Conventional casting processes for production of HEAs are the multistage vacuum-arc or 

induction remelting of extra-pure grade elements. To achieve the desired homogeneity, 4–6 

remelts may be required, depending on the composition and content of the alloying 

components. Therefore, the conventional metallurgical technologies are rather expensive and 

energy-consuming. A promissory route to production of cast HEAs is using technique which 

was called the “SHS-technology of hightemperature melts” [4] or the “SHS-metallurgy” [5]. 

This is an energy-saving technique due to the use of internal energy released in high-caloric 

combustion reactions. Recently, the one firstly was demonstrate to prepare cast high-entropy 

transition metal alloys [6]. 

Powder mixtures of metal oxides–the components of the (Co3O4, Cr2O3, Fe2O3, NiO, MnO2) 

alloy, along with the reducing agent (Al) and pure C and ScF3 as a dopant, were used as the 

starting components to produce the cast Co-Cr-Fe-Ni-Mn alloy. The procedure of fabricating 

the SHS alloy and investigation have been thoroughly described in [6,7].  Fig. 1 illustrates 

phase composition and the microstructure of SHS produced as-cast CoCrFeNiMn alloy 

without additives. 
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                                (a)           (b)   (c) 

Fig. 1. Phase composition and microstructure the as-cast CoCrFeNiMn alloy: 

(a) – XRD pattern (FCC (Im3m), (b) – SEM , (c) – EBSD IPF map. 

 

The XRD pattern and microstructure both demonstrate presence of single phase with fcc 

lattice. According to XRD, the fcc lattice parameter is a = 3.588 nm. In addition, both XRD 

and EBSD data show strong crystallographic texture, typical for the cast materials. The alloy 

has coarse structure with the grains size of 250-400 µm. The grain boundaries are often 

curved, and the shape of the grains is irregular. Additional investigations by SEM and TEM 

also have not revealed presence of any second phases. 

To obtain the doped alloy compositions on the basis of the studied CoCrFeNiMn alloy in the 

starting mixture introduced alloying components which also took part in the formation of 

chemical composition directly in the combustion wave. The studies of doped components 

showed that the introduction of carbon to 0.2 Wt.% does not have a noticeable effect on the 

phase composition formation but significantly increases the hardness of the alloy. The 

introduction of Sc has a similar impact. The introduction of Al in the composition of the alloy 

markedly reduces the density of the alloy. The formation of intermetallic phase NiAl is 

observed at high concentrations of Al and it promote sharp decrease in plasticity. 

Also in the work the possibility of forming the coating in-situ SHS (SHS-coating) for HEAs 

on a metal substrate (Ti alloy) was investigated for the first time. Figure 2 shows the 

transition zone structure of the deposited coating layer/ Ti substrate .  

Analysis of the microstructure of the deposited layer revealed the presence of three zones 

(Fig, 2a) where the base material (Ti) gradient distributed over the height of the deposited 

layer. Fig, 2b shows that the hardness of the substrate and coating has a difference in hardness 

of more than 3 times. 
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Fig. 2. The microstructure the SHS surfacing (a) and dependence of microhardness (b) on height of 

coating. 

The analysis of the obtained data allows drawing a conclusion about the prospects of the 

materials under investigation and the method of their production for the formation of 

volumetric materials and coating of them. The production of metallic composite materials 

based on the new principle of formation of polymetallic alloys can significantly expand the 

basis for the creation of new materials and facilitate the creation of new technological models. 
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Ti-Al-based intermetallic are widely used as structural materials. An important material 

science task is to increase their properties, which is carried out by doping with various 

elements. The carbon (graphite, carbon black or carbon fibers) makes the alloying process 

more manageable and improves the final properties of the product. Wetting and possible 

interaction of carbon with metal melts is of great interest in the materials science of 

metallurgical processes [1,2]. Even small amounts of carbon affect the properties of the 

alloys. The mechanical activation treatment makes it possible to achieve a uniform 

distribution of carbon components into the volume of the matrix material [3-7]. Among the 

composite materials that can work in conditions of high temperatures and loads, Ti-Al alloys 

are very promising [8]. Various chemical states in the Al-Ti-C system are described, and the 

possibility of forming separate regions consisting of elementary metals, intermetallic 

compounds, and carbides is indicated in [9, 10]. One of the methods for producing 

intermetallic and coatings based on them, including in the Ti-Al system, is self-propagating 

high-temperature synthesis (SHS) [11, 12]. The features of structure formation in the Ti-Al 

system with a low graphite content (4 wt.%) in the SHS-process were studied in [13]. It was 

found that a thin layer of the TiC carbide phase (~500 nm) is formed on the surface of the 

graphite particles, followed by the growth of the Ti2AlC MAX-phase, which has a laminate 

structure.  

We used carbon fibers (Quorum Technologies Ltd.) [14] with a diameter of 10-15 microns. 

Reaction mixtures of the composition 60.8 wt. were prepared. % Ti, 34.2 wt. % Al, and 5 wt. 

% C. The pressed samples with a diameter of 3 mm and a height of 1-2 mm were placed in a 

BN crucible and placed in a vacuum chamber on a graphite heating table with controlled 

heating to a temperature of 800 °C. The experiments were carried out in a vacuum. According 

to the results of the thermodynamic analysis according to the "Thermo" program [15], it can 

be concluded that as a result of the reaction in the system (Ti+Al+5 wt. % C) depending on 

the initial temperature. Combustion product consists of the TiAl, Ti, Al, and Ti phases. The 
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calculated adiabatic combustion temperature is about 1460-1510 °C, which is higher than the 

combustion temperature in the system (Ti+Al) and lower than in the system (Ti+C) [12, 16]. 

The calculated adiabatic combustion temperature is about 1460-1510 ° C, which is higher 

than the combustion temperature in the system (Ti+Al) and lower than in the system (Ti+С) 

[12,16]. 

During the experiments, after heating in the furnace to a temperature of 690-700 °C, its self-

ignition was observed. Combustion reaction proceeded in the thermal explosion mode. The 

synthesized sample has porosity of up to 45%. The results of X-ray phase analysis showed 

that the product mainly consists of the TiAl and Ti3Al phases, and also has a low content of 

the Ti3AlC2 MAX-phase and TiCx phase. Ti3Al is formed during the ordering (α-Ti) in the 

temperature range of 850-1180 °C [17]. The presence of the Ti3Al, TiAl, and Ti3AlC2 phases 

indicates a significant deviation from the initial stoichiometry of the TiAl intermetallic 

compound, which is explained by the evaporation of aluminum under high-temperature 

heating. All carbon fibers are coated with layers of the interaction product in the Ti-Al-C 

system (Fig. 1). 

     

Fig. 1. SEM micrograph of carbon fibers. 

As a result of interaction with the Ti-Al melt, a coating (layer) with a thickness of about 2 m 

was formed on the surface of carbon fibers. The coating has a developed relief and consists of 

disc-shaped plate grains with a size of 1-2 m. It is obvious that the formation of the layered 

structure is the result of wetting and chemical interaction of the Ti-Al melt and carbon fiber. 

As a result of interaction with the Ti-Al melt, a layer with a thickness of about 2-3 m was 

formed on the surface of carbon fibers. The layer has a developed relief and consists of disc-

shaped plate grains with a size of 1-2 m. It is obvious that the formation of the layered 

structure is the result of wetting and chemical interaction of the Ti-Al melt and carbon fiber. 

The layer formed on the surface of carbon fibers consists of grains close in composition to the 

Ti3AlC2 MAX-phase [18]. Figure 2 shows a fracture surface of a carbon fiber with a layer of 

the reaction product “Ti-Al melt” – “carbon fiber”. It is clearly seen that a product layer 
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consisting of Ti3AlC2 grains with a multilayer nanolaminate structure has formed on the 

surface of the carbon fiber (Fig. 2b, c). The micrograph of the fracture in the secondary 

electrons on the surface of the unreacted graphite fiber shows a bright gray area that 

completely covers the surface of the graphite fibers and consists of globular grains up to 200 

nm in size. This region is similar in composition to the TiCx (Fig. 2b, c). 

    

Fig. 2. Micrograph of (a) carbon fibers and (b, c) Ti3AlC2-based coating fragment. 

We can assume that ignition of the sample at a temperature of 690-700 °C leads to a sharp 

increase in temperature to a value not less than the melting point of the TiAl intermetallic 

compound (1460 °C). The Ti-Al melt intensively spreads over the carbon fibers, as evidenced 

by the above photos of the microstructure. The interaction of Ti-Al with carbon leads to the 

formation of TiC carbide and Ti2AlC, Ti3AlC, and Ti3AlC2 ternary phases, while the reactions 

begin to occur in the solid phase at a temperature of about 1420 °C [19]. The formation of 

Al4C3 carbide does not occur due to its metastability. Dissolution of carbon into the Ti-Al 

melt leads to the formation of TiCx and laminate grains of the Ti3AlC2 phase, in the form of a 

coating on carbon fibers. The thickness of the Ti3AlC2 coating on carbon fibers is about 2 m, 

which is due to the limited interaction time due to the rapid cooling of the sample. 

The results of the study show that a thin layer of the carbide phase (~ 200 nm) is formed on 

the surface of carbon fibers, consisting of TiCx globular grains, covered with a layer of 

nanolaminate grains of the Ti3AlC2 MAX-phase up to 2 m in size. The of Ti3AlC2-layer is 

formed as a result of the diffusion of carbon from TiCx into the Ti-Al melt, which is formed 

as a result of the SHS-reaction between Ti and Al. 
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The wide band gap semiconductors, such as gallium nitride (GaN), have attracted increasing 

attention of developers as a promising microelectronics material [1]. AlGaN/GaN high-

electron mobility transistor (HEMT) is a challenging candidate for the power switching 

electronics, due to the high values of breakdown voltage, the ability to obtain high values of 

drain current and the high operating temperature. One of the critical points in HEMT 

fabrication technology is to obtain low-resistance ohmic contacts (OhC) with minimum 

spread of resistance values over the wafer. Furthermore, these contacts must have high 

thermal stability, smooth surface morphology for the unimpeded execution of subsequent 

technological processes, where precise alignment of layers is required as well as a sharp edge 

of ohmic metallization, especially in devices with a short channel. 

To date, metallization based on the Ti/Al composition, such as Ti/Al/N/Au, Ti/Al/Mo/Au, is 

most widely used as ohmic contacts for AlGaN/GaN HEMT [2-5]. However, this 

metallization often demonstrates a very rough surface morphology as well as significant size 

deviation in the lateral plane of the contact. Spreading in the lateral plane can lead to a source-

gate short circuit, especially in short-channel devices. A large number of studies are devoted 

to formation of optimal OhC for devices based on AlGaN/GaN. One of the areas of 

technology improvement is the correlation between the composition of the metallization 

layers and electrophysical parameters [2] of the contact, while other groups of researchers [5] 

focus on varying the annealing processes. Nevertheless, in the available literature there is very 

little information on the effect of changes in the metallization composition and the influence 

of high-temperature annealing on the quality of the surface morphology of OhC.  

In this work, we consider a new method for optimizing OhC based on Ti/Al/Ni/Au for 

GaN/AlGaN HEMT. The method consists in low-temperature photon-stimulated treatment 

[6]. Contact resistance and surface morphology are studied depending on the annealing 

modes, and a comparison of the results with OhC obtained by standard high-temperature 
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annealing is also made. OhC were studied on the wide-band undoped AlGaN/GaN 

heterostructure. AlGaN/GaN was grown on Si substrates in the AIXTRON Planetary 

MOCVD Reactor® [7]. From top to buttom, the heterostructure consists of an 3nm GaN 

caplayer, 20nm Al0.22Ga0.78N barrier, 1nm AlN spacer, 3μm GaN active layer, 950nm AlGaN 

/ AlN transition/nucleation layer, and 675µm thick p-Si (111) substrate. The contact resistance 

was investigated by the Transmission Line Method (TLM). The surface morphology was 

characterized using optical microscope and AlphaStep200 profilometer. Pulse-photon 

treatment was carried out on the genuine system PPI-1. The source of radiation in this setup is 

a set of halogen lamps KG 1000x220, providing uniform irradiation of the area of 100cm2. 

The power density can be changed up to 190 W·cm-2, and the pulse duration -  from 0.1 to 

1000 sec in increments of 0.1 sec. OhCs were formed by electron-beam deposition on the 

TEMESCAL-FC-1800 setup. 

Two sets of samples were prepared to compare the physical characteristics and morphology of 

the formed OhC: with standard high-temperature annealing (annealing time of 30 sec) and 

with low-temperature photon-stimulated annealing (pulse duration 0.1 sec). The OhC 

composition, annealing regimes as well as the obtained characteristics are presented in table 1. 

Table 1. 

Ti/Al/Ni/Au 

metallization 

composition(Å) 

High-

temperature 

annealing mode 

(⁰C) 

Photon-stimulated 

annealing regime  

Contact 

resistance 

Ω·mm 

Surface 

roughness 

(Å) Pulse 

number 
Тmax, ⁰C 

150/1500/400/700 830 - - 
0,75 

10573 

150/1500/400/700 870 - - 
0,45 

1578 

200/1500/720/400 830 - - 0,35 965 

200/1500/720/400 870 - - 0,15 1255 

150/1500/400/700 - 3 756 
12 

198 

150/1500/400/700 - 5 768 10 205 

150/1500/400/700 - 7 800 4 230 

200/1500/720/400 - 3 756 10 180 

200/1500/720/400 - 5 768 6 185 

200/1500/720/400 - 7 800 1,2 204 

 

Figure 1 shows the OhC images (magnification x1500). They clearly show that the surface of 

the optimized contact structure has a smoother relief with an even boundary of the contact 

edge compared to a structure with standard high-temperature annealing. 
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a 
 

b 

 Fig.1. OhC surface microphotography: a – high-temperature annealing; b – pulse-photon treatment. 

 

Fig. 2 shows the surface roughness profile of OhC obtained using an AlphaStep200 

profilometer.  

  

a b 

 

Fig.2. Surface roughness after: a – high temperature annealing; b – pulse-photon treatment. 

 

It is quite obvious that the low-temperature photon-stimulated annealing leads to a significant 

reduction in roughness, but most importantly, there is no tendency to spreading of the OhC 

edges. 

However, as can be seen from the table, the contact resistance obtained by photostimulated 

annealing exceeds at least several times that observed at standard high-temperature annealing. 

Nevertheless, the obtained values for contact resistance are quite acceptable for the fabrication 

technology of HEMT.  

The mechanism of the formation of OhCs to wide band gap III-nitrides has not been fully 

studied. There are several models that explain the OhC formation by Ti/Al metallization. It is 
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known that at high-temperature annealing, TiN formation is necessary both at the boundary 

and in the depth of gallium nitride to form high-density donors. The Ti/Al alloy, also leads to 

the appearance of spikes that reach the layer with two-dimensional electron gas at the 

AlGaN/GaN interface. However, at the short-time pulsed treatment, the spikes cannot reach 

the boundary of the AlGaN/GaN heterojunction, which leads to an increase in the contact 

resistance. This problem requires further investigation. 

Thus, the possibility of low-temperature photo-stimulated formation of OhCs to undoped 

AlGaN/GaN heterostructures with a qualitatively improved contact surface morphology, with 

a clear metallization edge without spreading in the lateral region, and also with electrical 

parameters comparable to those obtained by standard high-temperature annealing is shown. 
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Nowadays, fiber-reinforced polymer composites (FRC) and partially or large particle 

reinforced composites (PRC) have a growing potential for multifunctional applications.  

New materials can be designed with the variation of polymers and the reinforcing 

components to meet the requirements of working in hard conditions. An important factor in 

establishing a widespread use of new materials as a competitive product is the simplicity 

and cost of their production technology. Therefore, in parallel with the scientific research 

carried out on this class of materials, efforts are underway to develop industrial 

technologies and design the necessary equipment for their production. Currently, for the 

developing of polymer composites reinforced  by inorganic fillers and fibers, devices with 

the possibility of thermal activation of the reaction mixtures followed by compaction on 

static pressing are used. The final product of the process is the hard polymer composite. 

The advantage of devices is the possibility to obtain a good index of density and strength 

under the influence of the compressive force. Despite the fact that this sort of devices and 

technology has wide application, there are still some disadvantages. In particular, one of 

those disadvantages is that during the heating process air bubbles are formed. If the process 

is carried out under atmospheric pressure and average load intensity, temperature and 

compressive force do not allow the liquid phases to release the air particles. Therefore, the 

obtained products have high porosity and reduced mechanical properties. To avoid air 

bubbles, it’s highly recommended to perform above mentioned thermomechanical 

processes in a vacuum. There are numerous methods for removing gases from liquids. One 

of those methods are placing a solution under reduced atmospheric pressure. It makes the 

dissolved gas less soluble. This technique is often referred as vacuum degasification. 

Specialized vacuum chambers are used to degas materials through pressure reduction. 

Low-density particles are discharged to the surface of the liquid, in a vacuum environment, 

and are ejected from the mass because of the pressure gradient. High-temperature vacuum 

presses are used for this purpose. Modern high temperature, vacuum presses, which are 

widely used to create ceramic and metal-ceramic composite materials, are expensive 
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because they operate in high vacuum (10-1 - 10-7 Pa) and temperature modes (2500-3000 

°C). Due to the technical characteristics of above-mentioned press-installations (the size of 

the vacuum chamber, as well as geometric dimensions) the sizes, as well as shape  of 

obtained samples are very limited. Therefore, the use of this equipment to fabricate 

industrially applicable polymer composites is not beneficial in terms of both technical (size 

and shape) and economical (high price) aspects. Based on the above analysis, it is 

expedient to create an acceptable and semi-universal high temperature vacuum press for 

polymer composites. The purpose of this study is therefore to develop a methodology for 

designing of vacuum presses operating at medium temperatures and to determine the basic 

design parameters for its construction. 

The basic technical requirements for the new equipment in this study, can be formulated as 

follow: Vacuum: (10-3 - 10-6 )Pa; Working temperature range: (20-400) C; Load intensity: 

400kN. New device could be able: To produce particle reinforced polymeric composite with 

high physical and mechanical properties.  

The machine will be required to provide the following steps of processing: 

1. Melting the polymer through the temperature in the reservoir; 

2. Removal of dissolved gases from molten substance, using a vacuum pump; 

3. Management of the vacuum cycle for fiber injection molding; 

4. Adjustment of the drying process in the chamber using temperature; 

5. To apply force on the fused substance.  

New device will be composite from: vacuum pump with capacity of 10 -1 – 10-5 Pa; Tubes and 

valves for vacuum cycle management; Hydraulic press with capacity up to 40 tons; Heating 

elements (fig. 1). 

For the processing of particular reaction mixtures in the new equipment, it is necessary to 

determine key parameters based on the published methodologies [1, 2, 3]: vacuum quality, 

temperature, and compressive force at the different stages of the technology, independently or 

in combination with each other. 
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Fig. 1. Scheme of new design vacuum press equipment 

Within the investigation is developed the new methodology for designing new equipment/ 

machine, which enables to obtain sheet composited with the dimensions 500X500 mm and 

thickness between 4 to 30 mm. The machine is capable of processing both organic and 

inorganic polymer raw materials (Geopolymer). The realization and reaching the proper 

technical requirements, composite materials obtained by proposed methodology, can be used 

for the creation of composites of different function.  
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ABSTRACT. The most perspective method for hardening and recovery of the metallic 

surfaces is a process of welding (arc deposition), which ensures a solution to the very 

important task: optimal relation between the properties of surface and the bulk of a metallic 

material. In the presented work the hard and wear-resistant surfaces were obtained using a 

powdery wire and chrome carbide during the electric-arc welding. Tribological properties of 

these surfaces were studied in the conditions of 0.5 - 2,0MPa loading and 0.63 m/s speed 

during boundary friction using the 15W40 oil. It was established that under the same 

conditions the values of the sample’s friction coefficients are smaller by the order of 

magnitude than those of non-welded 40X steel friction pairs. Wear of the welded samples is 

insignificant as well.  In comparison to the one-layer surface, two-layer welded one has a less 

friction coefficient, and at biggest loading, wear was not detected at all.          

KEY WORDS: wire with powdery core, welding, friction coefficient 

INTRODUCTION 

It is well known that during exploitation a lot of machines and their parts fail because of wear, 

impact loading, corrosion, etc. Modern technology gives a possibility of recovering and 

hardening the surfaces of critical parts. Practically, the failure process begins with damaging 

their surfaces. This requires the hardening of their surfaces and the recovery of their 

dimensions.  

A most promising method for surface hardening and recovery is the welding process 

(method), which ensures the solution to a significant task - optimal relation between the 

metal’s surface and balk properties. In this case, it is not necessary to use the volume alloyed 

materials, and the cardinal task of machinery - increasing of reliability and durability of 

machines in their service conditions [1,2]. 
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The aim of the presented work is to obtain wear resistant welds by the electric arc method 

using the wire with the powdery core and study the tribological properties of the produced 

surfaces. 

THE MAIN PART 

A wire with the powdery core, belted by 08KP type steel tape with sizes 12 x 0.5 mm filled 

with the chromium carbide Cr3C2 with the following content: 8.36 C; 1,0 Si; 0.3 Fe; 0.1 Mn; 

0.01Cu; 0.005Mg. Preparation of the wire with the powdery core included the following 

operations: preparing of tape and smelter charge, formation of the profile and backfill of the 

smelter charge to it, wiredrawing and control of quality. 

Surfacing of the above wire was realized with the use of wolfram- lanthanum alloy electrode 

with direct polarity by the installation of type TIG/MMA 320 and BDU-506 at 120-140 A. 

Welding was performed on the pipe-type samples with the dimensions: ф28xф20x20 mm. 

Investigations of tribological properties were conducted on the laboratory friction machine of 

type IM-58 in the following regime: 

1. The friction speed was constant (0.63 m/s, which corresponds to 500 turnover). 

2. The friction was performed with the contact torsion surfaces (3 sm2). 

3. The loading of the samples 0,5: 0,7; 1,0; 1,5; 2,0 MPa. Duration of the test, 2 h. 

4. The counterbody was a hardened steel. 

5. For the aim of comparison the friction tests between two hardened steel of type 40X 

were conducted in the same conditions. 

6. Based on the test results, temperature on the friction surfaces, friction coefficient and 

the sample weight were determined. The obtained results are presented in  Table 1.  

 

Table 1  

# Loading, MPa 0.5 0.7 1,0 1,5 2,0 

                                          The samples without surfacing  

1 Temperature 38 45 55 65 90 

2 Friction coefficient 0.053 0.050 0.056 0.061 0.080 

3 wear 5.0 4.0 3.0 4.0 6.0 

         One layer surfacing  

1 Temperature 28 35 36 35 80 

2 Friction coefficient 0.0175 0.0047 0.008 0.0080 0.0610 

3 wear 1.0 - 1.0 - 5.0 

Two layer surfacing 

1 Temperature 28 28 18 32 48 

2 Friction coefficient 0.0130 0.0170 0.0080 0.0062 0.0080 

3 wear 5,0 4.0 - - - 
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In Table 1 one can see that the values of friction coefficients of the welded samples are by the 

order of magnitude smaller than those of the non welded 40X steel samples, measured in the 

same conditions. In addition, the wear rates of the surfaced samples are also very low. In 

comparison to the one-layer sample, two-layer one has a lower friction coefficient. At the end 

of loading, the wear is not detected at all, and the temperature of friction surfaces is no more 

than 480C, while the loading temperature for the non-surfaced samples is about 900C. The 

curves presented on Fig.1 show the advantage of the surfacing by carbide chromium samples 

in comparison with the samples without surfacing. 

Mpa 

Fig.1. The dependence of friction coefficient on the loading for non-loading steel 40X (I), one layer 

surfacing (II) and two layer surfacing (III) 

In our opinion, the advantages, which were manifested during the study of tribological 

properties of the surfaced materials (low friction coefficient, low wear), may be explained by 

the effect of different factors. First of them is that the microhardness of the surfaced samples 

is higher because of the formed carbide structures (for one-layer sample it corresponds to 

12060 MPa, and for the two-layer - 13500 MPa).  However, they do not differ one from 

another by usual hardness. The microstructure of the two-layer surface is more homogeneous 

and has a higher microhardness in comparison to the monolayer surfaces. These 

circumstances favor the creation of better-operating conditions for friction. 
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                         a                                                                               b 

Fig.2. SEM image (a) and the respective EDX spectra (b) of a single-layer surfacing sample. 

 

The spectral analysis shows, that the hardening phases of welding formed by wear are: 

chromium carbide Cr3C2 and iron carbide Fe3C ( Fig.2 ).  

It may be concluded that one of the promising methods for hardening metal surfaces is the 

electric arc surfacing of wire with a powdery core and chromium carbide, which ultimately 

results in an increase in stiffness and a decrease of the coefficient of friction and wear 

resistance.       
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Tungsten is characterized by extremely high and stable mechanical and physical properties 

over a wide range of temperatures. In the single crystal state, it exhibits anisotropy of 

properties that significantly increase the performance properties of tungsten products, taking 

into account the orientation of the structure in the individual elements. 

Traditionally, tungsten single crystals are grown as rods with a diameter of 25-30 mm. 

Increasing the linear size of single crystals presents two problems: the retention of a large 

liquid volume metal and high thermo-mechanical stresses in the body of a single crystal. 

Temperature gradients create thermal stresses in the crystal that in critical cases can destroy 

the crystal [1]. High thermo-mechanical stresses contribute to the generation of an additional 

number of dislocations (the dislocation density can reach 107 - 108 cm-2) and significant 

disorientation of the sub-grains, which significantly degrades the quality of the structure of 

single crystals. 

The idea of simultaneous use of two different in nature and energy concentration of electric 

heating sources - plasma and induction was first proposed by specialists of the Institute of 

Electric Welding. EO Paton NAS of Ukraine (Fig. 1) [2].  

a                                                                                    b 

Fig. 1. Scheme of installation (a) and the equipment (b) for the additive growing of single crystals of 

refractory metals using the plasma-induction method: 1 - plasmatron; 2 - remelted rod; 3 - the mechanism of 

feeding rods; 4 - inductor; 5 - seed crystal; 6 - plasma arc; 7 - local bath melt ; 8 - single crystal 
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The additional heating of the crystal significantly reduces the radial and axial temperature 

gradients, which helps to reduce the density of dislocations and internal stresses and helps to 

form a more perfect structure. 

The essence of the method is that the plasmatron, in the reciprocating motion, moves a metal 

bath, which, receiving the metal from the melting rods, forms a crystal layer by layer, 

reminiscent of the nature of the arc surfacing. After each passage of the plasmatron, the single 

crystal go down to the height of the deposited layer, thus providing stable conditions for the 

growing process. 

Using this method, equipment and technology for growing profiled single crystals in the form 

of plates were created (Fig. 2). 

 

The crystal is formed under conditions of heating by the high-frequency field of the inductor 

to the temperatures characteristic of the hot deformation range. It is known that at these 

temperatures the movement of dislocations occurs under the action of both external stresses 

and temperature. Dislocations are not rigidly tied to "their" slip plane and can move from one 

plane to another, choosing the easiest path. This is seen as an additional degree of freedom of 

dislocations. With such unregulated movement of dislocations, the probability of their 

meetings increases, and therefore, on the one hand, the number of cases of their annihilation 

increases (the density of dislocations decreases), and on the other - the tendency to form 

regular dislocation structures, characterized by the unification of dislocations within low-

Fig. 2 Appearance of flat tungsten single 

crystals 170x160x20 mm 

growth direction 

a                                                   b 

Fig. 3. X-ray topograms by the Berg-Barrett 

method; longitudinal (a) and transverse (b) 
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angle boundaries. The conditions under which the formation of the single crystal occurs 

provide a higher quality of the single crystal structure than in the ways in which no additional 

heating (electron beam and plasma arc) is used. 

Crystals grown using the above method have a less smooth lateral surface, but this does not 

prevent their use without additional machining as billets for widescreen rolling. 

Interesting are the results of the study of the structure of crystals using optical and x-ray 

methods. In Fig. 3 shows the results of the X-ray study of single crystals. 

Comparative studies have shown that the structure of such crystals is more perfect than 

plasma-arc, and there is practically no macromosaic. 

The developed additive technology for the cultivation of large single crystals of refractory 

metals of technical purity is based on long-lasting thorough researches that allowed to 

establish and study: 

- distribution of thermal fields of single crystals using mathematical models and 

experimental data [3]; 

- working ranges of changing technological parameters of the crystal growth process; 

 

- structural characteristics and patterns of structure formation of grown single crystals [4]. 

Further study of the process allowed to create on the same basis the newest installation for 

growing super-large single crystals of tungsten in the form of bodies of rotation (Fig. 4), 

where the arrows indicate the rod movement direction into the melting zone of the plasma arc 

and the direction of rotation of the single crystal. 

                             a                                                                         b 

Fig. 4 The newest equipment with computer-controlled unit (a) for the production of single 

crystals of refractory metals of rotation bodies (b) 
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The equipment created is a qualitatively new generation of equipment, featuring a fully 

computerized control system for actuators, motion sensors and single crystal growth control. 

The design provides for the possibility of growing single crystals in the form of rotation 

bodies (cylinder or hollow cylinder) with an outer diameter of up to 100 mm (4 inches). Now 

a thermal module has been created and the technology of growing tungsten single crystals 

diameter 85 mm is being developed (Fig. 5). 

Fundamentally the technology of growing cylindrical 

single crystals is based on the technology of growing flat 

single crystals, but in the new installation, the crystal is 

continuously rotated around the vertical axis. The crystal 

seed used is a cylindrical workpiece made of a flat single 

crystal of predetermined orientation.  

Single crystals of refractory metals (tungsten, 

molybdenum) can find an alternative application, both in 

the form of wide-format rolled metal (sheets, thermal 

screens), and in the form of articles made of ingots. The 

most promising applications may be: X-ray technology 

(electrodes), electronics (sputtering targets, crucibles), 

electrical engineering (contacts), laser technology (mirrors for optical and X-ray lasers), 

nuclear power (thermionic power converters of space power plants, parts of structures 

reactors), aerospace engineering (nozzles). 

 

 

 

 

 

 

 

 

Fig. 5 The appearance of a 

tungsten crystal with a diameter 

of 85 mm 
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INTRODUCTION 

In connection with the increase in the size of products for traditional and nuclear energy, 

heavy and petrochemical engineering, as well as the military-industrial complex, the demand 

for large and extra-large high-quality ingots and forging blanks is growing. The mass of 

ingots can reach several tens and hundreds of tons [1]. The quality of the ingots is determined 

by the number of shrinkage and segregation defects associated with a specific production 

method. With an increase in the size of ingots, the degree of alloying significantly deteriorates 

their quality. The axial porosity and volume of the shrinkage cavity shell increase. This 

significantly affects the homogeneity and uniform distribution of properties over the cross 

section of the ingot [2-3]. To ensure the corresponding properties and especially homogeneity 

structure over the entire cross section of the ingot, only part of the ingot is used, which 

reduces the yield. Therefore, increasing the chemical and physical homogeneity of ingots and 

castings is of priority importance. 

The main reasons that must be overcome to improve the quality of cast metal are two: metal 

contamination by non-metallic inclusions and crystallization processes. The first reason 

metallurgists managed to overcome through the use of after-furnace treatment. They are still 

trying to overcome another reason related to crystallization phenomena. To do this, apply: 

vibration; ultrasound; electromagnetic effect, regulation of the temperature of the liquid metal, 

regulation of the thermal field on the surface of the bath, the introduction of refrigerators and 

the like. But significant achievements, especially in field the crystallization of large ingots, 

are not yet available. The main reason is the uncontrolled crystallization rate. 

During crystalization of metals, a first-order phase transition occurs. It is inherent in such a 

phenomenon as segregation. segregation during crystallization of metals and alloys is 
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associated with different solubilities of elements in solid and liquid phases [4]. The ratio of 

element. 

concentrations in phases is determined by the distribution coefficient in the equilibrium stage 

[4]. Deviation from equilibrium leads to a change in the coefficient. In real conditions, it is 

necessary to talk about the effective coefficient of the distribution of elements in the 

solidification of metal [5], which can be calculated by the formula: 
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where: f -  is the crystallization rate, cm / s; δ - is the thickness of the diffusion layer adjacent 

to the crystallization front and enriched with impurities, cm; D - is the diffusion coefficient of 

the impurity, cm2 / s. 

 

PURPOSE OF THE STUDY 

Development of a method for suppressing segregation, regardless of the size of ingots and 

cast products. To achieve the goal, we proposed to change the way the ingot is formed,  

replacing a large metal bath with  a local one that moves at high speed. In this case, an 

additional outflow of heat from the end surface not covered by the bath appears, Fig. 1a. It 

becomes possible to set the crystallization rate, respectively suppress segregation and control 

the structure of the ingot. 

 

         

  a            b             c 

 

Fig. 1. Heat distribution when production ingots by different technologies (a), macro section of the 

ingot (b) and sampling scheme (c). 
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EXPERIMENT CONDITIONS 

An ingot was smelted to verify the proposed approach under laboratory conditions. A local 

bath was formed using an arc heating source and  moved at a speed of 3 mm/s. The arc 

current was 150 A, and the arc voltage was 19.4 V. Welding wire with a diameter of 1.2 mm 

09G2S was used as a consumable. 

THE DISCUSSION OF THE RESULTS 

A macro section of the vertical section of the ingot and a metal selection map for research are 

presented in Fig. 1b, c. As follows from the figure, the macrostructure of the ingot is 

homogeneous and fine-grained. Further investigation of the microstructure of the samples 

taken at points 1–9 showed that grains in size correspond to 8–9 numbers, Fig. 2. The above 

results show that the creation of stable conditions for the formation of the ingot eliminates the 

scale factor and extends the results to almost any size ingots. The obtained large ingots can be 

used without removing the head and bottom parts. At the same time, the weight of especially 

large ingots can be reduced with the same loads on the products that will be made from these 

ingots, due to the equality to the unit coefficient, which takes into account the scale factor, 

and an increase in strength due to both the absence of zonal segregation and a decrease in the 

level of dendritic segregation. Other products, such as a bowl, were produced using a local 

bath. The main problem that was solved when forming the bowl was the formation of thin-

walled products. 

Measurements were made of the mechanical characteristics of the products. As measurements 

showed strength, toughness and other mechanical characteristics increased by 10-50% 

compared with the characteristics of the same grade of metal obtained by traditional 

technology, table 1. 

This is especially important for products from highly alloyed alloys operating in extreme 

conditions. The proposed approach is a way to obtain large ingots with properties and 

structure that cannot be obtained using traditional technology. Further testing of products 

from such ingots in real conditions will confirm or refute the appropriateness of the proposed 

approach. 

 

 

 

 



173 

Table 1 

Alloy 092S 
Tensile strength, 

MPa 

Yield strength, 

MPa 

Relative 

extension, % 

Impact strength,  

J / cm2 

Source metal 441,5 304,1 21 - 

Ingot 497,7 359,5 37,5 227,9 

 

Fig. 2. . Photos of microsections. Magnification 200. The arrangement of photographs corresponds to 

the scheme in Fig. 1c. 
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With the development of scientific and technological progress, the need for new functional 

materials with enhanced   physical, mechanical and chemical properties increases. Obtaining 

2D materials by graphene technology allowed us to create a new class of materials with 

unique properties. Research on improving the technology for obtaining such materials and 

studying their properties is an urgent task of modern materials science. Currently, graphene 

technology is divided into two separate areas - the production of graphene (G) and graphene 

oxide (GO). 

Graphene-like materials are obtained by physical, electrochemical or chemical methods. 

Physical methods include micromechanical splitting and vapor deposition This method allows 

to obtain 2D materials of a small area and with a minimum of defects.  Chemical methods 

lead to the formation of 2D materials with a larger area and a large number of defects. 

Graphene is a 2D carbon material in which the crystal lattice is a layer with a thickness of 

only one atom Due to its unique properties, researchers all over the world are interested in 

graphene, which is called the material of the future [1]. Graphene is the most durable, lightest, 

heat and electrically conductive version of the carbon compound. Graphene oxide is a 

graphene-like material that can have many applications in a wide variety of fields. Graphene 

oxide is one of the most important graphene derivatives.  For obtaining GO exists various 

technologies  , for example, it is obtained by oxidation of graphite to form graphene oxide, 

and graphene is reduced from graphene oxide by chemical, electrochemical, high-frequency 

currents or photochemical methods [2] 

The methods for obtaining of  graphene-like materials are not perfect, energy-intensive and 

expensive Due to the fact that the nomenclature of these materials and their production for 

many types are still limited, there are no technological regulations and technical conditions 

for their production, in accordance with which specific products must comply [3]. 
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Scientific developments in modern materials science are aimed at reducing the mass and 

improving the physical, mechanical and chemical properties of new materials. Therefore, the 

synthesis of new compounds with enhanced physical and chemical characteristics that cannot 

be obtained using traditional chemical and physical methods is an urgent task. Therefore, the 

study of the mechanism of formation of graphene oxide and  identification of areas of their 

application is undoubtedly of both scientific and practical interest. This work is related to the 

original scientific work, [4] previously published by a group of scientists, devoted to the 

synthesis of 2D  

carbon structures by carbonization of natural biopolymers under conditions of self-

propagating high-temperature synthesis (SHS-graphene).. Based on the researches of the 

authors of the above-mentioned article, we made the appropriate conclusions, reproduced 

experiments and introduced  them new ideas. The interim results of the research are submitted 

for discussionIn addition to starch, other organic compounds from the Сx-Нy-Oz  и Сx -Нy-

Nz series were additionally used in the experiments. Synthesis was performed in various 

gaseous atmosphere using a specially developed reaction device. The container in which the 

reaction charge was placed was previously heated. The synthesis was performed at different 

initial temperatures. The device developed by us allows you to get two types of product: 

 - a highly porous black shapeless mass (photo 1), which, when magnified, is a volumetric-

planar – "scaly" - particle (photo 2); 

- an emulsion (photo 3 a), from which, after drying, an orange powder was obtained (photo 

3c). 

The density of the product shown in photo1 is in the range (p = 0.015-0.025 g / cm3).  The 

experiments established that the density during the formation of the target product depends on 

the internal volume of the reaction zone. 

 

 

                                                     

 

 

 

 

 

 

.Fig. 1. Appearance of a highly porous product obtained in argon, in  a new reaction device. 
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-----------------------------------                                                         

Carbon  6  K-series   80.53   84.64 

                                                             Oxygen  8  K-series   19.47   15.36                                                             

----------------------------------- 

Total:  100.00  100.00                                                                   

 

 

                                                                b 

Fig. 2. Electron micrograph (obtained in an air atmosphere) of scaly particles of black mass (a) and 

distribution of elements (b) 

 

 

 

 

 

                                                   а                                                                          b 

Fig.  3. Appearance of the product in the form of an emulsion (a) and a powder after drying (b) 

obtained in argon atmosphere, on a new reaction device. 

 

Electronic micrographs of the obtained products were examined using a HITACHI TM3030 

Plus scanning electron microscope. The method of x-ray diffractometry was carried out on the 

diffractometer ДРОН 2 and ДРОН 4. Fig. 4a и  4b  shows an x-ray diffractogram of a black 

mass  and an orange powder obtained in an argon atmosphere, and in fig. 4c and 4d these 

same samples after microwave processing.  
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Raman spectroscopy was performed by passing a beam through the sample at a laser 

wavelength of 488 nm. The products obtained (under atmospheric conditions) were also 

subjected to heating under microwave radiation. Fig.  5a and 5b show Raman spectroscopy of 

scaly particles of black mass, before and after microwave processing, respectively.  

 

    

 

 

 

 

                                     

                                                а                                                                                           b 

 

  

 
                                  c                                                                                d                                                  

 
Fig.  4. X-ray diffraction patterns of the obtained material 4a of black mass and 4c of orange powder, 

and 4c,  4d these same samples after microwave processing. 
                                                                                                                        

 

 

 

 

 

 

 

 

 

 

                                  a                                                                                            b 

Fig. 5. Raman spectroscopy of scaly particles of black mass before (a) and after (b) Microwave 

processing. 
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At this intermediate stage of the experiments, it can be assumed that graphene oxide is 

obtained by carbonization of organo-inorganic materials in a gaseous medium using SHS 

technology It can also be assumed that carbon atoms are replaced by oxygen-containing 

groups during the synthesis process. This will expand the potential scope of such materials. 
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Innovative SHS (self-propagating high-temperature synthesis) electric-rolling process 

developed at Ferdinand Tavadze Metallurgy and Materials Science Institute ensures SHS and 

hot deformation (rolling) continuity of specimens and obtaining any size of longitudinal 

measurement product. 

The condition for continuity of SHS electric-rolling process is to ensure equality of the 

combustion front and billet movement velocities and to provide thermal energy to compensate 

for heat loss throughout the whole rolling process [1]. 

In order to determine optimum technological parameters of the SHS electric-rolling process, 

experiments were performed with variable shrinkage of TiB0,6 charge samples, both in a 

smooth barrel and in a box groove. Templet samples were cut from different points of the 

strip to determine the impact on the structure, hardness and density of the material obtained. 

The billet obtained by SHS electric-rolling process is a porous material, from which, after 

further hot metal-forming (rolling), we can obtain product with intended thickness. In the 

deformation core, formed grains of the synthesized charge approach each other and at the exit 

cross section, hardened material is obtained, porous empties are significantly reduced, and at 

certain shrinkage, relative porosity decreases to 2-5%. As a result of billet shrinkage at the 

cross-section, compression takes place predominantly and the grains move in a vertical 

direction. Achieving some level of shrinkage, the charge begins to flow in a longitudinal 

direction. Thus, the process of SHS electric-rolling process progresses with intergranular and 

interparticle shear deformation. Increase in the material density along the deformation core 

depends on the compaction of the charge. On the basis of the experimental data, the image 

determining dependence of the relative deformation on the density has been obtained. 

Synthetic charge-flowing studies in the deformation core reveal that movement speed of the 

billet is variable. In particular: at the entrance cross of the deformation core, billet velocity 

falls behind rolls’ velocity in significant length (ε = 0-53%). Intensive compaction takes 
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place, grains move predominantly in a vertical direction, shrinkage is minimal, and it’s 

forestalling deformation core’s exit-cross neighborhood (ε=54-58%). 

At this time, compacting process is almost complete and shrinkage becomes of increasing 

type. When rolling TiB06 samples, it was found that during metal forming, which is followed 

by SHS process (lengthwise rolling in particular), in order to obtain high quality metal 

ceramic strips, it is essential to perform high shrinkage (ε ≥54%) procedures in the 

deformation core in order to reduce porosity  (П=2-3%). However, increase of deformation 

quality does not affect the macro hardness (ε=30-35%) [2]. As the deformation increases (ℇ = 

54-55%), shrinkage of TiB06 grains and titanium phase is growing and therefore porosity 

decreases. Thus, we can conclude that in SHS electric-rolling regimen, rolling process should 

be carried out at ℇ> 54% relative shrinkage conditions. Optimal mode for this process is ℇ = 

54-58%, where the relative porosity is reduced to 2-3%. The maximum angle of bite is 25-27 

degrees. Further deformation growth insignificantly affects material compaction, but it 

worsens the effectiveness of rolling mill (energy-force parameters are growing dramatically), 

biting conditions and hence stability of rolling process. 

Experiments have shown that, compared to smooth barrel rolling, box groove rolling is 

preferred, since in the latter, free dilatation is limited and the degree of compaction increases. 

Proposed SHS electric-rolling technology process produces gradient, corrosion-resistant, 

impact-resistant metal-ceramic billets. 

The most important characteristics of metal-ceramic sintered-hard alloys are the strength limit 

on bending and hardness, and its characteristics for TiB06 material are present in Table1. 

Table1. Limit of strength on bending and hardness of the material obtained by SHS electric-

rolling method.  

 

Material Strength limit of bending,  MPa   Hardness HRA 

TiB0,6 1300-1400 84-85 

 

Typical images of structural analysis of X-ray images for the TiBo,6 material are shown in 

Fig.1. 
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Fig.1. X-ray diagram of TiB0,6 material 

 

Presented x-Ray diagram shows that the material consists of orthorhombic titanium boride, 

TiB and hexagonal titanium. Figure 2. TiB0,6 material microstructure is presented:  A) X1000 

and B) X 5000 enlargement 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. TiB0,6 material microstructure: A) Enlargement X1000   B) Enlargement X 5000 

 

 

As it can be seen from the microstructure, hexagonal titanium phase Ti is presented as 

chaotically oriented, very thin, tens of nm thick plates, suggesting that such a material 

structure, at high intensity dynamic impact loading, should provide impact energy 

accumulation and good material-resistance over dynamic loadings. Spectral analysis of the 

material was performed, in particular, Figure 3 presents the TiB0,6 material microstructure of 

the corresponding (1-4) points with chemical constituents determined by spectral analysis, in 

both weight and atomic percentage (Table 2). 
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Fig.3. TiB0,6  material microstrucre in corresponding  (1-4) points. 

      

Table2. Chemical constituents of TiB0,6 material points (1-4), shown in weight and atomic 

percentage. 

 

Processing option: All elements analyzed (normalized)   

All results in weight %                          All results in atomic % 

Spectrum B Ti Spectrum B Ti Total 

1 50.1 49.9 1       18.5 81.5 100 

2 51.0 49.0 2 19.0 81.0 100 

3 47.7 52.3 3 17.1 82.9 100 

Mean 49.6 50.4 Mean 18.2 81.8 100 

Std. deviation 1.7 1.7 Std. 

deviation 

1.0 1.0  

Spectrum B Ti Spectrum B Ti Total 

4 1.3 98.7 4 0.3 99.7 100 

 

CONCLUSION 

 

The work presents the results of a structural study of the hot-compacted TiB0,6 charge in SHS 

electric-rolling process. X-ray structure and metallographic analysis of the rolled products in a 

box groove by SHS electric-rolling technology. Chemical composition in atomic and weight 

percentages is determined in the selected 4 points of rolled stock. Obtained product meets the 

requirements of the planned (highly physic-mechanical, dynamic impact-resistant, corrosion-

resistant and scale-resistant) properties. 
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Crystalline polymeric aluminosilicates with general formula Mn+
x/n[(SiO2)(AlO2)x]

.wH2O (M 

= Na, K, Ca, Mg, etc.) are called zeolites. They have a three-dimesional framework that forms 

uniformly sized pores and channels of molecular dimensions  on the base of alternating SiO4 

and AlO4
– tetrahedrons linked to each other. Due to unique properties of uniform and precise 

nano-scale porosity, molecular shape selectivity, ion-exchange capacity, strong Brønsted 

acidity and high thermal and hydrothermal stability, zeolites find the greatest practical 

application. At present the zeolite group includes more than 40 naturally occurring species, 

and is the largest group of minerals among the silicates. To date, the Database of Zeolite 

Structures of the International Zeolite Association (http://www.iza-structure.org/) contains 

237 types of synthetic zeolites, and this list is updated annually.  

Synthetic zeolites, as a rule, are prepared in monocationic, usually Na-form, while natural 

zeolites can contain cations not only of elements of groups IA and IIA, but also of transition 

metals such as iron, copper, zinc, etc. However, the main difference between synthetic 

zeolites and natural ones is that the former have only pores with sizes defined by the type of 

crystal structure, while natural zeolites additionally can have highly developed systems of 

mesopores (2 – 500 nm) and macroscopic pores.  

In some cases of zeolite application, the presence or absence of mesopores is of great 

importance. So, in our early works [1] it was shown that in contact with water contaminated 

with microorganisms, natural or modified zeolites exhibit bactericidal activity only when they 

have mesopores with sizes of 100-200 nm in their structure. It was found that natural 

clinoptilolite (IZA formula |Ca4 (H2O)24| [Al8Si28O72]) substantially reduces viability of 

Escherichia coli and, in particular, Staphylococcus, whereas the acid treated samples are inert. 

Native clinoptilolite is characterized by well developed (specific volume over 0.15 cm3/g) 

system of mesopores with diameter in the range from 20-80 to 200 nm, the acid treatment of 

clinoptilolite leads to an alteration of mesopores and a decrease in their specific volume. For 

analcime and phillipsite the effect is the opposite: native zeolites are practically inert, acid-

modified samples suppress viability of microorganisms, phillipsite impacts against both 
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bacteria, analcime – especially against Staphylococcus. Native zeolites have low specific 

volume of mesopores (0.03 cm3/g) with sizes the range from 4-8 to 60 nm, acid treatment 

results in formation of mesopores with diameter up to 200 nm and specific volume up to 0.1 

cm3/g. It should be noted that unlike clinoptilolite and other silica-rich zeolites, analcime 

cannot be dealuminated to a high degree (Si/Al→∞), analcime is acid leaching resistant and 

about 40% of aluminum does not come into contact with the aqueous acid phase.  

All considered zeolites have macropores with a diameter of more than 500-800 nm, acid 

treatment does not significantly affect their size or specific volume. Thus, on the surface of 

these zeolites, both spherical Staphylococcus bacteria with a diameter of 500 to 1000 nm and 

a rod-shape E. coli bacteria with the width of about 500 nm and the length up to 5000 nm can 

be immobilized. At the same time, the bacteriostatic activity of the zeolite, apparently, is 

determined by mesopores, the sizes of which coincide with the sizes of such external structure 

elements of organisms as bacterial fibers and flagellum with thickness of about 200 nm. These 

results are very important for the use of zeolites as filter materials for drinking water.  

Recently [2-4] it was found that when silver, copper or zinc is introduced into the zeolite 

structure, the bactericidal effect of the material is determined not only by the release of 

metals. Ag-, Cu-, and Zn-containing micro-mesoporous materials have been prepared on the 

basis of natural phillipsite using ion-exchange reactions between zeolite and a salt of a 

transition metal in the solid phase followed by washing. Synthesized adsorbent-ion-

exchangers contain up to 230 mg/g of silver, or 66 mg/g of copper, or 86 mg/g of zinc and 

show bactericidal activity towards Escherichia coli. According to the changes in the relative 

number of viable cells of bacteria contacting with zeolites and the data on leaching of metals 

from modified zeolites compared to the minimal inhibitory concentration (MIC) values for 

corresponding ions toward E. coli, the Ag-containing zeolite exhibits a certain antibacterial 

activity even before the concentration of ions in the solution reaches the MIC value, and its 

bactericidal effect could be ascribed not only to released Ag+ ions but also to Ag-phillipsite 

itself; the copper- and zinc-containing zeolites emit a small amount of ions (up to 0.5MIC) 

and their activity is entirely attributed to Cu-phillipsite and Zn-phillipsite themselves. Strong 

bacteriostatic activity of modified zeolites was established by the Kirby-Bauer test. SEM 

images show that the procedure of dry ion- exchange synthesis leads to an increase in the 

dispersion of the material, the study of the mesoporous system of modified samples continues. 

Another area where the mesopores plays an important role are catalytic processes. The 

effectiveness of the catalyst is determined by the specific surface area and the access of 
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reacting molecules to its active centers. The increase in the degree of dispersion of catalysts is 

limited, the use of nano-particles is associated with the difficulties of their separation. On the 

other hand, the presence of secondary porosity in the zeolite catalyst allows shorter diffusion 

paths and provides access of reagents to active sites on the surface of the catalyst. 

Modification of zeolite Beta by steaming and acid leaching results in the formation of 

secondary mesoporous structure, modified catalysts have been successfully used  for the 

selective transformation of large molecules used in pharmacy and perfumery [5]. However, 

such processing is effective for high-silica zeolites like Beta (Si/Al>8), for low-silica zeolites 

of the FAU type (Si/Al=2.31), intensive leaching of aluminum atoms occurs, the properties of 

the final product strongly depend on temperature and other processing conditions, so it is 

rather difficult to achieve reproducible results.  

An alternative to acid modification is the targeted recrystallization of natural zeolites. To 

obtain zeolites X (type FAU with Si/Al<3) widely used in catalysis, natural phillipsite was 

used, which has a relatively low Si/Al ratio and suitable secondary building units in the 

crystal structure. It was found that phase-pure zeolite with the corresponding chemical 

composition can be prepared in the form of octahedral crystallites with uniform micrometric 

(2-7 μm) dimensions by hydrothermal crystallization (95oC) of aluminosilicate gel obtained 

from water suspension of natural phillipsite, treated with hydrochloric acid, mixed with 

sodium hydroxide, and aged (96 hr) at room temperature. The X-ray diffraction powder 

patterns of phillipsite recrystallization products show the strongest peak at 2Θ = 6.1°, as well 

as all low intensity peaks listed in the IZA Database for hydrated Na-X zeolite. The mid 

infrared peak pattern in FT-IR spectra testifies formation of zeolite structure and reveals 

differences for samples of zeolite Na-X obtained under different conditions and having 

different Si/Al ratios. 

It is found that at a high concentration of sodium in the reaction mixture, zeolite X with a high 

aluminum content (Si/Al = 1.4) is formed, while crystallization of a diluted gel with an 

average sodium content leads to the formation of zeolite X with a higher silicon content (Si/Al 

= 2.5).  
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Fig. 1. N2 adsorption-desorption isotherms of Na-X zeolites obtained from natural phillipsite  

According to the nitrogen adsorption-desorption isotherms measured at 77 K (Figure 1), low-

silicon sample Na-X(1.4) has high specific surface area (590 m2/g) of micropores (0.3 cm3/g) 

and cylindrical pore channels (0.28 cm3/g) with an average diameter of 55 nm, while high-

silicon sample Na-X(2.5) has lower surface area (440 m2/g) of micropores (0.23 cm3/g) and 

irregular mesopores (0.15 cm3/g) with a diameter of 20-30 nm. 

Obviously, modern methods of primary and secondary synthesis of zeolites with hierarchical 

porosity make it possible to obtain a variety of products used in various industries.  
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Analcime is rather widespread among the zeolites known on the territory of Georgia [1]: an 

abundance of analcime connected with volcanic-sedimentary rocks is observable in the 

Middle-Eocene rock masses of the Achara-Trialeti folded system, beginning with Mtskheta 

district, including the Borjomi valley and westward in Bagdadi and Vani districts; analcime-

containing stratified rocks are known in Western Georgia in the deposits of Jurassic 

carbonaceous and colored suites of Kutaisi area, as well as analcime from a basaltic geode 

(environs of Tbilisi), analcime crystallized in the chemical way (sedimentary rocks from 

Kutaisi environs), and analcime of diagenetic origin in volcanic-sedimentary rocks from the 

Akhaltsikhe deposit, along with other zeolites (phillipsite, laumontite, mordenite, etc.). 

Analcime belongs to minerals of tectosilicate group with zeolitic structure (crystal chemical 

data |Na16(H2O)16| [Al16Si32O96]-ANA, cubic, Ia3d, a=13.73 Å [2]) with high framework 

density of 18.5T/1000 Å3 (T = Si or Al). The analcime framework (Figure 1) consists of 

singly-connected 4-rings, irregular channels are formed by highly distorted eight-membered 

rings (8mR, Figure 2) and have small entrance windows of approx. 2.6 Å, and regular 

channels are formed by six-membered rings (6mR) along the [111] direction of the cubic 

lattice.  

 

                                           
 

Fig. 1. Analcime framework viewed along [001]. 

 

Fig. 2. Distorted 8mR viewed along [110]. 
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The compact structure of analcime also prevents the adsorption and diffusion of molecules in 

the cages and channels, therefore its use as an adsorbent or molecular sieve is limited. 

However, analcime has a scientific weight ion exchange capacity of 5.1 meq/g, and it was 

supposed to use natural analcime as an ion-exchanger for the nuclear wastewater treatment 

[3], but nothing is known about the practical implementation of this project. 

The goal of our study was to demonstrate possibility to carry out synthesis of zeolite with 

high ion-exchange capacity by hydrothermal recrystallization of natural analcime and 

production of materials with different sizes of crystallites and suitable system of pores and 

channels. 

Preparation of synthetic zeolite material was carried out using greenish-grey analcime-

containing rock from the Chachubeti plot of the Tedzami deposit having high zeolite phase 

content (up to 95%) with chemical composition (Na9.25K2.25Ca1.25Mg0.95) 

Me0.30[Al16.2Si32.0O96]
.18.4H2O (Me – impurity metals such as Fe, Cu, etc.), characterized by 

the X-ray diffraction pattern, IR spectrum, thermal analysis data, and ion exchange properties 

[4]. 

Zeolite-containing rock powder (0.063-0.1 mm), washed in distilled water (solid : liquid 

=1:20, 3-5 times) and dried at 100-110°C was treated at room temperature by HCl water 

solution under stirring, washed by water before the complete disappearance of Cl– ions, and 

dried at 100-105oC; water suspension of homogeneous amorphous (XRD tested) material was 

prepared with the solid to liquid ratio of 1 : 3; suspension was treated at room temperature by 

NaOH water solution, solid to liquid ratio of 1 : 6; homogenization of produced gel takes 

approx. 30 minutes, its aging at room temperature – several days. Crystallization of aged gel 

was carried out in the Teflon flasks using temperature-controlled water bath (OLS26 Aqua 

Pro); the temperature (up to 95oC) and duration (up to 120 hours) have been adjusted to 

prepare crystals with average diameter of 5 μm; separation of produced crystalline material 

was carried out by filtration of mother solution, solid material was cleaned by distilled water 

until pH 8.0-8.5, and dried at 90-100oC.  

The analysis of the XRD pattern (Fig. 3) allows us to attribute the obtained material to the 

Linde Type A synthetic zeolite (|Na12(H2O)27|8 [Al12Si12O48]8-LTA). Experimental XRD 

pattern has the same peculiarities mentioned in [5,6] for the LTA zeolites produced from 

kaolin considered as an ideal raw material for the preparation of this type of zeolites. 

However, materials obtained from kaolin contain quartz (strong peak at 2Θ = 26.63o) and the 

SOD type zeolite (characteristic peaks at 2Θ = 14.14o (0.53), 24.62o (1.00), 31.96o (0.98), and 
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35.1o (0.78)) as impurities, not observed in XRD patterns of samples obtained by 

recrystallization of analcime. 

 

Fig. 3. Powder XRD pattern of the material obtained by the recrystallization of analcime; numbers in 

parentheses are Miller indices (hkl) 

 

Zeolites have been produced from the 3.4Na2O:Al2O3:1.1SiO2 reaction mixture, the chemical 

composition of prepared materials, 0.92Na2O
.Al2O3

.2.04SiO2
.3.00H2O, is in a good 

accordance with corresponding crystal chemical data for LTA. Developed zeolitic crystal 

microporous structure in synthesized samples is confirmed by high value (>13 mmole/g) of 

water adsorption capacity under static conditions at the “plateau” pressure p/ps=0.40 and room 

temperature. Share of impurity metals in compensation of the negative charge is 8%, but in 

some cases this value reaches 15%. In general, recrystallization of analcime retains a greater 

amount of impurity metals than recrystallization of clinoptilolite [7], but the preparation of 

LTA zeolite from clinoptilolite is possible only in two stages, with the intermediate 

production of sodalite.  

The resulting material has a fairly high ion exchange capacity, 4.5 meq/g, and can be used as 

a builder in detergent powders and tablets for water softening.  

Ratio of water molecules per compensating ion (H2O:Na) in ideal LTA structure is 9:4, in 

synthetic samples it depends on conditions of crystallization: hydrated materials 

(H2O:Na=9:5.5) are produced at low temperature, high temperature results in dehydration. 

Increasing basicity of reaction mixture results in creation of LTA structure with high 

aluminium content (Si/Al≈1), rapid crystallization gives nanoscale crystals and aggregates, 

while slow crystallization at comparatively low temperatures gives micrometric crystallites 

(Fig. 4).  
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Fig. 4. SEM images of micrometric (left, x5,500) and nano (right, x55,000) crystals of LTA zeolites 

recrystallized from analcime 

 

The proposed method for preparation of the LTA zeolites is based on the use of natural silica-

alumina raw materials and inexpensive reagents (HCl, NaOH), it is characterized by the 

relative rapidity and low energy expenditures. 

This work was supported by the Shota Rustaveli National Science Foundation of Georgia, 

project FR-18-2600. 

 

REFERENCES 

1. N. Skhirtladze. Genetic groups of Georgian zeolites, their main deposits and 

manifestations, Tbilisi State University, Tbilisi, 1997, p. 16.   

2.  Ch. Baerlocher, L.B. McCusker, D.H. Olson, Atlas of zeolite framework types, 6th 

revised edition, Elsevier, Amsterdam, 2007, p. 46. 

3.  M.H. Mallah, H. Soorchi, T.F. Jooybari, Annals of Nuclear Energy, 47, 2012, pp. 140-

145. 

4. V. Tsitsishvili, N. Dolaberidze, S. Urotadze, M. Alelishvili, N. Mirdzveli, M. Nijaradze, 

Chemistry Journal of Moldova, 12, 2017, pp. 95-101. 

5.  A. Shoumkova, V. Stoyanova. Journal of Porous Materials, 20, 2013, pp. 249-255. 

6.  M. Gougazeh, J.-Ch. Buhl, Journal of the Association of Arab Universities for Basic and 

Applied Sciences, 15, 2014, pp. 35-42. 

7.  V. Tsitsishvili, N. Dolaberidze, M. Alelishvili, М. Nijaradze, N. Mirdzveli,  Proc. 

Georgian Nat. Acad. Sci., chem. ser., 42, 2016,  pp. 133-137.  

8.  



192 

DYNAMIC MODELLING OF METAL MELTING PROCESS 
 

J. Khantadze, L. Chkhartishvili*, G.Mikaberidze 

Ferdinand Tavadze Metallurgy and Materials Science Institute, 8b E Mindeli Str., Tbilisi, 0186, Georgia 

 chkharti2003@yahoo.com,   

 

ABSTRACT Process of melting in metals is modeled dynamically using specially designed 

device, in form of trihedral pyramid of closely packed identical hard balls, allowing one to 

change smoothly the pyramid base area. Thermodynamic limit, 6 – 8 %, of expansion of 

metals in the solid phase and the limit, ~ 4.8 %, of mechanical stability of the model structure 

are found to be in good agreement with each other. 

The service characteristics of metal products gradually deteriorate with increasing 

temperature, and at the melting point their structural stability completely disappears. Why 

does the metal melt or what factors determine its stability? Obtaining answers to such 

questions remains one of the most urgent tasks of the solid state physics and, in particular, 

metal physics. 

From the thermodynamic point of view, melting refers to first-order phase transitions. Various 

theories have been proposed to explain this process, which are ultimately based on the 

principles of Debye–Einstein atomic oscillator model of solids. Among them, the theories by 

Lindeman and Grüneisen are considered to be most successful (see, for example, [1]). 

According to Lindeman, at melting temperature 𝑇m relative change in the amplitude of atomic 

vibrations reaches a critical value at which the change in the unit cell parameter is so 

significant that the lattice loses stability and melts. According to Grüneisen, the arrangement 

of atoms near the fixed sites of the crystal lattice ceases to be stable, and the substance melts 

at certain critical expansion of the crystal in volume relative to that at absolute zero: 3𝛼𝑇m ≈0.06 − 0.08 , where 𝛼 denotes the relative linear expansion coefficient. It follows that the 

crystal cannot be overheated: its stability is limited by expansion in volume by 6 – 8 %. 

What role does the metals structure play in the melting process? In general, the effect of 

structural characteristics on the metals stability in frames of irregular structures mechanical 

model [2] was posed in [3]. 

In the present work, an attempt is made to find out how the most densely packed face-

centered cubic (fcc) lattice reacts to expansion, when and how the regular structure transforms 

into an irregular one and what geometric and topological factors determine such a transition. 
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In order to answer these questions, first it is necessary to study the mechanical stability of the 

structure itself as an abstract object. 

To determine mechanical stability of the fcc structure, we have constructed a device described 

in detail in the recent work [4]. Using it, the stability limit of a trihedral pyramid built of the 

almost identical steel balls is determined experimentally. In such a structure, each ball is in 

contact with 6 similar ones in the horizontal plane and 3 and 3 balls in adjacent upper and 

lower layers, respectively. Thus, a fcc structure densely packed (with packing coefficient of ≈0.736 ) in the crystallographic plane (111) is obtained (Figure 1a). 

   

a b c 

Fig. 1. Pyramidal cluster of 𝑁 = 165 balls: initial ordered state (a), state of geometric disorder while 

maintaining original topology (b), and beginning of cluster destruction (c). 

Numbers 𝑁 of balls contained in such colonies – pyramidal clusters of balls – are the Pascal 

triangle’s tetrahedral numbers: 𝑁 = 𝑛(𝑛+1)(𝑛+2)6 = 1, 4, 10, 20, 35, 56, 84, … , 

where 𝑛 = 1, 2, 3, … is the number of layers in the pyramid. Each layer contains 𝑛(𝑛 + 1)/2 

balls. The pyramid stability in the gravity field is supported by the equilateral triangular 

barrier formed by the ends of three plates (shown in light color). The device allows one to 

change smoothly the barrier size, i.e. pyramid base area. 

As the pyramid base area increases, the balls deviate from their sites in the regular lattice 

stochastically, and the system of balls becomes geometrically disordered, although at initial 

stage it retains the pyramidal shape, i.e. initial topology (figure 1b). After the sides of 

pyramid base are enlarged to a certain critical size, the structure loses its stability, collapses, 

and goes into a disordered state or undergoes a topological transformation (figure 1c). 

Obviously, the structural stability limit for given 𝑁 under the conditions of same balls and 

device surfaces treatment, i.e. at fixed friction coefficients, should not depend on the balls 
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diameter  . When = 1 , pyramid degenerates into a single ball. The smallest pyramidal 

structure in form of tetrahedron of 𝑁 = 4 balls loses stability and collapses when three balls 

located on its base are displaced from each other by √3𝑑 and the fourth of them is placed in 

the cavity formed. As a result, the 3D structure turns into 2D one. At > 4 , in contrast to this 

trivial case, the determining stability limit for pyramidal structures is devoid of such clarity. 

However, problem itself lends to experimental study using above mechanical model. Our goal 

is to establish the stability of the fcc structure by extrapolating to the stability limit of the 

pyramidal colonies consisting of a finite number of balls to the case of infinite number of 

balls in the pyramid: → ∞ . 

Experiments using above device consist in measuring the coefficient of linear expansion of 

sides of the base of a pyramid constructed of balls, = (𝑙 − 𝑙0)/𝑙0 , where 𝑙0 is the initial 

length of the pyramid base sides and 𝑙 is their length at the moment of losing stability. 

However, the relative volume expansion coefficient 𝛽 = (𝑉 − 𝑉0)/𝑉0 = Δ𝑉/𝑉 is of final 

interest. Here 𝑉0 is the initial volume of the pyramid, 𝑉 is the volume at the moment of losing 

the stability, and Δ𝑉 is the corresponding change in crystal volume. It can be shown (for 

details of geometric considerations see [4]) that at small expansions, ≪ 1 , these two 

parameters are related to each other as follows: 𝛽 ≈ 3𝛼/2 . 

 

Fig. 2. Relative change in pyramid volume at destruction in dependence on balls number. 

Experimental results obtained using designed device and taking into account this relation are 

shown in Fig. 2. From this figure it follows that with increasing 𝑁 the structure stability 

decreases monotonically. Obviously, at the losing pyramid stability the ratio Δ𝑉/𝑉0 

asymptotically tends to a certain limit, the exact estimation of which due to far extrapolation 

is associated with significant errors. 

Therefore, it is advisable to draw the dependence of relative change in the pyramid volume at 

destruction on the inverse number of balls – see figure 3. 
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Fig. 3. Relative change in pyramid volume at destruction in dependence on inverse number of balls. 

If we exclude from the consideration smallest colonies of balls (𝑁 = 1 , = 4 , and 𝑁 = 10 ), 

then by approximating the experimental data we obtain the following equation for the Δ𝑉/𝑉0 − 1/𝑁 curve: Δ𝑉𝑉0 ≈ −0.014 (102𝑁 )2 + 1.323 (102𝑁 ) + 4.770 . 

Its extrapolation to the infinite number of particles determines limiting value of the coefficient 

of volume expansion as ≈ 4.8 % , which is close to above thermodynamic estimates. 

Based on the conducted study, we can conclude that the limit of expansion of metals in the 

solid phase and the limit of mechanical stability of the model structure of hard balls are of the 

same order of magnitude, although the reasons for their stability are of completely different 

physical nature: in the first case, stability is due to interatomic interactions and in the second, 

mechanical equilibrium of systems of absolutely hard balls in uniform external (gravity) field 

under the presence of friction between balls and fixed system size in base plane perpendicular 

to the field. 
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Over the past two decades, there has been a steadily growing interest in InxGa1xAs compounds 

where the photosensitivity range depends on the molar fraction of х. The composition with x = 

53 is lattice-matched with InP, has a band gap of 0.74 eV, and covers a sensitivity range from 

0.9 to 1.7μm. Such a composition is called "standard" and the value of x is not indicated. 

The basis of instrument engineering on these materials, are, as a rule, p-i-n diodes. The scope 

of such products is rather wide - from diagnosis of semiconductor devices to fiber-optic 

communication systems and night-vision cameras [1]. 

The architecture of InGaAs  heterostructures, (sequence, thickness, and doping of layers) on a 

n+- or р+-type InP substrate is very diverse. Here, particular attention is paid to the thickness 

(from 1 to 5 μm) and impurity concentration (from 1х1014 to 5х1017см-3) of the i-InGaAs 

adsorber [2]. The p-i-n photodiode technology requires special approaches to the formation of 

ohmic contacts to p+ -InP, [3]. 

The aim of this work is to develop a p-i-n photodiode technology based on InGaAs/InP 

heterostructures that differ in architecture, and to compare their electrical and optical 

characteristics. 

Figure 1 schematically shows p-i-n photodiodes made on the basis of the material grown by 

MOSVD technology at PAM-XIAMEN (China). 
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     a 
    b 

Fig.1. Schematic representation of the cross section of p-i-n photodiodes based on: a) р+-

InP/InGaAs/n+-InP (type I); b) p++-InGaAs/p+-InGaAs/InGaAs/n+-InP on a semi-insulating substrate 

(type II). 

 

The quality of the crystal lattice of the structures was studied by X-ray diffractometry on a 

Drone 3 setup. It was shown that the main diffraction peaks have a narrow width of several 

hundredths of a degree, which indicates the structural perfection of the grown layers. 

However, the x value is slightly different from the required one (+ 0.4% and - 1.3%). This 

indicates a certain mismatch in the lattice parameters, which, however, cannot affect the band 

structure of the material. 

P-i-n diodes had a circular configuration with different diameters of the sensitive area (0.5, 

1.0, and 1.5 mm). 

The method of lift-off photolithography was used. For the formation of ohmic contacts to n+-

layers, the composition of metals Ge/Au/Ni /Au (13/27/10/200 nm), and to the p+- layers - 

Ti/Pt/Au (20/30/150 nm) was chosen. To simplify the technology, a fast annealing regime 

was developed that made it possible to form contacts of both types in a single process. At the 

same time, a smooth morphology of the metal surface was preserved. Mesa etching was 

carried out by liquid selective etching in different etchants for InGaAs and InP. 

Fig. 2 shows I-V characteristics of p-i-n diodes. A comparison of Fig. 2 a) and b) shows that 

the contacts to the р+-region for type I samples are rectifying, and for type II samples, as 

expected, a well pronounced ohmic character is observed. The latter is due to approximately 2 

orders of magnitude higher concentration of the Zn impurity in the р++-layer. However, the 

leakage currents in the second case (Fig. 2, b) are almost 20 times higher than those in type I 

samples. 
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a 
b 

Fig.2 I-V characteristics of p-i-n diodes for the   type I (a) and type II (b) structures.  

Figures 3 and 4 illustrate the photosensitivity spectra of p-i-n diodes of both types measured 

on MDR-2 monochromator using TKS-5 (850 - 3000 nm) optical filters. For these samples, 

measurements were performed at 300K and 77K, and for type II, also under the conditions of 

front-side and back-side illumination. 

 

Fig.3.The photosensitivity spectrum (relative units) of the type I p-i-n diode at 300K and 77K. 

a b 

Fig.4. The photosensitivity spectra  (relative units) of the type II p-i-n diodes: a) at different 

temperatures; b) under different illumination conditions. 
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Common to Figs. 3 and 4 is that, according to the known data, the main photoresponse for 

both types of diodes lies in the range of 1.0-1.7 μm, as well as the fact that the upper 

boundary of the spectrum is shifted at low temperatures. In this case, the spectral shape of 

type II samples more fully corresponds to the known published data for InGaAs/InP 

heterostructures [2]. 

The position of the low blurred maximum that we found in the range of 1.8–2.2 μm (Fig. 3.4) 

does not change with temperature (Fig. 4, a), but depends on the illumination conditions (Fig. 

4, b). To explain this maximum, which is undoubtedly associated with the features of the 

heterostructures, the following physical mechanisms can be used. This effect may be due to 

the transition from the surface state of the acceptor Zn located near the interface [4] and also 

due to the formation of InAs clusters in the MOSVD growth process [5]. 

Thus, the studies made it possible: to develop a genuine technology for p-i-n  photodiodes 

based on InGaAs/InP heterostructures, to obtain comparative characteristics of diodes for the 

two types structures and new data on the characteristics of photosensitivity spectra, as well as 

to offer the third, further improved, version of the heterostructure architecture, where the 

contact layer consists of р++-InGaAs and p+-InP. In the future - the development of methods 

for reducing leakage currents, and application oriented technologies. 

  

REFERENCES 

1. I.D. Burlakov, L.I.Grinchenko, A.I.Dirochka, N.B.Zaletaev,  Uspechi prikladnoi Fiziki 

2(6), 2014,pp.131-162. 

2. A.Rogalski, Infrared Physics&Technology, 43, 2002, pp.178-210. 

3. T.Clausen, A.Pedersen and O.Leistiko. Microelectronic Engineering, 15, 1991, pp.157-160.  

4. K.Moiseev, E.Ivanov et.al.. Physics Procedia, 3, 2010, pp.1189-1193. 

5. D.A.Vinokurov, V.A.Kapitonov et al. Physika and Tekhnika Poluprovodnikov, 33, 7, 1999, 

pp. 858-862. 

 



201 

SHS-METALLURGY OF MOLIBDENUM-BASED COMPOSITE 
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Composite materials (CM) based on Mo–Si–B and Mo–Nb–Si–B [1,2] have great potential 

for implementation in the aircraft engine industry. These materials may have a higher 

operation temperature than industrial heat-resistant materials. Nowadays powder metallurgy 

methods are widely used for obtaining heat-resistant materials. SHS-metallurgy is very 

promising in this field too [3, 4]. The paper demonstrates the possibility of synthesizing cast 

composite materials (CCM) based on Mo alloyed with niobium, silicon and boron by 

centrifugal SHS-metallurgy and the results obtained in governing the process and CM 

composition and structure. 

THERMODYNAMIC CALCULATIONS 

The calculations showed that when a stoichiometric MoO3/2Al mixture is burned, a high 

temperature (up to 3800 K) was achieved and the condensed combustion products, Mo and 

Al2O3, were in a liquid-phase state. The high combustion temperature makes it possible to 

introduce various alloying and technological additives into the MoO3/Al mixture and to obtain 

cast alloys based on molybdenum. The calculated composition of the combustion products 

contains a significant amount of gases (metal vapors and suboxides). 

EXPERIMENTAL METHODS  

Combustion of thermite mixtures with a high level of gas formation is accompanied by 

intense scattering of the mixture, therefore, in order to suppress this process, the experiments 

were carried out in centrifugal installations under the influence of overloading, and 

combinations of high exothermic thermite mixtures (1) or (3) and low exothermic elemental 

mixtures (2) or (4), Table 1, were used. The experiments were carried out at overloading of         

a = 1 – 400 g. Mixtures of 20 g in weight were burnt in quartz glasses of 25 mm in diameter 

and 70 mm in height. The linear combustion rate (u), the relative mass loss during the 

combustion (η1), and the completeness of the target element yield into the ingot (η2) were 

determined. The characteristics were calculated by the formulas: u = h/tc, η1 = [(m1–

m2)/m1]·100%, η2 = (m/mc)·100%, where h is the height of the initial mixture layer, tc is the 
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layer combustion time, m1 and m2 are the masses of the initial mixture and combustion 

products, m and mc are experimental and calculated masses of the ingot. 

Table 1. Mixture compositions (1-4) 

 

 

 

 

 

Carl Zeiss Ultra plus auto-emission scanning electron microscope based on Ultra 55 was used 

to determine the chemical composition and structure of the synthesis products. The phase 

composition of the combustion products was determined using the X-ray diffractometer 

DRON-3M. The X–ray tube of the BSV-27 type with a copper anode (λ = 1.54178 Å) was 

used as the radiation source. The content of light elements, C and B, was determined by the 

methods of analytical chemistry. 

EXPERIMENTAL RESULTS 

Thermite mixtures (1) and (3) are shown to burn with a complete scattering of the mixture at 

the atmospheric pressure without overloading. The effect of overloading and dilution of the 

thermite mixtures with elemental compositions (2) and (4) suppress the mixture scattering. At 

a> 40 g after the ignition of mixtures (1) – MoO3/Al/Si/B+α(Mo/Si/B) and (2) – 

MoO3/Nb2O5/Al/Si/B+α(Mo/Nb/Si/B) the following sequence of processes is observed: the 

combustion front is formed and propagates along the mixture; the chemical transformation of 

the initial mixture into final products takes place in the combustion front; the initial reagents 

and the combustion products melt due to the high temperature; the melts of metal and oxide 

phases of the combustion products are separated due to gravity; the two-phase melt is cooled, 

and the phase composition and structure of the CCM and the slag layer are formed. It was 

shown that with an increase in overloading (a) from 1 to 400 g – u and η2 grow, and the 

scattering (η1) decreases remarkably. The optimal intervals for obtaining cast Mo–Si–B and 

Mo–Nb–Si–B are α = 30 – 60 wt % and a > 100 g. The combustion products obtained at these 

terms consist of an ingot, clearly divided into 2 layers: the upper slag (Al2O3) one and the 

lower target product (CCM). 

Initial 

composition, 

No. 

MoO3 Nb2O5 Al Mo Nb Si B 

1 71.6 – 26.5 – – 1.4 0.5 

2 – – – 96.2 – 2.8 1.0 

3 68.9 2.4 26.7 – – 1.4 0.5 

4 – – – 92.5 3.4 2.8 1.0 
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Due to the obtained microstructure analysis and X-ray phase analysis, Fig. 1-a and 1-b, we 

can see that the introduction of Si and B additives into the initial mixture results in the 

formation of CCM with its base (the light phase) being formed by a solid solution based on 

Mo, and Mo3Si and Mo5SiB2 phases (the gray and dark phases) are distributed along the 

boundaries. When Nb, Si, and B were introduced into the CCM, the X-ray phase analysis did 

not reveal any phases with Nb. Spectral electron microscopy detected the localization of 

dissolved Nb in Mo3Si and Mo5SiB2 lattice, Fig. 2-a and 2-b. 

 

 (a)      (b) 

Fig.1. X-ray pattern (a) and microstructure (b) of CCM (Mo–Si–B); α = 20%, a = 400 g. 

 

(a) (b) 

Fig.2. X-ray pattern (a) and microstructure (b) of CCM (Mo–Nb–Si–B); α = 20%, a = 400 g. 
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CONCLUSION 

It is shown that the use of integral mixtures that include high-exothermic (MoO3/Al/Si/B) or 

(MoO3/Nb2O5/Al/Si/B) and low-exothermic (Mo/Si/B) or (Mo/Nb/Si/B) compositions and the 

effect of overloading makes it possible to obtain composite materials based on Mo alloyed 

with Nb, Si and B, similar in their composition to those obtained by the powder metallurgy 

methods; the materials are characterized by high thermal stability and heat resistance. 

 

The work was carried out with the financial support of the Russian Foundation of 

Fundamental Investigations (Project 18-08-00228). 
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The uniqueness of Boron is that its low content can affect the properties of steel, which can 

only be found in a significant number of other alloying components.  The traditional material 

for alloying steel is ferroboron. In boron-containing steels, the boron content ranges from 

0.0008 ... to  0.0030mas %[1]. 

In industry, ligatures,  in the system Fe-B,  are produced by the method of carbothermic [2] 

and metallothermic (both in the furnace and without the furnace) [3]. 

Considering the high requirements for boron alloys,  at  casting of special steels and alloys, it 

is very important to find ways to obtain  the target product with high yield, extract  and 

minimal boron losses. 

For micro-alloying of steels, the most cost-effective ways to produce boron-containing 

ligature is the method of self-propagating high-temperature synthesis (SHS). (Discovered in 

the seventies of the twentieth century) [4]. SHS - metallurgy is  is a new scientific field based 

upon the technologies of aluminothermy, magnesium thermal and advanced SHS technology. 

Research in this area shows that the processes of phase separation and scattering reactions, the 

formation of phase and chemical constituents,, microstructures, the composition and density 

of the mixture, the dispersion of components, the magnitude of the centrifugal force affect on 

obtaining new materials and products from them 5-7. 

In this study is  presented modern methods and researches of  obtaining ligatures  for 

development and production of low-carbon boron-containing ligature in  the Fe-B system. 

The thermodynamic calculation of systems with a temperature dependence of the process of 

self-propagating high-temperature synthesis in a wide range of component ratios is studied. In 

order  to achieve the set task  there were used: 
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-Drilling waste and waste from the Rustavi Metallurgical Plant, which also mainly contain 

magnetite; 

- Used as boron-containing materials: KBF4, H3BO3 და B2O3; 

- Metal - reducing agents Al and  Mg were used; 

- In the form of energy additives NaNO3, CaO2 

Experiments were  carried out under the influence of a centrifugal force at rotation 500- 

2500rpm / min (Fig.1) in an inert gas atmosphere at a pressure of 30-50 atm (Fig.2). 

 Experiments have shown that it is impossible to obtain the target product in a high-pressure 

reactor due to its low yield. However, it should be noted that this is due to the low weight of 

the sample (0.1 kg). It is expected that with an increase in the weight of the sample to 1 kg, 

the energy state of the system will improve, as well as the pressure in the reactor, which, in 

turn, will significantly increase the productivity of the target product. In the future, it is 

planned to continue work in this direction. 

Samples were subjected to x-ray analysis using ДРОН 2 and ДРОН 4, chemical analysis with 

MAGELLAN and microanalysis using a HITACHI TM3030 Plus scanning electron 

microscope. 

Results of the Fe-b system experiments performed under the action of centrifugal forces. 

In order to reduce the cost of the final product and improve the environmental situation in the 

country, iron oxide containing  waste were used for obtaining of Fe-B. The composition of the 

exothermic mixture to obtain the target product from  drill production (a) waste in form of 

magnetite is: a:B2O3:Al: NaNO3: CaF2= 47,4:23,0: 36,8:5,1:4,0. Samples obtained from this 

charge in a centrifugal field at a rotation speed of 2000 rpm contain ~80% FeB, 20% Fe2B    

(Fig. 3) and impurities, mainly Si-3.23% and Al-4.03%. It should be noted that the yield of 

ferroborum is 91%.  Because of  the chemical analysis of MAGELLAN in the ligature 

shows the presence of elements not included in the HITACHI scanning electron microscope, 

extraction of boron is ~ 83%, and carbon is 0.14%.  

The composition of the exothermic mixture to obtain the target product from Rustavi rolling 

plant  waste (b) is: b.:B2O3:Al: CaO2= 46,8:22,0: 35,2:10,0.  Samples obtained from this 

charge in a centrifugal field at a rotation speed of 2000 rpm contain ~ 80% FeB, 20% Fe2B, 

and impurities, mostly Al-3.9%. 

The composition of the exothermic mixture to obtain the target product from Rustavi rolling 

plant  waste is: b :B2O3:Al: CaO2= 46,8:22,0: 31,2:10,0. Samples obtained from this charge in 
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a centrifugal field at a rotation speed of 2000 rpm contain ~17% FeB, 83% Fe2B and 

impurities, mainly Si-0.19% and Al-2.36%. It should be noted that the yield of ferroboron is 

93%. Because of  the chemical analysis of MAGELLAN in the ligature shows the presence 

of elements not included in the HITACHI scanning electron microscope, extraction of boron 

is ~ 83%, and carbon is 0.13%. 

It should also be noted that in industrial of Aluminothermic  production, the maximum yield 

of boron in ferroborum is 75%. 

As a result of studies, it was found that: 

- In the resulting ligatures, Si and Al are not harmful impurities when alloying steel; 

-Thanks to the technology SHS metallurgy under of centrifugal force, Boron extraction 

increased by at least 8%, and the yield was 91-93%. 

-It should be noted that it is more convenient to use ligature on Fe2B bases with a boron 

content of ~8% by weight due to a lower melting point (1400°C) than on FeB bases with a 

boron content of ~18 - 20% by weight, which has a relatively higher melting point (1590°C). 

 

                            

 

 Fig.3. Laboratory centrifugal SHS - installation                             Fig. 2. High pressure reactors 
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Fig. 3 Ligatures obtained in the Fe-B system 
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The charge of Self-propagating high-temperature synthesis (SHS) is a mixture of metallic and 

nonmetallic powders. The chemical reaction can be initiated at the contact points between 

dissimilar particles. The regions containing such points are called reaction areas and are 

highlighted in gray in Fig. 1. On the other hand, the regions with an abundance of a single 

type of particles (shown in white in Fig. 1) do not contain heterogeneous contact points and 

can be regarded as ballast in this sense. 

It is clear that the number of heterogeneous contact points between metallic and nonmetallic 

particles influences the success of the synthesis. A higher number of dissimilar contacts 

should result in a more effective chemical reaction. 

A structural model for two-type particulate mixtures has been proposed in [1]. According to 

this model, depending on the chemical composition of the reagents and the size ratio of the 

corresponding particles (i.e., dimensional factor), it is possible to form a structure with ideal 

reaction areas (IRA). Such a structure achieves the maximal possible number of dissimilar 

contacts, thus creating the most favorable condition for an effective SHS process.  

 

 

 

 

 

 

 

 

 

                                                                                                                                        

                                                                           

 

Fig. 1.  Model structure of a biparticulate  

powder mixture with particle sizes D > d. 

Fig. 2. IRA structure according to [2]: In the vicinity  

of reaction areas (3), the ratio of coarse (2) and fine  

(1) particles is approximately consistent (N/n = const.). 
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For a given chemical composition, i.e., for a specific mass ratio of the reagents (m1/m2), one 

can vary the dimensional factor D/d for the initial charge in a wide range. This can be 

achieved by changing the number of coarse (N) and fine (n) particles while keeping (n·d3)/ 

(N·D3) = const. From all the resulting structural configurations, for each chemical 

composition (m1/m2), only one value of the dimensional factor (D/d)m will allow for the IRA 

to form. That is, the unique value (D/d)m will maximize the number of heterogeneous contacts 

for the coarse particles and minimize the volume of the regions with an excess of single type 

particles, i.e., the “ballast” (see Fig. 2). Therefore, any deviation from (D/d)m will reduce the 

number of reagent contacts, weaken the synthesis process, and in the extreme case with 

D>>d, it will cause the process to terminate. For example, if we place large chunks of 

titanium in an arbitrarily fine powder of boron, the SHS process will not carry out. This is an 

extreme case, and therefore there must be some threshold of grinding the reagent powders 

below which the SHS will proceed in the form of burning wave front without quenching.  

This paper is devoted to the study of this thesis. The propagation speed of the SHS burning 

front is investigated for powder mixtures of titanium and boron. The starting materials are: 

Powder of amorphous boron of Chinese production, 99% pure, with a particle size of 1 μm; 

And powder of crystalline titanium, 99.5% pure or higher, three fractions with different 

particle sizes were obtained by sifting: 25, 40, 50 μm. 

Synthesis was conducted in open, the powders were burnt in the standard porcelain 

combustion boats, 70 mm long, 8 mm deep, holding approximately 17 g of hand-tamped 

mixture. The thermal impulse was provided by heating a tungsten wire with diameter 0.4 mm.  

As a result, three different compounds were observed during the SHS process. Each 

compound was designed to have the IRA structure with distinct dimensional factors (see 

Table 1). For greater clarity, below is a fragment of the table and the formula used to describe 

the IRA structure [1]. 

𝑛 (𝑑𝐷)3 = 𝑚1𝑚2  𝛾2𝛾1 . 
For each given dimensional factor (d/D), we find the quantity n(d/D)3 using Table 2. Then, 

taking into account the densities of boron (γ1= 2,54 g/cm3) and titanium (γ2= 4,51 g/cm3), we 

use the above equation and determine the chemical composition m1/m2 of the mixture. For 

these parameters, the IRA structure contains n fine particles for each coarse particle. 
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Apparently, the role of dimensional factor is distorted by the reactions of the charge reagents 

with oxygen and nitrogen in the air. Yet, the data given in Table 1 demonstrates that when the 

dimensional factor increases, the speed of synthesis decreases, which indicates the presence of 

the SHS threshold. 

In particular, by extrapolating the table 1 data to zero speed, it can be assumed that at d/D < 

150 SHS it is impossible to implement. 

Table 1.  Experimental results 

№
  C

h
ar

g
e 

  Particle size, μm 
Dimension 

factor, 

   dB/DTi 

𝑛 (𝑑𝐷)3
 

Mass ratio of 

components, 
    mB/mTi 

 

 

 Front  

movement 

 speed, 

           m/s 

 

     n 

Boron  Titanium 

 1     1      25      0,04  0,151      0,0850 

       0,0060 

       0,0060 

 

    2400 

 2     1     40     0,025  0,915      0,0515 

       0,0049 

       0,0050 

       0,0050 

 

    5900 

 3     1    50     0,02  0,073      0,0411 
       0,0040 

       0,0047 
    9100 

 

 

Table 2. Disperse characteristics of the initial furnace charge of reactants, ensuring the 

formation of an IRA (Ideal Reaction Area) structure with a maximum of heterogeneous 

contacts. 

 

n(d/D)3 d/D  
2

15,3 





 

d

D
n

 

 

n(d/D)3 d/D  
2

15,3 





 

d

D
n

 
1 2 3  1 2 3 

1,0 0,199 127  0,250 0,063 1000 

0,95 0,192 134  0,225 0,058 1155 

0,90 0,184 144  0,200 0,052 1430 

0,85 0,176 156  0,193 0,050 1544 

0,80 0,168 169  0,184 0,048 1663 

0,75 0,159 186  0,176 0,046 1800 

0,70 0,151 203  0,168 0,044 1971 

0,65 0,142 227  0,160 0,042 2154 

0,625 0,138 238  0,151  0,040  2365 
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0,600 0,133 255  0,143 0,038 2612 

0,575 0,129 267  0,135 0,036 2903 

0,550 0,125 282  0,127 0,034 3237 

0,525 0,120 303  0,119 0,032 3640 

0,500 0,115 329  0,011 0,030 4118 

0,475 0,110 357  0,104 0,028 4717 

0,450 0,105 388  0,095 0,026 5450 

0,425 0,100 425  0,088 0,024 6373 

0,400 0,095 469  0,080 0,022 7552 

0,375 0,090 514  0,073 0,020 9104 

0,350 0,085 570  0,065 0,018 11212 

0,325 0,080 635  0,058 0,016 14113 

0,300 0,075 711  0,050 0,014 18361 

0,275 0,069 836  0,043 0,012 24890 
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