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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. 1. Alymov,
0. 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” — L.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,

Advanced Materials & Technologies. No. 3, 2018 3



AM&T

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 — W,C + 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 pm. 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
ZrB,, doped with SiC, MoSi,, and HfB, 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 TasZrCs—CrB and
Ta,HfCs—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-Ms 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+MoSi,
ceramics and consolidation of Mo+Cu nanopowder by
the SPS. Professor E.G. Grigoriev (National Research
Nuclear University “MEPI”) presented
a comprehensive report on consolidation using high-
voltage electric pulses for the production of thin rings
of soft magnetic alloy 49K2FA.

AM&T

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

Advanced Materials & Technologies. No. 3, 2018 5
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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
0.0. Likhanova

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

http://www.ism.ac.ru/events/EPNM2018/scientific-program-ru.html
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Thermodynamic Scale of Dispersive Capacity of Crystalline Bodies
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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 10'* cm ™. A dimensionless
thermodynamic criterion for the dispersion of crystalline solids D, 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.

© Yu.V. Levinsky, M.I. Alymov, 2018

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 p= 10" em™.
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/cm’. The

energy per unit dislocation length is equal to 0.5Gb?,
therefore the maximum excess free energy of a
compact crystalline body AG, with a volume V will be
equal to:

AG, =0.5ub%pV | (1)

where p is shear modulus, b is Burgers vector, V is
body volume.

Advanced Materials & Technologies. No. 3, 2018 7
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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:

where AGg is excess free surface energy, ¢ 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

S=6V/L.
Since it is proposed to normalize the excess free

energy of dispersed bodies with respect to the energy of
maximally deformed compact bodies, then

AG, _AGs+AGy _AGs | _
AG, AGy AGy,

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

S )
Gb-Lp

AG_ 120
AG, Gb’Lp’

“)

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

120
=D ®)
Gb’Lp -

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

Values of physical properties required for

calculation AGg, AG, and Lgp of certain metals are

given in Table 1.
From Table 1 it follows that, although for all

metals D, =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 D . 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 D, 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 wvalue of the
thermodynamic properties of dispersed systems by
choosing the particle size as the only controlled
quantity that makes up D, , but it is more appropriate

to measure the level of change of these properties and
to conduct their comparative analysis using the
criterion Dy .

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 D, =7.9,
and for silver particles D| =9.0(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.

8 Advanced Materials & Technologies. No. 3, 2018



AM&T

Table 1
Properties of metalsand calculated values AGg, AG, and Lkp [1, 4, 5]

Metal Shear rilodulus, Burgers vector Surface enzergy, Molar \golume AGy, lJz/mo%2 AGg, J/mol LKp,élm ,

G-10", MPa b, nm MJ/m V,em/mol  (p=10-"cm™) (L=500nm) (p=10"~cm~)
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
\Y 4.66 0.263 1627 8.36 135 163 604
Nb 3.75 0.286 1927 10.76 165 249 753
Ta 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
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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.
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Abstract

Regularities of combustion and autowave chemical transformation of highly exothermic mixtures CaCrO4/ Al/C and
CaCrQO4/ TiO,/ 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 CaO, + 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 TipsCry,C and inclusions of Cr,AIC MAX

phase and Cr;C; was obtained.

Keywords

Calcium chromate; carbides; cast materials; combustion synthesis; SHS metallurgy; titanium—chromium carbide.
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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 Cry3Cg, Cr7Cs, and
Cr3C, 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 Cr3C, in TiC at 1700 °C is 30 %.
At the chromium carbide content of 30 %, the
microhardness of titanium carbide (3000 kg/mmz)
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 = Cr,Cy + A,O3 + CaO; (1)
TiO; + (70 % Al /30 % Ca) + C =
=TiC + Al,0O3 + CaO. (2)

Earlier, we showed in [4] that calcium chromate
has the capability to replace chromium oxides (CrOs
and CrOs3) 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
TiO; [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: Crp3Cq, CryCz; and CriCs.
The analysis showed that the adiabatic temperature of
the chemical transformation of the mixture T,q 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 Al,O3—CaO (oxide
phase, slag product), as well as the gas mixture of metal
vapors (Al, Cr, Ca), suboxide (Al,O, Al;O,), and CO.
An increase in the carbon content in the mixture n from
0 to 3.7 % leads to a decrease in T,q and weight fraction

10 Advanced Materials & Technologies. No. 3, 2018
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Fig. 1. Influence of the carbon content in the initial mixture
on the calculated adiabatic temperature T,q and mass fractions
of metallic a; and gaseous a, 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).
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Fig. 2. Burning velocity U, yield of metallic phase 11, and spread
of combustion products (dispersion) 13 as a function of n
(U =I/t, where | is the height of the mixture, t is the time of burning;
N1 = MMy, np = [(M] = My)/M]x100 %, M, is the mass
of the initial mixture, M, is the mass of the final combustion
products and mis the mass of the metal ingot)
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Fig. 3. X-ray diffraction pattern of the product obtained

atn=2.4%

The results of the analysis show that the target
products consist of different chromium carbides

including MAX phase CrpAlC. At n=2.4 % (calcula-

ted carbon content to prepare Cr7Csz), CrpAIC 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—

Cr3C,, the content of the mixture (2) o was varied in
the mixture (1):

= [M2/(M1 + M3)] - 100 %,

where M1 is the mass of the mixture (1), M5 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 (o) to 70 % led to a smooth
decrease in the combustion temperature. Within the
range o =70-100 %, the combustion temperature
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Fig. 4. Effect of a on the calculated adiabatic temperature T,q4,
mass fractions of metallic 8; and gaseous &,
chemical conversion products
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U = I/t, where | is the height of the mixture, t is the time of burning;
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dropped to 2600 K. The quantity of gaseous combustion
products decreased to zero at o =50 %. The yield of
the desired product a; increased with increasing o.

According to the experimental data, the mixtures
burned within the range o =0-40% (Fig. 5). With
increasing o, the burning velocity U, yield of metallic
phase m;, and spread of combustion products m2
decreased. At o =10 %, the limit of phase separation
takes place. The introduction of highly exothermic
additive CaO,+ Al led to an increase in the phase-
separation limit to 30 %.
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Fig. 6. X-ray diffraction pattern
of the product obtained at a. =30 %

The XRD analysis of the products showed that an
increase in the fraction of mixture (2) in the charge led
to a decrease in the amount of the Cr,AlIC phase and an
increase in the amount of the TiggCrg,C phase in the
combustion product (Fig. 6).

Conclusions

The regularities of combustion and autowave
chemical transformation of the highly exothermic
composition CaCrO4 / Al/ C at various carbon contents
are studied. It is shown that the mixtures are capable to
burn in a wide range of carbon content.

The study of the CaCrO4/TiO,/Al/Ca/C
system showed that the mixture burns in a wide range
of a. The combustion temperature of the mixture at
o > 10 % is insufficient to produce cast product.

The high-exothermic additive CaO; + Al allows to
expand the combustion limits to oo =40% and the
phase separation to o = 30%.

X-ray diffraction analysis of the samples showed
that with increasing a (TiO3), the content of the target
product TipgCrg,C increases, the content of Cr,AlC
MAX phase decreases.
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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 10° s [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. la) 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/cm’. 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.

Advanced Materials & Technologies. No. 3, 2018 13
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Fig. 1. Hardening by a contact explosive charge (a) and through an intermediate porous layer (b):
1 — detonator; 2 — high explosive; 3 — porous layer (dry sand); 4 — sample under treatment

Table 1
Properties of Hadfield stedl
after explosive hardening
Thickness
of GP-87 0 6 9 12 15
layer, mm
Surface
hardness, HB 210 321 345 365 375
Tensile 684 832 1008 830 1004
strength, MPa 785 932 1043 1035 1104
887 997 1117 1079 1174
964 1078 1181 1133 1238
Yield 432 719 844 814 965

strength, MPa 439 757 856 883 947
439 773 882 902 981
452 766 894 941 985

Elongation, % 27 13 11 6 4
33 15 12 8 7
42 21 19 14 13
48 31 23 18 17
Narrowing, % 26 17 17 12 7
28 21 17 13 12
33 24 20 16 15
37 27 26 21 20

This amplification effect has been later confirmed
experimentally, and the new method of explosive
hardening has been patented [13]. Fig. 2 shows the
results of experiments.

Results and discussion

Table 1 shows that Hadfield steel loses plasticity
significantly during explosive hardening. For example,
when it is hardened to a hardness of 365 HB, a ductility
of samples with initial elongation 6 = 25-35 % drops to

SN
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2 250 Pe e N TR
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o 5 10 15 20 25 0 35
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contact

= =Initial hardress 175 HB

Fig. 2. Dependence of hardness on a distance from the sample
surfacein explosively har dened high-manganese steel.
PE isaplasticized explosive GP-87

=8 %, and that of samples with initial 6 =45-50 %
drops to 18 %. In general, explosive hardening of cast
high-manganese steel parts intended for operation on
the railroad is reasonable, when their initial ductility
exceeds 30% in order to avoid the loss of plasticity
after hardening and caused by this cracking and
chipping of metal during part operation.

In Fig. 2 we can see that explosive hardening
using powdery amatol and RDX with the charge
thickness of 40 and 20 mm correspondingly, and with
an intermediate layer of dry sand (see Fig. 1b), provides
the same surface hardness as the treatment with 9 mm
thick plasticized explosive GP-87 placed in direct
contact with the sample (see Fig. 1a). Table 2 contains
detonation characteristics of above explosives and of
plasticized explosive LVV-11-1 used presently in
industrial explosive hardening technology. It is obvious
that not only high explosives with high density and
detonation velocity are suitable for EH, but low-density
powdery explosives as well, if to apply a porous interlayer
between the explosive charge and treated sample.
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Table 2
Detonation characteristics
of explosives used for hardening
Explosive Density, Detonation Detonation
p g/em’ velocity, km/s  pressure, GPa
GP-87 1.60 7.2 21.0
RDX 1.00 6.2 10.0
Amatol 1.00 42 5.0
LVV-11-1 1.42 7.4 19.4

Industrial application of explosive hardening

The first steps to the full-scale industrial
application of EH were taken in 1960s, when
Administration of Novosibirsk Railroad Switch Plant
has applied to Lavrentyev Institute of Hydrodynamics
with the problem of increasing the service life of the

railroad switch frog. The most wear places are on the
frog guardrails and frog core wedge (Fig. 3).

Over  decades, Lavrentyev  Institute  of
Hydrodynamics, Ural Branch of All-Russian Institute
of Railway Transport and Novosibirsk Railroad Switch
Plant have conducted the research works, developed the
technology, and designed and manufactured explosion
chambers. Service tests of hardened frogs were carried
out and it has been proven that EH increases their
lifetime by at least 20-30 %. Finally, in 1979 the
special shop for EH of switch frogs has started working
in Novosibirsk Railroad Switch Plant. Subsequently the
developed technology was patented [14-16].

Fig. 4 shows the implementation of EH process in
explosion chamber. EH increases the surface hardness
from 200 HB to 350-380 HB, the depth of a hardened
material amounts to 30-35 mm. This prevents the
initial crushing of the frog core and guardrails in the
operation and therefore its lifetime grows.

Fig. 3. Railroad switch frog on the railway track (a) and switch frog castings befor e explosive har dening (b):
1 - frog core wedge; 2 — guardrail

Fig. 4. Explosive chamber in the open state (a) and the switch frog on the working table
with explosive charge on the hardened surfaces (b)
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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 GeO; additive
(~ 3 mol %) into the core; it has a core diameter of
8.2 um and a quartz shell diameter of 125 um.
The optical fiber is coated with a polymer shell with
a diameter of 240 pm.

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. 1¢. 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 pg = 2.27 g/cm’.

The mass velocity was recorded by an
interferometer (VISAR) through a water window. The
aluminum foil with 7 um 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-28™)
Quartz cower diameter, [ 600 125 125
Core diameter, um 9.5 7.7 8.2
Refractive index difference (RID) 0.006 0.013 0.005
Composition SiO;: GeO,: AL,O; 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-28™

120-600 pum

1.5-10 pm

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 po = 2.27 g/cm?)
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Fig. 2. Explosive device:
1 —explosive lens, A-IX-1/ paraffine, @ = 100 mm; 2 — focusing
ring, steel, D¢ = 150 mm, h= 16 mm; 3 — impactor, D16T,
@ =90 mm, h="7 mm; 4 — screen, impactor velocity 1.13 km/s

| Y
VISAR

’

5

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): D; — velocity
of the first wave (short arrow); D, — 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.

1200 T T T T

Efr1387

o
[=)
o
T
1

Velocity, m/s

400 B

Time, ps

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
D, =5.47 km/s, D, = 4.73 km/s)
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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)
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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)
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Fig. 8. Aluminum impactor h =7 mm, W = 1.13 km/s;
aluminum screen h =4 mm; 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 um) in the core of the fiber of the order
of 0.1 W/ pmz, the detonation mode occurs at a velocity
of about ~ 3 km/s at intensities above ~ 20 W/cm’.
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 10* K. However, the rates of matter heating

K¢ 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 10* 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
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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

 AM&T

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 A lies in the range between An,x and Ap, determined by
contact point velocity v, collision angle y, hardness (HV, HV,) and densities (p;, p») 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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steel-interlayer-steel one. The same approach was
employed in further experiments on EW of hardened
steel plates using copper, aluminum, titanium and mild
steel interlayer. Fig. 2 shows wavy interfaces got by
EW of two steel plates using the mild steel interlayer.
The flyer plate (3.5 mm thick) and parent plate (25 mm
thick) were made of hardened 30HGSA steel with a

hardness of 334 HV. Interlayer (0.5 mm thick) is made
of low-carbon steel with a hardness of 131 HV.

All welded samples were cut and microsections
were made from them to measure the size of emerging
waves. The welding parameters (v., y) and the
measured wave lengths A and amplitudes «a are given in
Table 1.

Fig. 1. Small (a) and large (b) waves in the bond zone of steel plates welded via copper interlayer (a) and directly (b)
in one experiment at collision point velocity v, = 2.5 km/s and collision angle y = 10°

a)

b)

Fig. 2. Welding two plates of hardened steel:
a — bonding through the interlayer of mild steel, b — direct bonding

Table 1
Collision parameters and wave sizes
No. Flyer plate Interlayer Parent plate Dk;/‘;c’ Y, ° A, mm a, mm
1 2 3 4 5 6 7 8
1 30HGSA,$=1.5mm, Cu, 86* = 0.5 mm, 30HGSA, §; =25 mm, 220 12 0381
35HRC (334HV) 60HB (78HV) 35HRC (334HV) ’ ’
0.056-0.085
2 30HGSA, $=3.0 mm, Cu, 86* = 0.5 mm, 30HGSA, §; =25 mm, 295 12 0.449
35HRC (334HV) 60HB (78HV) 35HRC (334HV) ’ ’
3 30HGSA, $=4.5 mm, Cu, 8* = 0.5 mm, 30HGSA, §;=25mm, =
35HRC (334HV) 60HB (78HV) 35HRC (334HV) 2.63 12 0.538  0.035-0.070
4 60G2A, 6 =3 mm, Cu, 6* = 0.3 mm, 30HGSA, §;=25mm, 96 0.24 0.05
45HRC (460HV) 60HB (78HV) 32-33HRC (320HV ) ' ’ ’
2.50
60G2A, 3 =3 mm, Cu layer is removed 30HGSA, 5, = 25mm, 10.5 0.56 0.1

45HRC (460HV)

32-33HRC (320HV)
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Continuation of Table 1

1 2 3 4 5 6 7 8
5 St20, 6 =4 mm, Al, 6* =1 mm, St20, 6; = 20mm, 112 Can’t be measured
120HB (120HV) 30HB (40HV) 120HB (120HV) )
2.72
St20, 6 =4 mm, . St20, 6, =20 mm,
120HB (120HV) Al layer is removed 120HB (120HV) 12.0 0.64 0.135
6 30HGSA,8=35mm, VTI1-0,6*=0.5 mm, 30HGSA, 8, =25 mm, 14.0 043 Verv small
35HRC (334HV)  131-163HB (131-162HV) 35HRC (334HV) ) ’ Ty
2.58
30HGSA, 6 = 3.5 mm, . 30HGSA, 6, =25 mm,
35HRC (334HV) VT1-0 layer is removed 35HRC (334HV) 14.8 0.81 0.15
7  30HGSA, 6 = 3.5 mm, St3, 6* = 0.5 mm, 30HGSA, 6, =25 mm, 12.8 046 0.085
35HRC (334HV) 131HB (131HV) 35HRC (334HV) ’ ’ ’
2.48
30HGSA,3=3.5mm, g3y, 0 ic romoved  ~CHOOA, 81 =25 mm, 142 035 0.075

35HRC (334HV)

35HRC (334HV)

Notes: 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;
8 is the flyer plate thickness, & is the interlayer thickness, &, 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 =pul/yn and Strouhal number
S =ut/l, where p and n are respectively the density and
viscosity of liquid; / — characteristic dimension; u —
characteristic velocity and t — 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 7" as a characteristic time T,
the contact point velocity v, as a characteristic velocity
u, and the thickness of a cumulative jet o; as a
characteristic dimension /, then we have

S =v,T/ (&sin’(y/2)).

Here the thickness of a cumulative jet is calculated
by the formula §; = &-sin’(y/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 v, there is the

relationship v, 7= A, because these disturbances are
transferred by a flow. Hence we obtain the formula for
the wavelength

S = F(R)sin’(r12). (1)

Here o is the flyer plate thickness, p; and p are the
densities of flyer and parent plates correspondingly,
v, — the contact point velocity; y — the collision angle,
HV| and HV; — Vickers hardness of flyer and parent
plate respectively. R designates a Reynolds number as
it is accepted among specialists in explosive welding
[4,9]

_ (pi+palve
C2(HV, + HY,) @

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 A fall in the interval
between the upper Amax and lower Amin, 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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Fig. 3. Dependence of f(R) = M(Ssinz(y/Z)) on R
xmax = fmax(R) d Sil’l2 ('Y/Z) =
=(0.76R +18.5)8sin*(y/2); 3)
kmin = fmin(R) 0 sinz(y/2) =
=(0.73R +1.70)8sin*(y/2). (4)
Fig. 3 shows f(R)—R diagram on which

experimental points and boundaries of the wavelengths
area are marked. Experimental points are based on the
data of Table 1, while upper fmax(R) and lower fmin(R)
bouderies are built using equations (3), (4).

So, it is impossible to predict exactly the
wavelength for a given collision conditions, but a range
for A values can be specified using the equations (2) —
(4). As for the wave amplitude, a range of its values has
been also found

2.6
0.14£pm—inj << 0.30("‘““—“1) . (%)

p max p max

>

The uncertainty in the wave size can be associated
with the uncertainty in the thickness §; of cumulative jet
arising between the colliding surfaces because it is not
solid, but dispersed at y <30° [10]. Besides, the wave
size can be influenced by other reasons associated
with acoustic waves travelling in the collided plates.

Conclusion
1. Instead of given in [4] classic formulas for

estimation of wave length A and amplitude a, the new
modified equations (2) — (5) considering the strength

AM&T

and density of explosively welded materials are
proposed.

2. The use of thin ductile interlayer welded
previously onto the flyer plate enables to get waves
with minimal values of A and a, close to the lower
bound of the wave size diapason. This is important
when welding low-plasticity metals and alloys.
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Abstract

Spark plasma sintering of B-SiAlON-based ceramic composites from powders — B-SisAION5, h-BN, B-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. % B-SiC, and 040 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 Sig ;Al;ONg
(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
o- and B-SiAION 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 B-SiAION-based ceramics with
widened functionality.

Experimental

Infiltration-mediated CS of B-SisAION7 and h-BN
powders in nitrogen gas was carried out by the
following schemes:

4.5Si + Al + 0.5Si0, + 3.5N; — B-SisAION;; (1)

B+ 0.5N, —> BN. )

Green mixtures also contained some amount of
homemade  diluents, B-SisAION; and h-BN
respectively, in order to improve extent of conversion.
Combustion was performed in a 2-L reactor at
P(N;) = 8-10 MPa. The CS of B-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 (N, 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 or 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
B-SisAION7, h-BN, and TiN did not contain impurity
phases while B-SiC had trace amounts of SizNy.
According to SEM results, all as-synthesized powders
appeared largely as agglomerates. Their specific
surface was about 1.3 m%/g for B-SisAION; powders,
and from 9.8 to 22.8 m*/g for h-BN, B-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 p. of
sintered samples as a function of temperature T.
The sintering of pure B-SisAION; was accompanied by
marked intensification of the consolidation process at
temperatures above 1400 °C (curve 1 in Fig. 1)
probably due to formation of SiO, and Al,O; eutectics.
Upon further increase in T, relative density of sintered
B-SisAION; gradually grows up to 87 % (curve 1
in Fig. 2). According to XRD data, pure -SisAION;
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Fig. 1. Relative density p,, as a function of temperature T:
1 - B-SisAION7; 2 — B-SisAION;-BN (10 wt. %) ;
3—B-SisAION;-BN (20 wt. %) ; 4 — B-SisAION;-BN (30 wt. %);
Tiax = 1650 °C

AM&T

T
1550 1600 1850 1700 1750 1900

TTB@X’ °C

Fig. 2. Relative density p, as a function of T,,,:

m — 3-SisAION; — curve 1; o — 3-SisAION;,-BN (10-30 wt. %) —
curve 2; ¥ — B-SisAION;-TiN (20 wt. %)-BN (10 wt. %) —
curve 3; V — B-SisAION;-TiN (40 wt. %)-BN (10 wt. %) — curve 4;
A — B-SisAION;-SiC (20 wt. %)-BN (10 wt. %) — curve 2,

A — B-SisAION;-SiC (40 wt. %)-BN (10 wt. %) — curve 2

sintered above 1750 °C exhibits the traces of AIN
formed upon thermal decomposition of B-SisAION7.
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 p| exceeds 80 %
for the compact containing 30 wt. % BN and 60 % for
that of pure B-SisAION; (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 p, becomes much more aligned.
The small flaky h-BN particles are uniformly
distributed over the surface of larger B-SisAION7
particulates. At 30 wt. % BN, the h-BN particles
(unwettable with oxide melt) fully separate the
B-SisAION; 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 B-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 B-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 °C and the highest values of p. can be achieved
already at 1550 °C (curve 4 in Fig. 2).
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Fig. 3. Flexural strength c; as a function:
a—relative density p, for (0) B-SisAION;-BN (0-30 wt. %) — curve 1; ¥ — B-SisAION;-TiN (20 wt. %)-BN (10 wt. %);
V — B-SisAION;-TiN (40 wt. %)-BN (10 wt. %) — curve 2; A — B-SisAION7-SiC (20 wt. %)-BN (10 wt. %);
A — B-SisAION;-SiC (40 wt. %)-BN (10 wt. %) — curve 2;
b — BN content in -SisAION;-BN (10-30 wt. %); pe = 95-98 %

Fig. 3aillustrates flexural strength or as a function
of pre. 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 of (up to 40 %) can be
achieved upon replacement of 40 wt. % of relatively
coarse [-SiAION particles in sintered ceramic
composites by finer B-SiC and TiN particles (curve 2
in Fig. 3a).

Conclusions

High-density B-SiAION-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 + SiO,) additives on the combustion mode, porosity, phase composition and structure of
synthesized Y,Ti,O;-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 Y;Al;0;, garnet
and YAIO; 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.
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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  Y,Ti,0;-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 7. 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 T,. 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 Fe,O3 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
Fe;03 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 Y,Ti;O7-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 + SiO,) 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 7, 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+ SiO,) additives on the combustion
regime, porosity, phase composition and structure of
synthesized  Y,Ti,0s-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 Y,Tip_ Zr,O7-based ceramic matrices enriched with
zirconium pyrochlore were described in [2, 3].

In the study we used: Ti of PTOM grade, TiO; in
the form of anatase (c.p.), Y203 (c.p.), ZrO; (c.p.), CaO
(c.p.), FexO3 I (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, %: CeO; —
25.0; LayO3 — 50.7; ZrO, — 19.6; MnO; — 3.8; Fe,O3 —
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 + 0.159Y,03 +0.102 ZrO, +

+0.028 CaO +0.215 Fe,0s. (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/em’.
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 7, was determined
by the thermoelectric method with the help of
tungsten-rhenium thermocouples (BP-5/20) with a
diameter of 200 pm. Thermocouples were installed in
the center of charge billets at a distance of 5 mm

from the bottom end. To measure T, 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—K, 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 5wt.% 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 7, of the initial charge
composition (1) containing 10 % of HLWs, a value of
1500 °C was obtained, and for the composition No. 1,

T, was 1470-1480 °C. From a comparison of the
obtained values of T, it can be seen that the addition of

5 % iron led to a decrease in 7, 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 Y(Tig.g5Zro.15)207
pyrochlore phases, CaTiO3 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 um, 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

a) b)
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Fig. 1. Diffractograms of ceramics produced by combustion
of compositionsNo. 1, 2, 3

shown. Fig. 2¢ 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 — Fe;O3 or
MoO:s. 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.

Electron Image 1

9

Fig. 2. Microstructur e of the product of composition No. 1 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1,2 —Fe; 3, 4 — Fe oxide, CaTiO; perovskite; 5, 6 — CaTiO; perovskite; 7 — 9 —Y,Ti,0O; pyroclore;
c: 1 —Fe; 2 — LaTiO; perovskite; 3, 4 —CaTiO; perovskite; 5 — 8 — pyroclore
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Distribution of elements (at. %) in Fig. 2b

Spectrum O Al Si Ca Ti

Mn Fe Y Zr La Ce

1 34 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 0.2 325 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 0.0 408 5.7 1.3 1.4 0.6
7 66.9 0.6 0.9 0.8 11.8 0.2 23 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 59 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 35 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 ZrO, 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 + SiO;) 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(Tip.85Z10.15)207 pyrochlore, CaTiO3 perovskites and
LaTiOs3, ZrO; and Fe. According to the XRD data, the
amount of zirconium in the pyrochlore structure due to
the additional addition of ZrO, did not increase, while
ZrO, 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 um 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 YAIOs. Perovskite
grains contained a higher percentage of rare earth
elements than pyrochlore.

T

Tpm

b)

Fig. 3¢ shows a section of the ceramic where the
region with unreacted Y,03 is visible (point 7).
A dense ring of the gray phase is formed around Y,Os.
It is possible that the gray ring belongs to the YAIO3
alumium yttrium perovskite, in which a high
percentage of rare-earth elements and Si was noted.

Electron Image 1

9

Fig. 3. Microstructur e of the product of composition No. 2 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1 — 4 -Y,Ti,07 pyrochlore; 5, 6 — Fe; 7, 8 =Y AlO; perovskite;

c: 1 —Y,05; 2, 8 — YAIO; perovskite; 3, 4, 6, 7 —

YAIO3 pyrochlore; 5 — rpanatY;AlsOy, garnet

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

Spectrum O Al Si Ca Ti Mn Fe Y Zr La Ce
1 674 22 1.1 0.5 9.9 0.0 0.5 131 39 0.6 0.7
2 664 22 1.2 04 107 0.1 0.3 141 34 0.7 0.5
3 70.0 3.5 1.2 0.5 8.9 0.0 0.7 9.9 44 0.3 0.5
4 63.1 29 1.4 04 115 0.1 0.8 145 33 1.0 0.8
5 53.6 37 1.7 0.4 7.1 04 188 10.1 2.6 0.9 0.6
6 490 32 1.5 0.4 8.3 0.1 206 120 29 0.9 0.8
7 669 6.5 3.6 1.2 6.1 0.2 1.3 8.8 22 1.9 1.2
8 654 55 2.9 1.1 7.0 0.3 24 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
1 627 0.8 1.5 0.3 0.3 0.0 08 329 0.1 0.3 0.0
2 652 2.0 8.7 1.1 2.3 0.2 0.2 16.6 0.8 1.7 1.0
3 644 3.1 14 0.5 114 0.1 1.5 139 19 0.7 0.7
4 68.2 1.5 1.4 0.3 109 0.0 0.1 143 22 0.6 0.5
5 66.0 167 1.2 0.6 1.8 0.2 04 126 05 0.0 0.0
6 66.0 1.8 1.6 0.5 112 03 04 132 29 1.0 0.9
7 656 25 2.4 04 11.6 00 06 128 1.5 1.5 1.0
8 66.7 25 7.5 2.1 3.5 0.3 12 109 09 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 Y3Al501; alumina
garnet. The formation of the garnet phase under
synthesis conditions is possible at a temperature of
1250-1400 °C according to the following reaction [12]:

3YAIO; + ALLO3 — Y3Al501;.

Judging from the analysis, the Y3AlsO;2 phase
contained the minimum amount of lanthanum and
cerium, compared with the phases of perovskites
(points 2, §) 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 Y3Al50;,, 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 Y3Al501, 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 7, 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,

' Electron Image 1

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

indicating a higher 7, 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,
LaTiOs3 perovskite, ZrO, 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 Fe,Al,O4 phase was formed in the
combustion products.

' Electron Image 1

Fig. 5. Microstructure of the product of composition No. 3 at different magnifications:
a—x100; b —x 5000; ¢ — x 20 000;
b: 1, 5 — LaTiO; perovskite; 2 — Fe; 3, 8 — ZrO, region; 4, 7 — Y,Ti,0; pyrochlore
(point 6 is not identified because it coincides with point 7);
c: 1,2 —Fe; 3, 4— LaTiOs perovskite; 5, 6, 9, 10 — Y,Ti,0; pyrochlore; 7, 8 — Y3;Al;04, garnet
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Distribution of elements (at. %) in Fig. 5¢

Spectrum O Al Si Ca Ti

Mn Fe Y /r La Ce

1 422 26 0.8 0.8 9.7
2 46.8 3.8 1.9 0.4 9.2
3 65.0 2.6 0.5 1.3 13.4
4 66.2 3.7 0.5 1.4 12.0
5 65.2 1.9 1.4 0.5 12.3
6 66.5 1.6 1.2 0.4 12.0
7 68.8 5.0 3.0 0.6 8.0
8 67.0 6.8 3.7 1.0 7.1
9 64.8 1.2 0.8 0.4 13.5
10 65.3 1.6 0.7 0.6 13.7

303 82 13 19 20
232 108 21 08 09
~ 05 92 16 32 26
10 72 13 35 3.1
05 134 30 07 L1
07 134 26 05 08
01 12 88 17 15 12
01 20 74 16 18 15
1.0 133 27 09 13
04 129 24 09 14

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].

e = -~ q
....-'-"'-.'J, .‘; g 03-" ' R
& ._..'53 N T -_lo
Bl iy L - 8
L i . &2 - .
- -
;'._-- & = . .
e -
“‘ by = . ‘»s., .
e e 5
» - [ .7. \
- i T v

L S A S
(e S e T e
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+SiO,)
on combustion in the SHS regime in the air of pressed
batch blanks on the basis of the composition
CaO + Y 03+ ZrO, + Ti + FepO3 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 processis 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.

Keywords

Composite synthesis, numerical modeling; detailed kinetics; irreversible composition.

© A.G. Knyazeva, 2018

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 aso 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
way's 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 classicd 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.

M ethods and materials

The titanium-based composites synthesized from
non-stoichiometric  mixtures Ti+C,B,S 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 +TiB, and
Ti+TisSi; will be obtained. The ideal summary
reaction schemes for first of them

Reagent — Product (D)

or
(x+y)Ti+yC— yTiC+ xTi

can be complicated at the cost of taking into account
the solid solution Ti+C and non-stoichiometric
carbide Ti,Cp, 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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Ti+C—>TiC;
2Ti+C—Ti,C;
Ti+TiIC+— Ti,C;
Ti+2C - TiC,; 2
TiIC+Ti,C o TisCy;
Ti+C+Ti,C—oTigCy;
TiC,+Ti — 2TiC.
Aluminum addition complicates the reaction
scheme. We should add the reactions
Ti+Al - TiAl;
3Ti+Al > TizAl;
Ti+3Al > TiAl3;
TiAl + 2Ti < TizAl;
TiAl + 2Al & TiAl5;
TiAl; + 2Ti — 3TiAl ;
4Al +3C — Al ,Cy;
2Ti+Al+C—> Ti,AIC;
3Ti+Al+C—TizAIC;
TiAI+TiC > Ti,AIC

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

f=exp(=sng)mo +n,) 7,

where n, is the part of solid products;, s,p 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 chemica
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 aresult, 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 7;, that changes corresponding to

given low. For illustration linear low is taken
Ty =Ty+at. The heating is switched when wall

temperature achieves to given value Activation energy
and chemical heat release is E,=21.10° Jmol;

0 =1.73-10* Jcm?®. Strong retardation of the reaction
by reaction product is assumed for sy=10.

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 therma explosion mode is
feasible additionally to slow down the conversion. Fig.
1 illustrates the dynamics of the synthesis process.

Critical wall temperature 7, exists, after which the

thermal explosion realizes. For example, for volume
part of carbon in the initial powder mixture £ =0.2,

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 basicaly in liquid phase that
exists during long time (Fig.1lc). 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 Tj, =2400 the reaction proceeds very slowly

in solid phase (thisis not shown in pictures).
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Fig. 1. Dynamics of composite T-TiC synthesis:
a —temperature; b — conversion level; ¢ — part of liquid phase versus the time, 7= 2480
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Fig. 2. Dynamics of composite T-TiC synthesis:
a —temperature; b — conversion level; ¢ — part of liquid phase versus the time, 7y = 2475

The final composition varies depending on
temperature 7j, .

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 hest
release includes the heats from nine reactions.
The reaction retardation depends on the overal
concentration of phases. To find the mass
concentrations the kinetic equations are necessary

dyy
P dt
where source terms, kg/(m>s), takes the worm

:mk’

9
Wy = ZVkimk(Pi .
i=1
Here v, are stoichiometric coefficient of &
species in the reaction i; y, =p,/p, ae mass
concentrations, p;, =n;my, P =Zpimi, N, are molar
(i)
concentrations. If porosity evolution is taken into
account, some kinetic equation should be added to the

model [16, 21]. At theinitia 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: Ti+C—TiC;, Ti+TiC—>Ti,C; Ti+C+

+Ti,C—TigC,. It is assumed that external heating is

ceased, when chemical reactions accelerate, and then
the Newton heat exchange continues with the
environment with temperature 7, =7j, reached to this

time. Theinitial composition is y; =0.8 and y- =0.2

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, Ti,C, TisC,. The last phase concentration
is very small. All carbides can be identified in
experiment as non-stoichiometric carbides.
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a —temperature; b — part of liquid phase for different rise rate of wall temperature: 7 —0.5; 2 —-1.0; 3 - 2.0K/s;
¢ — 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 aclosed 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, Fe,Os; 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
specia properties. In this case, the dynamics of the
synthesis depends on a bigger number of parameters.
A mathematicall 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 aso lead to the
irreversible composition of the product. From a
mathematical point of view, the suggested model is a
stiff set of ordinary eguations 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 x 10"° Si*/em? 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 x 10" 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 20 = 44° on the X-ray
line it was found that the diamond phase decreased with
increasing processing temperature (Fig. 2, lines 2 — 5).

Intensity (111)

(002)

a s~ WODN P

20 30 40 50 20, °

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 °C/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)
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Fig. 3. Microstructure of nanodiamond powder :
a— initial sample; b — after heat treatment up to 1500 °C at v = 10 °C/min; ¢ — 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) 20 = 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 sp~-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
20 = (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 sp’-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. 3¢), 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 p° to sp” 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.

M aterials 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 (MoOs3) 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 pm) 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 °C.

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:mm”*/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 ps 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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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
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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™, 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 MS,
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, 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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Fig. 1. SEM and TEM images of the " Taunit" -series CNTs

Table 1
Compositions, forms and methods of nanomodifier preparation
Nanomodifier Composition Chemical formula of surfactants used Preparation methods
Polyvinylpyrrolidone (C4HoNO),
:N: <0
|CH—CH2
Octylphenol ethoxylate (Triton X-100)
(C34HgO11)
S
. n
“Taunit”-series CNTs — \<\< =
— 10 . =
Colloidal soluton 21~ 1% Naphthalene lingosulfonates (S-3 plasticizer)  Ultrasonic treatment
aphthalene lingosulfonates (S-3 plasticizer rasonic treatmen
(SMM, SM24) Surfactant — 0.0002 - 2%, R,,CyoH, SOM
Water — the rest Sonication time —
AN 20-30 min;
[}! | Frequency —
(22 £ 10) % kHz
HO™ "o

Colloidal
(SMTK)

Polycarboxylate esters

258 S

a o g
“Taunit”-series CNTs — Potassium polytitanate
i 0,0001 — 1 %; (K,0-nTiOy)
solution - gy, factant — 0,1-3 %; .
Water — the rest K" |F K*
0
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Fig. 2. Interaction between CNTsand surfactantsas 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 (CuKa
radiation, A=1.5406 A, 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:

Ch(c3s)={1—'fr—°dj100%, (1)
0
where |, 1s the intensity of the diffraction

maximum at d = 2.75 A of the 3Ca0-SiO, (CsS) phase
of samples having different composition and cement
hydration time; |, is the intensity of the diffraction

maximum at d = 2.75 A of the 3Ca0-SiO, (CsS) 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
5x5x5 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.

52 Advanced Materials & Technologies. No. 3, 2018



.

v

B

'

%
i
-
4
an

b)
Fig. 3. X-ray diffractometry studies of the cement stone hydration:
a - reference sample: 2Ca0-SiO, (d = 3.8; 3.38; 2.51; 2.61; 1.9; 1.8); 3Ca0-SiO, (d = 3.02; 2.75; 2.61; 2.18; 1.76;);
Ca(OH), (d=3.11; 2.62; 1.92; 1.79; 1.48;); 2Ca0-SiO,-H,0 (d=4.77, 4.61; 3.87; 3.26; 2.18); 2Ca0-Si0,-0.5H,0 (d=2.77; 2.67; 2.5; 1.8; 1.61; 1.52)

b — SM24 nanomodifier: 2Ca0-SiO, (d = 3.8; 3.38; 2.51; 2.18; 1.9; 1.48); 3Ca0-SiO, (d = 3.02; 2.75; 2.61; 2.18; 1.76;1.43);
Ca(OH), (d =2.62; 1.92; 1.79); 2Ca0-Si0,-H,0 (d = 3.28; 3.87; 3.85; 3.11; 2.18; 2.11); 2Ca0-Si0,-0.5H,0 (d = 3.29; 2.99; 2.67; 2.5; 2.25)

Table 2
Degree of the cement stone hydration when using the nanomodifiers
CNT content Degree of hydration
No. System . difier. %
N Nanomodiier, 7o pay | Day 3 Day 7 Day 14  Day 28

1 Cement-Water 0 30.0 329 34.6 38.5 46.8
2 Cement-Water-SMM 53.9 59.2 65.2 63.5 64.0
3 Cement-Water-SMTK 0.0006 21.4 28.0 60.6 63.1 63.1
4 Cement-Water-SM24 46.8 51.1 51.4 55.0 62.3
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From on the results of the X-ray phase analysis of
the reference and nanomodified cement stone samples,
it can be assumed that the change in the intensity peak
ratio on the diffractograms recorded for the modified
samples may be due to the blocking action of the
nanomodifier, at which part of calcium ions remains in
the solution and further does not interact with other
substances, possibly leading to the formation of
smaller crystals covering vacant pores of the cement
stone [22, 23]. The X-ray diffractometry studies of the
modified samples allowed to observe the calcium
hydrosilicate phases of various compositions
((CaO)y - Si0; - 8H;0, 2Ca0 - SiO; - H0, Ca0-SiOpx
xH>0) on all the X-ray patterns. In this case, the
diffractometric peaks are wider, thereby indicating the
formation of a fine-crystalline structure. When
increasing the hardening time, the availability of the
ettringite phase can be fixed, confirming the CNT effect
on the morphology of the resulting cement stone.

The microstructure of the reference and
nanomodified fine-grained concrete samples was
elucidated by electron microscopy (Fig. 4).

It was established that an increased interaction of
some adhesion contacts and directional crystallization
of the neoplasm particles take place in the composite
modified with the comprehensive nanomodifier.

When using the CNTs-based nanomodifiers, the
composite structure is more densely packed with the
particles, thereby making it possible to conclude that
the physical and mechanical characteristics of the
material increase (Fig. 5) as a result of the formation of
an ordered structure and neoplasms with an altered
morphology of the crystalline hydrates. This is
confirmed by the presence of needle crystals (the size
of individual crystals reaches 3—-5 microns), which
presumably perform discrete nanostructuring of the
cement systems, combining the neoplasms into a
single conglomerate and acting the reinforcing role

Fig. 4. Microstructure of the nanomodified fine-grained concr ete samples:
a, ¢ — reference sample (cement-water-sand); b, d — nanomodified sample (cement-water-sand-SM24)
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Fig. 5. Kinetics of gaining the strength obtained
for the cement stone when using the nanomodifiers:
Systems: C-W (cement-water), C-W-SM24 (cement-water-SM24),
C-W-SMM (cement-water-SMM),
and C-W-SMTK (cement-water-SMTK)

in the concrete structure. Besides, agglomeration of the
nanofiller from a set of spheric nanoparticles can also
be observed, which characterizes the degree of activity
of the carbon nanoparticles and their surface forces.
The formation of the crystalline hydrates on the CNT
surface leads to the creation of an extra supramolecular
structure that has its direction and CNTs-like surface
possessing its own substructure [24-26].

All the nanomodified samples obtained showed an
increase 30-50 % in the specific surface area in
comparison to the reference composition. It should be
noted that the specific surface area values determine
the dispersity of the material and geometric
characteristics of the pore channels; on the other hand,
these factors are key elements for the formation of a
qualitative and durable material structure.

When modifying the cement stone structure with
the nanoadditives, the nanomodification efficiency can
be determined not only by the hydration kinetics
change but also by the strength kinetics change
(strength gain rate, duration of reaching “release” and
achievable limit values of the cement stone strength).
The studies carried out demonstrated acceleration in
gaining the strength for all the nanomodified samples,
as well as an increase of 20-30 % in the compressive
strength.

Conclusion

The effect of the CNTs-based comprehensive
nanomodifier on the kinetics of cement hydration,
phase composition and strength characteristics are
considered herein.

It was established that when the nanomodifier is
introduced, the cement hydration process is

accelerated, and the optimum microstructure of the
cement stone is formed. At the same time, scanning
electron microscopy confirmed the formation of extra
directional crystallization of cement stone neoplasm
particles, mainly with intergrowth contacts.

The X-ray diffraction analysis showed a change in
the phase composition of the nanomodified samples,
with an extra formation of low-base calcium
hydrosilicates even at an early stage of hardening.

The studies conducted on the kinetics of gaining
the strength of the nanomodified cement stone
demonstrated an increase of about 20-30 % in the
compressive strength at the age of 28 days for all the
samples.
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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.

Featur es of functionalization
of carbon nanotubeswith titanium stear ate

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 thereactor 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 (vf) and the initial temperature (foc.01) of the
coolant in the casing, and the duration of reactor
operation cycles requiring supply or removal of a large
amount of heat (1), 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 Kkinetic
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;
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— 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

4t0) , g 1(x)=s. )
dx
K= alPl‘H’“ZPZ’ g htr oy Bipy G
Gce Gce

where x is the spatial coordinate in the flow direction,
#(x) is the current fluid temperature, G is the mass flow
rate of the liquid, c is the heat capacity of the liquid,

P; is the perimeter of the i-th channel wall, a; is the

convective heat transfer coefficient from the i-th wall
channel to the liquid, #5; is the temperature of the

i-th channel wall, i = 1, 2 is the channel surface index.
Under the initial condition of #(0)=¢, , the
solution of equation (1) has the following form:

t(x)=V +(ty—V )exp(-K x), 3)

_Oy Ritp A0y Bipy
a1P1+(X,2 P2

%

4)

The average temperature of the liquid in the
section of length Ax is

- AX —
t :Alx £ t(x)dx=V+ (Z]()(—A?(l—exp(—l{x)). )

The problem of stationary thermal conductivity for
a hollow two-layered unbounded cylinder is as follows:

2
A7) 1din) 5 g <<r: (6)

dr} 1 dp

dt (R
7”1—1( 0)—0‘1(t1(R0)_fc1):0§ (7

drl
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Here, #(7;) is the temperature field of the i-th layer
of the cylinder, °C, as a function of the radial
coordinate r;, m; R; is the outer radius of the i-th layer
of the cylinder, m; A; is the thermal conductivity of the
material of the i-th layer of the cylinder, W/(m'K); a,
o, are the coefficients of heat transfer from the
cylinder surfaces to the internal and external media, res
pectively, W/(mz-K); te1, ton are the medium
temperatures from the inner and outer sides,
respectively, °C.

The solution of the problem (6) — (9) has the form:

2
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The problem of stationary thermal conductivity for
a hollow single-layered unbounded cylinder is as
follows:

d’t(r) 1dt

7(2r)+;d—(:)=0, R, <r<Ry; (16)
2B o (k) -1)=00 (1)
B o (o(Ry) 1,2 )=0. (18)

dR

Here #(r) is the temperature field of the cylinder,
°C, as a function of the radial coordinate », m; Ry, R
are the inner and outer radii of the cylinder,
respectively, m; A is the thermal conductivity of the
cylinder material, W/(m'K); a1, a, are the coefficients
of heat transfer from the cylinder surfaces to the
internal and external media, respectively, W/(m*K);
tc1, ter are the medium temperatures from the inner and
outer sides, respectively, °C

The solution of the problem (16) — (18) has the
form:

((r)=Aln(r)+B; (19)
A
B=tCI+A( —ln(Rl)J; (20)
o R

A= th_tcl ) (21)
A A R,
+——+In| =
arR, oyR R,

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.

IO 2 (- (22)
dx’
T(0)=r(0)—kﬂ2; (23)
dT(L,) ..
. =0; (24)
(ot +0ayty).

; T(x)= t(x)—— (25)

kK=o +0,; m=
1 2 K

Here, x is the spatial longitudinal coordinate, m; 7(x) is
the temperature field, °C; #, # are the ambient
temperatures, °C; A is the coefficient of thermal
conductivity of the structural material W/(m-K); a1, o
are the coefficients of convective heat transfer from the
external surfaces of the structural eclement to the
environment, W/(m,'K); L, 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:

T (x)=C, ch(kx)+C,sh(kx), (26)

where
C=1(0)-3; (27)
C,=-C,th(kL,). (28)
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Fig. 1. Temperature changesin thereactor

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.

0,1 0,2

(=3
w
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(=3
o
=3
=)
(=)
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=)
3
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Fig. 2. Changein temperature by therelative length
of the half-tube (0-1) as a function of time (0-50 min)

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

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.

Keywords

Magnetic nanoparticles; non-heating low-frequency magnetic field; localization; magnetomechanical impact.
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Introduction 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

) X i ) alternating magnetic field (AMF) with a frequency of
are capable of releasing heat intensively, which leads to | _1000 Hz is used. which causes the oscillating

the induction of apoptosis and the subsequent ablation  (;anclational or rotational motion of the MNPs.
of malignant cells. However, the potential of using  The motion of particles can be used for nanoscale
MNPs in biomedicine is incomparably larger than these  deformation of biologically and chemically active
two applications. The MNPs are promising in targeted  macromolecular structures, such as, membranes and
drug delivery technologies as transducers of an external ~ enzymes. As a rule, for this purpose, the MNPs are
magnetic field that controls the movement of containers  functionalized with the help of molecular-specific
with a therapeutic agent into the desired area or triggers  ligands. A number of experimental studies have shown
a controlled drug release with a given rate [8—11]. that within the MMA, the functionalized MNPs can be

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
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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 wuse 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
®c = upoH,/6nVyp , where p is the magnetic moment

of the MNP, p, is the magnetic constant, Ha is the

AMF amplitude, n is surrounding medium viscosity,
Vhp is a hydrodynamic volume of the particle. If low-
frequency AMF is below ., 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 Hg 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 Hz on MNPs in such a magnetic field
system, there exists a region of space with linear size
L~2H,/gradHg ), 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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Ir

Fig. 1. A diagram illustrating the method developed. Thelocalizing gradient field Hgr (on the |eft) selectsthe region
(green dashed line), outside which MNPs are“frozen” under the action of the activating AMF Hg,

the total magnetic field will not change its direction
when the magnitude and direction of the activating
AMEF 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

ALH

Ibias /*

Ib.fas /‘

Fig. 2. Displacement of thefield free point (FFP)
using additional homogeneousfield

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:

1) 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 x 5 mm~, 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 1) 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) 1.05x2.04 x 2.04 mm’;

i) 1.4x1.4x75 mm3;

iii)2.77 x 3.06 x 3.06 mm’.

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 kKA/m
asafunction of the distance between the magnets
with a remanent magnetization of 1.2 T

Distance Longitudinal ~ Transverse

between dimension dimension Volume 3
magnets, mm  of LR, mm of LR, mm of LR, mm

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 Vjoef / N .

Here, the minimum exposure time is assumed to be
equal to Ny /T, where Ngi is the number of AMF

periods leading to perceptible biological response, V,q.

is the volume of AMF impact LR, and f is the AMF
frequency.

To estimate the maximum scanning speed, it was
accepted that Ng = 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 10V, per second, i.e. ~2.3 cm’/s with the AMF

impact localization volume ~ 4 x 8 x 8§ mm’.
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 x 8 x 8 mm’ 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 L » 2H, /grad(H g ) 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 x 8 x 8 mm3, which

AM&T

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 10V,,. per second, where

Vioc 18 the volume of the localization region. For the

simplest localization system using permanent magnets,
the maximal scanning speed is ~ 2.3 cm’/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 1,. 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 o5 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 T,
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 1, 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.

(x)

i Normal bond law

70

[

20 g (x)

Fig. 1. “t—g" diagram: elastic-plastic and normal laws of bond

.

Cracks appear
in compression

Tb:%’ (1)

where Nmax is ultimate load (&) in the pullout test (kN);
A is reinforcement perimeter (4 =m d, where d is bar
diameter (mm)), / 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.

Aspiral

F spiral

T

P spiral

Cracks appear
- /in tension

A

dO spiral

Bearing stress  Decoupling

Fig. 2. Destruction of concrete console
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The phenomenological method in determining Ty
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 Ry. 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.l. Semenov noted a
significant increase in the maximum pulling load Ppax
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 Pnax was observed
only for samples whose length of stress transfer section
is [, = 20d, where d is the nominal diameter of the bar,
and if [,=(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 1, (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
Cube compressive Surface dimensions Rebar Diameter Depth of bar Corrosion Max.1mum
No. strength of a concrete . o tangential stress,
of concrete Ry, MPa sample, mm profile  of the bar, mm anchoring, mm level, % 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 0.8 224
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 50 432 12
236 23 15 2 14 50 433 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 1.23 491
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 150x150x150 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.

Tp(X)

SN NN N N Y

Fig. 3. Pullout testing of samples

Embedment i&_ Reinforcing
depth —— bar

— e

Test _ = e . 1=

sample T I—— |7 == NaCl
= —_:—_ 4 — solution
—=_T Vi —=
@ Copper plate

Fig. 4. Schematic representation of the electrochemical system
used to induce corrosion of thereinforcing 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 /i, I, ..., I,, attached by weight
w; 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.

n
Uk=2wk1j+Biask; 2)
J=1
_ A
Wll le . . . Wln I
2
W21 W22 .. W2n
Uk = +
LWmt Wm2 Wmn_an I
L™ n dpxl

[ Bias, | U,
Bi352 U2
+ . =| . ) 3)
—Biasm—mxl -Um_mxl

Since the nffool 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.

Prom =ap+b, “4)

where [ is actual input parameter or output values,
Bhorm 18 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
= 5
¢ Bmax _Bmin ( )
Pmax +Pmi
p = Cmax mm’ 6
Bmax _Bmin ( )

where B x> Bmin 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 Tty
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
o Input and output variables
Normalization
parameters 1, MPa I, mm I 14, mm 14, mm 15,% 1g, MPa
Bmax 52.1 147.5 2 25 500 80 31.7
Bmin 22.13 15 12 359 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
Bias (bias, deviation)
[1 "
Bias (bias, deviation)
L C
I
I
15‘ O
16 \
Input layer Hidden layer Output layer
Fig. 5. The NN architecturefor the proposed model
NN model. It should also be taken into account that the _ n
final result obtained from equation (10) is in the Ty = Bias guput layer + Z wiF(Uy ), (7)

normalized form, which must be de-normalized
according to equation (4) and the values of the
normalization factors given in Table 2.

J=1
where Biasoutput layer = —0.72598625301132214 and
f(x) (Hyperbolic tangent) is an activation function.

1, =—0.72598625301132214 — 0.73052205364589862 tan A(U;) + 0.43372098218006 tan h(U>) —
—0.378948852713141 tan h(Us) + 0.546753081298744 tan h(Us) + 0.743044141180237 tan h(Us) —
—0.287177258041315 tan h(Us) + 0.506892739633613 tan h(Us) + 0.511933571886970 tan h(Us),  (8)

where 7T, 1is ultimate bond strength between
reinforcement and concrete, MPa, tani(x) is the
activation function (hyperbolic tangent) found by the
following equation (9), and U;, U,, ..., Ug can be

calculated from formula (10).

tgh=—"5-1; ©)
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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 1, 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
Ty 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 T, up to 4.5 MPa the mean error between the
predicted and actual values was the highest for the
model compared to other intervals ts,.
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a — Training: R = 0.94478, Regression equation — x = 0.89y + 1.1; b — Monitoring: R = 0.97385, Regression equation — x = 0.84y + 2.0;
¢ — 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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Mean-square
error (MSE)

107
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Teaching stage
Monitoring stage
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Best stage

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 1, 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.

References

1. Amleh L., Ghosh A. Modeling the effect of
corrosion on bond strength at the steel-concrete interface
with finiteelement analysis. Can J Civ Eng, 2006, vol. 33,
pp. 673-682.

2. Berto L., Simioni P., Saetta A. Numerical modeling
of bond behaviour in RC structures affected by reinforcement
corrosion. Eng Struct, 2008, vol. 30, pp. 1375-1385.

3. Migunov V.N. Ovchinnikov LI., Ovchinnikov I.G.
Eksperimental'no-teoreticheskoe ~ modelirovanie  armiro-
vannykh konstruktsij v usloviyakh korrozii [Experimental
theoretical modeling of reinforced structures under corrosion
conditions]. Penza, PGUAS, 2014. 362 p. (Rus.)

4. Alekseev S.N., Ivanov F.M., Modry S., Shissl' P.
Dolgovechnost' zhelezobetona v agressivnykh sredakh
[Durability —of reinforced concrete in  corrosive
environments]. Moscow: Strojizdat, 1990, 320 p. (Rus.)

5. Veselov A.A. Raschet dliny zadelki armatury
periodicheskogo profilya v betone [Calculation of the
reinforcing length of the periodic profile in concrete].
In Statika i dinamika slozhnykh stroitel'nykh konstruktsij:
mezhvuz. sb. tr. [Statics and dynamics of complex building
structures: interuniversity. Col.of pap.], Leningrad: LISI,
1980, pp. 148-155. (Rus)

6. Topcu 1.B., Boga A.R., Hocaoglu F.O. Modeling
corrosion currents of reinforced concrete using ANN.
Automat Constr., 2009, vol. 18(2), pp.145-152.

7. Lim C.H., Yoon Y.S., Kim J.H. Genetic algorithm
in mix proportioning of high performance concrete. Cem
Concr Res, 2004, vol. 34(3), pp. 409-420.

8. Fairbairn E.M.R., Silvoso M.M., Filho R.D.T.,
Alves J.L.D. Ebecken NFF Optimization of mass concrete
construction using genetic algorithms. Comput Struct, 2004,
vol. 82(2-3), pp. 281-299.

80 Advanced Materials & Technologies. No. 3, 2018



AM&T

9. Adhikary B.B., Mutsuyoshi H. Prediction of shear
strength of steel fiber RC beams using neural networks.
Constr Build Mater, 2006, vol. 20(9), pp. 801-811.

10. Duan Z.H., Kou S.C., Poon C.S. Prediction of
compressive strength of recycled aggregate concrete using
artificial neural networks. Constr Build Mater, 2013, vol. 40,
pp. 1200-1206.

11. Ashour A.F., Alvarez L.F., Toropov V.V. Empirical
modeling of shear strength RC deep beams by genetic
programming.  Comput  Struct, 2003, vol. 81(5),
pp- 331-338.

12. Goh A.T.C. Prediction of ultimate shear strength of
deep beams using neural networks. ACI Struct J, 1995,
vol. 92(1), pp. 28-32.

13.Sadowski L. Non-destructive investigation of
corrosion current density in steel reinforced concrete by
artificial neural networks. Arch Civ Mech Eng, 2013,
vol. 13(1), pp. 104-111.

14.Sadowski L. Non-destructive evaluation of the
pulloff adhesion of concrete floor layers using rbf neural
network. J Civ Eng Manag, 2010, vol. 19(4), pp. 550-560.

15. Sakla S.S.S., Ashour A.F. Prediction of tensile
capacity of single adhesive anchors using neural networks.
Comput Struct, 2005, vol. 83, pp. 1792-1803.

16. Dahou Z., Sbartai Z.M., Castel A., Ghomari F.
Artificial neural network model for steel-concrete bond
prediction. Eng Struct, 2009, vol. 31(8), pp. 1724-1733.

17. Golafshani E.M., Rahai A., Sebt M.S., Akbarpour
H. Prediction of bond strength of spliced steel bars in
concrete using artificial neural network and fuzzy logic.
Constr Build Mater, 2012, vol. 36, pp. 411-418.

18. Stolyarov Ya.V. Vvedenie v teoriyu zhelezobetona
[Introduction to the theory of reinforced concrete], Moscow-
Leningrad: Strojizdat, 1941, 447 p. (Rus.)

19. Bajkov  V.N., Sigalov E.E. Betonnye i
zhelezobetonnye konstruktsii: Obshhij kurs [Concrete and
reinforced concrete structures: Basic course], Moscow:
Strojizdat, 1991, 768 p. (Rus.)

20. Garai T. Issledovanie ankerovki armatury v betone
[Investigation of anchoring of reinforcement in concrete].
In Issledovanie prochnosti ehlementov zhelezobetonnykh
konstruktsij [Investigation of the strength of reinforced
concrete structures]. Sb.tr. NIIZHB, Moscow: Gosstrojizdat,
1959, issue 5, pp. 78-109. (Rus)

21. Kholmyanskij M.M. Kontakt armatury s betonom
[Contact of reinforcement with concrete], Moscow:
Strojizdat, 1981, 184 p. (Rus.)

22. Kholmyanskij M.M. Raschet tsentral'no armiro-
vannykh  prizmaticheskikh ehle-mentov na  stseplenie
[Calculation of centrally reinforced prismatic elements for
bond strength]. In Sb.tr. NIIZHB, Moscow: Gosstrojizdat,
1961, issue 4, pp. 122-153. (Rus.)

23. Kholmyanskij M.M., et al. Stseplenie sterzhnevoj
armatury periodicheskogo profilya s betonom [Bonding of
bar reinforcement with a periodic profile of concrete].
In Stseplenie armatury s betonom [Coupling of reinforcement
with concrete], Moscow, 1971, pp. 31-37. (Rus.)

24. Kholmyanskij M.M. Zadelka armatury v betone
[Fixing reinforcement in concrete]. Beton i zhelezobeton

[Concrete and Reinforced Concrete], 1965, vol. 11,
pp. 21-25. (Rus.)

25. Kol'ner V.M., Aliev SH.A., Gol'dfajn B.S.
Stseplenie s betonom i prochnost' zadelki sterzhnevoj
armatury periodicheskogo profilya [Concretion with concrete
and strength of the insertion of reinforcing bar of the periodic
profile]. Beton i zhelezobeton [Concrete and Reinforced
Concrete], 1965, vol. 11, pp. 25-27. (Rus.)

26. Kholmyanskij M.M. Tekhnicheskaya teoriya
stsepleniya armatury s betonom i ee primenenie [The
technical theory of reinforcement coupling with concrete and
its application]. Beton i zhelezobeton [Concrete and
Reinforced Concrete], 1968, vol. 12, pp. 10-18. (Rus.)

27. Kholmyanskij M.M. Metodika ehksperimental'noj
issledovaniya stsepleniya armatury s betonom [Methods of
experimental study of reinforcement coupling to concrete].
Metodika laboratornykh issledovanij deformatsij i prochnosti
betona, armatury i zhelezobetonnykh konstruktsij [Methods
of laboratory studies of deformation and strength of the
concrete, rebar and concrete constructions], Moscow, 1962,
pp. 138-147. (Rus.)

28. Tevelev Yu.A. Zadelka armatury v betone pri
peremennom stseplenii po dline zony ankerovki [Fixation of
reinforcement in concrete with variable bond along the
length of the anchoring zone]. Stseplenie armatury s betonom
[Coupling of reinforcement with concrete], Moscow, 1971,
pp. 14-21. (Rus.)

29. Kholmyanskij M.M. Nadarejshvili G.F., Zajtsev V.V.
O primenenii zakona stsepleniya pri issledovanii
mekhanicheskogo vzaimodejstviya armatury periodicheskogo
profilya 1 betona [On the application of the law of cohesion
in the study of the mechanical interaction of reinforcement of
a periodic profile and concrete]. Stseplenie armatury
s betonom [Coupling of reinforcement with concrete],
Chelyabinsk, 1968, pp. 27-29. (Rus.)

30. Kholmyanskij M.M., Kol'ner V.M., Gol'dfajn B.S.
Stseplenie s betonom sterzhnevoj armatury periodicheskogo
profilya [Coupling of concrete with bar reinforcement of the
periodic profile]. Stseplenie armatury s betonom [Coupling
of reinforcement with concrete], Chelyabinsk, 1968,
pp. 46-47. (Rus.)

31. Tevelev Yu.A. K voprosu rascheta na stseplenie pri
peremennom zakone stsepleniya po dline zadelki [To the
problem of bond calculating under the variable law of
evaluation of the length of the seal]. Stseplenie armatury
s betonom [Coupling of reinforcement with concrete],
Chelyabinsk, 1968, pp. 34-35. (Rus.)

32. Oatul A.A. Osnovy teorii stsepleniya armatury
s betonom [Basics of the theory of coupling of reinforcement
with concrete], Issledovaniya po betonu i zhelezobetonu.
Sb.tr. CHPI [Studies on concrete and reinforced concrete.
ChPI Col. of papers], Chelyabinsk, 1967, issue 46, pp. 6-26.
(Rus.)

33. Oatul A.A. Predlozheniya k postroeniyu teorii
stsepleniya armatury s betonom [Proposals on the
construction of the theory of the coupling of reinforcement
with concrete], Beton i zhelezobeton [Concrete and
Reinforced Concrete], 1968, vol. 12, pp. 8-10. (Rus.)

Advanced Materials & Technologies. No. 3, 2018 81



AM&T

34. Tsekhmistrov V.M. Raschet napryazhenij i
deformatsij pri vydergivanii armatury iz betonnoj prizmy,
opertoj tortsom (obrazets na vydergivanie) [Calculation of
stresses and deformations when pulling reinfrocement from a
concrete prism supported by an end face (pullout test)],
Issledovanie po betonu i zhelezobetonu. Sb. tr. CHPI
[Studies on concrete and reinforced concrete. ChPI Col. of
papers], Chelyabinsk, 1967, issue 46, pp. 27-43. (Rus.)

35. Oatul A.A., Ivashenko Yu.A. Ehksperimental'noe
issledovanie stsepleniya armatury s betonom na rastyanutykh
obraztsakh pri kratkovremennom, povtornom i dlitel'nom
dejstvii nagruzki [Experimental study of reinforcement of
bond to concrete on stretched samples under short-term,
repeated and long-term load action], Issledovaniya po betonu
i zhelezobetonu. Sb. tr. CHPI [Studies on concrete and
reinforced concrete. ChPI Col. of papers], Chelyabinsk,
1967, issue 46, pp. 44-71. (Rus.)

36. Pasepshik  V.V. Issledovanie  vnutrennego
treshhinoobrazovaniya v tsentral'no armirovannom korotkom
rastyanutom obraztse [Investigation of internal cracking in a
centrally reinforced short stretched sample], Issledovaniya
po betonu i zhelezobetonu. Sh. tr. CHPI [Studies on concrete
and reinforced concrete. ChPI Col. of papers], Chelyabinsk,
1967, issue 46, pp. 72-84. (Rus.)

37. Oatul A.A., Kutin Yu.F. Ehksperimental'noe
opredelenie  differentsirovannogo  zakona  stsepleniya
sterzhnevoj armatury s betonom [Experimental definition of
the differentiated law of coupling of core reinforcement with
concrete], Issledovaniya po betonu i zhelezobetonu.
Sb. tr. CHPI [Studies on concrete and reinforced concrete.
ChPI Col. of papers], Chelyabinsk, 1967, issue 46, pp. 72-84.
(Rus.)

38. Pasepshik V.V. Primenenie metoda konechnykh
ehlementov v teorii stsepleniya armatury s betonom
[The application of the finite element method in the theory of
reinforcement coupling with concrete], Issledovaniya po
betonu i zhelezobetonu. Sb. tr. CHPI [Studies on concrete
and reinforced concrete. ChPI Col. of papers], Chelyabinsk,
1974, issue 149, pp. 127-132. (Rus.)

39. Tsekhmistrov V.M. Eksperimental'nye issledovaniya
zakonov stsepleniya s betonom sterzhnej [Experimental
studies of the bond laws of concrete with bars],
Issledovaniya po betonu i zhelezobetonu. Sb. tr. CHPI
[Studies on concrete and reinforced concrete. ChPI Col. of
papers], Chelyabinsk, 1974, issue 149, pp. 142-148. (Rus.)

40. Oatul A.A., Pylneva T.M. Predlozheniya po
postroeniyu teorii polzuchesti stsepleniya armatury s
betonom [Proposals on the construction of the theory of

creep-coupling of reinforcement with concrete], Zhelezo-
betonnye konstruktsii [Reinforced concrete structures],
Chelyabinsk, 1969. pp. 49-61. (Rus.)

41. Almussallam A.A., Al-Gahtani A.S., Aziz A.A,,
Rasheeduzzafar Effect of reinforcement corrosion on bond
strength. Constr Build Mater, 1996, vol. 10(2), pp. 123-129.

42. Auyeung Y., Balaguru P., Chung L. Bond behavior
of corroded reinforcement bars. ACI Mater J. 2000,
vol. 97(2), pp. 214-220.

43. Shima H. (2002) Local bond stress-slip relationship
of corroded steel bars embedded in concrete. In: Proceeding
of the third international symposium on bond in concrete,
Budapest, Nov 2002 Materials and Structures, pp. 153-158.

44. Zhao Y., Jin W. Test study on bond behavior of
corroded steel bars and concrete. J Zhejiang Univ
(Engineering Science Edition), 2002, vol. 36(4), pp. 352-356
(in Chinese)

45. Fang C., Lundgren K., Chen L., Zhu C. Corrosion
influence on bond in reinforced concrete. Cem Concr Res.
2004, vol. 34(11), pp. 2159-2167.

46. Horrigmoe G., Sather 1., Antonsen R., Arntsen B.
Laboratory investigations of steel bar corrosion in concrete.
Background document SB3.10. Sustainable bridges:
assessment for future traffic demands and longer lives.
A project co-funded by the European Commission within the
Sixth Framework Programme, 2007

47. Chung L., Kim JhJ, Yi S.T. Bond strength
prediction for reinforced concrete members with highly
corroded reinforcing bars. Cem Concr Compos. 2008,
vol. 30(7), pp. 603-611.

48. Yalcmer H., Eren O., Serhan S. An experimental
study on the bond strength between reinforcement bars
and concrete as a function of concrete cover, strength
and corrosion level. Cem Concr Res. 2012, vol. 42(5),

pp- 643-655.

49. Migunov  V.N. Ovchinnikov 1.G. Dlitel'nye
ehksperimental'nye issledovaniya vliyaniya prodol'nykh
treshhin v  zashhitnom sloe betona na izmenenie
dolgovechnosti, kratkovremennoj zhyostkosti i prochnosti
vnetsentrenno  szhatykh s malym ehkstsentrisitetom
stroitel'nykh  obychnykh zhelezobetonnykh ehlementov

[Long-term experimental studies of the effect of longitudinal
cracks in the protective layer of concrete on the change in
durability, short-term stiffness and strength of eccentricity of
eccentric construction of ordinary conventional reinforced
concrete elements]. Izv. vuzov. Stroitel’stvo [University
Bulletin. Civil Engineering]. 2010, issue 2, pp. 125-130.
(Rus.)

82 Advanced Materials & Technologies. No. 3, 2018



AM&T

ABSTRACTS IN RUSSIAN

TepMOIlI/IHaMI/I'-IECKaﬂ HIKaJa THCNIePCHOCTU KPUCTANINICCKUX TeJI

10. B. .JIeBanmlifll, M. H. Aasivos™ **

' @I'FVH «Hucmumym cmpykmypHOU MakpoKuHemuxu u npobnem mamepuanogeoenus um. A. I'. Mepowcanosa PAH»,
Poccus, 142432, 2. Yepnoconoexa, Mockosckas obnacme, yi. Axademuxa Ocunvana, o. 8;
2 ®OI'BYH «Hncmumym memannypeuu u mamepuanosedenus um. A. A. Baiikosa PAH),
Poccus, 119334, 2. Mocksa, Jlenunckuii npocnexkm, 49

* Ten.: +7 496 52 46 376. E-mail: alymov(@ism.ac.ru

AHHOTAIHUSA

[TpuHSITO, YTO OCHOBHYIO YaCTh W30BITOUHOI CBOOOJHOM SHEPTHH AUCIIEPCHOM CHCTEMbI COCTABIISIET €€ U30BITOYHASI CBO-
0OHAs TIOBEPXHOCTHAS SHEPTHS, @ M30BITOYHYIO CBOOOTHYIO SHEPTHUIO0 KOMIIAKTHOTO Tella — CBOOOIHAS SHEPTHs, OIpeese-
Mast IIOTHOCTBI0 aucnokaumii 102 ov 2. Exunuueit M3MEpEeHUs TpeJIaraeTcsi CUuTaTh 0e3pa3sMepHbId TEPMOAMHAMUYECKAN
KPHUTEPUIl JUCIIEPCHOCTH KpucTauindeckux Ten Dy. TpemiokeHa TepMOIUHAMIYECKas IIKaa JUCIIEPCHOCTH KPUCTAJLTHYE-
CKHX TeJl.

KuaroueBble cjioBa

IIxama HU3MEPCHUS; JUCTICPCHOCTL; pa3MEp YaCTHUIl; ,HG(I)GKTI)I; TCPMOJANHAMHUYCCKUEC CBOﬁCTBa; CBO60,HH&$I OHEprus.

IHonyyeHue TUTAHO-XPOMOBOT0 kKapouaa u3 cucrembl CaCrQO,/TiO,/Al/C metogom CBC-MeTaitypruu
II. A. Mujocepnos*, B. A. T'opmkos, B. K. FOxBua, O. M. MusiocepaoBa

' ®IBYH «Hucmumym cmpykmypnoti Makpoxunemuxu u npobnem mamepuanogedenus um. A. I'. Mepacanosa PAH»,
Poccus, 142432, 2. Yepnozonoexa, Mockosckas obnacms, yi. Axademuka Ocunvaua, 0. 8

* Ten.: +7 946 52 46 229. E-mail: yu_group@jism.ac.ru

AHHOTALUA

W3yueHbl 3aKOHOMEPHOCTH TOPEHHSI U aBTOBOJIHOBOTO XMMHUYECKOTO MPEBPAIIEHHS BBICOKOIK30TEPMHUYECKUX CMeceit
CaCrO4/Al/C u CaCrO4/TiOy/Al/Ca/C. Tloka3zaHo, 4TO cMeCh CITOCOOHA K TOPSHUIO B IIMPOKOM JHANa30HEe COJICPKAHUS B HEl
yIJIepo/ia, BAPbUPOBAHUE COCTABA CMECH MO3BOJIMIIO MOJNYYHUTh JIUThIE OTHEYIMOPHBIC COCAMHEHUSI XPOMa C Pa3IMYHBIMHU CO-
CTaBOM U CTpyKTypoil. JIo0aBiieHre OKCH/Ia TUTAHA MPHUBENIO K CHIDKCHUIO TEMIIEPATYPbI TOPEHHS U, COOTBETCTBEHHO, OTPHUIIA-
TEJBHO CKAa3aJoch Ha MapaMeTpax CHHTE3a W KadecTBE IENIEBOrO MPOAyKTa. Bricokosk3orepmmdeckas mobaBka CaO, + Al
3HAYUTEJIHHO MOBBICKIIA TEMIIEPATypy TOPEHHUSI CMECH U PaCIIMpHiIa Mpeesibl ropeHust u dazopazaenenus. [loaydeH npoaykr,
COCTOSIIUH NpenMyIecTBeHHO U3 LeneBor ¢asel TipsCry,C u Bkmouenuit ¢pa3 Cr,AlC (MAX-dassr) u Cr,Cs.

KiaroueBble cjioBa

XpomaTt KaJbLus; KapOuIbL; JINThIE MaTepuaibl; cuHTe3 ropeanem; CBC-merautyprus; THTaHO-XPOMOBBIN KapOuI.
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YnpouHeHHe B3pPHIBOM H €r0 NPUMeHEeHHEe B MPOU3BO/ICTBE KPECTOBHH
JKeJIe3HOIOPOKHBIX CTPEJIOYHBIX MePEeBOI0B

A. A. Jlepubac’, A. A. IlItepuep**, E. E. 3y6kos’

' ®I'BYH «O6vedunennviii uncmumym evicoxux memnepamyp PAH», Poccus, 125412, Mockea, yn. Hocopekas, 13, cmp. 2;
> @I'BYH «Hnucmumym euopoounamuxu um. M. A. Jlagpenmoesa», Cubupcrxoe omoenernue PAH,
Poccus, 630090, Hosocubupck, np-m akao. Jlaspenmvesa, 15,
* AO «Hosocubupckuii cmpenounsiii 3a600», Poccus, 630025, Hosocubupck, yn. Akcenosa, 7

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

AHHOTaIUSA

PaccmarpuBarotcss ocobeHHOCTH ynpodHeHHs B3pbiBoM (YB), cBsA3aHHBIE C BO3IEHCTBHEM yTapHOW BOJHBI HA METAaLI.
[pencrasnens! cBoiictBa cramyu [andmnpaa nocine YB. [lokazaHo, 9TO MPOMEXKYTOUHBIH CIIOH CYXOTO TecKa MEXIY 3apsaoM
B3pBIBYATOTO BELIECTBA M 00pabaThIBaCMbIM METAIIIOM OOECIEUMBAET YCHJICHHE YJApHOW BOJIHBI, YTO JA€T BO3MOKHOCTb
MIPOBOAUTH ¥ B ¢ HCMosb30BaHIEM OPOLIKOOOPA3HBIX B3PhIBUATHIX BELIECTB C HU3KOH MIOTHOCTHIO X CKOPOCTBIO IE€TOHALUH.
I[aHO OIIMCAaHUC HpOM]:lLL[J'lGHHOfI TCXHOJIOI'MU YIIPOUYHEHHUA KPECTOBUH KEJIC3HOJOPOKHBIX CTPECIIOYHBIX IIEPEBOJIOB. ITokaza-
HO, 4yTo ¥YB yBenuuuBaer cpok cityx0bl 3Tux uznenuii Ha 20-30 %.

KiawueBble ciioBa

VYnpouyHeHHe B3pbIBOM; ynapHasi BoJiHa; cTaib ['agduibia; KpecTOBHHA JKEIE3HOJOPO’KHOTO CTPEIOYHOIO IEpeBO/a;
TBEPIOCTb.

Pa3pyumienue maTepuajioB KBapueBbIX CBETOBOJ0OB NPH YAAPHO-BOJIHOBBIX U JIy4eBbIX HATPY3Kax
B. II. E(])peMOBl*, A. B. Yrnn'"?

' ®I'BYH «O6vedunennviii uncmumym evicoxux memnepamyp PAH», Poccus, 125412, Mockea, yn. Hocopekas, 13, cmp. 2;
> @I'BYH «Hncmumym npobnem xumuueckou gusuxu PAH»,
Poccus, 142432, Mockosckas obnacme, 2. Yepnoconoska, np-m axao. Cemenosa, 1

* Tem: +7 495 485 09 63. E-mail: dr.efremov(@gmail.com

AHHOTaANMSA

Hapymenne cBeToBOH NMPOBOIMMOCTH CBETOBOJA, TPAHCIIOPTHPYIOIIETO MHTCHCHBHOE JAa3ePHOE M3Iy4YEHHE, IPHBOANUT
K TIOSIBJICHHIO SIPKOCBETSIIEHCS JIa3epHOH I1a3Mbl. [1ma3Ma HaunHAeT IBUIaThCs HABCTPEUY M3IYUYEHHIO, HEOOpaTHMO MOBpe-
XJasi CBeTOBO/. B 3aBHCHMOCTH OT MHTEHCHBHOCTH HOTOKA BO3MOXHBI Pa3IMUHbIE CKOPOCTH PACIPOCTPAHEHHS MTOBPEXKICHHS
II0 CBETOBOAAM HABCTpeuy H3IYYEHHIO — 3TO JIMOO «TOPEHHe» CBETOBOAOB, JIMOO «omTHYecKas aeToHanus». O0a mporecca
«TOPEHHE» M «ONTHUYECKasl IE€TOHALMS» CBETOBOJOB Pa3pylLIalOT CBETOBYIO IPOBOJMMOCTh KBApIEBBIX CBETOBOJIOB IO BCEH
JuinHe. CKOpOCTh PacIpOCTPAHEHHUSI «TOPEHUS» 3aBUCHUT OT IJIOTHOCTH DHEPTHHU U COCTABJISIET HECKOJIBKO METPOB B CEKYHIY.
JleTOHAlIMOHHO-TIONOOHBIA PEXUM pPa3pyIEHUs] PacHpOCTPAHSIETCSI CO CKOPOCTSMH HECKOJIIBKO KHJIOMETPOB B CEKYHIY.
Jnst MoJenMpoBaHust IpoLecca Takoro paspyLIeHUs] HEOOXO0AUMBI yIapHO-BOJIHOBBIE JJAHHBIE MaTEPUAIIOB KBapLEBBIX CBETO-
BOJIOB. B nanHO# paboTe BrepBbIe IPOBEAECHO AKCIIEPUMEHTAIILHOE H3yUeHNE OCOOCHHOCTEN pacrpocTpaneHus (ppoHTa yaap-
HBIX BOJIH B MaTeprallaX CepALEBHHBI ONITUYECKUX CBETOBOIOB BO B3PHIBHBIX AKCIIEPUMEHTaX. /sl M3ydeHUs 1eTOHAIMOHHO-
MOJJOOHOTO PEXMUMa PACIIPOCTPAHEHHMS JIA3EPHOT'0 paspsisia N3ydaly KCIIepUMEHTaIbHbIE (MOJIEIbHbIE) CBETOBObI, H3TOTOB-
neHaple B HaygyHOM 1ieHTpe BONOKOHHOW onTukd PAH, W IpOMBINIIICHHBIA CBETOBOX CBSI3U (OAHOMOAOBEINA cBeTOBOX SMF-
28e ¢upmer Corning). B yaapHO-BOTHOBOM SKCIIEpUMEHTE TOATBEPIKICH IBYXBOIHOBOH MPOQIIIH paCIIPOCTPaHEHHS YAAPHOH
BOJIHBI. B MaTepuanax cBeToBoAa 0OHapyXeHa aHOMaJIbHAsl C)KUMAaeMOCTh 32 (YPOHTOM yaapHOI BoHBI. CHIXEHHE CKOPOCTH
3BYyKa COCTaBHJIO OKOJIO 1 kM/c.

KiroueBble cjioBa

J]a3epHo—noLmep>KMBaeMaa JACTOHAIWs; OJTHOMO/JIOBBIN CBETOBO/; JIa3€pHaAd 1jiazMa.
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Oco0eHHOCTH BOJIHOOOPA30BaHusI MPU CBAPKe B3PbIBOM Yepe3 TOHKUI MPOMEKYTOUHBIN CJIOMH
B. C. 3100umn, B. B. Kucenes, A. A. Illtepuep*, A. B. Ilnactuann

OI'BYVH «HUncmumym cuopoounamuru um. M. A. Jlaspenmoesay, Cubupckoe omoenenue PAH,
Poccus, 630090, Hosocubupck, np-m akao. Jlaspenmvesa, 15

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

AHHOTaIHUS

B xoze 3KCIIEpUMEHTOB II0 CBAPKE B3PHIBOM CTaJIell C HU3KOM IUIACTUYHOCTBIO 4Yepe3 TOHKUM MPOMEKYTOUHBIN CIIOM
13 IJIACTUYHOTO MeTajia 00Hapy>KEHO, YTO pa3Mep BOJH, BO3HUKAIOIINX B 30HE COCIUHEHHUS, MOXKET OBITh Pa3NUYIHbBIM, JTaXKe
€CJIM YCJIOBHUS COYIAPEHUS W COYAAPSIOIINECs MaTepralbl OIMHAKOBBL. B TO jke BpeMs HaOJrogaeMble 3HAUCHUS JUTHMH BOJH

A JeKaT B JAWara3oHe MCxKXay kmax u }\.min, KOTOPBLIC 3aBUCAT OT CKOPOCTHU TOYKU KOHTAKTA V¢, yIjla COyAapCHUs v, TBepZ[OCTeﬁ

HV,, HV, u mnotHoCTe# pi, pr coymapsromuxcs mactud. [IpemmoskeHsl GopMynbl Uil pacdeTa TpaHHIl AWAna3oHa JUIHH
Y aMIUTUTY ]l Ha0JIF01aeMbIX BOJIH.

KiawueBble ciioBa

CBapka B3pbIBOM; ITPOMEXKYTOUHBIH CIIOH; BOJTHOOOpa3oBaHue; MoJenb JIaHaay; AIMHA BOJHBI; aMIUTUTY 1A BOJIHBI.

Cnapk-n/ja3MeHHOe ClieKaHne KepaMUieCKMX KOMIO3UTOB
HA OCHOBe f-cHaJIOHa U3 NOPOLIKOB, NOJy4YeHHbIX MeTogoM CBC

K. JI. Cmupuos'*, E. T. I'puropses’, E. B. Hedenopa®

' @I'FVH «Hucmumym cmpykmypHOU MakpoKuHemuxu u npobnem mamepuanogeoenus um. A. I'. Mepowcanosa PAH»,
Poccus, 142432, 2. Yepnoconoexa, Mockosckas obnacmes, yi. Axademuxa Ocunvana, 0. 8;
2 @I'A0Y BO «Hayuonanvhwiii uccredosamensckuti adephuiil yrusepcumem «MUDHy,
Poccus, 115409, Mockea, Kawupckoe wocce, 0. 31

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

AHHOTAIMSA

HccnenoBano criapk-muiazmenHoe criekanue (CIIC) kepaMnieckiux KOMIO3UTOB Ha OCHOBE -CHaJOHA M3 IOPOLIKOB, TO-
nmy4yeHHbIx MetonoM CBC: B-SisAION,, h-BN, B-SiC u TiN. Onpeznenens! ontumaibHble yenoBus npornecca CIIC, obecrieun-
BalOIINE IOJy4YEeHHE KePaMHIECKNX KOMIIO3UTOB C BHICOKOH OTHOCHTENBHOH IIOTHOCTBIO (Oosiee 95 %) M MpOYHOCTBIO NpH
m3rude o 400 MIla npu comepxkarnu ot 0 go 30 macc. % h-BN, ot 0 mo 40 macc. % B-SiC u ot 0 mo 40 macc. % TiN.

KiroueBble cjioBa

CaMopacrnpoCTpaHSIONIMNCS BBICOKOTEMIIEPATYPHBIN CUHTE3; CHAPK-IUIa3MEHHOE CIIEKaHUE; KEPAMUYECKHE KOMIIO3HTHI,
CHAJIOH; HUTpHJ 00pa; HUTPUJ TUTaHa; KapOua KpeMHHs

CuHTe3 KepaMUKHU HA 0ocHOBe mupoxJjopa Y,Ti,O; B peixkume CBC

T. B. bapunoBa*, B. 10. bapuunos, WU. /I. KoBaies, H. B. CaukoBa

OI'BYH «HMncmumym cmpyKmypHOU MaKpoKunemuxu u npooiem mamepuanosedenus um. A. I'. Mepacanosa PAH»,
Poccus, 142432, 2. Yepnoeonosxa, Mockosckas obnacmo, yi. Akademuxa Ocunvsna, 0. 8

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

AHHOTaIHUSA

HUccnenosano Bimsinue nob6aBok Fe u (Al + SiO,) Ha pexuM ropeHusi, IOpUCTOCTb, (Pa30BbIl COCTAaB U CTPYKTYpPY CHUHTE-
3MPYEMBIX KEpaMHYECKUX MaTpHIl HA OCHOBE CTPYKTYpPBI IMpoxjopa coctaBa Y,Ti,0;. [TokazaHo, uto BBeneHnue nopouika Fe
HE OKa3bIBaeT BIMSAHMSA Ha (a30BbIi cocTaB KepaMukK. [IpucyTcTBHE afOMUHMS B IIMXTE IIPUBEJIO K 00pa3oBaHuio (a3 rpaHaTa
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Y;Al50, u nepoBckuta YAIO;. B mpucyTcTBun BEIOpaHHBIX H00ABOK TOPEHHE IIUXTOBBIX 3aTOTOBOK IPOXOIHUIIO B YIIPaB-
JISIEMOM CTallMOHAPHOM DPEXHMeE, 00paslbl KepaMHKU COXPaHsIM (GOpMYy M pa3Mephl IIUXTOBOH 3arOTOBKH, UMEINH JIUTYIO
CTPYKTYpY, HO BBEICHHBIE NOOABKH HE CIOCOOCTBOBAJIM CYIIECTBEHHOMY CHIDKEHHIO IIOPHCTOCTH IOJIy4aeMOH KEpPaMHKH.
Kepamuku ¢ oTkpbiToil mopuctocthio MeHee 10 % momydeHsl npu npuioxeHnu ocesoro ycuwius B 0,1-0,3 xH Ha mpoaykr
H0CJIE IIOJIHOTO IIPOXOXKIEHHA IIpoliecca TOPEHHU.

KiawueBble ciioBa

CaMOpaCHpOC’I‘paHHIOHIHfICSI BBICOKOTCMHCpaTypHLIﬁ CHHTC3, MI/IHepaHOHOZIO6HI)I€ MaTpulbl; MAPOXJIOP; BHICOKOAKTHUB-
HBIC OTXOAbI.

ba3oBble Mogean 00bEeMHOI'0 CHHTE3a KOMIIO3MTOB HA OCHOBE THTaHA

A.T'. KuszeBa

OI'BYVH «HUncmumym guszuxu npounocmu u mamepuanosederus Cubupckoeo omoenenuss PAH»,
Poccus, 634055, Tomck, np-m Axademuueckuil, 2/4;
®@I'AOY BO «Hayuonanehutii ucciedosamenvckuti ToMcKuil nOIUMEXHUYECKULl YHUBEPCUMenm,y,
Poccus, 634050, Tomck, np-m Jlenuna, 30

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

AHHOTAIMS

[Toxa3aHbl BO3MOXHOCTH MOJIeNIeil 00BEMHOTO CHHTE3a C MPOTHO30M KOHEYHOro cocraBa. [IpencTaBieHsl mpocTeime
MOJIENTM CHHTE3a KOMIIO3UTOB HA OCHOBE THTAHA. B MO/ENAX yuUThIBaeTCA IUIABJICHNE C OCTENICHHBIM 00pa30BaHUEM KHIKOH
(a3bl B 3aJaHHOM TeMIlepaTypHOM HHTepBaie. [Ipenmonaraercs, 4To ynpaBiIeHUE TIPOLIECCOM OCYLIECTBIICTCS 3a CUET U3Me-
HEHHUSI CKOPOCTH HarpeBa M MCXOIHOTO COCTaBa cMecH. MoJeNu pean30BaHbl YUCIEHHO. IIpoaeMOHCTPUPOBAHO, YTO KOHEY-
HBII1 (ha30BBIA COCTaB BO BCEX CUTYaLlMAX OKa3bIBaeTCS HEPABHOBECHBIM.

KiaroueBble cjioBa

Cunres KOMIIO3UTOB; YUCJICHHOC MOJCIIMPOBAHUE; ACTaJIbHAad KUHCTHUKA, HepaBHOBeCHblﬁ COCTaB.

TBepaoTeabHblii (a30BbIi Nepexo] HAHOAJIMAa3a IPH HArPeBe U 00JIyYeHH U
B. II. E¢ppemos, E. . 3akaTunosa*
@I'BYH «Obvedunennviii uncmumym vicokux memnepamyp PAH», Poccus, 125412, Mocksa, ya. Hocopckas, 13, cmp. 2
* Ten: +7 495 485 09 63. E-mail: ei.zakatilova@mail.ru

AHHOTALUA

[poaHamu3upoBaHbl TaHHBIC MO Pa3pyIICHHIO MOHOKPHCTAJIA ajlMas3a U JeTOHAIMOHHOro Hanoanmasa (JIHA) mpu pa-
JTUAMOHHOM oOryueHun. OmnpeenieHa 103a 00aydYeHHUs, IPU KOTOPOU MPOUCXOIUT IpadUTU3AIUS B MOHOKPUCTAJIIC aiMa3a.
VYcranoBneHo BiaugHuE pazmepa yactun JJHA Ha xapakTep HOBpexkAeHUi pu 00IydeHUH.

[IpoBeneHO IKCIEPUMEHTAFHOE HCCIIEA0BAHIE TEIUIOBOM CTA0MIBHOCTH JETOHAIIMOHHBIX HAHOAIMA30B TIPU aTMochep-
HOM JIaBJICHUU B JMHAMUYECKOW cpenie aproHa B auamnazone temmeparyp oT 30 mo 1500 °C co CKOpOCThIO TEIIOBOH 00padoT-
ku 2 u 10 °C/mun. OOHapyxeHa Bbicokas croikocTh JJHA mpu Temmepatype Boie 1500 °C. HMccnenoBanue ¢ mMOMOIIBIO
PEHTTEHOCTPYKTYPHOTO aHaJl3a I0Ka3ajo, 4TO TBEpAOTeIbHBIN (asoBwiii mepexon B JJHA mpomcxomut okxosio 1000 °C.
HccrnenoBanne Ha AIIEKTPOHHOM MHKPOCKOIIE COXPAaHEHHBIX 00pa3lloB TOKAa3ajo BIHSHAE CKOPOCTH HarpeBa Ha IapameTphl
mopomrka JIHA. [Tomy4ueHHbIe JaHHBIE TIO TEIUIOBOM CTAOMIBPHOCTH PEKOMEHIIOBAHEI Ul YCOBEPIICHCTBOBAHUS METOAa HOH-
HO-IUTa3MEHHOTO HAHECEHII MOKPHITHS Ha MMOBEPXHOCTh CTAIBHBIX JAETalIeH.

KiaroueBble cjioBa

JleToHAIMOHHBIC HAHOAIMA3bl; CHHXPOHHBIA TEPMUYECKHUN aHAN3; TEIUIOBas CTAOWIIBHOCTB; TBEPIOTEIBHBINA (ha30BBIH
MIePeXO0]I; paIuaIliOHHBIC TIOBPEKICHHS.
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I/IHI/IIII/II/II)OBaHI/Ie U TOPpEHHE MEXaHOAKTHUBUPOBAHHBIX cMeceil AJTIOMHUHHS U OKCHAA MeaH

A. 10. I[onmﬁopoz[msl‘4 ", B. JI. SIuxoBckwmii', B. T. Knplmemcoz,
A. H. CTpeneuKuﬁ2’3, C. 0. Ananbes'” , I.B. Ko6aunes’, T. A. BopoﬁbeBaz, A. A. llleBuenko™*

" @I'BYH «O6vedunennviii uncmumym gvicokux memnepamyp PAH», Poccus, 125412, Mockea, yn. Hocopekas, 13, emp. 2;
> ®I'BYH «Hucmumym xumuueckoti pusuxu um. H. H. Cemenosa PAH», Poccus, 119991, Mockea, yn. Kocvleuna, 4;
3 DIAOY BO «Mockosckuii usuxo-mexnudeckuii uncmumym (20Cy0apcmeenblii yHUGepCUmen)y,
Poccus, 141701, Mockosckas o6x., 2. [loneonpyounsiti, Uncmumymckuti nep., 0. 9
* ®I'A0Y BO «Hayuonansnwlii uccredosamenvekuii adephuiii yuusepcumem «MHDH»,
Poccus, 115409, Mockea, Kawupcroe wocce, 0. 31

* Tem: +7 495 483 22 95. E-mail: aldol@ihed.ras.ru

AHHOTaNNA

[IpoBenena ontumm3anys ycaoBuid MexaHoaktuBanuu cMecu Al + CuO B memnsax moiydeHnus Hanboiee MOIITHOTO 3HEPTro-
BBIICTICHUS TIPH XMMHYECKOM B3aUMOJCHCTBHUH KOMIIOHEHTOB. IS akTHBAaMM CMECed HCIIONB30BAIUCH BHOpAIMOHHAS
1 TUIaHCTapHasA MIapOBbLIC MCJIbHHUIBI. PeSyﬂbTaTbI BJIMSIHUA MCEXAHOAKTHBAIIUM HAa CKOPOCTb T'OpPCHUA KOHTPOJIUPOBAIUCH
C MOMOIIIBIO0 BBICOKOCKOPOCTHOU (POTOCHEMKH Mpoliecca TOpeHHs HOPUCTHIX 00pa3ioB (ttotHocTh 50 — 30 % oT MakcuMalib-
HOM) B CTEKISIHHBIX TpyOKax auamerpoMm 5,5 MM. VHMIMHMpOBaHHE TOpEHHs MPOBOIMIOCH DJIEKTPOMCKPOBBIM CIOCOOOM
C KOHTPOJUPYEMOI aMILTUTYH0H uMIyibca Toka. OmpeeneHbl 3aBUCHMOCTH TIEPUOa HHIYKIIMA U CKOPOCTH PacIpoCTpaHe-
HUs (PPOHTA TOPCHUS B 3aBUCHMOCTH OT IMMOPUCTOCTH CMECEH M aMIUTATY Il HHUIIMUPYIOIIETO UMITyJbca. [Ipr HU3KOM ypOBHE
TOKa WHUIMHPYIOMIETO MMITYJIbca HAOIIOAAJICs HEeCTAIMOHAPHBIA MyNbCHPYIOMINN PEXXAM TOPeHHS. Pe3ynbpTaThl B LIEIOM IT0-
Ka3aJi MPeo0IIaaloniid XapakTep QIIbTPAIIMOHHOTO MEXaHU3Ma PACIPOCTPAHECHUS TOPSHHS B UCCIICIOBAHHBIX CMECSX.

KiroueBble ciioBa:

TepMI/ITHLIC CMECH,; MEXaHOAKTUBALUA; CKOPOCTb TOPECHHUA.

HccnenoBanue BJIMAHUAS KOMIJIEKCHOI0 MOAU(HKATOPA HA OCHOBE YIJIEPOJHBIX HAHOTPYOOK
HA Mpouecchl CTPYKTYPooOpa3oBaHus HEMEHTHOT0 KaMHS

O. H. Tosrukos'*, 3. A. Muxanesa', A. I'. Tkaues', O. B. Apramonoa’, M. A. Kaumupun®, M. C. Ayar’

' ®IBOY BO «Tambosckuii 20cydapcmeennblii mexuuueckuii yHusepcumenmy,
Poccus, 392000, 2. Tambo8, ya. Jlenunepaockas, 0. 1;
2 @I'BOY BO «Boponexcckuii 20CY0apCcmeenHblll MeXHU4eCKUull YHU8epCUmemy,
Poccus, 394006, 2. Boponeoic, yr. 20-nemust Oxmsops, 0. 84,
> 000 «HanoTexIenmp», Poccus, 392000, 2. Tambos, yn. Cosemckas, 0. 51

"Ten: +7 915 664 44 88; E-mail: Tolschkow@mail.ru

AHHOTALUA

AHanusupyeTcs BIMSHUE YIIIEPOIHBIX HAHOTPYOOK, KOTOPbIE MCIOJIB3YIOTCSl B KAYeCTBE OCHOBHOT'O KOMITOHEHTA MOJIH-
¢unmpyromeil KOMIDIEKCHON HaHOT00aBKH, HA KHHETHKY THIPATAINH IEMEHTa, (Pa30BBI COCTAB U MPOYHOCTHHIE XapaKTepu-
CTHKH [EMEHTHOTO KaMHs. [[OBBIIIEHNE MPOYHOCTHBIX XapaKTEPUCTHK IEMEHTHOTO KaMHs, MOIU(PHUINPOBAHHOTO KOMILIEKC-
HBIM HAaHOMOAU(DUKATOPOM, 00YCIIOBIICHO YCKOPEHHUEM MpoIlecca THAPATAINK IeMeHTa, GOPMUPOBAHUEM ONITUMAIEHOW MHUK-
POCTPYKTYPHI IIEMEHTHOTO KaMHsI, B KOTOPOM YK€ B HaJaJIbHBIE CPOKHU TBEPACHUS MPOUCXOAUT JTOTIOHUTEIFHOE 00pa3oBaHHe
HU3KOOCHOBHBIX THIAPOCHIMKATOB KAJIBIH IT0 JaHHBIM PEHTT€HO(a30BOT0 aHAIN3A.

MeTo oM CKaHUPYOIIEH AJIEKTPOHHOH MHKPOCKOIHMH YCTaHOBIEHO (hOpMHUpOBaHME JOMOIHHUTEIBHO HAIPaBICHHOM
KpUCTaJllIM3allu 4aCTUIL HOBOO6paSOBaHI/Iﬁ HEMCEHTHOI'O KaMHs NPEUMYIIECTBEHHO C KOHTaKTaMH1 CpaCTaHuA.

HaGmnronaercst yckopeHHasi KWHETHKa Habopa MPOYHOCTH HAHOMOIU(HUIIMPOBAHHBIX 00Pa3LOB, C YBEINYEHHEM Ipeesa
npodHocTH npu cxatuu Ha 20 — 30 % B Bo3pacTe 28 CyTOK.

KiaroueBble cjioBa

HanomomudukaTop; yriepoaHsie HAHOTPYOKH; peHTIeHO(DA30BEIi aHAN3; KHHETHKA THIPATAIlH [IEMEHTa; IIeMEHT-
HBIN KaMCHb .
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OlecneyeHne TeMIEPaATYPHOIo pe:kMMa B peakTope 1Jis1 QyHKIHOHAIN3AUNU YIJIePOAHbIX HAHOTPYOOK
. B. Tapos*, T. II. IbauxoBa, E. H. Tyroaykos, U. H. lllyoun, B. II. Tapos

@I'BOY BO «Tambosckuii 20cy0apcmeeHtblli MeXHUYeCKUll YHUGEPCUMEN.y,
Poccus, 392000, Tambos, yr. Cosemckas, 0. 106

*Tem: +7 915 660 26 53. E-mail: postmaster@kma.tstu.ru

AHHOTAIMSA

Paccmorpena npobiiema obecrieueHus TEMIIEPaTypHOTO PeKMMa B €MKOCTHBIX YCTpOMCTBax, 00OpyIOBaHHBIX Mellal-
KO, Jy1sl pyHKIMOHATU3ALUH YIIIEPOAHBIX HAHOTPYOOK C MCIOJIB30BAaHUEM CTeapara TUTaHa B HAHOAMCIIEPCHOMU KUAKOH cpe-
Jie ¢ mojavel Auokcuaa yriepoza. IlpoBeneH aHaau3 METOIOB CMEIIMBAHUSA M HACTPOMKH TeMIEpaTypHOTo pekuMa B PEaKTo-
pe. Ha ocHoBe muddepeHnuanbHbIX ypaBHEHHH TEIUIONPOBOAHOCTH pa3paboTaHa MaTeMaTHYecKas MOJENb TeMIEPaTypHOTo
TIOJIsl TEUEHMSI, IBMDKYLIETOCS B PEXKMME HJIEaJbHOTO NepEeMEIeHHsT Yepe3 KaHajl MOCTOSHHOTO CeueHHs, 0Opa3oBaHHBIN I10-
BEPXHOCTSIMH TOJYyTpyOKH M Tena. Pacuer temmepaTypHOTo IOJISI IO TEKyIIeMy BPEMEHHOMY MHTEpBaly BKJIIOYacT B ceds
MHO’KECTBO PEIICHHH 3a/1a4 TETJIONPOBOIHOCTH C TOCIEIYIONIMM PACCMOTPEHHEM BCEX KOMIIOHEHTOB JIOKAJILHOTO TEIJIOBOTO
Oaranca. Ha ocHOBaHMM pe3ynbTaTOB pacdeTOB MOCTPOCHBI 3aBUCHMOCTH M3MEHEHUH TeMIepaTyphl HAHOAUCIIEPCHON Ccpebl
B EMKOCTHOM PEaKTOpE OT BPEMEHHU Hayaila PeKUMa U OTHOCUTENBHON JUTMHBI IOy TPYOKH.

KaroueBble cjioBa

EMKOCTHBIN peakTop; Kopiyc; (GYHKIHOHAIU3AIMS, YIJIePOAHbIe HAHOTPYOKH; TEMIIEpaTypHOE MOJe; MaTeMaTniecKast
MO/IJIb; AOMYIIEHNUS; HAHOJUCIIEPCHAs CUCTEMA.

HoBplii pusnyecknii cnocoo JJIOKaJIN3aluu HAHOMEXaHUYEeCKOro AelCcTBUSA
YIPpaBJIsieMbIX HU3KOYACTOTHBIM MATHUTHBIM M0JI€EM MATHUTHBIX HAHOYACTHI
HA MEXaHOYYBCTBHUTEJbHbIE OHOXUMUYECKHE CHCTEMbI

3%
Aux O. Kuraues ', ¥0. U. Tososun'>*, H. JI. Kastuko™

' @I'BOY BO «Tambosckuii 2ocydapemeennviii ynusepcumem um. I P. Jlepocasunay,
392000, Poccus, Tambos, yi. Hnmepnayuonanvhas, 33;
> dI'BOY BO «Mockosckuii 2ocydapcmeennviii ynusepcumem um. M. B. Jlomornocosay,
119991, Poccus, Mocksa, I'CII-1, Jlenuncxue zopul, 1, cmp. 3;
3 ®I'BOY BO «Hayuonanshwiii ucciedo8amenseKuti mexHonoudeckull yrusepcumem « MU CuCy,
119991, Poccus, Mocksa, Jlenunckuii npocn., 4

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

AHHOTALUA

MaruuTHble/cynepnapamarauTHeie HaHodactuipl (MHY), ynpasisemble BHeMIHUM MarHUTHbIM TiosieM (MII), umeror
OOMNBIION TOTEHITNAIT AJIs PA3IMYHBIX OMOMETUIMHCKUX MpruMeHeHui. MHY mo3BOJIAIOT 0Ka3hIBaTh CEIEKTUBHOE HAHOMEXA-
HHYCCKOC IlePICTBHe Ha YPOBHC OTACIIbHBIX MOJIEKYJ HAMECUYCHHOI'O TUIIA ITYTEM UX MarHuTOMEXaHUYEeCKOMH AKTyalluu B HU3KO-
gactotHoM MII. OnHako BBeneHHbIE B kpoBoTOK MHY MOryT akKkyMyJIHpoBaThCs BO MHOTHX OpraHax, co3aBas ONacHOCTh
HETIPEIBUICHHBIX TTOOOYHBIX 3(Q(EKTOB, KOTOPhIE MOI'YT BOHHUKHYTH IPH BKIIIOYEHHH aKTHBHpYOIIEro rnepemenHoro MIIL
B Hacrostmeid paboTe npezsioxkeH HOBBIN (M3MUYECKUI METO/] M TEXHOJIOTHS JIoKaiu3anuu Bo3aeicteuss MHY Ha Onoxnmuye-
CKYIO CHCTEMY, OCHOBAaHHbIE Ha CO3JIaHWHU I'PAMEHTHOTO JIOKAJIU3YIOIEr0 MarHUTHOTO TI0JISI C HYJIEBOM TOYKOW BOJIM3M IeH-
Tpa MarHUTHOM cucteMsbl. B 3THX ycinoBusix aktuBupytouiee nepemennoe MII crumynupyer tonsko e MHY, koTOophie Haxo-
ISTCSI B OJIM3KOM OKPECTHOCTH HyJEBOH Toukd. Bmamm oT Hee, rae nokanmsytomee MII 3HaYUTENHHO MPEBHIIIACT CTUMYIIH-
pyrotee nepemernHoe MIT, MHY okasbIBaroTcs «BMOPOXKEHBD) B 3TO IOJIE U HE TIOJABEPKEHBI ISHCTBHIO OoJlee claboro akTH-
Bupytomiero nepemMeHHoro MII. M3ydens! ¢popma u pasmep 001acTH JOKaIH3aIAN BO3ACHCTBHS B 3aBICUMOCTH OT XapaKTepH-
CTHK JIOKAJIM3YIOLIETO U akTuBUpytouiero MII.

KiroueBble cjioBa

MarHuTHBIE HAaHOYACTHIIBI, HETPEIOIIee HU3KOYACTOTHOE MArHWTHOE IIOJIe; JIOKAJIHM3AlNsI; MAaTHUTOMEXaHHYECKOe BO3-
JNIEUCTBHE.
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OneHka 1 MOJIeJIMPOBAHHE MPOYHOCTH CHENJIEHUA KOPPOAMPOBAHHONH apMAaTypPhI
B ’KeJ1e300€TOHHBIX 3JIeMEeHTAaX

B. II. SIpues*, A. H. Huxomoxun, T. M. ILty:kHuUKOBa

@I'EOY BO «Tambosckuil 20cy0apcmeenubili mexHu4ecKutl yHusepcumemn,
Poccus, 392032, yn. Muuypunckas, 0. 112, kopn. /[

* Ten.: +7 4752 63 03 80. E-mail: kzis@nnn.tstu.ru

AHHOTAIMS

OnHOI U3 pemarInuX MPUYMH MOTEpH HECYIIeH CIIOCOOHOCTH XKele300€TOHHBIX KOHCTPYKIMHA CUHTAETCS HapyIICHHE
CLIETUICHHsI MEXJY apMaTypod U OETOHOM B pe3yJibTaTe CTPYKTYPHOHW Aerpajnanuu (KOppo3uH) METATIMYECKUX SJIEMEHTOB.
Bcenencreue 3Toro Bo3HMKaeT HEOOXOAUMOCTh B M3Y4YE€HHHU MOBEACHHS KOPPOAUPOBAHHON apMaTyphl B KeJIe300€TOHHBIX dJie-
meHTax. Llenb uccnenoBaHuss — pa3paboTka aHAJMTHUECKOTO ONHMCAHMS KOHEYHOW aAre3MOHHOW NPOYHOCTH CLEIUICHUS
CTEP>KHEBOM apMaTyphl B jKeJIe300€TOHHBIX HU3/EIHNX, TIOABEPKEHHBIX PA3IMYHBIM YPOBHIM KOPpO3uH. MeTouKa MOJIeTUpo-
BaHUSI OCHOBaHA HA MCKYCCTBEHHBIX HEUPOHHBIX CETAX.

KiroueBble cjioBa

AnHamutuaeckas MOJEJIb; MPOYHOCTL CUCIICHUA; KOPPO3US; OKCIICPUMCHTAJIbHAsA baza JaHHBIX; apMarypa, 6CTOH; HCKYC-
CTBCHHBIC HeﬁpOHHLIC CCTH.
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