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Production of New Materials Using Explosion Energy  

and Self-Propagating High-Temperature Synthesis 
 

From 14 to 18 May 2018 St. Petersburg hosted the 
14th International Symposium on the Explosive 
Production of New Materials: Science, Technology, 
Business and Innovation (EPNM-2018).  

The symposium was organized by the 
A.G. Merzhanov Institute of Science Institute of 
Structural Macrokinetics and Materials Science of 
Russian Academy of Sciences (ISMAN, 
Chernogolovka) and Energometall AO (St. Petersburg) 
with the support of the Russian Foundation for Basic 
Research (Project 18-08-20027) and the Division of 
Chemistry and Materials Science of the Russian 
Academy of Sciences. 

More than 120 specialists from Russia, Portugal, 
Poland, Germany, France, Netherlands, Ukraine, Czech 
Republic, Slovakia, Armenia, Estonia, USA, Brazil, 
China and Japan took part in the EPNM-2018. 

Based on the results of the materials presented, a 
collection of materials was prepared for the 
International Symposium “EPNM-2018” – Proceedings 
of the XIV International Symposium on Explosive 
Production of New Materials: Science, Technology, 
Business, and Innovations [Edited by M. I. Alymov, 
O. A. Golosova]. Moscow: TORUS PRESS, 2018.  
362 p. ISBN 978-5-94588-230-0. At the Symposium, 
84 reports were presented, including 46 oral 
presentations and 38 poster presentations. 

At the opening ceremony, the co-chairmen of the 
Organizing Committee, the ISMAN Director, 
Corresponding Member of the Russian Academy of 
Sciences M.I. Alymov addressed the attendees of the 
Symposium with a welcome speech. Prof. J. Banker 
(USA), Professor Ricardo Mendes (Portugal),  
Dr. Zygmunt Szulc (Poland), and others also spoke at 
the opening ceremony. 

The plenary speech of M.I. Alymov covered the 
results of the research conducted at the institute on 
explosion welding, self-propagating high-temperature 
synthesis and electrothermal explosion. The President 
of Clad Metal Consulting, J. Banker presented the 
analysis of the formation and development of 
metalworking by the explosion in the world.  
He concluded explosive punching failed to compete 
with other metal-shaping technologies and ceased to 
exist, while explosion welding firmly holds its niche in 
commercial production with a global annual volume of 
about 1 billion US dollars. According to J. Banker, it is 
necessary to constantly search for new areas of 

application of this technology. V.S. Vakin presented a 
detailed report of the 10th  practice of explosion 
welding work at Energometall AO, gave examples of 
successful cooperation in the manufacture of 
commercial products, in particular, the company 
manufactured bimetal for the International 
Experimental Fusion Reactor under construction at the 
Cadarache Research Center in the south of France 
(ITER project). 

All reports on recent work in the field of 
processing and synthesis of materials with the use of 
explosion and high-temperature synthesis, presented at 
the symposium, were interesting and informative.  
For example, A.A. Shterzer (co-authors A.A. Deribas, 
E.E. Zubkov) described another “explosion” techno-
logy – explosive hardening, which is successfully used 
in the commercial production of railroad switch frogs. 
The representative of the Research Center “Kurchatov 
Institute” – CNII KM “Prometey” – I.A. Schastlivaya 
presented in detail the results of many years of research 
into the mechanism and growth of defects in bimetallic 
materials (steel/titanium), depending on the ongoing 
technological operations and types of loading. 

A detailed plenary report on the latest achie-
vements of fundamental and applied science in the field 
of superplasticity and intensive plastic deformation of 
high-temperature metallic materials for the production 
of complex profile products used in the aerospace and 
aviation industries was made by Corresponding 
Member of the Russian Academy of Sciences, Director 
of the Institute of Metal Superplasticity Problems, RAS 
R. R. Mulyukov. 

All reports made by the Symposium speakers are 
of interest to researchers, engineers and businessmen 
working in the field of producing new materials by 
high-energy techniques. It should be noted that in 
recent years active research on aluminum-steel 
explosive welding using emulsion explosives and 
ANFO (mixture of ammonium nitrate with diesel fuel) 
has been conducted at the University of Coimbra in 
Portugal (R. Mendes, I. Galvao, G. Carvalho and 
other). As for the ANFO, the experiments important for 
practical applications conducted by V. Petr from the 
Colorado School of Mines (USA) found a significant 
effect of the density of ammonium nitrate particles on 
the detonation rate of this explosive. Serious progress 
has been achieved by the scientists of the Beijing 
Institute of Technology (Institute of Technology, 
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Beiling, China) under the leadership of Professor 
P. Chen. For example, the report presented by Q. Zhou 
describes interesting results on the synthesis of multi-
layer graphene (a few-layer grapheme) by shock wave 
method, and H. Yin described the preparation of iron 
nanoparticles in a carbon shell by blasting an explosive 
mixture with iron tristearate in evacuated vacuum 
chamber. The studies on the shock wave loading of 
tungsten carbide in the megabar range conducted by 
T. Schlotauer from the Technical University of the 
Freiberg University of Engineering showed a 
WC → W2C + diamond transition. The reports made by 
L. Kecskes from Matsys Inc. Sterling (USA) about the 
studies carried out jointly with researchers from 
Georgia (A.B. Peikrishvili, E.Sh. Chagelishvili, 
G.F. Tavadze, B.A. Godibadze and others) were 
informative. To produce compacts from high-strength 
materials, they use the effective method of Hot-
Explosive Consolidation (HEC). In Ta–Al, Nb–Al and 
V–Al powder mixtures, due to high-temperature 
heating above the start-up temperature of self-
propagating high-temperature synthesis (≥ 940 °C for 
Ta–Al), blasting occurs in the liquid-phase state of the 
SHS product. The HEC method also produced low-
porosity compacts from nanosized W–Ag, W–Cu,  
W–Ta powder mixtures. 

A number of reports were devoted to the study of 
the high-speed collision of materials, the study of the 
bond zone in bimetals and the study of the synthesis 
process using the most modern methods, instruments 
and equipment. The Japanese researcher A. Mori from 
Sojo University presented optical images of shaped jets 
that occur under oblique collision of plates from 
dissimilar materials. It is characteristic that when 
copper collides with the AZ31 magnesium alloy, the 
alloy particles, of which the jet consists, ignite when 
interacting with air. H. Paul, from the Institute of 
Metallurgy and Materials Science of the Polish 
Academy of Sciences studied the zone of connection of 
various metal pairs (steel / titanium (Gr. 5), 
steel/ zirconium alloy Zr700, titanium (Gr. 1) / copper, 
etc.) with the help of transmission electron microscopy 
and scanning electron microscopy (TEM and SEM) and 
concluded that there is always a very thin layer of melt 
in the contact zone. K. Saksl from the Institute of 
Materials Science of the Slovak Academy of Sciences 
reported on a new method for the diagnosis of residual 
stresses in bimetal – a two-dimensional X-ray 
diffraction method with a synchrotron source and with 
a focal spot size of 20 μm. With the use of the same 
synchrotron radiation, in the time-lapse photography 
mode with a picoseconds exposure, K. Ten from 
Lavrentyev Institute of Hydrodynamics SB RAS and 

his colleagues from other institutes of the SB RAS 
managed to fix the formation and growth of 
nanodiamonds in a detonation wave. 

It should be noted that, in comparison with 
previous events, the symposium theme expanded and 
the interdisciplinary nature of the presented studies was 
very impressive, which was noted at the closing 
ceremony of the symposium by the speakers.  
The program of special interest sessions, which was 
devoted to the results of research in the field of self-
propagating high-temperature synthesis, included 
reports on the theory and modeling of combustion 
processes, the synthesis of functional and structural 
materials, protective coatings, layered composite 
materials, powder materials, as well as the study of new 
hybrid processes combining SHS and subsequent 
processing of the produced materials. 

Professor A.M. Stolin (ISMAN) presented a report 
describing the new technological approach and the 
latest results obtained using the method of free SHS-
pressing. The first samples of ceramic plates with 
dimensions over 100 mm, made from a titanium 
diboride-based material were demonstrated. 
S.V. Karpov (Tambov State Technical University) 
spoke about modern approaches to mathematical 
modeling of complex non-stationary heat transfer 
processes in the free compression of hot SHS products. 

Several presentations were devoted to the study of 
the laws of high-temperature synthesis of the so-called 
ultra-high temperature materials.  Professor 
V.I. Yukhvid (ISMAN) showed wide possibilities of 
using the SHS-metallurgy method for producing 
materials based on molybdenum silicide, used as a 
basis for products capable of operating in oxidizing 
environment at temperatures higher than 2000 °C.  
A.Yu. Potanin, the young researcher from MISiS 
presented the results of the studies on high-temperature 
synthesis of ultra-high-temperature materials based on 
ZrB2, doped with SiC, MoSi2, and HfB2 in demand for 
the manufacture of critical products for hypersonic 
aircraft. Professor V.A. Sherbakov (ISMAN) in his 
report spoke about important, practically significant 
results on obtaining dense ultra-high-temperature 
ceramics based on complex Ta4ZrC5–CrB and 
Ta4HfC5–CrB systems. 

Traditionally, a significant amount of studies was 
devoted to SHS materials based on intermetallic 
compounds. Professor A.G. Knyazeva (Tomsk State 
University) presented a detailed report on the results of 
mathematical modeling of high-temperature interaction 
processes in the synthesis of materials based on the  
Ti–Al system. A.E. Sychev (ISMAN) made an 
interesting report on the synthesis of nickel aluminide 
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with a modifying carbon additive. It was found that 
platelet (graphene-like) carbon emissions along grain 
boundaries of the intermetallic compound promote an 
increase in ductility while maintaining strength.  
The young scientist E.I. Patsera (the MISiS University) 
presented the results on the synthesis of microgranules 
from promising intermetallic CompoNiAl-M5 alloy for 
the formation of products of complex shape by using 
additive 3D-technologies. One can note an interesting 
report made by the young researcher A.V. Sobachkina 
(Altai State Technical University), who showed that the 
gamma-ray treatment of a mechanically activated 
mixture of Ti + Al powders increases the homogeneity 
of the TiAl product made by the SHS method and its 
stability under long-term high-temperature annealing 
conditions. 

At the symposium, a number of reports were 
presented on the consolidation of porous materials 
using spark plasma sintering (SPS), including in 
combination with other methods of action on the 
substance. Thus, the researchers from Armenia and 
Estonia – S. Aydinyan and T. Minasyan – made 
interesting reports on the sintering of ZrC+TiC+MoSi2 
ceramics and consolidation of Mo+Cu nanopowder by 
the SPS. Professor E.G. Grigoriev (National Research 
Nuclear University “MEPhI”) presented  
a comprehensive report on consolidation using high-
voltage electric pulses for the production of thin rings 
of soft magnetic alloy 49K2FA. 

V.N. Sanin (ISMAN) presented a report on solving 
environmental problems through the disposal of man-
made waste generated during high-temperature 
metalworking (rolling, punching, etc.). The possibility 
of commercial realization of the SHS method for  
a wide range of cast, complex-alloyed ferroalloys of 
various practical applications was shown. 

At the EPNM-2018 symposium, a competition for 
the best study of young researchers was held; the 
International Advisory Committee selected the winners. 
Three specialists, a researcher from Armenia, Sofiya 
Aydinyan, (Tallinn Technical University), Sergey 
Karpov (Tambov State Technical University) and 
Amadeusz Kurek (Explomet, Poland) won the  
3rd prize. The 2nd prize was awarded to Gustavo 
Carvalho (University of Coimbra, Portugal) and Sheng 
Zemin (Beijing Institute of Technology, PRC).  
The 1st prize was awarded to the young researcher Ivan 
Batayev (Novosibirsk State Technical University).  
All the winners were awarded memorable souvenir 
plates with views of St. Petersburg. 

Some of the international participants of the 
Symposium came to Russia for the first time.  
The organizers provided an exciting social program, 
with a tour of St. Petersburg, a magnificent city on the 
Neva. For the participants of EPNM-2018, a boat trip 
along the Neva with an exit to the Gulf of Finland was 
organized. The attendees admired the beautiful views 
of St. Petersburg, took lovely photos and learned 
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some of the history of St. Petersburg, one of the best 
cities and the cultural capital of Russia. An excursion to 
Petergof with a walk along the Upper and Lower Parks, 
a visit to the grottoes, as well as an excursion to the 
Grand Palace, which impressed everyone with its 
splendor, were organized. Peterhof, which is often 
called the Russian Versailles, proved to be even more 
exciting than one would expect. After the excursion to 
Petergof, the participants of the EPNM-2018 attended a 
master class on matryoshka painting organized in the 
village of Shuvalovka (the Russian style village). 
Within an hour more than a hundred people – venerable 
doctors of science, professors, and young researchers 
painted their personal matryoshka, with all their 
diligence and mastery, while listening to the story of 
the creation of the world-famous Russian doll. 

At the closing ceremony, many of the speakers 
noted the high level of the organization of the event, the 
warm and friendly atmosphere and the opportunity to 
communicate, to sum up the results of the studies 
conducted in the recent period and to outline joint 

research plans for the future. It was noted that 
participation of your researchers in such international 
events is of particular importance. It helps to get 
talented young researchers involved in promising 
international scientific research and projects. 

Summing up the results of the 14th International 
Symposium on Explosive Production of New 
Materials: Science, Technology, Business and 
Innovation (EPNM-2018), it was emphasized that the 
methods of processing and synthesizing materials using 
explosion and high-temperature synthesis are unique 
inventions of Russian scientists and despite years of 
research there is still a great scientific and practical 
potential for future studies aimed at creating new 
materials with unique properties, which are in great 
demand for  new engineering equipment. 

 
M.I. Alymov 

A. A. Shtertser 
V.N. Sanin 

O.O. Likhanova 
 
 
 

Please, visit our website to find out more about the program and have a look at the Proceedings of the symposium: 
 

http://www.ism.ac.ru/events/EPNM2018/scientific-program-ru.html 
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Abstract 
 

It is assumed that most of the excess free energy of a dispersed system is its excess free surface energy, and the excess 
free energy of a compact body is the free energy determined by the density of dislocations of 1012 cm–2. A dimensionless 
thermodynamic criterion for the dispersion of crystalline solids DL  is proposed to be considered as a unit of measurement.  
A thermodynamic scale of dispersity of crystalline bodies is proposed. 
 
Keywords  
 

Scale of measurement; dispersity; particle size; defects; thermodynamic properties; free energy. 
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Introduction 

 
The nature and the result of physical-chemical 

processes are determined by dimensionless criteria 
composed of dimensional parameters describing the 
phenomenon under consideration. In hydrodynamics, 
the Reynolds number, which determines the transition 
of a laminar flow type to a turbulent flow, plays the 
most important role. In macrokinetics of isothermal 
transformation, the key value is the Semenov number, 
which separates the slow and explosive course of the 
reaction. The Pilling-Bedward criterion is used to 
characterize the protective properties of an oxide film. 

Disperse systems have a number of characteristic 
properties that determine their behavior, different from 
compact bodies, in many chemical and physical 
processes. Although the particle size is based on this 
phenomenon, it is convenient to measure the degree of 
this difference by relative units, normalizing the 
properties of the disperse system to the properties of a 
compact one. As a standard comparison state for a 
compact system, one should choose one in which it has 
the maximum possible value of the properties being 
compared under the given conditions. The aim of the 
paper is to show that dispersive capacity as a property 
of a system can be measured by numerical values of 
dimensionless criteria characterizing the degree of 

difference in specific properties of dispersed and 
compact bodies. 

 
Results and discussion 

 
We consider the thermodynamic properties of 

crystalline bodies. The main components of the excess 
free energy of these bodies are defects of the crystal 
lattice and surface energy. In a compact body, the ratio 
of the surface to the mass is small and the value of the 
surface energy for it can be neglected. Then the 
standard state of a crystalline compact body can be  
take its state with the maximum defectiveness of the 
crystal lattice, which can be characterized by the 
maximum dislocation density ρ = 1012  cm–2.  
The dislocation density is the total length of the 
dislocation lines per unit volume of the crystal, i.e. the 
dislocation density has a dimension of cm/cm3. The 
energy per unit dislocation length is equal to 25.0 Gb , 
therefore the maximum excess free energy of a 
compact crystalline body VGΔ  with a volume V will be 
equal to: 

 

VbGV ρμ=Δ 25.0 ,                            (1) 
 

where μ is shear modulus, b is Burgers vector, V is 
body volume. 
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If we assume that the maximum distortions of the 

crystal lattice of dispersed particles and compact bodies 
are approximately equal, the excess free energy of the 
dispersed particles is equal to: 
 

SGGGG VSVL σ+Δ=Δ+Δ=Δ ,            (2) 
 

where SGΔ  is excess free surface energy, σ is specific 
surface energy, S is the surface of all particles 
occupying the volume V.   

If we assume that the dispersed system is a 
collection of monodisperse spherical particles of 
diameter L, then  

 

LVS 6= . 
 

Since it is proposed to normalize the excess free 
energy of dispersed bodies with respect to the energy of 
maximally deformed compact bodies, then 

 

1121 2 +
ρ

σ
=+

Δ
Δ

=
Δ

Δ+Δ
=

Δ
Δ

LGbG
G

G
GG

G
G

V

S

V

VS

V

L .         (3) 

 

The discussion of the excess free energy of 
dispersed systems becomes meaningful when it is 
several times greater than the free energy of compact 
bodies. Therefore 

 

ρ
σ

≈
Δ
Δ

LGbG
G

V

L
2

12 .                            (4) 

 

In [1–3] The particle size satisfying equality (4) 
was suggested to be called critical ܮКР, and the relation 
 

LD
LGb

=
ρ

σ
2

12                              (5) 

 

to be called dimensionless thermodynamic criterion for 
the dispersion of critical bodies LD . 

Values of physical properties required for 
calculation VS GG ΔΔ ,  and LKP of certain metals are 
given in Table 1.   

From Table 1 it follows that, although for all 
metals LD = 1 corresponds to the particle size  
(500 ± 250) nm, deviations from the mean value can 
still be a subject for discussion in determining the 
difference in the thermodynamic properties of particles 
of different metals having the same dimensions. These 
differences can be even greater if we compare the 
thermodynamic properties of dispersed particles with 
different types of chemical bonds (metallic, covalent, 
ionic).  

Thus, the thermodynamic properties of dispersed 
systems are determined not only by the particle size,  
 

but also by other physical properties that determine the 
value LD . In connection with this, it is advisable to 
adopt a scale for measuring the thermodynamic 
properties of dispersed systems, based not on the 
particle size, but on the value ,LD  i.e. by normalizing 
these properties to a state in which they are the same 
for compact and dispersed systems. With this approach, 
it is possible to regulate the value of the 
thermodynamic properties of dispersed systems by 
choosing the particle size as the only controlled 
quantity that makes up LD , but it is more appropriate 
to measure the level of change of these properties and 
to conduct their comparative analysis using the 
criterion LD .  

It is possible to classify dispersed systems 
simultaneously by thermodynamic properties, and by 
the sizes of particles. This is convenient since the 
boundaries of all four proposed classes roughly 
coincide, although such a coincidence is not necessary. 

The discrepancy in the determination of the 
dispersive capacity in these two approaches can be 
demonstrated by the example of dispersed copper and 
silver particles of the same size. For copper particles 
with a size of 50 nm, the dispersive capacity 9.7=LD , 
and for silver particles 0.9=LD (see Table 1). That is, 
when the particle sizes are equal in this scale, the silver 
dispersion is 12 % higher than the copper dispersion, 
and this discrepancy is independent of the particle size.  

This approach can be extended to a comparison of 
the dispersion of compact bodies with nanoscale 
elements of the structure. In this case, in formulas (2) – 
(5), the value of the surface energy at the solid-vacuum 
interface should be replaced by the surface energy of 
the boundaries of the elements of the structure. 

The proposed classification seems to be relevant 
and useful, especially if we take into account the 
intensive development of nanotechnology and 
nanomaterials in recent times. In the same connection, 
it is noteworthy that it is expedient to extend the 
proposed approach to normalizing the properties of 
nanomaterials to the properties of compact bodies 
without nanostructural components to a wider range of 
materials. In particular, the properties of optical, 
acoustic, semiconductor nanomaterials should be 
normalized to the properties of materials determined by 
the wavelengths of the de Broglie wavelengths of 
characteristic processes; magnetic nanomaterials – to 
the properties of materials with a certain value of 
domains or domain walls, etc. 
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Table 1 

 

Properties of metals and calculated values SGΔ , VGΔ  and LKP [1, 4, 5] 
 

Metal Shear modulus, 
G104ڄ, MPa 

Burgers vector 
b, nm 

Surface energy, 
MJ/m2 

Molar volume 
V, cm3/mol 

 ΔGV, J/mol 
(ρ = 1012 cm-2)

ΔGS, J/mol  
(L = 500 nm) 

LKP, nm  
(ρ = 1012 cm-2)

Cu 4.85 0.256 1115 7.11 120 95 420 

Ag 3.00 0.289 945 10.27 128 116 712 

Au 2.78 0.288 1230 10.20 118 150 640 

Mg 1.75 0.321 728 14.00 252 122 484 

Ca 0.76 0.394 386 26.20 117 121 392 

Al 2.70 0.286 1040 10.00 110 168 564 

Ti 3.96 0.295 1744 10.63 183 184 514 

Zr 3.60 0.323 1498 13.97 268 251 478 

Hf 5.10 0.321 1553 13.47 353 251 354 

V 4.66 0.263 1627 8.36 135 163 604 

Nb 3.75 0.286 1927 10.76 165 249 753 

Та 6.85 0.286 2388 10.90 305 312 506 

Cr 7.40 0.250 1591 7.23 167 138 412 

Mo 12.8 0.272 2240 9.39 444 252 282 

W 16.0 0.274 2790 9.54 573 319 277 

Fe 8.30 0.248 1624 7.09 181 138 379 

Co 8.15 0.251 1445 6.70 172 116 340 

Ni 7.45 0.249 1440 6.60 152 114 374 

 
Conclusions 

 
It has been shown that dispersive  capacity as a 

property of a system can be measured by numerical 
values of dimensionless criteria characterizing the 
degree of difference of specific properties of dispersed 
and compact bodies. 

A new scale for measuring the dispersive capacity 
of crystalline bodies is proposed. The scale is based on 
the normalization of thermodynamic properties 
determined by the excess free energy, dispersed system 
to the properties of a compact system that does not 
contain nanoscale structural elements. As the standard 
state of the latter, the state of maximum saturation with 
defects in the crystal lattice has been chosen. 

 
This work was conducted in the framework of 

State Program for ISMAN (Research project No. 45.2).  
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Abstract 
 

Regularities of combustion and autowave chemical transformation of highly exothermic mixtures CaCrO4 / Al / C and 
CaCrO4 / TiO2 / Al / Ca / C were studied. It was shown that the mixture could burn over a wide range of concentrations of 
carbon contained in it; the variation of the mixture composition made it possible to produce cast refractory chromium 
compounds with different composition and structure. The addition of titanium oxide led to a decrease in the combustion 
temperature and, accordingly, adversely affected the synthesis parameters and quality of the target product. Highly exothermic 
additive CaO2 + Al significantly increased the combustion temperature of the mixture and expanded the limits of combustion 
and phase separation. The product consisting predominantly of the target phase Ti0.8Cr0.2C and inclusions of Cr2AlC MAX 
phase and Cr7C3 was obtained. 
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The creation of new materials with a high level of 

properties is a key problem of modern technology.  
In this paper, we study the possibility of obtaining 
carbide ceramics from mixtures based on calcium 
chromate CaCrO4 by the SHS metallurgy method. 
Refractory chromium compounds Cr23C6, Cr7C3, and 
Cr3C2 possess useful properties for solving technical 
problems (high hardness, strength, and resistance to 
corrosion and wear) and are widely used in practice to 
create protective coating. Composite materials based on 
titanium chromium carbide possess higher 
characteristics than on the basis of individual carbides. 
The solubility of Cr3C2 in TiC at 1700 °C is 30 %.  
At the chromium carbide content of 30 %, the 
microhardness of titanium carbide (3000 kg/mm2) 
increases to 4000 kg/mm2 [1–3]. 

We studied two green mixtures. The overall 
reaction schemes can be represented in the forms: 

 

CaCrO4 + Al + nC = CrxCy + Al2O3 + CaO;      (1) 
 

TiO2 + (70 % Al / 30 % Ca) + C =  
 

= TiC + Al2O3 + CaO.                        (2) 

Earlier, we showed in [4] that calcium chromate 
has the capability to replace chromium oxides (Cr2O3 
and CrO3) in mixtures to obtain chromium borides.  
In the present paper, we used calcium chromate to 
obtain chromium carbides and titanium–chromium 
carbide. In the mixture (2), a part of aluminum was 
replaced by calcium for more complete reduction of 
TiO2 [5]. 

A thermodynamic analysis was carried out using 
the THERMO program [6]. In the system (1), the 
carbon content was varied to produce various 
chromium carbides: Cr23C6, Cr7C3 and Cr3C2.  
The analysis showed that the adiabatic temperature of 
the chemical transformation of the mixture Tad exceeds 
3000 K, and the products of the chemical transfor-
mation of CaCrO4 + 2Al + nC mixture at this 
temperature consist of Cr–Al–C melts (“metallic” 
phase, the desired product) and Al2O3–CaO (oxide 
phase, slag product), as well as the gas mixture of metal 
vapors (Al, Cr, Ca), suboxide (Al2O, Al2O2), and CO. 
An increase in the carbon content in the mixture n from 
0 to 3.7 % leads to a decrease in Tad and weight fraction  
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Fig. 1. Influence of the carbon content in the initial mixture  
on the calculated adiabatic temperature Tad and mass fractions 

of metallic a1 and gaseous a2 chemical conversion products 
 

of the oxide phase and an increase in the content of the 
metallic and gas phases (Fig. 1). 

The experiments on this system showed that 
within the range n = 0–3.7 %, the mixture retained the 
ability to burn. Combustion proceeded in the frontal 
mode with a constant velocity. Combustion products 
had a molded appearance and were easily divided into 
two layers: metal (target) and oxide (slag). With an 
increase in the carbon content in the initial mixture, the 
burning velocity and relative mass loss decreased 
during combustion, while the yield of the target product 
in the ingot increased (Fig. 2). 

 

 
Fig. 2. Burning velocity U, yield of metallic phase η1, and spread 

of combustion products (dispersion) η2 as a function of n 
(U = l/t, where l is the height of the mixture, t is the time of burning; 

η1 = m/M1, η2 = [(M1 – M2)/M1]×100 %, M1 is the mass  
of the initial mixture, M2 is the mass of the final combustion 

products and m is the mass of the metal ingot) 

 
Fig. 3. X-ray diffraction pattern of the product obtained  

at n = 2.4 % 
 

The results of the analysis show that the target 
products consist of different chromium carbides 
including MAX phase Cr2AlC. At n = 2.4 % (calcula-
ted carbon content to prepare Cr7C3), Cr2AlC MAX 
phase dominates in the product structure that is 
confirmed by the data of the X-ray diffraction pattern 
presented in Fig. 3.  

To produce titanium–chromium carbide TiC–
Cr3C2, the content of the mixture (2) α was varied in 
the mixture (1): 

 

α = [M2/(M1 + M2)] ⋅ 100 %, 
 

where M1 is the mass of the mixture (1), M2 is the mass 
of the mixture (2). 

The results of the thermodynamic analysis of 
mixtures, which were calculated from different ratios of 
mixtures (1) and (2), are shown in Fig. 4. As can be 
seen, an increase in (α) to 70 % led to a smooth 
decrease in the combustion temperature. Within the 
range α = 70–100 %, the combustion temperature  
 

 
 

Fig. 4. Effect of α on the calculated adiabatic temperature Tad, 
mass fractions of metallic a1 and gaseous a2  

chemical conversion products 
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Abstract 
 

The peculiarities of explosive hardening (EH) associated with the impact of the shock wave on the metal are considered. 
Mechanical properties of Hadfield steel after EH are given. It is shown that intermediate layer of dry sand between explosive 
charge and treated metal provides amplification of the shock wave. This enables EH with the use of powdered explosives with 
low density and detonation velocity. The industrial technology of EH of railroad switch frogs is described. EH increases the 
service life of these parts by 20–30 %. 
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Introduction 
 

The first patent on explosive hardening (EH) of 
high-manganese steel was issued in 1955 [1]. Since 
then R&D works has continued in the US, in 1960s 
they had begun in the former USSR and later in Japan, 
China and other countries [2–10]. It was found, that 
strong shock wave generated by explosion can heat the 
substance up to the melting point, induce phase 
transitions and twinning (Neumann bands), change 
microstructure and mechanical properties, such as 
hardness, plasticity and strength. The effect of EH is 
associated with an impact of the shock wave on the 
metal. Strain rates in a shock wave front moving in 
metal are greater than 103 s–1 [5]. For a noticeable 
hardening, the shock wave must be rather strong, i.e. to 
have an amplitude exceeding the elastic limit of the 
material. For example, elastic limits of aluminum alloy 
2024, deformed (50 %) copper, nickel, structural steel 
1020 and titanium are equal to 529, 617, 980, 1215 and 
1813 MPa, respectively [5].  

Though it has been more than 50 years since 
research works on EH have started, the interest in this 
phenomenon still exists and research is ongoing, for 
example in the search for new explosives suitable for 
EH [11]. This paper is focused on the description of 

explosive hardening of Hadfield steel and use of this 
technology in production of railroad switch frogs at 
Novosibirsk Railroad Switch Plant.  

 
Experimental 

 

The first series of experiments was carried out 
using the direct explosive loading (see Fig. 1a) of 
samples made of Hadfield steel with different initial 
mechanical properties. Plasticized explosive GP-87 
used for hardening has had a detonation velocity of  
7.2 km/s and a density of 1.6 g/cm3. The thickness of 
explosive charge varied from 6 to 15 mm. Table 1 
shows the results of experiments, the initial properties 
of samples are given in the second column.  

The second series of experiments was carried out 
using the indirect explosive loading with an 
intermediate layer of dry sand between the explosive 
charge and treated sample (Fig. 1b). The objective was 
to compare the degree of hardening obtained by direct 
and indirect loading using both plasticized and 
powdered explosives. These experiments were 
stimulated by theoretical considerations stated in [12], 
where it was shown that the pressure in the shock wave 
reflected from a substrate in a porous layer is greater 
than the pressure of shock wave generated in direct 
contact of the same explosive with the same substrate. 
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Conclusion 

 
Based on R&D works conducted in Lavrentyev 

Institute of Hydrodynamics and Ural Branch of All-
Russian Institute of Railway Transport, a full-scale 
production of hardened railway switch frogs was 
organized at Novosibirsk Railroad Switch Plant. Since 
1979, the hardening shop at the Plant has produced 
more than 350 thousand switch frogs. Presently, the 
production volume of the said Plant is 10–12 thousand 
hardened pieces per year. More than 90% of produced 
R65 frogs (grades 1/11 and 1/9) are explosively 
hardened. Explosive hardening increases the lifetime 
of frogs by 20–30 %.   
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Abstract 
 

The disturbance of the light conductivity in optical fiber transporting intense laser radiation leads to the occurrence of 
brightly illuminated laser plasma region. Plasma begins to move towards radiation, irreversibly damaging the optical fiber. 
Depending on the intensity of the laser energy, different rates of propagation of damage along the optical fibers towards the 
radiation are possible. This is either “combustion” of optical fibers, or “optical detonation”. Both of these processes – 
“combustion” and “optical detonation” of optical fibers – destroy the light conductivity of silica fibers along the entire length. 
The rate of propagation of “combustion” depends on the energy density and is several meters per second. The detonation-like 
mode of destruction extends with velocity of several kilometers per second. Shock-wave data of silica fiber materials are 
necessary for modeling of the of such destruction process. In this paper the experimental study of propagation of the shock 
wave front in the materials of the optical fibers core in explosive experiments was carried out for the first time. For study of the 
detonation-like mode of a laser discharge propagation, experimental fibers were produced by the Fiber Optics Research Center 
of the Russian Academy of Sciences (FORC RAS) and an available industrial communication fiber (SMF-28e single-mode 
fiber from Corning). In the shock wave experiment, a two-wave mode of the propagation of the shock wave is confirmed. 
Anomalous compressibility behind the front of the shock wave was found in the materials of the optical fiber. The decrease  
in the sound velocity was about one km/s. 
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Introduction 

 
Intensive laser radiation can lead to the emergence 

plasma and propagation of damage in optical fibers. 
Depending on the intensity of the laser, different 
velocities of propagation of damage along the optical 
fibers towards the radiation are possible. This is either 
“combustion” of optical fibers or “optical detonation” 
[1, 2]. Both of these processes – “combustion” and 
“optical detonation” of optical fibers destroy the light 
conductivity of silica fibers along the entire length. The 
rate of propagation of “combustion” depends on the 
energy density and is several meters per second. 

The detonation-like mode of destruction extends at 
velocity of several kilometers per second. The analysis 
of the limiting possible velocity for such a mode is 
important both for the safety of optical lines based on 
silica fibers and for the construction of high-power 

lasers on fiber optics. In addition, the physical 
explosion of the optical fiber in the transport reservoirs 
can lead to the initiation of explosive combustible of 
gas mixtures (secondary explosion). 

In the experiments, we recorded the following 
parameters: 

– the velocity of propagation of the process along 
the fiber – by streak camera; 

– the zone of pressure, plasma glow and the 
beginning of destruction – by fast camera from the 
exposure time of 2 ns; 

– the acoustic precursor (compression wave) – by 
fast camera from the exposure time of 2 ns and using 
the technique of crossed polarizers.  

The results of dynamic measurements were 
published in our early papers [1–6]. 

The interpretation of experimental results and the 
construction of numerical models were constrained by 
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the lack of data on the properties of materials used for 
the fiber core. In particular, there were no data on the 
shock-wave properties and the structure of the 
compression wave front. 

In this paper, for the first time, an experimental 
study has been carried out of the features of the 
propagation of the shock wave front in materials of 
optical fibers.  

 
Experimental 

 
For study of the detonation-like mode of a laser 

discharge propagation, experimental fibers were 
produced by the Fiber Optics Research Center of the 
Russian Academy of Sciences (FORC RAS) and an 
available industrial communication fiber (SMF-28e 
single-mode fiber from Corning). 

Most optical cables are assembled from SMF-28e. 
This fiber has a stepped profile of the refractive index 
due to the introduction of the GeO2 additive  
(~ 3 mol %) into the core; it has a core diameter of  
8.2 μm and a quartz shell diameter of 125 μm.  
The optical fiber is coated with a polymer shell with  
a diameter of 240 μm. 

The microstructure of damages of fibers after 
optical detonation was studied with a scanning electron 
microscope. 

The optical fiber parameters are given in Table 1. 
F1 and F2 are model optical fibers. F2 is a model 
optical fiber, close in parameters to the Corning SMF-
28 industrial fiber. 

The experiments were carried out on samples 
prepared from the blanks for optical fibers in FORC 
RAS (Fig. 1a). The photos of the samples are shown in  
Fig. 1b and Fig. 1c. The samples were made in the form 
of disks with a diameter of 12 mm, a thickness of 2 mm 
and a core of 4 mm. The average density of the 
produced disks was ρ0 = 2.27 g/cm3. 

The mass velocity was recorded by an 
interferometer (VISAR) through a water window. The 
aluminum foil with 7 μm thick was glued on samples to 
reflect laser radiation of interferometer. The explosive 
device used in the experiments is show in Fig. 2.  
The experimental assembly in the experiments is shown 
in Fig. 3. The photo of the assembly sequence of the 
experimental setup is shown in Fig. 4. 

 
Table 1 

Parameters of optical silica-based fibers 

 

Fiber F1 F2 F3( Corning SMF-28TM) 

Quartz cower diameter,  μ 600 125 125 

Core diameter, um 9.5 7.7 8.2 

Refractive index difference (RID) 0.006 0.013 0.005 

Composition SiO2 : GeO2 : Al2O3 97 : 1 : 2 89 : 11 : 0 96.5 : 3.5 : 0 

Mode field diameter at the laser 
wavelength 1064 nm, um 10.5 6.13 8.9 

For F2 fiber with a large decline in the refractive index (RID) in the center – an effective step index; F3 fiber – Corning 
SMF-28TM 

 

 
 

                                                   a)                                                          b)                                       c) 
 

Fig. 1. Photos of samples 
(Samples were made in the form of disks with a diameter of 12mm, a thickness of 2 mm and a core of 4 mm.  

The average density of the produced disks ρ0 = 2.27 g/cm3) 

12 mm 120–600 μm 

1.5–10 μm 

4 mm
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Fig. 2. Explosive device: 
1 – explosive lens, A-IX-1/ paraffine, Ø = 100 mm; 2 – focusing 

ring, steel, Øext = 150 mm, h = 16 mm; 3 – impactor, D16Т, 
Ø = 90 mm, h = 7 mm; 4 –  screen, impactor velocity 1.13 km/s 

 
 

Fig. 3. Experimental assembly: 
1 – aluminum impactor; 2 – screen; 3 – sample;  

4 – water; 5 –  aluminum foil; 6 –  polarization sensor
 

      
 

Fig. 4. Photo of experimental assembly (1 – sample of the fiber core) 
 

The front of the shock wave has a distinctly 
expressed two-wave structure: a wave with amplitude 
of about 400 m/s and a diffuse front followed by a 
second wave with a sharp front (Fig. 5): D1 – velocity 
of the first wave (short arrow); D2 – velocity of the 
second wave (long arrow). 

If two wave configurations are realized, then the 
waves should scatter. This is precisely what is observed 
when the thickness of the samples is changed by a 
factor of two. The first wave is blurred as it spreads, 
which is due to the anomalous compressibility of fused 
quartz at a pressure below 2.5–3.0 GPa. 

Fig. 6 shows the front parts of the velocity profiles 
in the t/h coordinates, where h is the thickness of the 
sample. In these experiments, the compression stress 
did not exceed the value of the dynamic elastic limit of 
fused quartz, which is equal to 8.8 GPa [8, 9]. A good 
coincidence of the wave profiles in these coordinates 
indicates the self-similarity of the compression wave 
and makes it possible to find the character of the 
decrease in the sound velocity with increasing pressure 
in the region of anomalous compression. 

 
 
 

Fig. 5. Mass velocity at the quartz-water interface 
(Aluminum impactor h = 7 mm, W = 1.13 km/s; aluminum screen  

h = 4 mm; sample h = 2 mm. The shock wave velocity  
D1 =5.47 km/s, D2 = 4.73 km/s) 

1 2 
3 4

W

5 6 
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Fig. 6. Aluminum impactor h = 7 mm, W = 1.13 km/s; 
aluminum screen h = 4 mm;  

sample 2 mm (red 1) and 4 mm (blue 2) 
 

 
Fig. 7. Aluminum impactor h = 7 mm, W = 1.13 km/s;  

copper screen h = 5.5 mm; sample 2 mm (red 1) and 4 mm (black 2) 
 

 
 

Fig. 8. Aluminum impactor h = 7 mm, W = 1.13 km/s; 
aluminum screen h = 4 мм; sample thickness 4 mm; velocity 
profile (blue 1) and sound velocity (black 2) in the region of 

anomalous compression 

The similarly way, in Fig. 7 in the t/h coordinates, 
the front part of the velocity profiles is constructed at a 
lower shock compression pressure (copper screen).  
In spite of the strongly oscillating velocity profile 1409,  
in this case a fairly good coincidence of the wave 
profiles is also observed. Fig. 8 shows the velocity 
profiles (blue line 1) and the sound velocity (black  
line 2) in the region of anomalous compression. 

 
Results and discussion 

 
The propagation of the destruction process is 

caused by the laser plasma in the volume of the 
material and by a sharp increase in the absorption 
coefficient of the laser radiation in the layers of 
material nearby with laser plasma zone. The burning 
mode with a wave propagation velocity of about 1 m/s 
is achievable even at a laser radiation intensity 
(wavelength 1 μm) in the core of the fiber of the order 
of 0.1 W/μm2, the detonation mode occurs at a velocity 
of about ~ 3 km/s at intensities above ~ 20 W/cm2.  
The nature of the dependence of the wave velocity on 
the absorbed laser energy is different in these two 
modes. In both cases, there is a strong heating of the 
core material of the fiber, which radiates as a black 
body. The temperatures of laser heating of the matter 
can reach 104 K. However, the rates of matter heating 
Kt in the wave fronts differ by three orders of 
magnitude. 

The terms “combustion” and “optical detonation” 
introduced from chemical media are used here quite 
arbitrarily. In contrast to the release of internal energy 
in the front during ordinary combustion and detonation, 
transition of the transported energy of laser radiation 
occurs to thermal energy in transparent media. 

During combustion, the displacement of the 
absorption front occurs with a thermal wave, during 
detonation – with a shock wave. The application of the 
term and the theory of combustion to optical 
combustion was shown in [7]. 

A strong evidence of application of the term 
“optical detonation” to the process under investigation 
is hampered by the complex nature of the flow in the 
front and the dependence of the energy release process 
on the radius. 

The driver of damage to the optical fiber is the 
formation of laser plasma in the core of the optical 
fiber, the temperature of which can reach 104 K.  
The channel filled with gas remains after cooling in the 
core. In the combustion mode, the cavity moves along 
with the plasma front; depending on the conditions in 
the core, there can be both a continuous channel and a 
periodic sequence of bubbles; its formation occurs  
 

1 

2

2

1 

2 
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Fig. 9. Photograph of the stored fiber. Detonation region 
(Dashed lines indicate the position of the axial planes in which  

the radial cracks lie. The destruction wave moved from right to left) 
 
under conditions of a flux of matter along the fiber axis 
and the hydrodynamic instability of the liquid glass-gas 
interface. In high-speed mode, the plasma front moves 
only about 200 ns (for our experimental conditions), 
which is much less than the cooling time of the 
substance. In this case, the resulting cavity can be 
described as a central channel extending from the start 
position to the stopping point. 

A fundamental difference in the destruction of 
optical fibers in the fast mode is the formation of cracks 
in the quartz shell, occurring at the shell-core interface. 
The pressure near the plasma front is higher than the 
strength of the material. The character of the crack 
formation is varied in different sections of the fast 
mode. In addition, the cracks formed in the quartz shell 
cause splitting of the fiber in the longitudinal direction. 
This allowed us to gain access to the core region of the 
saved samples, previously removing the polymer 
coating of the optical fiber by heating on a metal plate 
with a temperature of about 500 °C during 30 seconds. 
In the same experiments, where the polymer coating 
was previously removed, the sample disintegrated into 
several parts during the passage of the destruction 
wave. The saved sample of the optical fiber is shown in 
Fig. 9. It can be seen that along the axis there is an 
empty channel surrounded by the melted zone, the area 
of intense crushing and radial cracks. 

 
Conclusion 

 
Earlier the dynamics of the laser destruction of 

optical fibers were studied [3]. Two wave profiles of 
the shock wave were detected. These studies were 
carried out using a fast camera. After the laser 
destruction process with the help of a scanning electron 

microscope, the character of the destruction of the 
saved fragments was studied. 

For the first time the experimental study of the 
propagation of the shock wave front in the materials of 
the core of optical fibers was carried out in explosive 
experiments. Two wave profiles of the shock wave 
were confirmed. Anomalous compressibility behind the 
front of the shock wave was found. In this area, the 
decrease in the sound velocity was about one km/s. 
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Abstract 
 

During the experiments on explosive welding of low-plasticity steels with thin interlayer of ductile metal between them,  
it was found that the size of the waves generated in the bonding area can be different, even if the collision conditions  
and colliding materials are the same. However, the wavelength λ lies in the range between λmax  and  λmin determined by 
contact point velocity vc, collision angle γ, hardness (HV1, HV2) and densities (ρ1, ρ2) of colliding plates. The formulas for 
calculation of the allowed range of values for wave lengths and amplitudes are proposed.  
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Introduction 

 
Explosive welding is the process in which the high 

speed flying plate (flyer plate) collides with the resting 
plate (parent plate) at a certain angle, at that the flyer 
plate is accelerated by explosion. The wave formation 
phenomenon related to explosive welding (EW) is well 
known and there are more than a dozen of models 
devoted to its description [1]. However, there is yet no 
satisfactory theory for prediction of wave size 
considering the strength and physical properties of 
colliding materials, while experiments show that their 
hardness and density affect the length and amplitude of 
generated wave [2]. Evidently, the control of wave 
formation is very important in welding of low-plasticity 
metals and alloys, when the problem of cracking arises. 
Experiments show that it is possible to reduce the wave 
size, when a flyer plate is in advance clad with a thin 
copper layer [2, 3]. This is an effective way to get 
bonding without cracking. The experiments have 
shown the existence of two types of waves (small and 
large) occurring in the bond zone and differing in 
wavelength and wave amplitude [3]. The possible 
existence of two types of waves has previously been 
discussed in [4], but experimentally proved for the first 

time in [3].The present paper describes the last research 
results on the topic of wave formation at EW via thin 
interlayers. 
 

Experimental. Materials and methods 
 

Prior experiments showed that strength and 
density of colliding materials significantly affect the 
wave size [2, 5]. For example, when the hardness of 
materials differs by more than 10 times, the boundary is 
waveless [5]. The same was observed when the 
densities differed by more than 3 times [2]. To study 
the wave formation in the presence and absence of the 
interlayer, a series of experiments on EW of hardened 
steels was carried out using thin interlayers of different 
ductile materials. Fig. 1 shows the polished section of 
the weld zone that has appeared in result of EW 
performed in two steps. First, the 3 mm thick steel plate 
with a hardness of 460 HV was clad with the 0.3 mm 
thick copper band with the hardness of 78 HV.  
Then, the copper layer was removed from the part of 
the surface of bimetal by milling, and the obtained plate 
was welded onto a steel plate with a hardness  
of 320 HV. 

The described method enables obtaining two 
bonding areas in one experiment: steel-steel area, and 
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Continuation of Table 1 

 

1 2 3 4 5 6 7 8 

5 St20, δ = 4 mm,  
120НВ  (120HV) 

Al, δ* = 1 mm,  
30НВ  (40HV) 

St20, δ1 = 20mm, 
120НВ  (120HV) 

2.72 

11.2 Can’t be measured 

 St20, δ = 4 mm, 
120НВ (120HV) Al layer is removed St20, δ1 = 20 mm, 

 120НВ  (120HV) 12.0 0.64 0.135 

6 30HGSA, δ = 3.5 mm, 
35HRC (334HV) 

VT1-0, δ* = 0.5 mm,  
131–163НВ (131–162HV)

30HGSA, δ1 = 25 mm,
35HRC (334HV) 

2.58 

14.0 0.43 Very small 

 30HGSA, δ = 3.5 mm, 
35HRC (334HV) VT1-0 layer is removed 30HGSA, δ1 = 25 mm, 

35HRC (334HV) 14.8 0.81 0.15 

7 30HGSA, δ = 3.5 mm, 
35HRC (334HV) 

St3, δ* = 0.5 mm, 
131НВ (131HV) 

30HGSA, δ1 = 25 mm, 
35HRC (334HV) 

2.48 

12.8 0.46 0.085 

 30HGSA, δ = 3.5 mm, 
35HRC (334HV) St3 layer is removed 30HGSA, δ1 = 25 mm, 

35HRC (334HV) 14.2 0.35 0.075 

N o t e s : 30HGSA (0.28–0.34 C, 0.9–1.2 Si, 0.8–1.1 Mn, 0.8–1.1 Cr, 96 % Fe) is an alloy structural steel;  60G2A  
(0.57–0.65 C, 0.17–0.37 Si, 0.7–1.0 Mn, 97 % Fe) is a spring structural steel; St20 (0.17–0.24 C, 0.17–0.37 Si, 0.35–0.65 Mn, 
98 % Fe) is a structural high quality carbon steel; St3 (0.14–0.22 C, 0.15–0.3 Si, 0.4–0.65 Mn, 97 % Fe) is a mild structural 
steel of an ordinary quality; VT1-0 (98,61– 99,7 % Ti) is a technical titanium; Cu and Al are the metals of technical purity; 
δ is the flyer plate thickness, δ* is the interlayer thickness, δ1 is the parent plate thickness.  
 

Results and discussion 
 

For the theoretical interpretation of the wave 
formation phenomenon let’s use the approach proposed 
in [6] and based on Landau model of instability of a 
stationary flow of a viscous liquid [7]. According to 
this model, a non-stationary flow in a viscous liquid is 
characterized by two dimensionless parameters – 
Reynolds number R = ρul/η and Strouhal number  
S = uτ/l, where ρ and η are respectively the density and 
viscosity of liquid; l – characteristic dimension; u – 
characteristic velocity and τ – characteristic time of the 
considered problem. 

When as-waves disturbances in a liquid occur 
spontaneously (not under the action of external periodic 
force), then S is a function of R, i.e. S = f (R). If we take 
the period of oscillations T as a characteristic time τ, 
the contact point velocity vc as a characteristic velocity 
u, and the thickness of a cumulative jet δj as a 
characteristic dimension l, then we have  

 

S = vcТ / (δ·sin2(γ/2)). 
 

Here the thickness of a cumulative jet is calculated 
by the formula δj = δ·sin2(γ/2) derived for the collision 
of a flyer plate with very thick parent plate [8]. 
Evidently, for the wave disturbances arising in a 

stationary flow moving with the velocity vc, there is the 
relationship vc Т = λ, because these disturbances are 
transferred by a flow. Hence we obtain the formula for 
the wavelength  

 

( ) ( )2/sin2 γ=
δ
λ Rf .                     (1) 

 

Here δ is the flyer plate thickness, ρ1 and ρ2 are the 
densities of flyer and parent plates correspondingly,  
vc – the contact point velocity; γ – the collision angle, 
HV1 and HV2 – Vickers hardness of flyer and parent 
plate respectively. R designates a Reynolds number as 
it is accepted among specialists in explosive welding 
[4, 9] 
 

( )
( )21

2
c21

HV2 HV
vR

+
ρ+ρ

= .                      (2) 

 

Processing the experimental data in the Table 1 
howed that there were not only two types of waves 
described in [3]. It was discovered that the 
experimental values of wavelength λ fall in the interval 
between the upper λmax and lower λmin bounderies 
which depend on the collision angle, contact point 
velocity, strength and density of colliding materials. 
These bounds are described by empirical equations  
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Abstract 
 

Spark plasma sintering of β-SiAlON-based ceramic composites from powders – β-Si5AlON7, h-BN, β-SiC, and TiN – 
prepared by combustion synthesis (CS) method was investigated. The process parameters for the CS of ceramic composites 
containing 0–30 wt. % h-BN, 0–40 wt. % β-SiC, and 0–40 wt. % TiN and exhibiting high relative density (> 95 %) and 
flexural strength (up to 400 MPa) were optimized.  
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Introduction 

 
Solid solutions of general formula Si6–zAlzOzN8–z 

(z = 0.0–4.2) are known for their excellent hardness, 
strength, and wear/corrosion resistance, which explains 
their wide use in various engineering applications [1]. 
The addition of hexagonal boron nitride (h-BN), TiN, 
and SiC to ceramic composites is known to improve 
their fracture toughness, thermal shock resistance, 
tribological properties, thermal/electrical conductivity, 
and machinability. Combustion synthesis (CS) is a 
rapidly developing research area oriented on fast and 
energy efficient production of high-melting compounds 
and materials. For example, infiltration-mediated CS  
in nitrogen is a convenient technique for production of 
α- and β-SiAlON powders with different phase and 
elemental composition, particle size, and morphology 
[2]. Spark plasma sintering (SPS) is a newly developed 
process that uses dc pulses for sample heating.  
As compared to conventional hot pressing, SPS ensures 
higher heating rates and very short holding times and 
has been widely recognized as an effective method for 
densification of various materials [3]. Therefore, the 
combination of CS and SPS techniques seems rather 
promising for R & D of β-SiAlON-based ceramics with 
widened functionality.  

Experimental 
 

Infiltration-mediated CS of β-Si5AlON7 and h-BN 
powders in nitrogen gas was carried out by the 
following schemes:  

 

4.5Si + Al + 0.5SiO2 + 3.5N2 → β-Si5AlON7 ;     (1)  
 

B + 0.5N2 → BN .                       (2) 
 
Green mixtures also contained some amount of 

homemade diluents, β-Si5AlON7 and h-BN 
respectively, in order to improve extent of conversion. 
Combustion was performed in a 2-L reactor at 
P(N2) = 8–10 MPa. The CS of β-SiC was carried out by 
using multistep chemical reactions in the Si–C–N 
system [4] and TiN fine powders with added NH4Cl as 
a gasifying agent [5].  

Aliquot amounts of combustion-synthesized raw 
powders were intermixed in a high-energy planetary 
steel-ball mill. Ball milling time (800 rpm, ball/mill 
ratio 10 : 1) was 5 min. Then milled powders were 
placed into a graphite die and sintered in a Labox 625 
SPS facility under vacuum (below 10 Pa). The heating 
rate was 50 deg/min. The sintered compacts were 
heated from room temperature to 600 °C without 
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applied load and then to 1550–1800 °C at a 
compressive stress of 50 MPa. The compacts were held 
at a desired temperature for 5 min.  

The BET analysis (N2 sorption) and particle size 
distribution of used powders was determined with 
Sorbi-M surface area analyzer and Fritsch Analysette 
22 device. The raw powders and sintered compacts 
were characterized by XRD (DRON-3.0) and SEM 
(JEOL 6610L). Sample densities were determined by 
hydrostatic weighing. Flexural strength σf was 
measured for bending a thin disk on a ring base in a 
testing machine Instron-5966.  

 
Results and discussion 

 
According to XRD results, the raw powders of  

β-Si5AlON7, h-BN, and TiN did not contain impurity 
phases while β-SiC had trace amounts of Si3N4. 
According to SEM results, all as-synthesized powders 
appeared largely as agglomerates. Their specific 
surface was about 1.3 m2/g for β-Si5AlON7 powders, 
and from 9.8 to 22.8 m2/g for h-BN, β-SiC, and TiN 
fine powders. After ball milling, the specific surface 
increased by a factor of 4–6.  

Figures 1 and 2 show relative density ρrel of 
sintered samples as a function of temperature T.  
The sintering of pure β-Si5AlON7 was accompanied by 
marked intensification of the consolidation process at 
temperatures above 1400 °С (curve 1 in Fig. 1) 
probably due to formation of SiO2 and Al2O3 eutectics. 
Upon further increase in T, relative density of sintered 
β-Si5AlON7 gradually grows up to 87 % (curve 1  
in Fig. 2). According to XRD data, pure β-Si5AlON7  
 

 
 

Fig. 1. Relative density ρrel as a function of temperature T:  
1 – β-Si5AlON7; 2 – β-Si5AlON7-BN (10 wt. %) ;  

3 – β-Si5AlON7-BN (20 wt. %) ; 4 –  β-Si5AlON7-BN (30 wt. %); 
Tmax = 1650  °C 

 
 

Fig. 2. Relative density ρrel as a function of Tmax:  
■ – β-Si5AlON7 – curve 1; ○ – β-Si5AlON7-BN (10–30 wt. %) – 

curve 2 ; ▼ – β-Si5AlON7-TiN (20 wt. %)-BN (10 wt. %) –  
curve 3 ; ∇ – β-Si5AlON7-TiN (40 wt. %)-BN (10 wt. %) – curve 4; 

▲ – β-Si5AlON7-SiC (20 wt. %)-BN (10 wt. %) – curve 2;  
∆ – β-Si5AlON7-SiC (40 wt. %)-BN (10 wt. %) – curve 2 

 
sintered above 1750 °C exhibits the traces of AlN 
formed upon thermal decomposition of β-Si5AlON7. 
The addition of h-BN improves the compactibility of 
sintered powder mixtures. Under compressive stress of 
50 MPa at 600 °C, the initial value of ρrel exceeds 80 % 
for the compact containing 30 wt. % BN and 60 % for 
that of pure β-Si5AlON7 (Fig. 1). In parallel, an 
increase in h-BN content suppresses the consolidation 
processes due to formation of liquid eutectics.  
At 30 wt. % BN (curve 4 in Fig. 1), the temperature 
dependence of ρrel becomes much more aligned.  
The small flaky h-BN particles are uniformly 
distributed over the surface of larger β-Si5AlON7 
particulates. At 30 wt. % BN, the h-BN particles 
(unwettable with oxide melt) fully separate the  
β-Si5AlON7 particles apart. It is clear that in such 
systems a contribution from liquid-phase processes to 
consolidation cannot be important. In case of 10 and  
20 wt. % h-BN, the processes associated with  
 

formation of liquid eutectics are more or less 
pronounced, so that high relative density can be 
attained (curve 3 in Fig. 2). The addition of fine β-SiC 
and TiN powders worsens the compactibility of 
sintered powder mixtures under a compressive stress at 
the initial stage. As a result, the highest value of 
relative density for sintered ceramic composites 
containing β-SiC can only be achieved at 1750 °C 
(curve 2 in Fig. 2). Meanwhile, the addition of TiN 
powder facilitates the efficiency of sintering above 
900 °С and the highest values of ρrel can be achieved 
already at 1550 °C (curve 4 in Fig. 2). 
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                                                           a)                                                                                                                 b) 

Fig. 3. Flexural strength σf as a function:  
a – relative density ρrel for (○) β-Si5AlON7-BN (0–30 wt. %) – curve 1; ▼ – β-Si5AlON7-TiN (20 wt. %)-BN (10 wt. %); 

∇ – β-Si5AlON7-TiN (40 wt. %)-BN (10 wt. %) – curve 2; ▲ – β-Si5AlON7-SiC (20 wt. %)-BN (10 wt. %);  
∆ – β-Si5AlON7-SiC (40 wt. %)-BN (10 wt. %) – curve 2;  

b – BN content in β-Si5AlON7-BN (10–30 wt. %); ρrel = 95–98 % 
 
Fig. 3a illustrates flexural strength σf as a function 

of ρrel. Our results well agree with those reported for 
similar ceramic composites prepared by other 
techniques [6, 7]. SPS method affords to produce 
ceramic composites with higher relative density and 
flexural strength (up to 400 MPa). In our case, the 
flexural strength of sintered ceramic composites was 
found to depend on the BN content only slightly  
(Fig. 3b). A marked increase in σf (up to 40 %) can be 
achieved upon replacement of 40 wt. % of relatively 
coarse β-SiAlON particles in sintered ceramic 
composites by finer β-SiC and TiN particles (curve 2  
in Fig. 3a).  

 
Conclusions 

 
High-density β-SiAlON-based ceramic composites 

can be prepared by fast and energy efficient techniques: 
CS of raw powder materials and subsequent SPS. Thus 
obtained ceramics seem promising for fabrication of 
items for operating in severe conditions of strong 
thermal shock and in highly corrosive media.  
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Abstract 
 

The effect of Fe and (Al + SiO2) additives on the combustion mode, porosity, phase composition and structure of 
synthesized Y2Ti2O7-based pyrochlore ceramic matrices. It is shown that the introduction of Fe powder does not affect the 
phase composition of the ceramics. The presence of aluminum in the charge led to the formation of phases of Y3Al5O12 garnet 
and YAlO3 perovskite. In the presence of the selected additives, combustion of charge billets was in a controlled stationary 
mode, the ceramic samples retained the shape and dimensions of the charge billet, had a cast structure, but the additives did not 
significantly reduce the porosity of the resulting ceramics. Ceramics with an open porosity of less than 10 % were obtained by 
applying an axial force of 0.1–0.3 kN per product after completing the combustion process. 
 
Keywords  
 

SHS ; mineral-like matrices; pyrochlore; high-level wastes. 
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Introduction 

 
The research is aimed at solving the urgent 

problem of a closed nuclear fuel cycle – neutralization 
of high-level wastes (HLWs) containing actinides. 
HLWs with a high content of actinides occur during the 
fractionation of waste and represent the greatest nuclear 
threat to the environment. One of the promising 
approaches to the immobilization of HLWs is their 
isomorphic inclusion in chemically, mechanically, 
radiation-resistant mineral-like matrices that prevent 
the ingress of radionuclides into the environment [1]. 

This paper is a continuation of studies on the use 
of the SHS method for the synthesis of mineral-like 
matrices Y2Ti2O7-based pyrochlore composition 
enriched with zirconium, and intended for 
immobilization of the actinide-containing fraction of 
HLWs [2, 3]. 

In the course of the study, two problems were 
solved: dispersion of the reaction mass in the 
combustion process of charge billets at atmospheric 
pressure and high porosity of by the SHS method 
ceramics produced without the use of pressing. When 
burning thermite compounds, the combustion 
temperature may exceed the melting point of the final 
products [4]. In this case, combustion is accompanied 

by a strong spread of the melt and proceeds in an 
explosive mode. The creation of excess gas pressure 
(argon, air), a decrease in the caloric content of the 
mixture due to dilution with oxide additives or 
introduction of an excess of one of the reagents into the 
mixture suppress the spread of the melt and transfer the 
combustion into a controlled stationary regime [5].  
In the given combustion conditions, we failed to 
suppress the dispersion of the reacting mass due to the 
variation in the composition of the charge, the density 
and size of the initial billets. Earlier it was shown [3] 
that with increasing density of charge billets the 
combustion temperature Tc decreases to 1500–1470 °C. 
It was possible to produce ceramics that retain the 
shape of charge billet only with a small load of the 
burning sample. The combustion in this case was at the 
limit, as indicated by the layered structure of the 
product. Therefore, the dilution of the composition of 
the charge by the introduction of zirconium or titanium 
oxides to reduce the intensity of the process was not 
suitable, since the addition of oxides led to a further 
decrease in Tc. In the proposed study, attempts were 
made to use iron powder as additives to suppress 
dispersion. Iron under the investigated conditions did 
not form chemical compounds with the starting 
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compounds and combustion products and was included 
in the ceramic matrix in its free form due to the 
reduction of Fe2O3 iron oxide, used in the preparation 
of charge compositions as an oxidant. It was expected 
that due to the low melting point in the combustion 
conditions, the iron would be in the molten state, 
increasing the fraction of the liquid phase and 
contributing to a decrease in porosity. The choice of 
Fe2O3 as an oxidizer for the synthesis of ceramics was 
associated with the production of matrices having a 
lower porosity than, for example, MoO3, under similar 
conditions [3]. As it is known, ceramics produced by 
the SHS method have a high porosity. According to the 
data of [6], high-porous Y2Ti2O7-based matrices 
possess the necessary chemical stability, which 
significantly exceeds the resistance of glasses. 
However, it is believed that for the long-term and safe 
storage of HLWs, the porosity of the synthesized 
matrices must be reduced. To reduce the porosity, a 
mixture (Al + SiO2) was introduced into the charge to 
increase the amount of the liquid phase having a 
reduced melting point. In addition, the presence of 
small amounts of aluminum in the composition of the 
charge should contribute to an increase in Tc due to the 
interaction with iron and titanium oxides proceeding 
with considerable heat release [7, 8]. 

The aim of the study was to investigate the effect 
of Fe and (Al + SiO2) additives on the combustion 
regime, porosity, phase composition and structure of 
synthesized Y2Ti2O7-based pyrochlore ceramic 
matrices enriched with zirconium. Zirconium in 
pyrochlore was introduced to increase its chemical and 
radiation resistance [9]. 

 
Experimental 

  
Justification of the choice and procedure for 

calculating the charge compositions for the preparation 
of Y2Ti2–хZrхO7-based ceramic matrices enriched with 
zirconium pyrochlore were described in [2, 3].  

In the study we used: Ti of PTOM grade, TiO2 in 
the form of anatase (c.p.), Y2O3 (c.p.), ZrO2 (c.p.), CaO 
(c.p.), Fe2O3 III (c.p.). The indispensable components 
of the charge were a mechanical mixture of metal 
oxides, simulating the composition of real HLWs.  
The composition of the model mix of waste, %: CeO2 – 
25.0; La2O3 – 50.7; ZrO2 – 19.6; MnO2 – 3.8; Fe2O3 – 
0.9. The content of model waste in the batch was  
10 wt. %. 

On the basis of thermodynamic calculations and 
experimental data, the following composition of charge 
(mole) was selected: 

0.326 Ti + 0.159Y2O3 + 0.102 ZrO2 +  
 

+ 0.028 CaO +0.215 Fe2O3 .                 (1) 
  

According to the ratio of Zr and Ti in the 
composition of the charge, up to 17 % of Ti atoms on 
Zr should be replaced in the pyrochlore structure, 
taking into account the introduced HLWs. The starting 
charge mixture was prepared by mixing in drums with 
steel balls. Pressing of billets was carried out on a 
hydraulic press. The charge compositions were pressed 
in the form of cylinders with a diameter of 30 and  
50 mm and an average density of 2.7 g/cm3.  
The pressed billets were placed in backfills of coarse-
grained quartz, so as to increase the cooling time of the 
synthesized matrices, to reduce heat losses and to retain 
the shape in the event of possible melting, and to 
facilitate the evacuation of gases. The combustion 
process was initiated from the upper end of the charge 
billet by local heating through the ignition layer of Ti 
powder. Further, the combustion process spread like a 
pattern spontaneously in the form of a combustion 
wave. After passing the combustion wave, the samples 
were cooled under natural conditions. The SHS resulted 
in production of matrixes in the form of cylinders of 
dark gray color. 

The combustion temperature Tc was determined 
by the thermoelectric method with the help of 
tungsten-rhenium thermocouples (BP-5/20) with a 
diameter of 200 μm. Thermocouples were installed in 
the center of charge billets at a distance of 5 mm 
from the bottom end. To measure Tc, billets with a 
diameter and height of 15–18 mm were used.  
The measurement error was 50 °C [10]. 

The open porosity was determined by standard 
methods. 

The XRD was carried out on a DRON-3M  
(Cu–Kα cathode) installation. The investigation of 
the microstructure and local elemental analysis of the 
surface of ground samples were carried out using an 
ultra-high resolution field-emission scanning 
electron microscope ULTRA plus (Germany,  
Karl Zeiss). 
 

Results and discussion 
 

Ceramics sample No. 1 
 

The charge composition No. 1 was prepared by 
adding 5 wt. % of Fe powder to the starting 
composition (1). After the SHS, no dispersion was 
observed, the combustion products were produced in 
the form of cylindrical blocks completely replicating 
the shape and dimensions of the initial charge billets, 
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while retaining the angles of the end surfaces.  
The samples of the products looked dense and slightly 
porous. 

When measuring Tc of the initial charge 
composition (1) containing 10 % of HLWs, a value of 
1500 °C was obtained, and for the composition No. 1, 
Tc was 1470–1480 °C. From a comparison of the 
obtained values of Tc, it can be seen that the addition of 
5 % iron led to a decrease in Tc by 20–30 °C, which is 
comparable with the measurement error. 

Fig. 1 shows the diffractogram of a ceramic 
sample No. 1. According to the XRD data (Fig. 1), the 
combustion product is formed by Y2(Ti0.85Zr0.15)2O7 
pyrochlore phases, СаTiO3 perovskite and metallic Fe. 
In the structure of pyrochlore, 15 % of Ti atoms on Zr 
are replaced, which is close to the ratio of the content 
of these elements in the charge. 

The investigation of the microstructure showed 
that the combustion product had a cast, but porous 
structure. The pores were very small, and permeated 
the entire product, leaving practically no dense area.  
To illustrate Fig. 2a–c show photographs of the 
microstructure of the combustion product at various 
magnifications. A feature of the product obtained is the 
presence of two types of iron precipitates – iron, 
reduced from oxide in the form of fine precipitates with 
a size of not more than 2 μm, and iron, introduced in 
the form of a powder. The latter occupies rather 
extensive areas and is separated from the main mass of 
the matrix by the boundary formed by iron oxide. 
Obviously, initially the particles of the powder of the 
iron used were covered with an oxide film that was not 
recovered during the synthesis. In Fig. 2b in the upper 
part of the photo a particle of iron separated from the 
bulk of the ceramic by a dark strip of oxide film is 

 
 

Fig. 1. Diffractograms of ceramics produced by combustion  
of compositions No. 1, 2, 3 

 
shown. Fig. 2c clearly shows three phase components 
of the oxide phase, which are in close contact. 
According to the analysis, the oxide phase is based on 
rounded pyrochlore grains, which form 
microcrystalline aggregates of gray color (Fig. 2c).  
A feature of the obtained structure is also the absence 
of pyrochlore grains with a ring structure, which was 
observed in all our previous studies, regardless of 
which oxide was chosen as the oxidizer – Fe2O3 or 
MoO3. There are no interlayers of other phases between 
the pyrochlore grains in microcrystalline aggregates. It 
can be seen that the pyrochlore grains, as well as the 
perovskite grains, differ in color, indicating variations 
in their composition. Thus, the composition of 
pyrochlore at point 5 is more enriched in zirconium 
than at point 6. Perovskite grains located in close 
intergrowth with pyrochlore have a light gray color.  

 

 
 

                                       a)                                                        b)                                                         c) 
 

Fig. 2. Microstructure of the product of composition No. 1 at different magnifications: 
a – × 100; b – × 5000; c – × 20 000; 

b: 1, 2 – Fe; 3, 4 – Fe oxide, CaTiO3 perovskite; 5, 6 – CaTiO3  perovskite;  7 – 9 –Y2Ti2O7 pyroclore; 
c: 1 – Fe; 2 – LaTiO3 perovskite; 3, 4 –CaTiO3 perovskite; 5 – 8 – pyroclore 

2θ, deg

Intensity, imp
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Distribution of elements (at. %) in Fig. 2b 

 

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce 

1 3.4 1.8 0.1 0.0 0.5 0.0 93.8 0.0 0.1 0.1 0.1 

2 2.8 2.2 0.4 0.1 0.0 0.0 93.5 0.2 0.3 0.2 0.2 

3 62.2 0.7 0.1 0.1 1.8 0.2 32.5 1.7 0.4 0.1 0.1 

4 60.7 1.0 0.0 0.1 0.6 0.0 36.9 0.4 0.0 0.0 0.1 

5 67.1 0.9 0.5 1.8 11.5 0.2 4.1 9.1 0.8 2.8 1.1 

6 41.3 1.6 0.7 0.9 5.7     0.0 40.8 5.7 1.3 1.4 0.6 

7 66.9 0.6 0.9 0.8 11.8 0.2 2.3 13.5 1.8 0.6 0.5 

8 65.1 0.6 0.6 0.8 13.5 0.1 1.6 14.8 1.4 0.8 0.5 

9 66.0 0.7 0.8 0.6 13.5 0.0 0.9 14.6 1.7 0.6 0.5 

 
Distribution of elements (at. %) in Fig. 2c 

 

Spectrum O Ca Ti Mn Fe Y Zr La Ce 

1 36.7 0.3 6.3 0.0 46.0 8.8 1.1 0.5 0.2 
2 69.6 1.0 9.2 0.4 5.0 11.4 0.6 1.8 1.1 
3 65.2 3.1 11.3 0.2 5.9 9.8 0.5 2.7 1.4 
4 66.9 2.2 11.3 0.4 4.4 10.8 0.7 2.1 1.2 
5 67.6 0.5 13.1 0.1 1.5 14.3 1.3 1.0 0.8 
6 69.2 0.5 12.7 0.0 1.1 14.4 1.0 0.6 0.5 
7 66.8 0.9 13.1 0.1 3.5 13.1 0.9 1.0 0.7 
8 69.4 0.6 12.8 0.0 1.5 13.6 0.7 1.0 0.6 

 
Both phases are chemically solid solutions of 

several components, including rare-earth elements 
(REEs) from the model mixture of HLWs. The content 
of REEs in perovskite phases was much higher than in 
pyrochlore. 

The fine grain size of the phase constituents of 
ceramics No. 1 and the ceramics studied below does 
not allow us to establish their exact composition due to 
the capture of neighboring regions of the matrix by the 
electronic probe, which makes it difficult to calculate 
the real formulas of the phases formed. 

 
Ceramics sample No. 2 

 
The structure of titanate pyrochlore is stable with a 

content of up to 30 % zirconium in its lattice [11], and 
according to XRD data, 15 % of Ti atoms on Zr are 
replaced in the structure of pyrochlore as a result of 
synthesis. To increase the share of substitution, addition 
of 5 mass.% of ZrO2 was introduced into the 
composition of charge No. 1, which should lead to an 

increase in the chemical and radiation resistance of 
pyrochlore. Also, 4 % of the mixture (Al + SiO2) was 
introduced into the charge mix, while the Fe fraction 
decreased to 2.5 % by weight. The selection of the 
composition was carried out experimentally. 

Fig. 1 shows the diffraction pattern of product  
No. 2. Five phases can be distinguished in the product: 
Y2(Ti0.85Zr0.15)2O7 pyrochlore, CaTiO3 perovskites and 
LaTiO3, ZrO2 and Fe. According to the XRD data, the 
amount of zirconium in the pyrochlore structure due to 
the additional addition of ZrO2 did not increase, while 
ZrO2 remained in the combustion product as an 
independent phase. 

A study of the structure showed that the product 
was porous; the pores were larger than in sample No. 1. 
Iron was represented by two types of excreta: large 
secretions surrounded by a dark border of iron oxide 
belonging to the introduced gland and small, not 
exceeding 2 μm round precipitates belonging to the 
reduced iron. There were also large iron deposits of 
regular round shape, around which pores were formed. 
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The pyrochlore grains had a rounded shape and a 
weakly expressed annular structure – a dark center and 
a lighter border region, and separated from each other 
by phase interlayers of a darker color. The dark-colored 
phase can belong to the perovskite YAlO3. Perovskite 
grains contained a higher percentage of rare earth 
elements than pyrochlore. 

Fig. 3c shows a section of the ceramic where the 
region with unreacted Y2O3 is visible (point 1).  
A dense ring of the gray phase is formed around Y2O3. 
It is possible that the gray ring belongs to the YAlO3 
alumium yttrium perovskite, in which a high 
percentage of rare-earth elements and Si was noted.  

 

 
 

                                       a)                                                        b)                                                         c) 
 

Fig. 3. Microstructure of the product of composition No. 2 at different magnifications: 
a – × 100; b – × 5000; c – × 20 000; 

b: 1 – 4 –Y2Ti2O7 pyrochlore; 5, 6 – Fe; 7, 8 –YAlO3 perovskite; 
c: 1 – Y2O3; 2, 8 – YAlO3 perovskite; 3, 4, 6, 7 – YAlO3 pyrochlore; 5 – гранатY3Al5O12 garnet 

 
Distribution of elements (at. %) in Fig. 3b 

 

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce 

1 67.4 2.2 1.1 0.5 9.9 0.0 0.5 13.1 3.9 0.6 0.7 
2 66.4 2.2 1.2 0.4 10.7 0.1 0.3 14.1 3.4 0.7 0.5 
3 70.0 3.5 1.2 0.5 8.9 0.0 0.7 9.9 4.4 0.3 0.5 
4 63.1 2.9 1.4 0.4 11.5 0.1 0.8 14.5 3.3 1.0 0.8 
5 53.6 3.7 1.7 0.4 7.1 0.4 18.8 10.1 2.6 0.9 0.6 
6 49.0 3.2 1.5 0.4 8.3 0.1 20.6 12.0 2.9 0.9 0.8 
7 66.9 6.5 3.6 1.2 6.1 0.2 1.3 8.8 2.2 1.9 1.2 
8 65.4 5.5 2.9 1.1 7.0 0.3 2.4 9.4 3.1 1.6 1.1 

 
Distribution of elements (at. %) in Fig. 3c 

 

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce 

1 62.7 0.8 1.5 0.3 0.3 0.0 0.8 32.9 0.1 0.3 0.0 
2 65.2 2.0 8.7 1.1 2.3 0.2 0.2 16.6 0.8 1.7 1.0 
3 64.4 3.1 1.4 0.5 11.4 0.1 1.5 13.9 1.9 0.7 0.7 
4 68.2 1.5 1.4 0.3 10.9 0.0 0.1 14.3 2.2 0.6 0.5 
5 66.0 16.7 1.2 0.6 1.8 0.2 0.4 12.6 0.5 0.0 0.0 
6 66.0 1.8 1.6 0.5 11.2 0.3 0.4 13.2 2.9 1.0 0.9 
7 65.6 2.5 2.4 0.4 11.6 0.0 0.6 12.8 1.5 1.5 1.0 
8 66.7 2.5 7.5 2.1 3.5 0.3 1.2 10.9 0.9 2.5 1.7 
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Then comes the ring, consisting of a dark color 

phase (point 5), it can belong to the Y3Al5O12 alumina 
garnet. The formation of the garnet phase under 
synthesis conditions is possible at a temperature of 
1250–1400 °С according to the following reaction [12]: 

 
3YAlO3 + Al2O3 → Y3Al5O12. 

 
Judging from the analysis, the Y3Al5O12 phase 

contained the minimum amount of lanthanum and 
cerium, compared with the phases of perovskites 
(points 2, 8) and pyrochlore (points 3, 4, 6, 7). 

The investigation of the structure showed that the 
phase of the garnet was distributed in the sample of the 
ceramic not uniformly, but forms microcrystalline 
aggregates consisting of intergrown grains without 
interlayers of other phases between them. 

To prove the formation of Y3Al5O12, the amount 
of Al in the charge was increased to 4 %.  
The interpretation of the diffractogram of the 
synthesized ceramics in this case in Fig. 4 confirmed 
the formation of the Y3Al5O12 phase.  

 
Ceramics sample No. 3 

 
This composition of charge differs from the 

previous one by the absence of Fe powder in the 
charge. The measurement of Tc for a given composition 
showed values of 1550–1580 °C.  

According to the XRD data (Fig. 1), the phase 
composition of the obtained product was the same as 
for composition No. 2. The structure of this product 
differed from the others in the presence of rare but 
large pores. Reduced iron in some areas formed large 
discharge with a size of more than 200 microns, 

 
 

Fig. 4. Diffractogram of the ceramics sample  No. 4 
 

indicating a higher Tc in this composition compared 
with the previous ones (Fig. 5b). In Fig. 5b the 
microstructure of the region of the matrix consisting of 
the following phases is represented: pyrochlore, 
LaTiO3 perovskite, ZrO2 and Fe. Probably points 7 and 
8 belong to the phase of the grenade. The section of the 
matrix with a larger magnification is shown in Fig. 5c. 
The maximum amount of lanthanum and cerium is 
contained in the perovskite phase (points 3 and 4), the 
minimum amount in the pyrochlore phase. 

In all three compositions, the additives were added 
in excess of the stoichiometry of the original 
composition according to equation (1). With an 
increase in the content of iron oxide composition No. 3 
in the charge in the amount necessary for the reaction 
with aluminum, the Fe2Al2O4 phase was formed in the 
combustion products. 

 

 
 

                                          a)                                                        b)                                                  c) 
 

Fig. 5. Microstructure of the product of composition No. 3 at different magnifications: 
a – × 100; b – × 5000; c – × 20 000; 

b: 1, 5 – LaTiO3 perovskite; 2 – Fe; 3, 8 – ZrO2 region; 4, 7 – Y2Ti2O7 pyrochlore  
(point 6 is not identified because it coincides with point 7);  

c: 1, 2 – Fe; 3, 4 – LaTiO3 perovskite; 5, 6, 9, 10 – Y2Ti2O7 pyrochlore; 7, 8 – Y3Al5O12 garnet 

2θ, deg

Intensity, imp
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Distribution of elements (at. %) in Fig. 5c  

 

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce 

1 42.2 2.6 0.8 0.8 9.7 

– 

30.3 8.2 1.3 1.9 2.0 
2 46.8 3.8 1.9 0.4 9.2 23.2 10.8 2.1 0.8 0.9 
3 65.0 2.6 0.5 1.3 13.4 0.5 9.2 1.6 3.2 2.6 
4 66.2 3.7 0.5 1.4 12.0 1.0 7.2 1.3 3.5 3.1 
5 65.2 1.9 1.4 0.5 12.3 0.5 13.4 3.0 0.7 1.1 
6 66.5 1.6 1.2 0.4 12.0 0.7 13.4 2.6 0.5 0.8 
7 68.8 5.0 3.0 0.6 8.0 0.1 1.2 8.8 1.7 1.5 1.2 
8 67.0 6.8 3.7 1.0 7.1 0.1 2.0 7.4 1.6 1.8 1.5 
9 64.8 1.2 0.8 0.4 13.5 

– 
1.0 13.3 2.7 0.9 1.3 

10 65.3 1.6 0.7 0.6 13.7 0.4 12.9 2.4 0.9 1.4 
 
It is shown that the open porosity of the first two 

ceramics was 40 %. Below are the values for the last 
composition – 30 %. To produce ceramics with low 
porosity, after complete passage of the synthesis, the 
hot combustion products were manually sealed. When a 
single axial force of 0.1–0.3 kN was applied with the 
help of a piston made of BN, they were significantly 
compacted. The values of open porosity were less than 
10 %. Fig. 6 shows the structure of the ceramic after 
sealing in a hot state. For comparison: using the SHS 
compaction method (pressure pressing on the non-
heated combustion product was 100 MPa), the open 
porosities of synthesized pyrochlore-based ceramics 
were 2.4–4.0 % [13]. 

 

 
 

Fig. 6. Microstructure of the ceramic sample  
after compaction (open porosity 8 %) 

 

 
 

Fig. 7. Photo of a typical sample of ceramics 

Fig. 7 shows a photo of a typical sample of 
ceramics produced by SHS without applying pressure. 

 
Conclusion 

 
The effect of Fe additives and mixtures (Al+SiO2) 

on combustion in the SHS regime in the air of pressed 
batch blanks on the basis of the composition 
CaO + Y2O3 + ZrO2 + Ti + Fe2O3 was studied. It is 
shown that additives added to the charge contribute to 
the conversion of the combustion reaction to a 
controlled stationary regime. The produced samples of 
ceramics completely retain the shape and dimensions of 
the initial charge billets. However, the resulting 
ceramic had a high porosity. It was possible to obtain 
ceramics with open porosity values of less than 10% 
only when the load applied to combustion products in 
the hot state. 
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Abstract 
 

The paper demonstrates the capability of the volume synthesis models for the prognosis of final composition.  
The simplest models for the titanium-based composites synthesis are presented. The melting with the gradual formation of 
liquid phase in the given temperature interval is taken into account. The controlling for the process is carried out at the expense 
of the heating rate change, variation of the initial composition of the mixture. The models were realized numerically. It was 
demonstrated that the irreversible final phase composition was obtained for all situations.  
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Introduction 

 
SHS–methods can be used in composite synthesis 

[1–5]. The volume synthesis or the synthesis in the 
explosion mode obeys some preference in comparison 
with the mode of layerwise combustion, since, for this 
mode, the best homogenization of synthesized product 
is observed and it is possible to control the process of 
changing the conditions of the thermal contact between 
the reacting system and the environment and between 
the reacting system and the heater. This process can be 
controllable also when the initial mixture composition 
is varied, the inert particles are used as admixtures; the 
heating rate and the heating method are changed; the 
external mechanical loading is applied [6–10].  
In various synthesis methods, when thermal explosion 
mode is realized, the reactions can proceed in various 
ways depending on the equipment and are accompanied 
by the high heat release that can decrease due to inert 
admixtures or non-stoichiometric initial composition. 
The final composition of the synthesis product turns out 
irreversible and depends on numerous factors.  
The qualitative physical regularities were described on 
the basis of the known classical models [11].  
The models of thermal explosion based on the reactive 
cell concept are very popular [12, 13]. However, the 
irreversible conditions typical for thermal explosion do 

not agree with the suggested sequence of chemical 
stages. To develop the models to predict the irreversible 
composition of the product, various synthesis 
conditions were analyzed and a series of models was 
suggested taking into account the staging of the 
conversion. 
 

Methods and materials 
 

The titanium-based composites synthesized from 
non-stoichiometric mixtures Ti + C, B, Si and 
(Ti +Al) + C, B, Si with titanium excess were chosen 
for the investigation. For example, in the first case, it is 
expected that the composites Ti + TiC; Ti + 2TiB  and 

35SiTiTi +  will be obtained. The ideal summary 
reaction schemes for first of them  

 

Reagent → Product                           (1) 
 

or 
( ) TiTiCCTi xyyyx +→++   

can be complicated at the cost of taking into account 
the solid solution Ti + C and non-stoichiometric 
carbide TiaCb formation that corresponds to broad 
homogeneity area on the state diagram Ti–C.  

A more complex reaction scheme will include the 
reactions with irreversible products [14]: 
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TiCCTi →+ ;   

 

CTiC2Ti 2→+ ; 
 

CTiTiCTi 2↔+ ; 
 

2TiC2CTi →+ ;                          (2) 
 

232 CTiCTiTiC ↔+ ; 
 

232 CTiCTiCTi →++ ;  
 

.2TiCTiTiC2 →+  
 

Aluminum addition complicates the reaction 
scheme. We should add the reactions 

 

TiAlAlTi →+ ;  
 

AlTiAl3Ti 3→+ ;  
 

3TiAl3AlTi →+ ;  
 

AlTi2TiTiAl 3↔+ ; 
 

3TiAl2AlTiAl ↔+ ;  
 

3TiAl2TiTiAl3 →+ ; 
 

34CAl3C4Al →+ ;  
 

AlCTiCAl2Ti 2→++ ;  
 

AlCTiCAl3Ti 3→++ ;  
 

AlCTiTiCTiAl 2→+  
 

to the previous scheme. The reaction rates depend on 
concentrations correspondingly to the mass action law. 
However, it is known that for the reactions with solid 
substances participation, the diffusion is the limiting 
stage determining the reaction rates. Because the spatial 
scale where the diffusion occurs (it is the level of 
individual grains, particles and interfaces between 
them) is much smaller than the heat scale, the 
simplifications are inevitable. We believe that micro 
scale processes are taken into account in the activation 
energies evaluation and in kinetic functions.  
The reaction retardation by a solid product gets the 
reflection in a special multiplier for each reaction rate 
 

( )( ) p
sssf −η+ηη−= 0exp , 

 

where sη  is the part of solid products; ps,  are 
retardation parameters. The part of solid products has 
been determined in the melting temperature interval for 
the reacting mixture. The modification of kinetic 
functions is based on the results [15]. Formal-kinetic 
parameters have been found based on chemical 
thermodynamics. Activation energies have been proved 

using the known data for diffusion coefficients.  
The qualitative behavior of kinetic equation’s system 
depends on the dynamics of the temperature change 
determined by the experimental conditions. When the 
temperature distribution along the specimen, the 
thickness of chamber walls, and mechanical loading 
conditions were taken into account, we came to more 
complex mathematical models. As a result, we obtained 
the different models of solid-phase reactors [16–21]. 
All models were realized numerically.  
 

Examples 
 

The simplest model [16] corresponds to the 
pressing of small size when the temperature distribution 
can be neglected. In this approximation, only one 
reaction (1) takes place that corresponds to the 
summary reaction scheme. We believe that the melting 
is observed in some temperature interval between the 
solidus and liquidus temperatures, where the liquid 
phase part changes with some kinetic law. The pressing 
was heated by radiant heat from vacuum chamber walls 
(from the heater). The heating rate was controlled by 
heater temperature WT  that changes corresponding to 
given low. For illustration linear low is taken 

.0 atTTW +=  The heating is switched when wall 
temperature achieves to given value Activation energy 
and chemical heat release is 5101.2 ⋅=aE  J/mol; 

4
0 1073.1 ⋅=Q  J/cm3. Strong retardation of the reaction 

by reaction product is assumed for .100 =s   
The numerical experiment showed the reaction does not 
complete during given time that connects with the heat 
losses by various physical mechanisms and with 
reaction retardation. The thermal explosion mode is 
feasible additionally to slow down the conversion. Fig. 
1 illustrates the dynamics of the synthesis process. 
Critical wall temperature *

WT  exists, after which the 
thermal explosion realizes. For example, for volume 
part of carbon in the initial powder mixture 2.0=ξ , 
when wall temperature growths to 2480 K, one can see 
the specimen temperature behavior similar to thermal 
explosion (Fig. 1a) with conversion level near to 0.6 
(Fig. 1b). Reaction goes basically in liquid phase that 
exists during long time (Fig. 1c). If the wall 
temperature growths to 2475 K (Fig. 2), the reaction 
goes slowly without temperature excursion. The part of 
liquid phase is less then in previous case.  
For 2400=WT  the reaction proceeds very slowly  
in solid phase (this is not shown in pictures).  
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a) b) c) 

 
Fig. 1. Dynamics of composite T–TiC synthesis:  

а – temperature; b – conversion level; с – part of liquid phase versus the time, TW = 2480 
 

 

a) b) c) 
 

Fig. 2. Dynamics of composite T–TiC synthesis:  
а – temperature; b – conversion level; с – part of liquid phase versus the time, TW = 2475 

 
The final composition varies depending on 

temperature WT . 
The second example illustrates the capability of 

the model with detailed reaction scheme (2). In this 
case we have the heat balance equation in the form 
similar to [6]. However, the overall chemical heat 
release includes the heats from nine reactions.  
The reaction retardation depends on the overall 
concentration of phases. To find the mass 
concentrations the kinetic equations are necessary 

 

k
k

dt
dy

ω=ρ , 
 

where source terms, kg/(m3s), takes the worm 
 

∑
=

ϕν=ω
9

1i
ikkik m . 

 

Here kiν  are stoichiometric coefficient of k 
species in the reaction i; skky ρρ=  are mass 
concentrations, ,kkk mη=ρ  

( )
,∑ρ=ρ

i
iis m  kη  are molar 

concentrations. If porosity evolution is taken into 
account, some kinetic equation should be added to the 

model [16, 21]. At the initial time moment, we have the 
initial irreversible composition and initial porosity. 

The problem is solved numerically. The Euler’s 
method is used. The result depends on the stages that 
are taken into account, heating and cooling rates, and 
on the composition of initial mixture. 

Fig. 3 illustrates the dynamics typical for the 
thermal explosion. Only three reactions are included in 
calculations: ;TiCCTi →+ ;CTiTiCTi 2→+  ++CTi  

.CTiCTi 232 →+  It is assumed that external heating is 
ceased, when chemical reactions accelerate, and then 
the Newton heat exchange continues with the 
environment with temperature We TT =  reached to this 
time. The initial composition is 8.0Ti =y  and 2.0C =y  
that corresponds to equal molar concentrations. It was 
found, the higher the wall temperature rate, the more 
the temperature near explosion time. The Liquid phase 
exists for a short time when the reaction rates are 
maximal. The final composition is the same for 
different heating rate. We see the presence in the 
product TiC, Ti2C, Ti3C2. The last phase concentration 
is very small. All carbides can be identified in 
experiment as non-stoichiometric carbides.  
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a) b) c) 

 
Fig. 3. Dynamics of composite synthesis. 

a – temperature; b – part of liquid phase for different rise rate of wall temperature: 1 – 0.5; 2 – 1.0; 3 – 2.0 K/s;  
c – dynamics of phase composition change during volume synthesis for the case 1 

 
If we take the initial composition with large 

titanium excess, thermal explosion mode is not 
observed. Reactions start without sharp temperature 
growths. If then the external heating continues we come 
to different final irreversible composition for different 
temperatures. This agrees qualitatively with the 
regularities observed experimentally.  
 

Conclusions 
 

The simplest models of volume synthesis of 
composites are presented. A similar approach taking 
into account the detailed reaction scheme is applicable 
for more complex situations. For example, composite 
synthesis can be carried out in a closed volume or in the 
container with walls of finite thickness. On the one 
hand, the walls demand the additional heat for heating 
to given temperature; on the other hand, the walls store 
the heat supporting the synthesis when the external 
heating is ceased or chemical heat release is not enough 
for reaction accomplishment. In this case, closed 
reactor walls exchange the heat with the heater 
immediately. The kinetic part of the problem is similar 
to the previous one. However, a thermal problem is 
more complex. The dynamics of this process was 
illustrated in [17] for the Al, Fe2O3; Fe; Cr; Ni system. 
The explicit accounting of the inert admixtures in the 
reacting composition leads to the specific degenerate 
mode [18]. For example, a combination of heating and 
mechanical loading, at the conditions of HIP (Hot 
Isostatic Pressing) or SPS (Spark Plasma Sintering), 
makes it possible to obtain a high density product with 
special properties. In this case, the dynamics of the 
synthesis depends on a bigger number of parameters.  
A mathematical model takes into account different 
methods of heating, including the Joule heating in the 
volume, the plunger heating, the heating through 
reactor walls, and symmetrical and non symmetrical 

conditions of the loading. The synthesis mode depends 
additionally on geometrical parameters of the reactor. 
Various modifications of the model were described in 
[19–21]. Similar conditions can also lead to the 
irreversible composition of the product. From a 
mathematical point of view, the suggested model is a 
stiff set of ordinary equations that need accurate 
selection of the solution method. After that, the model 
could be used for the prognosis of the phase 
composition evolution with the variation of sintering 
conditions. 
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Abstract 
 

The data on the destruction of a diamond single crystal and detonation nanodiamond (DND) under radiation exposure are 
analyzed. The irradiation dose at which graphitization occurs in a single crystal of a diamond is determined. The influence of 
the DND particle size on the nature of damage during irradiation has been established. 

An experimental study of the thermal stability of DNDs at atmospheric pressure in a dynamic argon medium in the 
temperature range from 30 to 1500 °C with a heat treatment rate of 2 and 10 °C/min is carried out. A same part of DND 
demonstrates high stability above 1500 °C. A investigation with using X-ray diffraction analysis showed that the solid-state 
phase transition to DND occurs at about 1000 °C. The examination of the stored samples on an electron microscope showed 
the influence of the heating rate on the parameters of the DND powder. The data on thermal stability were recommended to 
improve the technique of ion-plasma coating on the surface of steel parts. 
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Introduction 
 

The internal structure of nanoparticles differs from 
the structure of a bulk crystalline substance [1]. This is 
due to the large influence of the nanoparticle surface on 
the crystal lattice. Atoms in the surface layer have 
neighbors only on one side, this leads to a change in the 
equilibrium and symmetry of forces and masses, 
causing a change in the interatomic distances. The 
change in lattice parameters affects the properties of the 
entire substance as a whole. Thus, for example, the 
temperature of the graphitization beginning of bulk 
diamond at atmospheric pressure exceeds 1500 °C, and 
the beginning of nanodiamond particle graphitization 
occurs at temperatures below 1000 °C [2]. Due to its 
small size, the nanomaterial may have properties that 
are not possible in a bulk state. This circumstance 
expands the area of application of nanoparticles in 
various spheres of human activity. 

To date, most of the diamond nanoparticles are 
produced by detonating high explosives. However, the 
wide use of this material is limited by the ambiguity 
and contradictoriness of its properties, available the 

literature data. This is due to the inhomogeneous 
structure of detonation nanodiamond particles.  
The particle has a diamond core and an impurity shell, 
which consists of non-diamond carbon, metallic 
impurities, and the radical groups C–H, C–N, C–O 
located on the surface. 

Investigation of the nanodiamond particle stability 
under various external impacts will give a better 
understanding of the diamond powder behavior and 
expand its applicability. 

The purpose of this paper is to analyze the data on 
the solid phase transition in nanodiamond under 
exposed to irradiation, and to study of the effect of the 
thermal processing. 

 
Radiation stability of diamond 

 
Irradiation of a diamond single crystal has shown 

that the irradiation dose might cause point defects, an 
amorphous path in the material, and a graphite phase 
can appear in the ion track [3]. Thus, when diamond 
was irradiated with silicon ions with an energy of  
1 MeV, a dose of 1 × 1015 Si+/cm2 at room temperature,  
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Fig. 1. Molecular dynamics simulation of irradiation of nanodiamond particles by heavy fast ions  
with an effective stopping energy of 17 keV/nm depending on the particle size [5] 

 
point defects were observed in the sample. Annealing 
the irradiated sample at a temperature of 1350 °C for  
24 hours resulted in the restoration of the defects to an 
ideal diamond lattice. 

Annealing of an irradiated sample of a detonation 
nanodiamond by fast neutrons led to the release of 
Wigner energy in the temperature range from 230 to 
450 °C. And with an increase in the exposure time of 
the neutron beam to the sample, the amount of energy 
released during subsequent annealing in an inert 
atmosphere increased [4]. 

When irradiated with silicon ion with the energy 
of 1 MeV, a dose of 7 × 1015 Si+/cm2, an amorphous 
carbon was formed in the ion track [3]. When the 
irradiated sample was annealed at a temperature of 
1350 °C for 24 hours, graphite was formed from the 
amorphous phase. 

The influence of grain size of nanodiamond on the 
character of damage during irradiation with fast heavy 
ions was shown in [5]. When irradiated with heavy ions 
with effective stopping energy of 17 keV/nm, particles 
with a size of 5 nm completely became amorphous. 
After irradiation, particles of 7 nm in size had an 
amorphous phase surrounded by a diamond. In a 
particle measuring 10 nm, only a few point defects 
were observed (Fig. 1). 

Thus, the analysis of literature data on the 
radiation impact on the diamond phase showed that the 
nanodiamond material is a good sensor in the targets to 
identify processes occurring in samples exposed to 
radiation. The content of the saved diamond phase 
appears to be a function of the type and dose of 
irradiation. 

The conditions of structural-phase transformations 
depend on the type of action on the substance. It has 
been experimentally established that irradiation can 
significantly change the conditions of phase 
transformations, induce new phases, which affects the 
performance characteristics and applicability of the 
material. Before the experimental study of the radiation 
stability of detonation nanodiamond the theoretical 
analysis was made of the thermal stability of this 
material. 

Thermal stability of nanodiamond 
 

In this work, the behavior of detonation nano-
diamond was analyzed with increasing temperature. 
Heat treatment was carried out by the method of 
synchronous thermal analysis in the range from room 
temperature to 1500 °C with the rates of 2 and  
10 °C/min in a dynamic atmosphere of argon. 

The initial data of the nanodiamond obtained by 
the explosion of a mixture of TNT/hexogen (50/50) 
were given in [6]. After the heat treatment, the stored 
samples were investigated by X-ray phase analysis and 
electron microscopy. 

The heating the DND sample to 1500 °C at a rate 
of 10 °C/min resulted in the mass loss was about 16 %. 
With an increase in the temperature, the radical groups 
and adsorbed water were removed from the surface of 
the particles. This process led to a decrease in the mass 
of the sample by 10–20 % [7]. 

The X-ray diffraction analysis of the stored 
samples before and after heat treatment is shown in  
Fig. 2. From the ratio of the integrated intensities of the 
base plane of diamond (111) at 2θ = 44° on the X-ray 
line it was found that the diamond phase decreased with 
increasing processing temperature (Fig. 2, lines 2 – 5). 
 

 
 

Fig. 2. Diffractograms of DND samples before  
and after heat treatment: 

1 – initial sample; 2 – heated to 600 °C with v = 10 °C/min;  
3 – heated to 1000 °C with v = 10 °С/min; 4 – heated to 1500 °C 

with  v = 10˚C/min; 5 – heated to 1500 °C with v = 2 °C/min  
(v is the rate of heat treatment) 

Intensity 
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1
2
3
4
5



 

 

Advanced Materials & Technologies. No. 3, 2018 44

 

AM&T 

 
 

                                       a)                                                   b)                                                   c) 
 

Fig. 3. Microstructure of nanodiamond powder:  
a – initial sample; b – after heat treatment up to 1500 °C at v = 10 °C/min; c – heated up to 1500 °C at v = 2 °C/min 

 
As can be seen from Fig. 2, the graphite peak on the  
X-ray line from the base plane (002) 2θ = 26° did not 
increase with increasing temperature. This might mean 
that the original DND particles underwent destruction, 
as a result of which they did not go into a crystalline 
ordered graphite structure with sp2-bonds, but into an 
amorphous state, the amount of which cannot be 
determined by the X-ray method. However, at 1500 °C 
a halo appeared in the region of Bragg angles  
2θ = (20–32)°, which corresponded to a graphite-like 
X-ray amorphous phase (Fig. 2, lines 4, 5). As in the 
case with graphite, it was a carbon structure consisting 
of sp2-bonds in the plane, but the interplanar distance 
(0.3707 nm) turned out to be larger than that in 
graphite. Such a structure was stable and, upon further 
heating, did not go over into ordered graphite.  
In addition to the X-ray amorphous graphite-like 
structure, the crystal structure of the diamond was 
observed in the sample heated to 1500 °C in an amount 
of 10% of its content (Fig. 2, lines 4, 5). 

The study of microphotographs of nanodiamond 
samples before and after heat treatment are shown the 
influence of the heating rate on the parameters of the 
powder particles [3]. 

The initial material of the nanodiamond powder 
consisted of nanoparticles with sizes of 6–8 nm  
(Fig. 3a). After heating the nanodiamond sample at a 
heating rate of 10 °C/min to a temperature of 1500 °C, 
the particles were spherically shaped with sizes of  
30–40 nm (Fig. 3b) [8]. The characteristic particle size 
of the powder increased with an increase in the 
temperature. Perhaps, the individual nanoparticles 
were “sintered” together. As a result, sintered 
conglomerates were formed, which can be observed in 
Fig. 3b. When heated at a rate of 2 °C/min, the size of 
the spherical particles was less than 10 nm and planar 
formations appeared (Fig. 3c), the nature and origin of 
which requires further investigation. 

The data obtained for the thermal stability of 
nanodiamond particles can be useful for developing 
new composite materials on their basis and optimizing 
the process of ion-plasma hardening of the surfaces of 
steel parts. 

The solid phase transition of sp3 to sp2 causes a 
change in the diffraction pattern, which makes this 
transition promising for diagnosis. The combination of 
diamond structure and nanosizes and porosity [9] 
makes it easier to emit radiation from the diagnosed 
volume. In combination with the studied 
thermophysical transition conditions, this can be used 
to diagnose Warm Dense Matter. 
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Abstract 
 

The optimization of parameters of mechanoactivation of powder mixture of Al + CuO for the purpose of realization of the 
most powerful energy release at chemical interaction of components was performed. Vibration and planetary type of the ball 
mills were used. The results of mechanoactivation on burning rate were controlled by means of high-speed photography of 
burning process of samples. Initiation of burning was carried out in the electro spark way with control of  the current impulse. 
The non-stationary mode of propagation of chemical interaction of mixture components was recorded under low level spark. 
The influence of parameters of mixture porosity and current amplitude of a spark for induction period and the speed of 
distribution of the reaction front of was defined. The results of the research indicate the prevalence of filtration nature of 
distribution of chemical interaction.  
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Introduction 
 

Thermite mixtures based on metals and solid 
oxidants allow obtaining a significant exothermic effect 
during combustion. Al + CuO mixture allows receiving 
one of the highest exothermic effects per unit of 
volume (more than 20 kJ/cm3). However, the burning 
rate of initial mixtures of micron powders usually does 
not exceed several tens of mm/s, which limits the field 
of their application. This is because that development 
of chemical reactions in solid mixtures takes place on 
the contact surface of reactants, which in the case of 
large particles is rather small. To increase this surface, 
various methods, such as ultrasonic mixing of 
nanosized powders, electrochemical deposition of 
submicron metal-oxidizer layers, etc. are used. [1]. One 
of the relatively new methods for obtaining thermite 
composition is the preliminary mechanochemical 
activation of mixtures of micron-sized particles in high- 

energy intensity ball mills. Initial components in this 
process are shredded, mixed and acquire new defects of 
crystal structure, which leads to an increase in the 
surface area of contact of the reagents at the submicron 
and nanoscale levels and to the formation of additional 
reaction spots. Thus, by means of mechanoactivation of 
oxidizer-metal mixtures it is possible to regulate the 
rate of energy release for different of specific 
application. In Russia, the method of preliminary 
mechanoactivation of solid oxidant-metal fuel mixtures 
has been actively used since the beginning of the 2000s 
[2–5], and the resulting materials are called 
Mechanically Activated Energetic Composites 
(MAEC). 

The practical use of exothermic energy release is 
associated with the implementation of different 
parameters: the rate or power of heat release, the 
quality and intensity of light radiation, etc. However, in 
all cases, the completeness, or the effectiveness of the 
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chemical interaction, is an important factor. This 
indicator largely depends on the conditions of 
application: the physical parameters of the components, 
the initial parameters of the mixture, the energy and 
power of initiation, as well as other physical and 
geometric factors. 

In this work, tendencies of manifestations of 
chemical interaction of MAEC Al/CuO are investigated 
under different conditions of its realization. An ultimate 
goal of a research is optimization of mechanoactivation 
parameters of this mixture for effective application in 
different conditions.  

Before experiments the mixture of Al + CuO 
powders were subjected to mechanoactivation. Then 
the mixture was compacted in experimental samples 
with controlled porosity. The samples were mounted in 
experimental assemblies and initiation of chemical 
interaction was made. The characteristics of 
manifestations of combustion process of samples were 
an object of research in which mechanoactivation time, 
the samples porosity, the initiation parameters and the 
experiment scheme were parameters. High-speed 
camera, four-channel pyrometer, photoelectronic and 
electrocontact sensors were used as tools. The 
characteristics of a luminescence area were speeds of 
borders and brightness. 

Prior to the experiments, a mixture of Al and CuO 
powders was subject to mechanoactivation under 
various conditions. The mixture was then compacted 
into experimental samples with controlled porosity. The 
samples were mounted in experimental assemblies and 
produced an electro-spark initiation. The characteristics 
of the combustion process were the subject of the 
study, in which the mechanoactivation time, the 
porosity of the samples, and the energy of the spark 
initiation were the initial parameters. The speed of the 
boundaries of the luminous cloud of products and their 
brightness were measured. High-speed camera, 
pyrometer, photoelectronic and electro-contact sensors 
were used as a tool. 

 
Materials and mechanoactivation parameters 

 
As the initial components, micron and nanosized 

powders were used. Al weight content was from 18 to 
25 %. Mixing and activation was carried out in the 
vibration mill of the Aronov design or in the planetary 
mill “Activator-2sl” with steel drums and balls. 
Estimate of the energy intensity of the two types of 
mills based on the growth of the specific surface area of 
the test material (MoO3) is for “Ativator-2sl” at a total 
power J = 9.7 W/g, and for the Aronov mill  
J = 3.7 W/g. Weight load of powders was 10–25 g, the 
mass of balls was 200–300 g. Hexane was added to 

reduce frictional heating. The starting powders and 
MAEC were analyzed by X-ray diffraction, electron 
microscopy and thermo-gravimetric analysis. It is 
established that the activation of the obtained material 
resulted in a polydisperse mixture of fairly large 
conglomerates of flat fragments of Al particles  
(~ 1–10 μm) with submicron CuO particles. Owing to 
different strength characteristics of material, dispersion 
in sizes and a form of particles, conglomerates 
represented the disordered structures with numerous, 
but divided, points of contact of components.  
These points of contact of components, presumably, 
can serve as primary centers of chemical interaction. 

 
Experiments 

 
Primary analysis of mechanoactivation influence 

was carried out by means of determination of 
dependence between ignition delay time and mixture 
temperature. As a rule, the ignition delay increases with 
reduction of temperature. It was defined that 
temperature of ignition of the mixture, activated in 
different conditions, lies in range from 200 to 350 ºC. 

At electro spark initiation of a bulk sample on the 
horizontal plane (mass from 0.03 g and above) the area 
of a luminescence is formed. On a set of experimental 
data, this area should be characterized as the extending 
stream of the reacting clusters of mixture components 
in a cloud of the radiating plasma of burning products 
with a specific resistance of 107 Om⋅mm2/m. By 
pyrometric measurements, the brightness temperature 
of a luminescence area changes from 2400 to 3700 K 
depending on mixture activation time. Characteristic 
scattering rate of burning products of local samples and 
also the burning rate of linear samples (with a linear 
density from 0.2 g/cm and above) are tens of meters per 
second. The existence of small air intervals between 
separated samples does not interfere with distribution 
of burning and does not influence the burning rate. An 
increase in the mass of separated samples leads to the 
growth of the expansion speed of the chemical reaction. 

The burning initiation of the compacted mixture 
sample (porosity of 50–70 %) was carried out in the 
electrospark way in a glass tube with a diameter of  
5.5 mm (Fig. 1). The tube end face on the initiation side, 
as a rule, was closed. The spark gap between wire 
electrodes with a diameter of 0.1–0.5 mm was  
0.1–1.0 mm. The current through a spark interval was 
changed in the range of 40–350A. The current impulse 
duration of a spark was ~ 1 µs on the basis.  
The moment of sparking was used for synchronization 
of the high-speed photo recorder Cordin 222-4G.  
The photo recorder took 16 photos of process in 
beforehand determined time points. 
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  a)   b) 

 
Fig. 1. Initiation with the maximum current through a spark interval: 

a – experimental scheme: 1 – dark part of glass tube (no combustion); 2 – glass vessel with water;  3 – light part of tube (combustion);  
 4 – a boundary between dark and light parts of tube; 5 – spark gap; 6 – electrodes;  

b –  photos of luminescence inhomogeneity at various spark currents 
 

 

Influence of mechanoactivation time: achievement  
of the maximum burning rate 

Influence of a sample porosity (planetary mill):  
considerable reduction of induction period  

and increase in burning rate 

Influence of spark current (vibration mill): considerable reduction 
of the induction period at insignificant reduction of burning rate 

(insufficient warming up of cold mix) 

Influence of length of a spark interval (planetary mill):  
minor changes in the induction period and increase  

in burning rate (increase in volume of an electrospark  
energy contribution) 

 
Fig. 2. Set of experimental data
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In the photos, a border between dark and light 

parts of a tube was fixed (Fig. 1). This border was 
identified with some stage of chemical interaction 
characterized by a certain temperature. In case of the 
disordered structure of our mixture, it may concern 
thermal explosion in the neighborhood of contact points 
of components. At small currents through an electric 
spark (< 150 A) the area of burning has pronounced 
non-uniform character. Zones of a bright luminescence 
of hot products alternate with dark zones at photos. 
With increase in spark current, the uniformity of a 
luminescence increases. 

The long luminescence abroad of the section of 
zones in process of its movement is caused by hashing 
and interaction of initially not contacting parts of 
components. Time interval between the moment of 
initiation and formation of border is usually called the 
induction period. Movement of this border in time was 
taken for the speed of burning of mixture in a tube. 

 
Results 

 

By set of experimental data is determined the 
tendency of change of characteristics of burning 
depending on parameters of mechanoactivation, 
compaction and initiation (see Fig. 2). Each tendency is 
created according to two experiments with identical 
other conditions.  

Analysis of dependences of Fig. 2 reveals the 
strongest influence of mechanoactivation time, mixture 
porosity and a spark current amplitude for induction 
time and the rate of chemical interaction. It assumes the 
leading role of the filtration mechanism in energy 
transfer for initiation of chemical interaction in cold 
sites of mixture. 

Conclusions 
 

In general, the results of the work have shown the 
promise of preliminary mechanochemical activation for 
the production of fast-burning thermite compositions. 
For each type of mills, there are optimum conditions of 
activation at which the greatest reactionary ability, rate 
and temperature of burning are reached. At excess of 
this value, there is a partial interaction of components 
in the activation process and decrease in burning 
characteristics. 
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Abstract 
 

The present paper considers the effect of carbon nanotubes, used as the main component of a modifying comprehensive nanoadditive, 
on the kinetics of cement hydration, the phase composition and the strength characteristics of a cement stone. The increase in the strength 
characteristics of the cement stone modified by the nanoadditive was found to be due to the acceleration of the cement hydration, the 
formation of an optimum microstructure, in which, according to X-ray phase analysis, additional formation of low-basic calcium 
hydrosilicates already takes place during the initial period of hardening. Based on scanning electron microscopy, additional directional 
crystallization of particles of cement stone neoplasms, mainly with contacts of intergrowth, was elucidated. Accelerated curing kinetics of the 
nanomodified samples was observed to take place with an increase in the compressive strength of 20–30 % at the age of 28 days. 
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Introduction 
 

The formation of composites for construction 
purposes is determined by the following factors: type 
and characteristics of cement (chemical and 
mineralogical composition, fineness of grind, presence 
of mineral and other additives in the cement 
composition); water/cement ratio value; additional 
mechanical and chemical activation of cement; mixing 
conditions and modes; temperature hardening 
conditions; introduction of special additives to the 
concrete mixture, including those ones that exert their 
effect at the micro- and nanostructured levels of 
cement stone and concrete [1]. 

During the last period of time (10–20 years) there 
has been a significant transition in technologies and 
properties of construction materials; new types of 
composites – high-tech, high-strength, and low-
shrinkage – have appeared. 

Simultaneously with the development of 
construction materials, new classes of additives have 

been added to the agenda. They are related to deeper 
mechanisms of structure formation, and can comprise 
nanoadditives or nanomodifiers [2]. 

The modification of composites using various 
nanomodifiers, including carbon-containing ones, 
seems promising, since their introduction significantly 
improves the physical and mechanical characteristics 
at low dosages of additives and allows to directly 
adjust the material structure of the material through the 
manifestation of various effects [2–5].  

However, due to the high surface energy of 
nanoparticles when using them as nanomodifier 
components, they can be prone to agglomeration; the 
size of agglomerates can reach micrometer scales. 

In principle, the nanomodification of composites 
can be performed in two main ways: 1) nanostructures 
having preset parameters and sizes are pre-synthesized, 
and then introduced into the raw mixture; and  
2) directed nanoparticle synthesis is realized in the 
system, due to which the nanomodification of the 
material structure takes place. 
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When implementing the second method, the 

essential difficulties in introducing the nanomodifier 
and its uniform distribution are minimized as much as 
possible. If pre-synthesized nanostructures (for 
example, a dry component mixture) are used, they 
must be additionally prepared for introducing into the 
composite structure. The most common way is to 
prepare an aqueous suspension based on them. 

The analysis of works [4, 5] dedicated to this 
subject shows that the structure and mechanical 
characteristics of cement composites modified by 
carbon nanoadditives make it possible to significantly 
increase the values of physical and mechanical 
indicators. According to the authors, these changes 
were achieved due to the formation of a less porous 
structure in nanomodified samples and a greater 
amount of calcium hydrosilicates compared with non-
modified samples. 

The effect of mixing water structured with 
fulleroid nanoparticles on the cement stone 
characteristics was considered by Pukharenko and his 
co-authors [6]. They established that the 
nanostructuring of mixing water leads to a 1.4– 
1.7 times decrease in the viscosity of the cement paste. 
The results indicate a significant qualitative increase in 
the indices of workability and preservation of the 
given mobility when maintaining a fixed consumption 
of cement or reducing it. 

In papers [7, 8], mathematical modeling of the 
changes in the properties of nanomodified composites 
and the effect of the used carbon nanoadditives on the 
strength characteristics of the material were studied. 
The analysis of the microstructure of the nanomodified 
samples allowed elucidation of the formation of 
individual crystallites of calcium hydrosilicates located 
in the zone of close contact of carbon nanoparticles, 
which contributes to the filling of microvoids and the 
creation of a single structure. The dependences 
between the length of carbon nanotubes and the 
processes associated with the agglomeration of 
nanoparticles in the bulk of the composite structure 
were revealed. When "shorter" carbon nanotubes were 
used, the accumulation of particles was absent or not 
significantly observed. 

The processes of concrete nanomodification using 
carbon nanotubes have been studied by researchers 
from St. Petersburg under the leadership of A. 
Ponomarev. The scientists have developed a modifier 
on the basis of a water-soluble fullerene, the 
application of which is directed at construction 
materials [9, 10]. The modifier possesses the following 
properties: bulk density of 600–900 kg⋅m–3, and 
average cluster size of 300 nm. Using this material  

in cement mixtures (0.15 % of cement mass) leads to a 
change in mobility in the range from M1 to M5, 
substantially increasing the strength parameters in the 
range of 25–40 %.  

The analysis of the results of studies [11, 12] 
showed an increase in the physical and mechanical 
characteristics of construction composite samples 
when using a multifunctional additive dispersion based 
on multiwalled carbon nanotubes at the dosage level of 
0.006 % of the binder (gypsum, cement), thereby 
contributing to an increase in the strength at early 
stages of hardening (day 7) and being about 55 % in 
comparison with reference compounds. 

Thus, the aim of the present paper is to study the 
effect of carbon nanotubes used as a modifying 
comprehensive nanoadditive on the kinetics of cement 
hydration, the phase composition and the strength 
characteristics of a cement stone.  

 
Materials and methods 

 
In the present work, the experimental data on 

employing the above-mentioned comprehensive 
nanoadditive to modify the cement stone are presented. 

“Taunit”-series multiwalled carbon nanotubes 
(CNTs) produced at NanoTechCenter Ltd. (Tambov, 
Russia) were used as the main component of the 
additive. The outer and inner diameters of these CNTs 
are 40 and 5 nm, respectively, their density is  
560 kg⋅m–3, and the average length of single nanotubes 
is 2 microns (Fig. 1). 

The nanomodifier used herein represents a 
colloidal system (Table 1), the synthesis of which was 
carried out by ultrasonic treatment of the CNTs in an 
aqueous medium additionally containing surfactants. 

The procedure for obtaining modifying additives 
and optimum formulations was used based on 
previously developed parameters [13]. The impact  
of ultrasound to the system was carried out on an  
IL-100-6/4 ultrasonic device; the optimum dispersion 
time was 20–30 min, and the amplitude of oscillations 
was at the frequency of 22 kHz (Table 1).  
The dispersibility of the CNTs and the stability of the 
resulting dispersions were monitored on a KFK-3 
photocolorimeter at the wavelength of 500 nm. The 
distribution of the nanomaterials in the aqueous 
suspension was estimated from the optical density of 
colloidal solutions [14]. Polyvinylpyrrolidone was the 
main surfactant contributing to the preservation of the 
system in the sedimentation-stable state. The optimum 
ratio of the components (carbon nanomaterials : 
surfactants on a dry matter basis was 1 : 2). 
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CNT agglomerates 

 
Cavitation bubbles 

 
Cavitation bubble collapse 

 
Fig. 2. Interaction between CNTs and surfactants as a result of sonication in an aqueous medium 

 
The use of the surfactants is due to the need for 

reducing the coagulation effect in the suspension and 
the decrease in the surface interphase energy, which 
greatly simplifies the dispersion process (Fig. 2). 

The suspensions were stabilized due to the 
formation of an adsorption layer onto the surface of the 
CNTs by means of the surfactant medium. This layer 
prevents CNT convergence, thereby saving the unique 
properties of nanostructures (adsorption, 
chemisorptions, topological effect). In this case, the 
activated water with the CNTs represented mixing 
water for the cement hardening system. Thus, the 
problem of uniform distribution of nanostructures in 
the construction composite was solved. Based on 
preliminary experimental studies, the optimum 
concentration dosage of the comprehensive carbon 
nanoadditive in the cement composition was 
determined, which was found to be 0.0001–0.0007 % 
of cement weight [15, 16]. 

This concentration interval experimentally 
obtained for the nanomodifier application corresponds 
to a qualitative change in the physical and mechanical 
characteristics of the modified composite and 
promotes the production of a sedimentation-stable 
CNTs-based suspension with optimum use and storage 
parameters (not more than three days). It can be 
assumed that the availability of such a dosage interval 
is associated with high chemical activity and a large 
reactively active surface area of the carbon 
nanomodifiers. It is most likely that conditions, under 
which chemically active carbon nanostructures retain a 
part of the required mixing water, are created when 
increasing the CNTs dosage. In this case, the 
formation of water deficiency possibly takes place for 
the mineral hydration of the binder material. 

The dosage intervals applied for the nanoadditives 
have also been confirmed by other authors [17–20].  

In the experimental studies, CEM I 42.5 Portland 
cement (Russian Standard GOST 31108–2003) and the 
above-mentioned nanoadditives (the dosage of  

0.0006 %) were used for the production of a cement 
paste having a water/cement (W/C) ratio of 0.33. The 
kinetics parameters of the cement hydration process 
were studied under normal conditions, the duration of 
the process was 1, 3, 7, 14 and 28 days. The phase 
composition of the reference and nanomodified cement 
stones was monitored by X-ray diffractometry (CuKα 
radiation, λ = 1.5406 Å, D2 Phaser Bruker 
diffractometer); the data were processed automatically 
using the PDWin 4.0 software. The hydration degree 
was calculated [21] according to the following 
formula: 

( ) %1001SC
0

mod
3 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

I
ICh ,                     (1) 

where modI  is the intensity of the diffraction 
maximum at d = 2.75 Å of the 3СаО⋅SiO2 (C3S) phase 
of samples having different composition and cement 
hydration time; 0I  is the intensity of the diffraction 
maximum at d = 2.75 Å of the 3СаО⋅SiO2 (C3S) phase 
of the initial cement. 

The compressive strength of the cement stone was 
determined after 1, 3, 7, 14 and 28 days of hardening 
under normal conditions. The samples (size  
5 × 5 × 5 cm) were tested using an IP-500M-Auto 
system. To ensure statistical reliability of the physical 
and mechanical test results, the number of the samples 
in the series was 9–12. It was determined that the intra-
series coefficient of variability of the strength 
evaluation results did not exceed 7–10 %. 

 
Results and discussion 

 
The generalization of the experimental data shows 

that in the systems containing the nanomodifying 
additives the cement hydration process is substantially 
accelerated (Fig. 3, Table 2): for a daily hardening 
time, the hydration degree for samples 3 and 4 reaches 
the values of about 50 %, which in the reference 
system is achieved only on the 28th day. 
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Abstract 
 

The problem of providing a temperature conditions in a stirrer-equipped capacitive device is considered for the 
functionalization of carbon nanotubes using titanium stearate in a nanodispersed liquid medium, with a supply of carbon 
dioxide. The analysis of mixing methods and set-up of the temperature conditions in the reactor was carried out. Based on the 
differential equations of heat conductivity, a mathematical model of the temperature field of a flow moving in the mode of 
ideal displacement through a channel of constant cross section formed by the surfaces of the half-tube and the body was 
developed. The calculation of the temperature field over the current time interval includes multiple solutions of heat 
conductivity problems with subsequent consideration of all the components of the local heat balance. Based on the results of 
the calculations, the dependences of changes in the temperature of the nanodispersed medium in the capacitive reactor on the 
beginning time and the relative half-tube length were plotted. 
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Introduction 
 

Any complex technology passes through a series 
of stages constituting a kind of life cycle – from the 
origin of the idea to the immediate application. 
Forming the reactor shape makes it possible to 
determine the ways of solving problems, for which the 
technology of functionalization is developed [1]. 

The reactor is understood herein as a combination 
of indicative basic properties and relationships between 
its elements, which determine its capabilities and 
mechanisms of its implementation. The reactor is a set 
of elements and means adapted and technically suitable 
for protection against negative environmental 
influences, which are in relationships with each other 
and form a certain integrity and unity. 

In the present work, we will characterize a batch 
functionalization reactor, the components of which are 
as follows: 

–  components reflecting the arrangement of the 
reactor elements and the nanodispersed (working) 
medium in space; 

–  components reflecting the state of the 
nanodispersed medium, zones of environmental impact, 
reactor loading/unloading, etc. 

 
Features of functionalization  

of carbon nanotubes with titanium stearate 
 

The initial (stock) solution of triethanolamine 
stearate and triethanolamine titanate has a slightly 
alkaline reaction and is stable at this pH value [2, 3]. 
This system also acts as a surfactant for dispersion of 
carbon nanotubes (CNTs). When the pH is lowered, 
which is achieved by saturation of the nanodispersed 
medium (solution mixture) with carbon dioxide, the 
system loses stability, and titanium stearate precipitates 
on the surface of hydrophilic CNTs. The loss of 
stability of the system is probably due to protonation of 
the amine group bound to the chelate complex together 
with the titanium atom. In this case, the stability of the 
complex decreases, and the titanium ion binds to the 
stearate anion and carboxyl groups on the CNT surface. 
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The triethanolamine is transferred to its carbonate and 
bicarbonate. Theoretically, all the titanium from the 
initial solution should be deposited over the CNT 
surface.  

In the reactor considered herein, the nanodispersed 
mixture containing CNTs was saturated with carbon 
dioxide at the interface of the contacting phases, 
without gas bubbling. The amount of the liquid (fluid) 
adsorbed by the gas depends, first of all, on the 
properties and size of the contact surface [4, 7]. 

The paper [5] showed the emergence of 
destructive changes during the CNT covalent 
functionalization, which can negatively affect the 
quality of CNTs and the mechanical and 
electrophysical properties of composites modified with 
them. In this case, it is possible to ensure conditions for 
chemical treatment, under which CNTs with a given 
value of the degree of functionalization retain the 
structure of graphene layers. 

According to the given scheme, CNTs 
functionalized with titanium stearate with the required 
parameters can be obtained by strictly observing the 
temperature conditions, including the heating of the 
reaction mass and maintenance of its temperature 
during the process being implemented [6]. 

Maintenance of the required temperature 
conditions of the working medium in the reactor 
depends on the way it is stirred, namely: 

–  hydrodynamic mixing by means of a pump and 
bypass contour providing the feeding of the 
nanodispersed medium from the bottom of the reactor 
to its upper zone and subsequent film flow of the 
medium with adsorption of carbon dioxide; 

–  stirring the nanodispersed medium by means of 
a stirrer located inside the reactor. 

In the first case, the temperature conditions of the 
nanodispersed medium in the functionalization reactor 
are maintained by means of a typical external heat 
exchanger placed in the bypass loop. From outside, the 
reactor shell is covered with a thermal insulation layer. 

In the second case, the temperature conditions of 
the nanodispersed medium are maintained by heating 
the vessel through the heat exchange casing. The latter 
is also covered externally by the above-mentioned 
layer. Here, using a capacitive cylindrical device of a 
vertical design with an elliptical bottom, a mixing 
device and outer casing seems the most rational option. 

 
Construction of a mathematical model  
of the reactor temperature conditions 

 
The purpose of mathematical modeling of heat 

transfer in the reactor casing is to determine the 
operating modes of the device that ensure the 

implementation of the liquid-phase functionalization of 
CNTs under industrial conditions. 

The problem of optimization of thermal processes 
in capacitive reactors can be formulated as follows.  
It is necessary to find the surface of the casing (Fc),  
the form (νt) and the initial temperature (t0cool) of the 
coolant in the casing, and the duration of reactor 
operation cycles requiring supply or removal of a large 
amount of heat (τ), under which the coolant operating 
costs are minimal when using the capacitive reactor. 

When compiling a mathematical model, 
differential equations of heat conductivity are used. The 
choice of this approach is based on the following 
assumptions [8–10]: 

–  the most reliable data on thermal processes 
taking place in capacitive reactors can be obtained 
based on the mathematical modeling of temperature 
fields of a d medium, a coolant and structural elements 
that affect the course of thermal processes; 

–  the calculation of local heat fluxes (flows) 
through the structural elements of the capacitive reactor 
makes it possible to recalculate the temperatures of the 
product and the coolant on the basis of local thermal 
balances under different conditions of their motion 
(these calculations are feasible if the temperature fields 
inside the above-mentioned reactor elements are 
known); 

–  the spatial non-stationary temperature field is 
described by the differential Fourier–Kirchhoff 
equation, which describes the field based on the 
fundamental laws of heat transfer in space, taking into 
account all the thermal effects that occur in the 
operation of the capacitive reactor; 

–  the partition of the thermal process into 
spatially-temporal discrete regions eliminates the need 
for setting up a non-linear heat conduction problem. 
Hereafter the isolated discrete region will be called 
local. 

Let us consider the derivation of an equation 
describing the temperature situation in the casing, 
which provides the operating temperature in the 
nanodispersed medium when supplying carbon dioxide 
from above. The coolant moves along the channel 
formed by the outer wall of the reactor vessel and the 
inner wall of the casing half-tubes. In deriving the 
equation, the following assumptions are used: 

–  the temperature of the coolant along the half-
tube channel section is constant; 

–  the coolant represents an  incompressible fluid; 
–  the thermophysical characteristics of the coolant 

do not depend on the temperature; 
–  the cross-sectional area of the annular channel is 

constant. 
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The assumption of the independence of the coolant 

thermophysical characteristics on the temperature is 
due to the insignificant size of the half-tube channel. 
Let us consider the non-stationary temperature 
conditions. The coolant flushes the channel walls at two 
different temperatures varying in time and along the 
length of the elementary region. The temperature field 
of the capacitive reactor coated with the half-tube 
casing presents a combination of the following 
temperature fields: 

–  temperature field of the working medium in the 
reactor; 

–  temperature field of the coolant flow in the half-
tube casing channels; 

–  the temperature field of the thermally insulated 
sections of the reactor vessel not covered with  the half-
tube casing channels; 

–  the temperature field of the reactor vessel 
sections in contact with the coolant flow in the half-
tube casing; 

–  the temperature field of the heat-insulated half-
tube wall. 

When developing a mathematical model, the 
following assumptions are made: 

–  the working medium in the device is considered 
in the ideal mixing mode, its temperature varies only in 
time; 

–  the coolant in the half-tube casing channel is 
considered in the turbulent conditions of ideal 
displacement, its temperature varies along the channel 
length and in time; 

–  the above-mentioned temperature fields are 
considered as sets of local temperature fields for 
discretized space-time regions, within each of which 
the thermal physical characteristics of substances and 
structural materials, as well as the kinetic 
characteristics of thermal processes, are considered 
constant, corresponding to the average temperatures of 
the components in the considered regions. 

For each local region, the following assumptions 
can be made: 

–  the temperature field of the working medium in 
the reactor is determined from the heat balance 
conditions taking into account all operating heat 
sources; 

–  the temperature field of the coolant flow in the 
half-tube casing channels is simulated by the solution 
of the corresponding Cauchy problem; 

–  the temperature field of the heat-insulated 
sections of the device vessel not covered by the half-
tube casing channels is simulated by the problem of 
stationary thermal conductivity for a hollow two-
layered cylinder; 

–  the temperature field of the device vessel 
sections in contact with the coolant flow in the half-
tube casing is simulated by the problem of stationary 
thermal conductivity for a hollow single-layered 
cylinder; 

–  the temperature field of the heat-insulated half-
tube wall is simulated by the problem of stationary 
thermal conductivity for a hollow two-layer cylinder; 

–  the longitudinal heat flow in the device vessel 
wall is simulated by the solution of the corresponding 
boundary value problem. 

The temperature field of a flow moving in the 
conditions of ideal displacement through a channel of 
constant cross section formed by two surfaces with 
different temperatures is described by the following 
equation 

( ) ( ) ,SxtK
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=+                         (1) 
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where x is the spatial coordinate in the flow direction, 
t(x) is the current fluid temperature, G is the mass flow 
rate of the liquid, c is the heat capacity of the liquid,  
Pi is the perimeter of the i-th channel wall, iα  is the 
convective heat transfer coefficient from the i-th wall 
channel to the liquid, Fit  is the temperature of the  
i-th channel wall, i = 1, 2 is the channel surface index. 

Under the initial condition of ( ) 00 tt = , the 
solution of equation (1) has the following form: 
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The average temperature of the liquid in the 
section of length Δx is 
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The problem of stationary thermal conductivity for 
a hollow two-layered unbounded cylinder is as follows: 
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Here, ti(ri) is the temperature field of the i-th layer 
of the cylinder, oC, as a function of the radial 
coordinate ri, m; Ri is the outer radius of the i-th layer 
of the cylinder, m; λi is the thermal conductivity of the 
material of the i-th layer of the cylinder, W/(m·K); α1, 
α2  are the coefficients of heat transfer from the 
cylinder surfaces to the internal and external media, res 
pectively, W/(m2⋅K); tc1, tc2 are the medium 
temperatures from the inner and outer sides, 
respectively, oC. 

The solution of the problem (6) – (9) has the form: 
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The problem of stationary thermal conductivity for 

a hollow single-layered unbounded cylinder is as 
follows: 
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Here t(r) is the temperature field of the cylinder, 
oC, as a function of the radial coordinate r, m; R1, R2 
are the inner and outer radii of the cylinder, 
respectively, m; λ is the thermal conductivity of the 
cylinder material, W/(m·K); α1, α2 are the coefficients 
of heat transfer from the cylinder surfaces to the 
internal and external media, respectively, W/(m2·K); 
tc1, tc2 are the medium temperatures from the inner and 
outer sides, respectively, oC. 

The solution of the problem (16) – (18) has the 
form: 
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The longitudinal heat flow in the vessel wall is 
determined on the basis of mathematical modeling of 
the longitudinal temperature distribution in the 
corresponding structural element. 
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Here, x is the spatial longitudinal coordinate, m; T(x) is 
the temperature field, oC; t1, t2 are the ambient 
temperatures, оС; λ is the coefficient of thermal 
conductivity of the structural material W/(m·K); α1, α2 
are the coefficients of convective heat transfer from the 
external surfaces of the structural element to the 
environment, W/(m2·K); Lx is the length of the section 
considered  in the heat flow direction, m; h is the 
thickness of the structural element, m. 

The solution of problem (22) – (24) has the form: 
 

( ) ( ) ( ),shch 21 xkCxkCxT +=               (26) 
where 

( ) ;0 21 k
mtС −=                           (27) 

( ).th12 xLkCC −=                        (28) 



 

 

Advanced Materials & Technologies. No. 3, 2018 61

 

AM&T 

 
 

Fig. 1. Temperature changes in the reactor  Fig. 2. Change in temperature by the relative length  
of the half-tube (0–1) as a function of time (0–50 min)

 
Thus, the calculation of the temperature field of 

the device for the current time interval includes a 
multiple solution of the above-mentioned heat 
conduction problems with subsequent consideration of 
all the components of the local heat balance. An 
iterative algorithm involving multiple uses of the 
solutions of the problems considered is due to the 
necessity of matching the temperature fields of the 
interacting components of the system through the 
appropriate boundary conditions. 

In the modeling and design of the capacitive 
reactor, two main tasks can be distinguished, which 
include the calculation of the non-stationary 
temperature field: 

–  determination of the non-stationary temperature 
field in the working area according to the geometric 
dimensions of the reactor, the coolant flow and the 
initial temperature distribution in all the reactor 
elements; 

–  determination of the conditions and design 
parameters ensuring the functioning of the capacitive 
reactor. This task is solved most often. 

The adequacy of the mathematical model of the 
capacitive reactor was verified by comparing the 
calculated data with the results of experiments carried 
out under laboratory conditions. The deviation of the 
experimental values from the calculated values does not 
exceed 10 %. Taking into account the results of the 
calculation of the non-stationary temperature field in 
the half-tube casing (number of approaches-4, number 
of turns in the approach-2), a rector for preparing a 
nanodispersed suspension was designed to 
functionalize CNTs having a weight of 300 kg, with the 
AMT-300 oil used as coolant.  

Fig. 1 demonstrates the calculated temperature 
changes in the reactor resulting from the calculation 
(abscissa axis – time, min, ordinate axis – temperature, °С). 

The graph shown in Fig. 2 indicates a high 
uniformity in the heating of the nanodispersed medium 
and a relatively fast beginning of the conditions (the 
abscissa axis is the relative length of the half-tube 
approach, and the ordinate axis is the temperature, °C).  

At the initial moment of time, the temperature 
difference was 5.5 °C for the entire half-tube  length, 
whereat after 50 min, at the time of the beginning of the 
conditions, it was only 1.8 °C due to the heating of the 
structure. 

 
Conclusions 

 
When using a capacitive device, a large number of 

operations are carried out for processing liquid 
products: heating, cooling, aging of liquids; distillation 
of volatile fractions; chemical transformations; 
dissolution of granular and bulk materials; mixing of 
liquids; and partial loading of components. In real 
production processes, various combinations of these 
operations take place. As a rule, all of them occur in 
non-stationary temperature conditions. The design of 
the half-tube casing makes it possible to control the 
temperature conditions in the reactor by disconnecting 
the section (approach) both at full and partial loading of 
the reactor volume. 
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Abstract 
 

Magnetic/superparamagnetic nanoparticles (MNPs) controlled by an external magnetic field (MF) have a great potential 
for various biomedical applications. The MNPs make it possible to provide selective nanomechanical impact at the level of 
individual molecules of the intended type by means of their magnetomechanical actuation in the low-frequency MF. However, 
the MNPs introduced into the bloodstream can accumulate in many organs, creating the  hazard of unexpected side effects that 
may occur when activating alternating MF is turned on. In this paper, we propose a new physical method and technology of 
localization of the MNP impact on the biochemical system, by creating a static gradient localizing MF with a field free point 
near the center of the magnetic system. Under these conditions, the activating alternating MF stimulates only those MNPs that 
are in the vicinity of the field free point. Far from it, where the localizing MF is higher than the stimulating alternating MF, the 
MNPs are “frozen” in static field and are not affected by the weaker activating alternating MF. The shape and size of the 
impact localization region are studied depending on the characteristics of the localizing and activating MF. 
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Magnetic nanoparticles; non-heating low-frequency magnetic field; localization; magnetomechanical impact. 
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Introduction 

 
Magnetic nanoparticles (MNPs) have long been 

used as contrast agents in magnetic resonance imaging 
[1–3] and in anticancer magnetic hyperthermia (MHT) 
[4–7]. The latter is based on the fact that in the 
radiofrequency (100–700 kHz) magnetic field, MNPs 
are capable of releasing heat intensively, which leads to 
the induction of apoptosis and the subsequent ablation 
of malignant cells. However, the potential of using 
MNPs in biomedicine is incomparably larger than these 
two applications. The MNPs are promising in targeted 
drug delivery technologies as transducers of an external 
magnetic field that controls the movement of containers 
with a therapeutic agent into the desired area or triggers 
a controlled drug release with a given rate [8–11]. 

In the last decade, a new magnetomechanical 
approach to control the behavior of MNPs for 
innovative biomedical technologies has emerged.  
It uses the conversion of the magnetic field energy to 
the mechanical motion of single-domain MNPs and is 
referred to as magnetomechanical activation (MMA) 
[12–15]. For the MMA, a non-heating low-frequency 
alternating magnetic field (AMF) with a frequency of 
1–1000  Hz is used, which causes the oscillating 
translational or rotational motion of the MNPs.  
The motion of particles can be used for nanoscale 
deformation of biologically and chemically active 
macromolecular structures, such as, membranes and 
enzymes. As a rule, for this purpose, the MNPs are 
functionalized with the help of molecular-specific 
ligands. A number of experimental studies have shown 
that within the MMA, the functionalized MNPs can be 
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used to control the vital activity of cells in tissue 
engineering [12,16–18], as well as drugless cancer 
therapy [19–24] by direct nanomagnetomechanical cell 
destruction without the use of either chemo-  
or radiotherapy. However, because of poorly developed 
theoretical basis, most of the works do not have good 
physical justification with respect to the choice of 
parameters of the magnetic field and are of search 
character. 

In a number of works of Golovin et al. attempts 
have been made to develop the theoretical basis of the 
MMA [25–28]. For instance, in [26], a characteristic 
frequency was found theoretically, connecting the main 
parameters of the MNP, alternating magnetic field  and 
viscous medium according to the following expression 

HDac VH ημμ=ω 6/0 , where μ is the magnetic moment 
of the MNP, 0μ  is the magnetic constant, Ha is the 
AMF amplitude, η is surrounding medium viscosity, 
VHD is a hydrodynamic volume of the particle. If low-
frequency AMF is below ,cω  functionalized MNPs 
with a radius of the magnetic core more than some 
critical (~ 5–10 nm for different magnetic materials) 
blocking Néel relaxation, perform oscillational-
rotational movements with a sweep close to 180°, 
deforming the associated macromolecules. The force 
generated by MNPs is sufficient to change the state of 
such macromolecular structures as micellar/vesicular 
nanocontainers and cytoplasmic cell membranes. In 
addition, nanoscale deformations of enzymes, 
membrane receptors, and ion channels can change their 
activity [29] due to changes in angles and interatomic 
distances in their active centers. Experimental studies 
confirm the main conclusions of theoretical studies 
[30–32]. 

The success of in vitro experiments stimulate the 
testing of MMA in vivo for various purposes.  
The technological platform based on MMA makes it 
possible to selectively influence artificial 
nanocontainers for the purpose of targeted delivery and 
controlled release of medicines, drugless oncotherapy, 
regenerative medicine, and unlike the heat field in 
MHT, the nanomechanical action of the MNPs does not 
spread spontaneously in the volume of tissue due to 
thermal conductivity, but it is localized at the molecular 
or nano-scale. For in vivo purposes, functionalized 
MNPs are usually administered intravenously, since 
this is the only way to ensure their successful delivery 
to the target tissue in the internal organs and anchoring 
on the targeted cell type or even molecular groups. The 
problem is that a significant quantity of particles are 
captured by the liver, kidneys, spleen, i.e. chemical 
modification and vectorization is not enough for the 

macroscopic localization of the MNPs distribution. 
Thus, to various extent, all tissues covered by external 
activating AMF, in which the MNPs were accumulated, 
are subjected to nanomechanical impact. This creates 
the risk of side effects. 

The physical approaches to the macroscopic 
impact localization are usually based on the localization 
of MNPs themselves through a gradient magnetic field 
created by a sharpened pole of a permanent magnet or 
electromagnet [33]. However, such localization 
methods are effective only when MNPs are 
concentrated in thin limbs, other appendages of the 
body of small laboratory animals or superficial regions. 
Focusing of the MNPs in the deep tissues is a very 
challenging task [34, 35]. Another method of 
concentrating MNPs in the desired region is described 
in [36] and it is based on alignment of the magnetic 
moments of rod-like MNPs in the direction of magnetic 
field and subsequent pushing of the MNPs by rapidly 
switching the direction of the magnetic field. The 
application of such an approach in a living organism 
can be associated with certain difficulties, since viscous 
biological structures will prevent the translational 
movement of the MNPs. In addition, when moving the 
MNPs in various areas of a living organism, the 
viscosity will be different, which will lead to their 
uneven, non-synchronous movement and, leading to 
MNPs deconcentration. 

In connection with the foregoing, the purpose of 
this research is to develop new physical method and 
technology for the macroscopic localization of the 
nanoscale effect of the MNPs, to determine the optimal 
configuration of the electromagnetic coil system that 
provides the best spatial resolution, to analyze the 
dependence of the geometric dimensions of the 
localization region on the parameters of the localizing 
magnetic system creating a gradient magnetic field , 
and to assess the maximum scanning speed of a 
mechanically sensitive biochemical system. 

 
Methods and approaches 

 
A new method for localizing the nanomechanical 

action consists in generation of an additional localizing 
gradient field Hgr with a field free point near the center 
of the magnetic system (Fig. 1). The main idea is that 
under the influence of an external AMF with an 
amplitude Ha on MNPs in such a magnetic field 
system, there exists a region of space with linear size 

),/grad(2 gra HHL ≈  in which the MNPs can perform 
oscillational-rotational motions under the action of an 
external activating AMF (Fig. 1), nanomechanically 
affecting associated molecules. Outside this region, 
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Fig. 1. A diagram illustrating the method developed. The localizing gradient field Hgr (on the left) selects the region  
(green dashed line), outside which MNPs are “frozen” under the action of the activating AMF Hdr 

 
the total magnetic field will not change its direction 
when the magnitude and direction of the activating 
AMF are changed. Thus, the MNPs will be “frozen” in 
the constant gradient field Hgr, ensuring that cells and 
tissues outside the impact region are not subjected to 
unintended effects of the oscillational-rotational 
motion of the MNPs. 

As far as AMF impact localization region (LR) 
position in space is fully specified by field free point 
coordinates proposed physical localization method 
involves control over LR positioning. This possibility 
can be employed by creating additional homogeneous 
magnetic fields that change the position of the field 
free point, for example by means of Helmholtz coils 
(Fig. 2). In such case displacing magnetic field 
magnitude can be easily tuned by changing coil 
current. Assuming three orthogonal pairs of coils 
 

 
 

Fig. 2. Displacement of the field free point (FFP)  
using additional homogeneous field 

proposed method creates opportunity for consequent 
step-by-step scanning of desired region with custom 
3D shape. 

In order to study the LR size dependence on 
configuration of the localizing system, three types of 
model systems that create a constant gradient magnetic 
field with a field free point using electromagnetic coils 
were considered: 

i) a pair of coils arranged in the Maxwell system;  
ii) two orthogonally placed pairs of coils arranged 

in the Maxwell system; 
iii) a pair of concentric coils. 
To compare the LR sizes, we selected the 

following coil parameters: the coil cross section was 
5 × 5 mm2, the average radius was 15 mm, except for 
the case of a pair of concentric coils, where the radii 
were 10 and 20 mm, and the number of turns was 25. 
The current in the pair of coils i) and iii) was chosen to 
be 10 A for definiteness, and in two pairs of coils ii) 
equal to 5 A, to equal electric power of the systems. 
The control AMF was chosen equal to 0.8 kA/m  
(~ 1 mT) for definiteness. 

In addition, a localizing system consisting of a 
pair of permanent magnets was examined to determine 
whether it could be used for simple demonstration 
experiments. The main parameter of permanent 
magnets is remnant magnetization, it was chosen equal 
to 1.2 T, which corresponds to the most common 
NdFeB magnets. 

In this paper, the finite element method was used 
to model the distribution of the magnetic field. 

 
Results 

 
1. Determination of the optimal configuration  

of the localizing system 
 

As a result of gradient magnetic field distribution 
calculation for three model systems described above, 
the following dimensions of the AMF localization 
region were found: 
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i) 1.05 × 2.04 × 2.04 mm3; 
ii) 1.4 × 1.4 × 7.5 mm3; 
iii) 2.77 × 3.06 × 3.06 mm3. 
These findings indicate that under identical 

conditions the geometry of a pair of Maxwell coils 
allows obtaining a higher level of localization in 
comparison with two pairs of coils and a pair of 
concentric coils. The larger size of the impact LR 
created by the two pairs of coils is due to the fact that 
the second pair introduces a magnetic field component 
directed opposite to the field vectors of the first pair  
of coils, thereby weakening the gradient of the first 
pair of coils. 

 
2. Determination of achievable sizes  

of the localization region using permanent magnets 
 

Proceeding from the obtained distributions of the 
static gradient MF, the LR dimensions of the AMF 
action with amplitude of 8 kA/m (~ 10 mT) were 
determined for the distances between magnets lying in 
the range from 40 to 90 mm with 10 mm increment. 
The data obtained  is presented in Table 1. 

In cross section LR shape is close to ellipse, in 
three-dimensional space it is ellipsoid-like figure 
which eccentricity varies depending on the distance 
between the magnets. 

 
3. Estimation of the maximum scanning speed  
of a mechanically sensitive biochemical system 

 
Let us estimate the maximum speed of sequential 

exposure of the target areas of the mechanically 
sensitive biochemical system by changing the position  

 
Table 1 

 

The dimensions of the section of the localization 
region of the AMF with an amplitude of 8 kA/m  

as a function of the distance between the magnets 
with a remanent magnetization of 1.2 T 

 

Distance 
between 

magnets, mm 

Longitudinal 
dimension  
of LR, mm 

Transverse 
dimension  
of LR, mm 

Volume  
of LR, mm3 

40 1.56 3.02 14.23 

50 2.48 4.90 59.54 

60 3.80 7.80 231.19 

70 5.92 12.02 855.32 

80 8.54 19.10 3115.48 

90 12.22 29.96 10968.70 

of the field free point. Suppose, for simplicity, that to 
change the state of the biochemical system in the 
region of the action, it is necessary to act by AMF for 
some number of field periods, while the needed to 
change position of the field free point can be neglected 
in comparison with the time of continuous exposure of 
the LR to the AMF. Then the maximum scanning 
speed of the mechanically sensitive biochemical 
system can be expressed approximately as effloc NfV / . 
Here, the minimum exposure time is assumed to be 
equal to fNeff / , where effN  is the number of AMF 
periods leading to perceptible biological response, locV  
is the volume of AMF impact LR, and f is the AMF 
frequency. 

To estimate the maximum scanning speed, it was 
accepted that effN  = 100, and the maximum frequency 
f = 1000 Hz, since at such a low frequency the 
common MNPs of biomedical use under biological 
conditions willsweep out the maximum angle during 
their oscillational-rotational movements, exerting a 
nanomechanical effect on the associated structures. 
Thus, the maximum scanning speed can be estimated 
as 10 locV  per second, i.e. ~ 2.3 cm3/s with the AMF 
impact localization volume ~ 4 × 8 × 8 mm3. 

 
Discussion 

 
The method for AMF impact localization can be 

implemented both with the help of electromagnetic 
coils in various configurations and with the help of 
permanent magnets oriented by the same poles towards 
each other. However, the results obtained show that 
permanent magnets can be used successfully only for 
in vitro experiments or for small laboratory animals, 
since only for such a small volume, the size of the LR 
can be at the level of 4 × 8 × 8 mm3 for the AMF with 
an amplitude of 8 kA/m (~ 10 mT). Therefore, when 
scaling the presented approach to control the MNPs in 
vivo in the body of large mammals or humans, it will 
be impossible to achieve such values with the help of 
permanent magnets; to ensure the appropriate size of 
the impact LR it is necessary to use the Maxwell 
electromagnetic coils to create large gradients  
(> 5 T/m) at considerable distances ~ 0.5 m. 

In addition, proceeding from the expression for 
the scanning speed for a mechanically sensitive 
biochemical system, it can be seen that in general 
scanning speed depends on the frequency and volume 
of the LR, i.e. the spatial localization degree. It is 
undesirable to choose the frequency of the AMF above 
1000 Hz, since the MNPs motions become constrained 
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due to the increasing role of viscous forces, and the 
biochemical response in this case may weaken or 
disappear. Consequently, the scanning speed can be 
increased mainly by decreasing the gradient of the 
localizing field. 

Thus, the transition to electromagnetic coils has 
one more advantage – the current variation makes it 
possible to dynamically change the gradient of the 
localizing MF, and, consequently, the size and volume 
of the LR. 

One more point to highlight is deconcentration of 
MNPs which obviously will take place in gradient 
field. This problem affects only particles that are 
outside the LR because of their static orientation, while 
inside MNPs movement in one AMF halfcycle is 
nearly compensated by movement in the consequent 
one. The simple solution is periodic change of gradient 
field direction which will alter MNPs movement 
direction giving zero average particle displacement 
during number of gradient field cycles. 

 
Conclusion 

 
We proposed and developed new physical method 

and technology for non-heating low-frequency AMF 
impact localization on mechanically sensitive 
biochemical systems by their nanomagnetomechanical 
actuation and localization spot positioning allowing 
scanning of custom shape volume in three dimensional 
space. The mediators of this action – functionalized 
MNPs of 20–50 nm in size – perform oscillational-
rotational motions when exposed to low-frequency 
AMF and induce deformations in associated 
macromolecules. By creating an additional gradient 
field Hgr, a region of local impact with linear 
dimensions )/grad(2 gra HHL ≈  is distinguished. 

It was found that the localizing magnetic system, 
built with Helmholtz coils, allows achieving a smaller 
size of the LR, i.e. a better spatial resolution, in 
comparison with arrangement consisting of a pair of 
concentric coils. In this case, one pair of coils allows 
achieving a greater spatial resolution, in comparison 
with two pairs of Helmholtz coils, creating a gradient 
field along two perpendicular directions. 

The analysis of the AMF impact LR size using 
model system consisting of a pair of oppositely 
oriented permanent magnets showed that the linear 
dimensions of the localization spot vary squared with 
increasing distance between the magnets. It was found 
that permanent NdFeB magnets with a remanent 
magnetization of ~ 1.2 T can provide localization of 
the AMF action with an amplitude of  
8 kA/m in the region of less than 4 × 8 × 8 mm3, which 

is sufficient for laboratory experiments in vitro or on 
small laboratory animals in vivo. 

As follows from simple assumptions, it was 
established that the maximum scanning speed for 
sequential processing of the target area of the 
biochemical system is about 10 locV  per second, where 

locV  is the volume of the localization region. For the 
simplest localization system using permanent magnets, 
the maximal scanning speed is ~ 2.3 cm3/s. 
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Abstract 
 

One of the most serious causes of the loss of load-bearing capacity of reinforced concrete structures is bond failure 
between reinforcement and concrete as a result of structural degradation (corrosion) of metal parts. As a consequence, there is 
a need to study the behavior of corroded reinforcement in reinforced concrete parts. 

The purpose of this study is to develop an analytical description of the ultimate bond strength of a reinforcing bar in 
reinforced concrete structures subject to different levels of corrosion. The modeling technique considered in this research is 
based on artificial neural networks. 
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Introduction 

 
One of the most important problems in the modern 

practice of design and operation of buildings is to 
predict the life of structures made of modern (new) 
materials exposed to various external factors. However, 
some factors can have a negative impact on many 
materials. Bonds between reinforcement and concrete 
can be damaged due to the negative impact of external 
factors. Extensive experimental studies concerning the 
changes in the bond strength in reinforced concrete 
under the influence of individual factors have been 
described in the literature so far. However, a model that 
takes into account the influence of individual factors or 
their complex impact on any material has not been 
developed yet. 

Factors influencing the bond strength between 
reinforcement and concrete include the type of the 
reinforcing bar, the concentration of corrosive 
substances, the concrete quality, thickness, etc.  

When considering the theory of reinforced 
concrete structures, it is noteworthy that reinforced 
concrete ceases to work as a single composite when the 
maximum stress in the reinforcement is reached. 

However, the structure during operation is exposed to 
various impacts that lead to the formation of cracks 
around the bar, which weakens the bond between the 
reinforcement and concrete. In addition, the influence 
of some factors (aggressive media, corrosion of the 
material, etc.) leads to a decrease in the strength 
characteristics of the composite materials and the 
formation of normal cracks in the structure. Under load, 
an increase in the crack opening width, resulting in 
additional zones of stress concentration, is observed. 

Industrial buildings are most exposed to the 
negative impact of external factors, as they are 
influenced by aggressive environments and loads of 
various kinds, leading to the accumulation of defects in 
the design. Studies have shown that some effects can 
have a positive influence on the design. For example, a 
low level of corrosion of the metal bar leads to a slight 
increase in the bond strength between the reinforcement 
and concrete, resulting from the increased pressure on 
the concrete mass in the stage without cracks. 
However, once the crack occurs, the bond strength 
begins to decrease as the corrosion level increases. 

In most studies related to durability, the focus is 
on protecting structural reinforced concrete parts from 
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the effects of degrading factors, or restoring the 
structure. Studies on experimental monitoring of the 
behavior of the reinforcement bond mainly lack 
analytical modeling. However, in the literature there are 
some scientific works in which the influence of various 
factors on the bond strength was estimated and 
modeled using theoretical or finite elements [1–5]. 
Having analyzed the available literature, it can be noted 
that a practical and general model for the estimation of 
the bond strength has not been developed yet. 

In recent years, soft computing technologies have 
been successful implemented to predict some key 
properties of concrete and reinforced concrete [6–8]. 

For example, Mermerdas [9] used programming of 
gene expression to develop a setting shrinkage model. 
In Duan’s research [10], the applicability of artificial 
neural networks (NN) for predicting the compressive 
strength of the concrete used was presented. About 150 
experimental data obtained from public sources were 
used to build the NN model. The results of the study of 
reinforced concrete structures using soft computing 
have been described in the literature. This method made 
it possible to study the corrosion density of reinforced 
concrete slab [13], the bond of concrete floor layers 
[11] and the load-bearing capacity of the anchor in the 
concrete block [14]. Regarding the application of soft 
computing for the calculation of the concrete surface 
bonding, the information provided in the literature is 
not sufficient. These studies were mainly focused on 
the prediction of the bond strength between steel bars 
and concrete [16, 17]. For example, Dahou [16] used an 
artificial neural network to model the relations between 
conventional ribbed steel bars and concrete. The NN 
models were implemented using a database of  
112 results of experimental tests on concrete bond to 
reinforcement by the method of pullout testing.  

Artificial neural networks and fuzzy logic were 
used by Golafshani [17] to study bond strength between 
steel bars and concrete. When constructing the NN, the 
experimental data of 180 different test samples was 
used. However, according to many authors, no 
scientific approach to using soft computing to predict 
the bond strength between corroded steel bars and 
concrete has been developed yet. 

This study presents analytical models created on 
the basis of artificial neural networks (NN) to predict 
the tensile strength of concrete bond τb. To do this, 
pullout tests were carried out on the concrete cubes. 
The data obtained experimentally were used for 
training and testing of the proposed models. As a result, 
the statistical efficiency of the NN-based model to 
predict bond strength between the corroded 
reinforcement and concrete was evaluated and 
compared. 

Literature Review 
 

It was the German researchers Zaliger R. and  
Bach G. who estimated the bond strength between 
concrete and reinforcement for the first time. 

Initially, the experiments were aimed at testing the 
strength of reinforcement anchoring in concrete for the 
end reinforcements of bends, loops and hooks. 
However, this method made it possible to investigate 
anchoring of modern profiles with high-strength 
concretes [18]. At the same time, bonding was 
considered as a power characteristic, depending on 
many factors, the specific value of which was estimated 
by scientists ambiguously. Nevertheless, in the middle 
of the twentieth century, Ya.V. Stolyarov believed that 
bonding directly depends on the bond capacity of the 
cement gel and the friction that occurs between the 
materials under the action of radial pressure from 
concrete shrinkage. 

In his studies, Ya.V. Stolyarov identified two 
groups of factors. The first group refers to a number of 
factors that affect the slip resistance of reinforcement in 
concrete [19]. These include the bonding of the 
projections with concrete, the shrinkage friction and 
bonding of reinforcement with concrete. The second 
group quantifies the factors of the first group without 
affecting the bond. It includes the class and age of 
concrete. 

The stress-strain state in stress redistribution zones 
is very ambiguous and depends on all factors in the 
aggregate. However, D.A. Abrams in his work found 
that the stress-strain state (SSS) in the areas of shear 
stresses of the bond varies significantly under load.  

Since the bond is affected by a huge number of 
factors, it became necessary to apply a 
phenomenological approach of mathematical analysis 
of experimental data on the basis of simplifying 
assumptions. 

T. Garay, M.Z.P. Brice and A. Bichara found out 
that it was quite time-consuming to experimentally 
determine the value of normal stresses in the 
reinforcement σs in the redistribution area by measuring 
it in the contact zone [20]. As a result, the application 
of this characteristic to assess the bond strength τb  
in the contact zone was limited. 

On the basis of Abrams’s research, in 1913,  
Ya.V. Stolyarov constructed a curve for the dependence 
of the bond stress τb on “strain slip” for a bar with a 
variable profile. However, in 1941, S.E. Freifeld spoke 
about the relation between the bond stress and mutual 
displacements of the reinforcement relative to the 
concrete for the first time. 
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M.M. Kholmansky conducted tests and found the 

value of the mutual displacement of the reinforcement 
relative to concrete [21]. The studies were observations 
of reinforcement displacements relative to concrete 
during pre-stressing and pulling out the reinforcement 
from the end-supported prisms. 

In order to reduce the calculation complexity and 
improve the accuracy of the results obtained in the 
study of bond at certain permissible limits of 
displacements in the joint, the most commonly used 
elastic-plastic bond law (Prandtl diagram). The Prandtl 
diagram is close to the normal bond law, which was 
experimentally established by M.M. Kholmyansky and 
his students (Fig. 1) [22]. To simplify the calculations, 
equation 1 was derived, which determined the average 
stress values over the entire anchorage zone of the sample. 

 

 

lA
Nmax

b =τ ,                                  (1) 

 
where Nmax is ultimate load (N) in the pullout test (kN); 
А is reinforcement perimeter (А = π d, where d is bar 
diameter (mm)), l is depth of setting (m).  

The reason for an increased interest in the issue of 
bond in the USSR in 1950–1960 was the active 
introduction of pre-stressed reinforced structures.  
As a result, fundamental experimental and theoretical 
studies on the problem of bond were conducted under 
the guidance of M.M. Kholmyansky [23–31] and 
A.A. Oatul [32–40]. 

However, M.M. Kholmyansky and H. Trost had 
significant disagreements in the interpretation of the 
law of bond between reinforcement and concrete. 

It was found that the interaction of the bar strands 
concrete under the load of the reinforcement is 
characterized by screw motion in the concrete. In the 
preliminary reduction stage, considerable 
displacements up to 1 mm were observed. In this case, 
the displacement g is a conditional characteristic with 
respect to the bond under the load of profiled 
reinforcing bars. 

Longitudinal forces, arising in the strands, press its 
protrusions to the “concrete nut” (Fig. 2). In this case, 
there is a correlation between friction from the 
transverse pressure of the bar on concrete in the contact 
zone and the periodic profile of the reinforcement.  

 

 
 

Fig. 2.  Destruction of concrete console 
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The phenomenological method in determining τb 
has a number of shortcomings: 

–  constrained deformations are not taken into 
account; 

–  it is impossible to determine the SSS at contact 
zones in the development of cracking and plastic 
deformations; 

–  deformation of the concrete shell along the 
entire length of the anchoring is possible. 

The above-mentioned shortcomings were 
eliminated with the development of computational 
models, the principle of which was based on the theory 
of creep and elasticity theory. 

The application of numerical calculation methods 
and a computer in conjunction with the bond simulation 
allowed obtaining reliable and detailed results without 
carrying out laborious experiments. 

To study reinforcement bond with concrete in a 
beam under pure bending conditions, A.S. Scordelis 
and D. Ngo used the finite element method for the first 
time. It was found that the interaction of reinforcement 
with concrete depends on the contact of the final 
element, which determines the physical and mechanical 
properties. In addition, there was a correlation between 
the development of cracks, both normal and inclined to 
the longitudinal axis of the beam, and the value of the 
external load. This method has been widely used both 
abroad and in the USSR.  

Another method based on finding the SSS of 
concrete in the area adjacent to the periodic profile 
reinforcement was proposed by N.S. Karpenko and 
G.N. Sudakov. For calculation, a concrete area of 
cylindrical shape was used in the contact zone with the 
reinforcement. The interaction of the computational 
domain with external factors was elastic bonds.  
To determine the nature of the combined action of the 
reinforcement and concrete, conditions were set on the 
inner surface of the design cylinder. When solving this 
problem, it was expedient to use a variational- 
difference method, which allowed predicting the 
development of cracks and determining the concrete 
SSS during cracking. 

Since the unified theory of bonding did not exist 
for a long time, P.P. Nazarenko proposed a 
“generalized law of friction of steel reinforcement with 
concrete”. 

Currently, the problem associated with the bond 
between the reinforcement and concrete, is quite 
relevant. This topic is of fundamental importance for 
the design of reinforced concrete structures and the 
improvement of calculation techniques. One possible 
way to solve this problem is to use soft computing. 

Effect of concrete strength on bond 
 

As it was noted by M.M. Kholmyansky, the value 
of the bearing stress when pulling out the anchors 
reached 5–20 times of the cubic strength. In turn,  
N.M. Mulin determined the value of the ultimate stress 
under the reinforcement projections, which amounted to 
15–20 Rb. However, the role of strength in the reinfor-
cement bond has not been studied completely [12]. 

Based on the conducted experiments on pulling 
seven-wire strands from prisms, A.I. Semenov noted a 
significant increase in the maximum pulling load Pmax 
in the process of increasing the strength from 12.5  
to 25 MPa. However, if the strength increased from  
25 to 45 MPa, then the increase in Pmax was observed 
only for samples whose length of stress transfer section 
is lp = 20d, where d is the nominal diameter of the bar, 
and if lp = (40–60)d, the bar breaks. In addition,  
Yu.M. Redko and E.F. Panyukov determined that the 
anchoring conditions did not depend on the change in 
the concrete strength from 25 to 70 MPa during the pre-
stressing of the cable rope. 

In their studies, Al Khalili, E.W. Bennet, J.A. Uijl 
established a directly proportional dependence of the 
bond strength on the concrete strength. 

N. Trost determined the dependence of the 
reinforcement strength of the periodic profile on the 
concrete strength. The bar bond is proportional to the 
square root of the concrete strength. 

The concrete strength affects the length of the 
stress transfer section and the mechanism of bonding in 
general, if its value does not exceed 30 MPa. If the 
concrete strength is more than 30 MPa, it does not 
affect the bond. In this case, the bond depends on the 
rigidity of the concrete cage and the intensity of the 
indirect reinforcement. 

 
Experimental data 

 
To carry out theoretical studies, experimental 

results were used when testing 250 samples.  
The examples are presented in Table 1. The ultimate 
bond strength between reinforcement and concrete was 
calculated by equation (1). 

Many researchers believed that the stress 
distribution in the early stages of pulling out is uneven, 
but it becomes almost homogeneous in the limiting 
state. Therefore, the expression of the limiting adhesion 
force in equation 1 can be considered as the average 
bonding stress between concrete and reinforcement. 
This method of calculating the value τb (equation (1)) 
provides a practical approach for determining the bond 
strength between concrete and reinforcement, but it 
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Table 1 

Examples of experimental data used to construct a model 
 

No. 
Cube compressive 

strength  
of concrete Rb, MPa 

Surface dimensions  
of a concrete 
sample, mm 

Rebar 
profile 

Diameter  
of the bar, mm 

Depth of bar 
anchoring, mm

Corrosion  
level, % 

Maximum 
tangential stress, 

MPa 

1 23 45 2 14 50 3.81 1.3 
2 51 15 2 14 50 0 19.6 
3 51 15 2 14 50 0 14.3 
4 51 15 2 14 50 0 20 
5 51 30 2 14 50 0 20.9 
6 51 30 2 14 50 0 21.7 
7 51 30 2 14 50 0 21 
8 51 45 2 14 50 0 21.2 
9 51 45 2 14 50 0 27.4 

10 51 45 2 14 50 0 27.8 
11 51 15 2 14 50 1.33 18.5 
12 51 15 2 14 50 7.48 3.5 
13 51 15 2 14 50 4.47 6.3 
14 51 15 2 14 50 0.77 22.3 
15 51 15 2 14 50 0.8 22.4 
16 51 15 2 14 50 0.9 21.7 
17 51 15 2 14 50 0.94 21.5 
18 22.13 44 1 12 80 0.27 2.65 
19 22.13 44 1 12 80 0.29 3.23 
20 22.13 44 1 12 80 0.92 5.79 
21 22.13 44 1 12 80 1.13 5.84 
22 22.13 44 1 12 80 0.78 7.41 
23 22.13 44 1 12 80 1.47 8.63 
24 22.13 44 1 12 80 1.85 7.3 
25 22.13 44 1 12 80 1.5 7.96 
26 22.13 44 1 12 80 1.99 9.29 
27 22.13 44 1 12 80 1.04 10.26 
28 22.13 44 1 12 80 2.75 5.97 

231 29 145 2 25 160 1.31 10.59 
232 29 145 2 25 160 2.22 5.61 
233 29 145 2 25 160 3.16 12.72 
234 29 145 2 25 160 0.79 9.06 
235 23 15 2 14 50 4.32 12 
236 23 15 2 14 50 4.33 12 
237 28 79.4 2 19 177.8 0 6.32 
238 28 79.4 2 19 178.8 0 5.79 
239 28 79.4 2 19 179.8 0.72 7.67 
240 28 79.4 2 19 180.8 0.72 7.13 
241 28 79.4 2 19 181.8 0.98 8.41 
242 28 79.4 2 19 182.8 1.23 4.91 
243 28 79.4 2 19 183.8 1.44 3.1 
244 28 79.4 2 19 184.8 1.7 3.79 
245 28 79.4 2 19 185.8 2.21 3.7 
246 28 79.4 2 19 186.8 2.88 2.09 
247 28 79.4 2 19 187.8 5.19 1.41 
248 27.2 40 2 22.3 500 0 6.96 
249 28.4 40 2 22.3 500 2.5 2.89 
250 24.4 40 2 22.3 500 11.9 2.27 
251 27.7 40 2 22.3 500 28.9 2.38 
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does not reflect the actual state of the structure, since it 
does not take into account factors such as the formation 
of stress cracks, local collapse, support reactions, etc.  

Six critical parameters were used in the model. 
The input variables were compression strength, 
concrete sample size, reinforcing bar profile, 
reinforcement diameter, embedment depth, corrosion 
level, maximum bond strength. 

These prognostic parameters were used to develop 
the model as an estimate of the ultimate bond strength 
between corroded reinforcement and concrete.  
The ranges of each variable are presented in [41–49]. 
For example, the steel bar diameter, the embedment 
depth, the dimensions of the upper face of the concrete 
cube, and the level of corrosion were in the range  
12–25 mm, 80–500 mm, 40–147.5 mm and 0–80 %, 
respectively. The tests used A240-A400 valves. The 
size of the samples was 150×150×150 mm. After the 
effect of various factors on the specimens, the bond 
strength between the core and concrete was determined 
by testing the pulling cubes (Fig.3). 

In all the studies used in the preparation of the 
database, corrosion induction was achieved with the 
help of similar electrochemical systems. A schematic 
depiction of a typical accelerated corrosion plant is 
shown in Fig. 4. To induce different levels of corrosion 
on the reinforcement, potentiometers were used to 
control the intensity of the current. The current in this 
case served as a catalyst, namely, it accelerated the 
corrosion process of the reinforcing bar. All systems 
had cathode (counterelectrode) and anode (reinforcing) 
connections for the corrosion process. All samples were 
immersed in NaCl solution. To avoid corrosion of the 
open bar during the test, a coating was used for the 
reinforcing bar and the upper surface of the concrete. 

Electrochemical systems sometimes consist of 
different components. In this case, the degree of 
corrosion is measured as the weight loss of reinforcing 
bar weights. In all studies, the calculated (theoretical) 
weight loss of the reinforcing bars due to corrosion was 
evaluated using the Faraday law. Then the actual 
(experimental) level of corrosion or the percentage loss 
of sample weight was calculated. 
 

 
 

Fig. 3. Pullout testing of samples 

 
Fig. 4. Schematic representation of the electrochemical system 

used to induce corrosion of the reinforcing bar 
 

To model the properties of bonding, the database 
was arbitrarily divided into three parts: training, 
monitoring and testing. At the same time, 5 % of the 
experimental data were used for testing, another 5 % 
for monitoring, and the remaining 90 % for network 
training. As a result of monitoring, the risk of re-
training of the network was reduced. The training 
database was used to develop a predicting model, while 
a testing database was used to monitor the repeatability 
and reliability of the proposed NN models. 

 
Overview of soft computing methods 

 
Soft computing is a set of methods that uses 

tolerances for inaccuracy and uncertainty, and to 
achieve acceptability, reliability, and low cost in 
solutions. Fuzzy logic, neurocomputing and 
probabilistic reasoning are the main components of soft 
computing. The field of application of soft computing 
is quite extensive. These technologies are used to solve 
engineering problems, to perform financial 
assessments, to conduct medical diagnostics, etc. 
Methods of soft computing derived from the 
philosophy of artificial intelligence imitate the human 
mind. 

The most popular methods of soft computing are 
artificial neural networks. 

 
Neural networks (NN) 

 
The neural network (NN) is a functional modeling 

of biological sensory structures of the central nervous 
system. It can demonstrate a number of characteristics 
of the human brain, such as the accumulation of 
experience and the solution of new problems based on 
the knowledge gained. In neural networks (NNs), there 
are many cells and connections between inputs and 
outputs. These connections between the neurons get the 
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value of the transfer, which is called the weight. 
Weights can be updated for each new fragment of 
information. After implementing the scales, the existing 
training system is easily updated with data that will be 
received later. NNs are systems consisting of a set of 
simple processing elements operating in parallel, whose 
functions are determined mainly by the connection 
scheme. 

These systems are capable of performing high-
level functions, such as adaptation or training, as well 
as lower-level functions, such as pre-processing data 
for various kinds of inputs. For the development of 
NNs, mathematical theories of teaching, information 
processing and control, as well as knowledge of the 
functioning of the biological nervous system, were used. 

At the same time, the nnstart tool was used to 
simulate the neural network, which was also used for 
soft calculations in MatlabV.R2014a. 

If a problem arises, the neural network is used to 
compare the data of the numeric inputs with the set of 
numeric data of the outputs. Nftool is used to create and 
train a network, and evaluate its performance using a 
root-mean-square error and regression analysis. A two-
layer network with direct connection, sigmoid hidden 
objects and linear solutions that can be satisfied arbitra-
rily with multidimensional mapping problems, taking 
into account consistent data and a sufficient number of 
neurons in its hidden layer. The network was prepared 
using the Levenberg-Marquardt feedback algorithm. 
An artificial neuron consists of three main components: 
weight, displacement and activation function. Each 
neuron receives inputs I1, I2, ..., In, attached by weight 
wi that indicate the connection power for this input. 
Each input is then multiplied by the corresponding 
weight of the neural connection. Evasion can be de-
fined as the type of connection weight with a constant 
non-zero value added to the summation of weighted 
inputs (2). A generalized operation of an algebraic ma-
trix is represented in Eq. (3). It is necessary to clearly 
express mathematical operations in an artificial neuron. 
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Since the nftool uses normalized values in the 

range [–1, 1], the input parameters are determined 
using Equation 3. In addition, the results obtained are 
also in the normalized form. Equation 4 and the 
normalization coefficients a and b for the outputs are 
used in the de-normalization process and to obtain the 
control.  

 

ba +β=βnorm ,                             (4) 
 

where β is actual input parameter or output values, 
normβ  is the normalized value of the input parameters 

or outputs in the range from [–1, 1]; a and b are the 
normalization coefficients given in the following 
equations (5) and (6). As a result of the normalization 
process, the smallest numerical value in the array 
becomes –1, while the highest value becomes equal to 1. 
 

;2

minmax β−β
=a                             (5) 

 

,
minmax

minmax
β−β
β+β

=b                             (6) 

 

where minmax , ββ  are maximum and minimum actual 
values of inputs or outputs, respectively. 

The coefficients of normalization of both input and 
output variables are presented in Table 2. 

In the NN architecture, at the input level, there are 
six nodes corresponding to the six prediction factors, 
eight nodes in the hidden layer and one in the output 
layer corresponding to the ultimate bond strength τb 
between reinforcement and concrete. Therefore, to 
build a NN-based model, the architecture of 6-8-1 NN 
was obtained (Fig. 5). The NN model used in this study 
can be simply expressed by Eq. (7). The details of the 
input and the layers, the activation function (hyperbolic 
tangent), and the bias are given in equations (7)–(10).  
It should be emphasized that all numerical variables 
must be normalized to the range [–1, 1] before entering 
NN. Therefore, it is necessary to enter the normalized 
values in the mathematical operations specified for the  
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Table 2  

Normalization coefficients for the database 
 

Normalization 
parameters 

Input and output variables 

I1, MPa I2, mm I3 I4, mm I4, mm I5,% I6, MPa 

βmax 52.1 147.5 2 25 500 80 31.7 

βmin 22.13 15 1 12 35.9 0 1.3 
a 0.066733 0.015094 2 0.153846 0.004309 0.025 0.065789 
b – 2.47681 – 1.22642 – 3 – 2.84615 – 1.15471 – 1 – 1.08553 

 

 
 

Fig. 5. The NN architecture for the proposed model 
 

NN model. It should also be taken into account that the 
final result obtained from equation (10) is in the 
normalized form, which must be de-normalized 
according to equation (4) and the values of the 
normalization factors given in Table 2. 

( )∑
=

+=τ
n

j
kk UFw

1
layeroutputb Bias ,             (7) 

where Biasoutput layer = –0.72598625301132214 and 
f(x) (Hyperbolic tangent) is an activation function. 

 
τb = –0.72598625301132214 – 0.73052205364589862 tan h(U1) + 0.43372098218006 tan h(U2) – 

 

– 0.378948852713141 tan h(U3) + 0.546753081298744 tan h(U4) + 0.743044141180237 tan h(U5) – 
 

– 0.287177258041315 tan h(U6) + 0.506892739633613 tan h(U7) + 0.511933571886970 tan h(U8),       (8) 
 

where τb is ultimate bond strength between 
reinforcement and concrete, MPa, tanh(x) is the 
activation function (hyperbolic tangent) found by the 
following equation (9), and U1, U2, ..., U8 can be  
 

calculated from formula (10). 
 

1
e1
2tg 2 −

−
=

− xh ;                           (9) 

Bias (bias, deviation) 

Bias (bias, deviation) 

        Input layer                            Hidden layer                   Output layer 
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I2 
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I4 
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Fig. 6. Error histogram 
 

 
A comparison of the prediction results obtained 

with the NN model and the experimental data obtained 
as a result of the conducted adhesion tests is shown in 
Fig. 6. To achieve these indicators, it took 83 stages. 
From Fig. 7 it is obvious that the nature of the learning 
occurred spasmodically with the gradual accumulation 
of “knowledge”, decreasing the error. Correlation 
coefficients 0.973 and 0.916 were achieved for the 
control and test database, respectively. Based on the 
work done, it can be concluded that the NN model is 
reliable (Fig. 8). 

 
Conclusion 

 

In this paper we presented a study of the ultimate 
bond strength τb of reinforced concrete elements 
exposed to various factors. The proposed formulations 

are based on the most reliable method of soft 
computing – an artificial neural network (NN).  
To construct the analytical model, the available 
experimental data collected by various authors were 
used. Based on the analysis of the results presented in 
this study, we can draw the following conclusions. 

It is shown that soft computing techniques can be 
tools to bring empirical evidence ultimate bond strength 
τb of samples subject to different levels of corrosion. 
All predicted values were reliable and comparable to 
those observed. Therefore, the proposed network can be 
viewed as a useful model with a satisfactory ability to 
predict.  

It is noted that for low levels of experimental 
values τb up to 4.5 MPa the mean error between the 
predicted and actual values was the highest for the 
model compared to other intervals τb.  

Error = Experimental – Obtained

Samples 
Training 
Monitoring
Testing 
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Fig. 7. State of the artificial neural network in the training process for 83 stages: 

a – Gradient = 1.0385; b – Mu = 0.001; c – Maximum number of verification s = 6  

 
Fig. 8. Model regression analysis: 

a – Training: R = 0.94478, Regression equation – x = 0.89y + 1.1; b – Monitoring: R = 0.97385, Regression equation – x = 0.84y + 2.0;  
c – Testing: R = 0.91617, Regression equation – x = 1.0y – 0.56; d – Model: R = 0.94721 Regression equation – x = 0.89y + 1.1 
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Fig. 9. Results of network training 

(The best verification value of 4.9794 occurred at the 77th stage) 
 

One of the reasons for the deviations may be the 
inconsistency of the authors in the methodology in 
testing and making the samples, which were noticeable 
at high corrosion levels and low strength values of the 
concrete. According to the observed correlations, the 
reliability of the proposed model can be considered 
satisfactory for actual values τb exceeding 4.5 MPa.  

The correlation coefficient for the training 
database was 0.947. In addition, to test the databases, 
correlation coefficients of 0.947 for the first, 0.973 and 
0.916 for the latter were achieved (Fig. 8). Despite the 
fact that the database for testing was not used for 
training, a high level of prediction was obtained, related 
to a low mean absolute error percentage and high 
correlation coefficients. This indicates that the 
developed model is reliable. 

Statistical analysis based on MSE values also 
showed that the proposed formulations of NN had 
relatively lower errors (Fig. 9). Observing the general 
trend in the evaluation of efficiency, it was found that 
the NN model can be considered as a more preferred 
prediction model from the existing at the moment. 

Since the NN is not capable of making 
calculations without computer technology, its 
application for a manual calculation is considered 
laborious. However, the use of the NN model becomes 
indispensable when it becomes necessary to predict 
higher accuracy. At the same time, the use of a 
computer effectively eliminates the difficulties that 
arise in computing. The solution is to computerize the 
NN model with a simple spreadsheet. Thus, this will 
overcome this insignificant drawback. 
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Аннотация 
 

Принято, что основную часть избыточной свободной энергии дисперсной системы составляет ее избыточная сво-
бодная поверхностная энергия, а избыточную свободную энергию компактного тела – свободная энергия, определяе-
мая плотностью дислокаций 1012 см–2. Единицей измерения предлагается считать безразмерный термодинамический 
критерий дисперсности кристаллических тел DL. Предложена термодинамическая шкала дисперсности кристалличе-
ских тел. 
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Шкала измерения; дисперсность; размер частиц; дефекты; термодинамические свойства; свободная энергия. 
 

 
Получение титано-хромового карбида из системы CaCrO4 / TiO2 / Al / C методом СВС-металлургии 

 
П. А. Милосердов*, В. А. Горшков, В. И. Юхвид, О. М. Милосердова 

 
1 ФГБУН «Институт структурной макрокинетики и проблем материаловедения им. А. Г. Мержанова РАН», 

Россия, 142432, г. Черноголовка, Московская область, ул. Академика Осипьяна, д. 8 
 

* Teл.: +7 946 52 46 229. Е-mail: yu_group@ism.ac.ru 
 

Аннотация 
 

Изучены закономерности горения и автоволнового химического превращения высокоэкзотермических смесей 
CaCrO4/Al/C и CaCrO4/TiO2/Al/Ca/C. Показано, что смесь способна к горению в широком диапазоне содержания в ней 
углерода, варьирование состава смеси позволило получить литые огнеупорные соединения хрома с различными со-
ставом и структурой. Добавление оксида титана привело к снижению температуры горения и, соответственно, отрица-
тельно сказалось на параметрах синтеза и качестве целевого продукта. Высокоэкзотермическая добавка CaO2 + Al 
значительно повысила температуру горения смеси и расширила пределы горения и фазоразделения. Получен продукт, 
состоящий преимущественно из целевой фазы Ti0,8Cr0,2C и включений фаз Cr2AlC (MAX-фазы) и Cr7C3. 
 
Ключевые слова 
 

Хромат кальция; карбиды; литые материалы; синтез горением; СВС-металлургия; титано-хромовый карбид. 
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Упрочнение взрывом и его применение в производстве крестовин  

железнодорожных стрелочных переводов  
 

A. A. Дерибас1, A. A. Штерцер2*, E. E. Зубков3 

 
1 ФГБУН «Объединенный институт высоких температур РАН», Россия, 125412, Москва, ул. Ижорская, 13, стр. 2; 

2 ФГБУН «Институт гидродинамики им. М. А. Лаврентьева», Сибирское отделение РАН,  
Россия, 630090, Новосибирск, пр-т акад. Лаврентьева, 15; 

3 АО «Новосибирский стрелочный завод», Россия, 630025, Новосибирск, ул. Аксенова, 7 
 

* Тел: +7 913 901 1678. E-mail: asterzer@mail.ru 
 
Аннотация 
 

Рассматриваются особенности упрочнения взрывом (УВ), связанные с воздействием ударной волны на металл. 
Представлены свойства стали Гадфильда после УВ. Показано, что промежуточный слой сухого песка между зарядом 
взрывчатого вещества и обрабатываемым металлом обеспечивает усиление ударной волны, что дает возможность 
проводить УВ с использованием порошкообразных взрывчатых веществ с низкой плотностью и скоростью детонации. 
Дано описание промышленной технологии упрочнения крестовин железнодорожных стрелочных переводов. Показа-
но, что УВ увеличивает срок службы этих изделий на 20–30 %. 
 
Ключевые слова 
 

Упрочнение взрывом; ударная волна; сталь Гадфильда; крестовина железнодорожного стрелочного перевода; 
твердость. 

 
 

Разрушение материалов кварцевых световодов при ударно-волновых и лучевых нагрузках 
 

В. П. Ефремов1*, А. В. Уткин1,2  
 

1 ФГБУН «Объединенный институт высоких температур РАН», Россия, 125412, Москва, ул. Ижорская, 13, стр. 2; 
2 ФГБУН «Институт проблем химической физики РАН»,  

Россия, 142432, Московская область, г. Черноголовка, пр-т акад. Семенова, 1 
 

* Тел: +7 495 485 09 63. Е-mail: dr.efremov@gmail.com 
 
Аннотация 

 

Нарушение световой проводимости световода, транспортирующего интенсивное лазерное излучение, приводит  
к появлению яркосветящейся лазерной плазмы. Плазма начинает двигаться навстречу излучению, необратимо повре-
ждая световод. В зависимости от интенсивности потока возможны различные скорости распространения повреждения 
по световодам навстречу излучению – это либо «горение» световодов, либо «оптическая детонация». Оба процесса 
«горение» и «оптическая детонация» световодов разрушают световую проводимость кварцевых световодов по всей 
длине. Скорость распространения «горения» зависит от плотности энергии и составляет несколько метров в секунду. 
Детонационно-подобный режим разрушения распространяется со скоростями несколько километров в секунду.  
Для моделирования процесса такого разрушения необходимы ударно-волновые данные материалов кварцевых свето-
водов. В данной работе впервые проведено экспериментальное изучение особенностей распространения фронта удар-
ных волн в материалах сердцевины оптических световодов во взрывных экспериментах. Для изучения детонационно-
подобного режима распространения лазерного разряда изучали экспериментальные (модельные) световоды, изготов-
ленные в Научном центре волоконной оптики РАН, и промышленный световод связи (одномодовый световод SMF-
28e фирмы Corning). В ударно-волновом эксперименте подтвержден двухволновой профиль распространения ударной 
волны. В материалах световода обнаружена аномальная сжимаемость за фронтом ударной волны. Снижение скорости 
звука составило около 1 км/c. 
 
Ключевые слова 

 

Лазерно-поддерживаемая детонация; одномодовый световод; лазерная плазма. 
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Особенности волнообразования при сварке взрывом через тонкий промежуточный слой  

 
Б. С. Злобин, В. В. Киселев, А. А. Штерцер*, А. В. Пластинин 

 
ФГБУН «Институт гидродинамики им. М. А. Лаврентьева», Сибирское отделение РАН,  

Россия, 630090, Новосибирск, пр-т акад. Лаврентьева, 15 
 

 * Teл.: +7 913 901 1678. E-mail: asterzer@mail.ru 
 
Аннотация 
 

В ходе экспериментов по сварке взрывом сталей с низкой пластичностью через тонкий промежуточный слой  
из пластичного металла обнаружено, что размер волн, возникающих в зоне соединения, может быть различным, даже 
если условия соударения и соударяющиеся материалы одинаковы. В то же время наблюдаемые значения длин волн  
λ лежат в диапазоне между λmax и λmin, которые зависят от скорости точки контакта vc, угла соударения γ, твердостей 
HV1, HV2 и плотностей ρ1, ρ2 соударяющихся пластин. Предложены формулы для расчета границ диапазона длин  
и амплитуд наблюдаемых волн.  
 
Ключевые слова 
 

Сварка взрывом; промежуточный слой; волнообразование; модель Ландау; длина волны; амплитуда волны. 
 

 
Спарк-плазменное спекание керамических композитов  

на основе β-сиалона из порошков, полученных методом СВС 
 

К. Л. Смирнов1*,  Е. Г. Григорьев1, Е. В. Нефедова2 
 

1 ФГБУН «Институт структурной макрокинетики и проблем материаловедения им. А. Г. Мержанова РАН», 
Россия, 142432, г. Черноголовка, Московская область, ул. Академика Осипьяна, д. 8; 

2  ФГАОУ ВО «Национальный исследовательский ядерный университет «МИФИ»,  
Россия, 115409, Москва, Каширское шоссе, д. 31 

 
* Teл.: +7 496 524 6267. E-mail: kosm@ism.ac.ru 

 
Аннотация  
 

Исследовано спарк-плазменное спекание (СПС) керамических композитов на основе β-сиалона из порошков, по-
лученных методом СВС: β-Si5AlON7, h-BN, β-SiC и TiN. Определены оптимальные условия процесса СПС, обеспечи-
вающие получение керамических композитов с высокой относительной плотностью (более 95 %) и прочностью при 
изгибе до 400 МПа при содержании от 0 до 30 масс. % h-BN, от 0 до 40 масс. % β-SiC и от 0 до 40 масс. % TiN.  
 
Ключевые слова 
 

Самораспространяющийся высокотемпературный синтез; спарк-плазменное спекание; керамические композиты; 
сиалон; нитрид бора; нитрид титана; карбид кремния 
 

 
Синтез керамики на основе пирохлора Y2Ti2O7  в режиме СВС 

 
Т. В. Баринова*, В. Ю. Баринов,  И. Д. Ковалев,  Н. В. Сачкова 

 
ФГБУН «Институт структурной макрокинетики и проблем материаловедения им. А. Г. Мержанова РАН», 

Россия, 142432, г. Черноголовка, Московская область, ул. Академика Осипьяна, д. 8 
 

*Тел: +7 496 52 463 04. Е-mail: tbarinova@ism.ac.ru 
 

Аннотация 
 

Исследовано влияние добавок Fe и (Al + SiO2) на режим горения, пористость, фазовый состав и структуру синте-
зируемых керамических матриц на основе структуры пирохлора состава Y2Ti2O7. Показано, что введение порошка Fe 
не оказывает влияния на фазовый состав керамик. Присутствие алюминия в шихте привело к образованию фаз граната 
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Y3Al5O12 и перовскита YAlO3. В присутствии выбранных добавок горение шихтовых заготовок проходило в управ-
ляемом стационарном режиме, образцы  керамики сохраняли форму и размеры шихтовой заготовки, имели литую 
структуру, но введенные добавки не способствовали существенному снижению пористости получаемой керамики. 
Керамики с открытой пористостью менее 10 % получены при приложении осевого усилия в 0,1–0,3 кН на продукт 
после полного прохождения процесса горения. 
 
Ключевые слова 
 

Самораспространяющийся высокотемпературный синтез; минералоподобные матрицы; пирохлор; высокоактив-
ные отходы. 

 
 

Базовые модели объемного синтеза композитов  на основе титана 
 

А. Г. Князева 
 

ФГБУН «Институт физики прочности и материаловедения Сибирского отделения РАН», 
Россия, 634055, Томск, пр-т Академический, 2/4; 

ФГАОУ ВО «Национальный исследовательский Томский политехнический университет»,  
Россия,  634050, Томск, пр-т Ленина, 30 

 
* Тел: +7 3822 286 831.  E-mail: anna@ispms.ru 

 
Аннотация  
 

Показаны возможности моделей объемного синтеза с прогнозом конечного состава. Представлены простейшие 
модели синтеза композитов на основе титана. В моделях учитывается плавление с постепенным образованием жидкой 
фазы в заданном температурном интервале. Предполагается, что управление процессом осуществляется за счет изме-
нения скорости нагрева и исходного состава смеси. Модели реализованы численно. Продемонстрировано, что конеч-
ный фазовый состав во всех ситуациях оказывается неравновесным.  
 
Ключевые слова 
 

Синтез композитов; численное моделирование; детальная кинетика; неравновесный состав. 
 

 
Твердотельный фазовый переход наноалмаза при нагреве и облучении 

 
В. П. Ефремов, Е. И. Закатилова* 

 
ФГБУН «Объединенный институт высоких температур РАН», Россия, 125412, Москва, ул. Ижорская, 13, стр. 2 

 
* Тел: +7 495 485 09 63. Е-mail: ei.zakatilova@mail.ru 

 
Аннотация 
 

Проанализированы данные по разрушению монокристалла алмаза и детонационного наноалмаза (ДНА) при ра-
диационном облучении. Определена доза облучения, при которой происходит графитизация в монокристалле алмаза. 
Установлено влияние размера частиц ДНА на характер повреждений при облучении.  

Проведено экспериментальное исследование тепловой стабильности детонационных наноалмазов при атмосфер-
ном давлении в динамической среде аргона в диапазоне температур от 30 до 1500 °C со скоростью тепловой обработ-
ки 2 и 10 °C/мин. Обнаружена высокая стойкость ДНА при температуре выше 1500 °C. Исследование с помощью 
рентгеноструктурного анализа показало, что твердотельный фазовый переход в ДНА происходит около 1000 °C.  
Исследование на электронном микроскопе сохраненных образцов показало влияние скорости нагрева на параметры 
порошка ДНА. Полученные данные по тепловой стабильности рекомендованы для усовершенствования метода ион-
но-плазменного нанесения покрытия на поверхность стальных деталей.  
 
Ключевые слова 
 

Детонационные наноалмазы; синхронный термический анализ; тепловая стабильность; твердотельный фазовый 
переход; радиационные повреждения. 
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Инициирование и горение механоактивированных смесей алюминия и оксида меди 

 
А. Ю. Долгобородов1–4 *, Б. Д. Янковский1, В. Г. Кириленко2,  

А. Н. Стрелецкий2,3, С. Ю. Ананьев1,3 , И.В. Колбанев2, Г. А. Воробьева2, А. А. Шевченко2,4 

 
1 ФГБУН «Объединенный институт высоких температур РАН», Россия, 125412, Москва, ул. Ижорская, 13, стр. 2; 

2 ФГБУН «Институт химической физики им. Н. Н. Семенова РАН»,  Россия, 119991, Москва, ул. Косыгина, 4; 
3 ФГАОУ ВО «Московский физико-технический институт (государственный университет)»,  

Россия, 141701, Московская обл., г. Долгопрудный, Институтский пер., д. 9 
4  ФГАОУ ВО «Национальный исследовательский ядерный университет «МИФИ»,  

Россия, 115409, Москва, Каширское шоссе, д. 31 
 

* Тел: +7 495 483 22 95. Е-mail: aldol@ihed.ras.ru  
 
Аннотация  
 

Проведена оптимизация условий механоактивации смеси Al + CuO в целях получения наиболее мощного энерго-
выделения при химическом взаимодействии компонентов. Для активации смесей использовались вибрационная  
и планетарная шаровые мельницы. Результаты влияния механоактивации на скорость горения контролировались  
с помощью высокоскоростной фотосъемки процесса горения пористых образцов (плотность 50 – 30 % от максималь-
ной) в стеклянных трубках диаметром 5,5 мм. Инициирование горения проводилось электроискровым способом  
с контролируемой амплитудой импульса тока. Определены зависимости периода индукции и скорости распростране-
ния фронта горения в зависимости от пористости смесей и амплитуды инициирующего импульса. При низком уровне 
тока инициирующего импульса наблюдался нестационарный пульсирующий режим горения. Результаты в целом по-
казали преобладающий характер фильтрационного механизма распространения горения в исследованных смесях.  
 
Ключевые слова:  
 

Термитные смеси; механоактивация; скорость горения. 
 
 

Исследование влияния комплексного модификатора на основе углеродных нанотрубок  
на процессы структурообразования цементного камня 

 
Ю. Н. Толчков1*, З. А. Михалева1, А. Г. Ткачев1, О. В. Артамонова2, М. А. Каширин2, M. С. Ауад3 

 

1 ФГБОУ ВО «Тамбовский государственный технический университет»,  
Россия, 392000, г. Тамбов, ул. Ленинградская, д. 1; 

2 ФГБОУ ВО «Воронежский государственный технический университет»,  
Россия,  394006, г. Воронеж, ул. 20-летия Октября, д. 84; 

3 ООО «НаноТехЦентр», Россия, 392000, г. Тамбов, ул. Советская, д. 51 
 

*Тел: +7 915 664 44 88; E-mail: Tolschkow@mail.ru 
 
Аннотация 
 

Анализируется влияние углеродных нанотрубок, которые используются в качестве основного компонента моди-
фицирующей комплексной нанодобавки, на кинетику гидратации цемента, фазовый состав и прочностные характери-
стики цементного камня. Повышение прочностных характеристик цементного камня, модифицированного комплекс-
ным наномодификатором, обусловлено ускорением процесса гидратации цемента, формированием оптимальной мик-
роструктуры цементного камня, в котором уже в начальные сроки твердения происходит дополнительное образование 
низкоосновных гидросиликатов кальция по данным рентгенофазового анализа.  

Методом сканирующей электронной микроскопии установлено формирование дополнительно направленной 
кристаллизации частиц новообразований цементного камня преимущественно с контактами срастания.  

Наблюдается ускоренная кинетика набора прочности наномодифицированных образцов, с увеличением предела 
прочности при сжатии на 20 – 30 % в возрасте 28 суток. 
 
Ключевые слова 
 

Наномодификатор; углеродные нанотрубки; рентгенофазовый анализ; кинетика гидратации цемента; цемент-
ный камень . 
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Обеспечение температурного режима в реакторе для функционализации  углеродных нанотрубок 

 
Д. В. Таров*, Т. П. Дьячкова, Е. Н. Туголуков, И. Н. Шубин, В. П. Таров  

 
ФГБОУ ВО «Тамбовский государственный технический университет», 
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Аннотация 
 

Рассмотрена проблема обеспечения температурного режима в емкостных устройствах, оборудованных мешал-
кой, для функционализации углеродных нанотрубок с использованием стеарата титана в нанодисперсной жидкой сре-
де с подачей диоксида углерода. Проведен анализ методов смешивания и настройки температурного режима в реакто-
ре. На основе дифференциальных уравнений теплопроводности разработана математическая модель температурного 
поля течения, движущегося в режиме идеального перемещения через канал постоянного сечения, образованный по-
верхностями полутрубки и тела. Расчет температурного поля по текущему временнóму интервалу включает в себя 
множество решений задач теплопроводности с последующим рассмотрением всех компонентов локального теплового 
баланса. На основании результатов расчетов построены зависимости изменений температуры нанодисперсной среды  
в емкостном реакторе от времени начала режима и относительной длины полутрубки. 
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Новый физический способ локализации наномеханического действия  
управляемых низкочастотным магнитным полем магнитных наночастиц  

на механочувствительные биохимические системы 
 

Ал. О. Жигачев 1, Ю. И. Головин1–3*, Н. Л. Клячко2,3 

 

1 ФГБОУ ВО «Тамбовский государственный университет им. Г. Р. Державина», 
392000, Россия, Тамбов, ул. Интернациональная, 33; 

2 ФГБОУ ВО «Московский государственный университет им. М. В. Ломоносова»,  
119991, Россия, Москва, ГСП-1, Ленинские горы, 1, стр. 3; 

3 ФГБОУ ВО «Национальный исследовательский технологический университет «МИСиС»,  
119991, Россия, Москва, Ленинский просп., 4 

 
* Тел.: +7 4752 53 26 80. E-mail: nano@tsutmb.ru 

 
Аннотация 
 

Магнитные/суперпарамагнитные наночастицы (МНЧ), управляемые внешним магнитным полем (МП), имеют 
большой потенциал для различных биомедицинских применений. МНЧ позволяют оказывать селективное наномеха-
ническое действие на уровне отдельных молекул намеченного типа путем их магнитомеханической актуации в низко-
частотном МП. Однако введенные в кровоток МНЧ могут аккумулироваться во многих органах, создавая опасность 
непредвиденных побочных эффектов, которые могут возникнуть при включении активирующего переменного МП.  
В настоящей работе предложен новый физический метод и технология локализации воздействия МНЧ на биохимиче-
скую систему, основанные на создании градиентного локализующего магнитного поля c нулевой точкой вблизи цен-
тра магнитной системы. В этих условиях активирующее переменное МП стимулирует только те МНЧ, которые нахо-
дятся в близкой окрестности нулевой точки. Вдали от нее, где локализующее МП значительно превышает стимули-
рующее переменное МП, МНЧ оказываются «вморожены» в это поле и не подвержены действию более слабого акти-
вирующего переменного МП. Изучены форма и размер области локализации воздействия в зависимости от характери-
стик локализующего и активирующего МП. 
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Аннотация 
 

Одной из решающих причин потери несущей способности железобетонных конструкций считается нарушение 
сцепления между арматурой и бетоном в результате структурной деградации (коррозии) металлических элементов. 
Вследствие этого возникает необходимость в изучении поведения корродированной арматуры в железобетонных эле-
ментах. Цель исследования – разработка аналитического описания конечной адгезионной прочности сцепления 
стержневой арматуры в железобетонных изделиях, подверженных различным уровням коррозии. Методика моделиро-
вания основана на искусственных нейронных сетях.  
 
Ключевые слова  
 

Аналитическая модель; прочность сцепления; коррозия; экспериментальная база данных; арматура; бетон; искус-
ственные нейронные сети.  
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