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THE MECHANISM OF FORMATION OF CONDENSED COMBUSTION PRODUCTS
AT BURNING OF ALUMINUM-BASED SOLID PROPELLANTS

V.A. Babuk, N.L. Budnyi, and A.A. Nizyaev
Baltic state technical university « VOENMEH»
1, First Krasnoarmeyskaya Str., St.-Petersburg, 190005, Russia
E-mail: Babuk@peterlink.ru

Abstract
The physical mechanisms of formation and evolution of fine and coarse fractions of condensed combustion
products are considered at burning aluminum-based solid propellants.

Introduction

Aluminum is a necessary component of high-energetic solid propellants. A peculiarity of its
usage is the formation of condensed combustion products (CCP). This is a direct consequence of
relatively high temperature of Al,O3 evaporation (dissociation). Properties of CCP (sizes, mass
fraction, chemical composition, structure) have a significant influence on solid motor operation.
These properties determine the losses of specific impulse, slag accumulation rate, regularities of
CCP interactions with elements of combustion chamber, optical properties of combustion products,
motor operation stability.

In the present work, the physical mechanisms of CCP formation inside a combustion chamber
are considered. The work is based on existent experimental data analysis as well as numerical study
of a set of the phenomena associated with CCP formation.

In the present time, it is universally recognized that CCP consist of two fractions in sizes.
Particles of the fine fraction have a size ~ 1 um while particles sizes of the coarse fraction can reach
~ 100 um and even ~ 1000 pum.

Below the physical nature of the both fractions particles formation is consistently considered.

1. The Coarse fraction of CCP

The coarse fraction is represented by agglomerates which are the product of enlargement of
condensed substances within the surface layer of burning propellant. The agglomerates consist on
metal and its oxide as well as can include gaseous cavities and can differ in structure. Within the
multiphase flow of combustion products, the evolution of agglomerates is carried out. The evolution
represents the set of physical and chemical phenomena caused by the presence of interfacial and
interfractional interactions with the participation of agglomerates. As a result of the evolution, a
coarse fraction of final CCP is formed. Thus, properties of this fraction are determined by
realization of the processes of agglomeration and agglomerates evolution.

1.1. Agglomeration process

The presence of specific structure named the skeleton layer (SL) within the surface layer of
burning propellant have a fundamental importance for agglomerates formation [1]. The skeleton
layer provides the coherency of initial particles of metal within the surface layer and possibility of
retention of high-temperature particles on surfaces of burning propellant, i.e. possibility of
realization of process of agglomeration.

Properties of SL predetermine the properties of forming agglomerates. The fraction of initial
metal in propellant that forms SL corresponds to the fraction of initial metal used to form
agglomerates [2]. Physical and chemical transformations of agglomerating metal within SL and on
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its surface determine the parameters of chemical composition and structure of formed agglomerates
[2]. The agglomerates sizes are determined by the detachment conditions of agglomerating particles
from the surface of SL. The detachment conditions are determined by the behavior of liquid
particles on wettable surface and depend on properties of SL heterogeneities as well as dynamism
of the burning process [3]. In a number of cases, the oxidizer particles appear as heterogeneities
which have a determining influence on the agglomerating particles detachment. In these cases, so
called pocket mechanism of agglomeration takes place. The pocket mechanism was firstly described
in works [4, 5]. Variety of SL and agglomerates properties is caused by the variety of propellant
formulation factors and burning conditions. The sizes of agglomerates, mass fraction, parameters of
chemical composition and structure can significantly differ [6].

1.2. Agglomerates evolution process

This process includes a set of the phenomena [7]: burning of Al in gas-phase mode with
formation of smoke oxide particles (SOP); chemical interaction between condensed Al and Al,O3
resulting in formation of gaseous products; agglomerates structure changes; coagulation of
agglomerates and SOP; agglomerates movement within the flow. The main features of these
phenomena are the following. In typical conditions of the environment of combustion products of
propellant, burning of metal of agglomerates is carried out in diffusion mode. Possibility of the
interaction between condensed Al and Al,O3; and its rate depend on thermal state of the
agglomerate. Agglomerate structure corresponds to the state of mechanical equilibrium of Al and
Al,O3 drops as well as gaseous cavities.

2. The fine fraction of CCP

The fine fraction is represented by SOP which is formed above the burning propellant surface
(no more than 4 mm). Then these particles participate in the evolution process within multiphase
flow of combustion products.

2.1. Formation of SOP near the burning propellant surface

There are two mechanisms of the SOP formation [8]. The first mechanism takes place at
combustion of non-agglomerated metal. The second mechanism occurs at agglomerating particles
burning on the surface of SL. Below the regularities of these phenomena are considered.

The first stage of non-agglomerated metal burning as well as any Al particles burning is
heterogeneous burning. This stage is finalized by the boiling of Al. Further, the different scenarios
are possible. If the particle maintains its integrity and its size is large enough, the burning process
continues in the gas-phase mode. In this case, oxide is formed in gaseous phase and the ions are
apparently taking a role of condensation nuclei [9]. The sizes of forming particles are ~ 100-300
nm. On the contrary, if the fragmentation of the particle occurs at its boiling, the prolongation of
heterogeneous burning of Al becomes probable. It is connected with a set of factors: intensification
of mass- and heat transfer between the particle and environments [10-13], transition from
continuous flow mode to the transient and free-molecular mode [14]. For the some intermediate size
of the particle, the Al burning occurs in the diffusion-kinetic mode. At this mode, the oxide
formation takes place in the gaseous phase as well as on the particle surface. Thus at the burning of
non-agglomerated Al, the SOP sizes are largely determined by the processes taking place at Al
boiling (presence or absence of a fragmentation and the fragmentation degree).

At the burning of agglomerating particles Al in the gas-phase mode, the SOP formation takes
place during heterogeneous condensation. The carbon soot particles act as condensation nuclei [15].
The forming SOP sizes depend on the agglomerating particles size, flow conditions as well as mass
fraction and sizes of the carbon soot particles.

WHCcTUTYT Npo6JsieM ropeHus



IX XAJIBIKAPAJIBIK, CHMIIO3HUYMBbI «2KAHY KOHE I1/IA3MAJIbIK XHMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

2.2. Formation of the SOP at multiphase flow evolution

The two phenomena can be distinguished at SOP evolution [16]. The first phenomenon is the
deposition of a coarse fraction of the SOP on the agglomerates. The second phenomenon consists of
participation of the SOP in oxide condensation within a gas-phase burning zone of agglomerates.
Whereas the first phenomenon leads to reduction in the SOP sizes, the second phenomenon results
in the SOP enlargement.

Conclusion
The described mechanism of CCP formation can be used as a bhasis for creation of
mathematical models of considered processes.
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Abstract

In this study, the burning characteristics of AN/MgAl-based gas generators with addition of Cr,O3 as a burning
catalyst were investigated. Addition of Cr,Os increases the burning rate and improves ignition at low pressure and the
use of mechanical alloy MgAl as an fuel allowed gas generators to ignite at low temperatures.

Keywords: AN/MgAl-based gas generator, catalytic combustion, burning rate, high-pressure chamber, high
speed video recorder.

Introduction

Recently, gas generators based on AN which is used as an oxidizer have gained popularity.
Gas generators based on AN have disadvantages such as: low burning rate, slow ignition and low
energy. In many investigations, the authors meted that addition of transition metal oxides into the
composition of composite nitrogen fuels based on AN improved the characteristics of combustion
[1-2]. The use of mechanical alloy MgAl (50/50) as fuel for improvement of burning characteristics
of AN-based gas generator results in the improvement of gas generator characteristics and increases
flexibility. The melting and ignition points of MgAl alloy are lower than those of pure metals [3].
These properties of MgAl alloy improve the disadvantages of the gas generator on the basis of
ammonium nitrate [4-5].

In the study, the burning characteristics of AN/MgAl-based gas generator with addition of
Cr,03 under the conditions of catalytic combustion were investigated. The burning rate was
determined. The mechanism of catalytic combustion was studied with the help of surface
observation.

Experimental

The burning rate of a gas generator was determined by burning of AN/MgAI/Cr,QO3 in the
combustion chamber under pressure. The combustion chamber is filled with nitrogen. Ignition of
the samples is initiated with the help of electric current via nichrome threads. The scheme of the
process is shown in figurel.

Results and discussion

The burning rates of AN/MgAI/Cr,03— based gas generators were determined at the values of
pressure equal to 1MPa, 3MPa and 5MPa. The mixtures in different mass ratios were prepared with
the help of compaction in a press form the diameter of which was equal to 6mm and the height — to
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10mm at the pressure of 20MPa. The prepared samples were ignited in the combustion chamber by
application of electric current via a spiral. To determine the burning rate, a high speed video
recorder PHOTRON of 1000 pictures a second and resolution of 640x488 pixels was used.

Figure2 The effect of metal oxides on burning of gas generator based on AN-70%/MgAl-
30%/Cr,03 — 5% in the combustion camera at the pressure of 1MPa, 3MPa and 5MPa.

1 — Regulators, 2 — Romote Fill Valve, 3 — Fill Flow Rate Control, 4 — Monometer, 5 — high speed video recorder, 6 —
Camera, 7 — light Source, 8 — Screen Monitor, 9 — PC, 10 — Pressure Control system, 11 — filter, 12 — Vent Flow Rate
Control

Figurel. The scheme of the combustion camera under pressure

.

=y

- 2 —

1248.00msec 2028.00msec 2276.00msec 2732 .00msec

16 O0rmene
| I

(AN + MgAI + Cr,03 , 5MPa, the burning time — 480msec, h = 11.31mm)
Figure2. The cinegram of AN/MgAI/Cr,03— based gas generator burning at 1MPa, 3MPa and 5MPa.

It is seen that the burning rate of AN/MgAIl/Cr,03; — based gas generator increases linearly
with the increase in the pressure in the camera. In comparison with AN/MgAl, AN/MgAI/Cr,03
burnt at low pressures, Cr,O3exerted a catalytic effect on the burning rate by increasing it.
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The results of the carried out experiments showed that the burning rate was high and the
samples burnt completely. Besides, addition of Cr,O3 into the system increased the burning rate and
made the burning possible at low values of pressure. The reactions of sample burning are highly
exothermic reactions with evolution of heat, light and formation of gas containing substances in a
great amount.

Figure3 shows the burning rates of the samples based on AN/MgAIl and AN/MgAI/Cr,05 at
different pressures of nitrogen atmosphere. Addition of Cr,0s significantly influenced the burning
rates and ignition abilities of the systems at low pressure.

12
10 =

E -—-”;;/7A—+1

Pressure, MPa

Burning rate, mm/sec

1 — AN-70%/MgAI-30%; 2 — AN-70%/MgAl-30%/Cr,03-5%
Figure3. The dependence of the burning rate on the pressure of nitrogen

The analysis of the obtained results showed that the use of metal alloys as fuel, when
compared to pure metals, has a number of advantages: high energy, low ignition temperature and
low density. Therefore, the used of gas generators on the basis of ammonium nitrate is considered to
be promising. However, this investigation was carried out at low values of pressure. Further
investigations should be carried out at high values of pressure and at different ratios of metal alloy
and ammonium nitrate.

Conclusion

According to the results of the carried out investigations, the experiment were performed
which showed that in the combustion chamber at nitrogen pressure equal to 1MPa, 3MPa and
5MPa, addition of chromium oxide into AN/MgAl- based gas generator allowed the gas generator
on the basis of AN/MgAI to ignite at low pressure and led to the liner increase of the burning rate
with the increase in the pressure of nitrogen up to 10.5mm/sec addition of Cr203 into the
composition of gas generator based on AN/MgAI had a high catalytic action.
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Annotation

As used lignosulfonate industrial waste, which is obtained in the processing timber. The selected optimum
granulation regime in different proportions of the binder and flour rice husks. As a result of the research, a technology
for obtaining granular sorbents was developed. It was found that the ratio of rice husk (RH) to binder is 3: 1, the
carbonization temperature 800°C. A study of the microstructure of the obtained samples showed that the binder has a
dense surface and has only a small number of pores of round shape, mostly of large size.

Keywords: rice husks, carbonization

Introduction

The problem of air pollution - one of the greatest global challenges faced by humanity. Risk
of air pollution - not only in the fact that clean air fall harmful substances harmful to living
organisms, but also causes contamination of the Earth's climate change. Nevertheless, humanity
continues to burn fossil fuels and destroying forests. Air pollution occurs as a result of other human
activities. Fuel combustion in thermal power plants is accompanied by the release of sulfur dioxide.
With car exhaust gases emitted into the atmosphere of nitrogen oxides [1,2].

At the present stage, for the majority of industrial cleaning and suction air emissions of
harmful substances is one of the basic measures to protect the air basin. A feature of most industrial
emissions is to have them in addition to solid and liquid particles (dust, fumes and mists) a large
amount of harmful gaseous components. Clean gas flows from such impurities and requires specific
equipment corresponding theoretical knowledge for the development of gas purification technology.
Among the methods of neutralization of industrial emissions increasingly becomes important
adsorption way to almost completely remove the impurities from gas streams. In use solid
adsorbents as high surface area materials formed into pellets (spheres, tablets, cylinders, etc.), or are
in finely divided form [3].

In this connection, the production and consumption of the carbon materials has steadily
increased. In particular, the global consumption of carbon materials is about 1.1 million tons per
year and continues to grow at 9% per year [4]. Thus a major amount of activated carbon (80-85%)
is produced from non-renewable resources. Large range of carbon materials obtained on the basis of
large-tonnage waste of chemical and mechanical processing of wood: sawdust, bark, logging waste
and technical lignins [5].
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Experimental part

1. Development of synthesis technology and production of granular sorption materials

In this work, a synthesis technology and the preparation of granular sorption materials from
waste products by extrusion, granulation on a screw granulator was developed. As a waste,
lignosulfonate (LS) and rice husk flour were used.

To prepare granular carbon sorbents, the raw materials were prepared. To do this, rice husks
were grinded on the planetary mill "Activator 4M", when using metal balls with a diameter of 5
mm, in an amount of 300 pieces; The grinding time is 3 minutes. Further, at a ratio of 2: 1, 3: 1 and
4: 1, with the addition of water (40 ml per 100 g) from flour and lignosulfonate, a plastic mass was
obtained. Further, from which granules were obtained using a screw granulator. The resulting
granules were dried at room temperature for 6-12 hours. The carbonization of the samples was
carried out under strictly controlled isothermal conditions, in a rotating reactor in an inert gas-argon
medium, which was continuously supplied to the reactor at a rate of 50 cm*/min.

Rice husk |——>» Grinding |—— | Batching

A

Preparation P Binder
plastic
A
Granuloma
A
Room temperature ¢—— Drying < Muffle
furnace

¢ y

Carbonization

v

Activation

'

Granular sorbent |[¢—— Drying

Figure 1 - Scheme for the production of granular carbon sorbents

Carbonization was carried out at temperatures of 750 and 800 °C. In order to improve the
sorption characteristics, the granules obtained were activated using chemical reagents. The scheme
of the process for obtaining granular sorbents is shown in Figure 1.

The influence of the amount of binder on the yield and the properties of the sorbents obtained
was investigated in the work. For the study, samples were prepared in which the ratio of the binder
and flour of the RH was changed in accordance with the data given in Table 1.

According to the data obtained on the Sorbtometer-M analyzer, the specific surface area of the
resulting samples after activation was in the range 146-883 m*/g.

To determine the optimum ratio of sorbent and binder in the composition of the final product,
the values of the yield and the specific surface of the samples were compared. From Table 1 it
follows that the ratio of RH and binder is 3: 1, the carbonization temperature is 800 °C. The general
view of the obtained carbon sorbent granules is shown in Fig. 2.
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Table 1 - Characteristics of the obtained granular samples

Ratio t, °C Mo, 9 my,g myg | Exit, | S's S’s, Volume Sorption activity by

RH/ LS % mig | mig porosity, methylene blue
cm®/g mglg

67:33 800 58,12 | 11,48/1 | 4,35 | 37,9 | 198 684 0,272 368

(2:1) (1h30min) 0

67:33 750 40,39 | 12,31 | 7,03 | 57,1 78 146 0,065 363

(2:1) (1h30min) 11,6

80:20 800 25,81 8,25 433 | 525 | 204 336 0,147 365

(4:1) (1h30min)

75:25 800 4556 | 12,11 6,78 | 55,9 | 205 883 0,337 373

(3:1) (1h30min)

75:25 800 51,55 | 12,73 514 | 40,4 | 239 803 0,344 373

(3:1) (1h50min)

-

Figure 2 - Granular carbon sorbent from RH and lignosulfonate

As a result of the research, the technology of obtaining granular sorbents was developed. It
was found that the ratio of RH to binder 3: 1 is optimal, the carbonation temperature is 800 °C.

2. Investigation of the physico-chemical characteristics of the obtained granulated
sorption materials

The physico-chemical characteristics of the obtained granular sorption materials were studied
by electron microscopy, low-temperature adsorption of nitrogen, adsorption of carbon dioxide.

To determine the pore size, the density functional method DFT was used. The BET method
was used to determine the specific surface area of the adsorbents.

The morphology and surface relief of the investigated samples of the carbon sorbent was
studied by electron microscopy using the electron microscope JSM-6510 LA. To obtain contrasting
electronic microimages, the study surfaces were conducted at a voltage of 15-20 kV and in a current
strength of 10-30 mA.

It can be seen from the obtained micrographs that the bonding material has a dense surface
and has only a small number of pores of round shape, mostly of large size (Figure 3A). It can be
seen from Fig. 3B that the starting material (RH) is firmly fixed in the matrix of the binder,
lignosulfonate. Further, the activation of these pellets from rice husk and lignosulfonate promotes
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the formation of more pores of small size and the development of the sponge structure of the

sorbents.

The device used in this study made it possible to work on the elemental composition of the
granular sorbent before and after activation. The research was carried out on a modern JED-2300
EDS energy-dispersive spectrometer by JEOL, Japan, which is an additional device for the scanning
electron microscope type JSM-6510 LA, the same firm. These studies are presented in Figure 4.

Figure 3 - Electronic micrographs

B) granules after activation

c:ledax32\genesis'genmaps.spe 03-Hov-2016 08:51:44
LSecs:

5.1 5

4.6 <

T T f f T T T T T
100 200 300 400 500 600 7.00 3§00 900 10.00 11.00
Energy - keV'

ciledax32\genesis\genmaps.spc 03-Hov-2016 08:55:00
LSecs: T

1.1 -

Si

Ha
S

|c:leda:32\genesis\genmaps.spc 03-Nov-2016 08:45:01
LSecs: 69

26.14
20.94
15.61
KCnt

10.44

5.2 -

0
Si
0.0

T f f t T T T T T T
100 200 300 400 500 600 700 800 9.00 1000 11.00
Energy - keV

W0 200 0 4N 5D 600 L0 BN S0 00 0 4
Energy - keV

WHCcTUTYT Npo6JsieM ropeHus

16




IX XAJIBIKAPAJIBIK, CHMIIO3HUYMBbI «2KAHY KOHE I1/IA3MAJIbIK XHMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

Element Wi% At% Element  Wit% At% |
CK 55.19 | 63.57 CK 56.00 | 65.16 g
OK 38.28 33.10 OK 33.35 29.14 OK 11.87 5 '25
NaK 1.47 0.89 NaK 6.13 3.73 SiK 1 '17 0'52
SiK 4.20 2.07 SK 4'53- 197 Matrix Corréction ZAF
SK 0.87 0.37 Matrix | Correction | ZAF
Matrix | Correction | ZAF
A B C

A) binder material - lignosulfonate; B) granules from RH and LS before carbonization; C) granules after activation

Figure 4 - Elemental composition

As can be seen from figure 4 (A, B, C), as a result of activation, there is a significant
decrease in the amount of oxygen. At the same time, there is a simultaneous decrease in the
content of sodium and sulfur to zero, which volatilize during the carbonization process, which
has a beneficial effect on the quality of the carbonized material. The analysis made it possible
to show that an increase in the carbon content of the activated samples occurs as compared to
the initial samples of granular sorbents.

Conclusion

- As a result of the research, the technology for obtaining granular sorbents was developed. It
was found that the ratio of RH to binder 3: 1 is optimal, the carbonation temperature is 800 °C.

- Investigation of the microstructure of the obtained samples showed that the binder material
has a dense surface and has only a small number of pores of round shape, mainly of large size, and
the starting material (PI) is firmly fixed in the matrix of the binder, lignosulfonate. And the further
activation of these pellets from rice husk and lignosulfonate contributed to the formation of more
small pores and the development of the spongy structure of the sorbents.
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EXPERIMENTAL INVESTIGATION OF INFLUENCE OF WATER MIST ON BLAST
OVERPRESSURE IN SHOCK TUBE

E. Mataradze, N. Chikhradze, 1. Akhvlediani, N. Bochorishvili, Z. Malvenisvili
G. Tsulukidze Mining Institute, 7, E. Mindeli Str., Thilisi 0186, Georgia

Abstract

Explosion protection technologies are based on the formation of a shock wave mitigation barrier between the
protection site and the explosion site. Contemporary protective systems use water mist as an extinguishing barrier. To
achieve high effectiveness of the protective system, proper selection of water mist characteristics is important. The main
factors defining shock wave attenuation in water mist include droplet size distribution, water concentration in the mist,
droplet velocity and geometric properties of mist. This paper examines the process of attenuation of shock waves in
mist with droplets ranging from 25 to 360 microns under different conditions of water mist location: Blast Chamber-
Water Mist-Air and Blast Chamber-Air-Water Mist-Air. Experiments were conducted at the Mining Institute with the
use of a shock tube to study the processes of explosion suppression by a water mist barrier.

Keywords: Blast overpressures; Water mist, Shock tube; Blast energy attenuation.

1. Introduction

Blast suppression mechanisms using water mist have been addressed by G. Thomas, Van
Winderden, K. Kailasanath, and R. Ananth et al [1,2,3,4]. It has been noted that water mist with fine
sprays is efficient for the mitigation of explosions. Research has shown that shock energy extraction
by water mist takes place during the process of aerodynamic droplet break-up and vaporization of
child droplets. The main purpose of the existing studies is to determine the effect of droplet size
distribution and concentration of water on blast overpressure attenuation in water mist. Significant
knowledge has been accumulated in this area, however there still are some gaps that need to be
addressed in order to improve the design of protective devices. More specifically, the effect of the
water barrier location on the suppression impact remains understudied.

2. Experimental setup

A shock tube was designed to study the effects of water concentration, water drop diameter,
location and length of the water mist on blast attenuation. It enables to study the effects of solid
explosive, fuel-air and gas explosions. The shock tube consists of a blast chamber, a tube, a system
for the dosed supply of fuel and water, sensors, data recording equipment, and a process control
module. The shock tube is located in a tunnel (fig. 1), while the data recording equipment and the
control module are located in the monitoring room placed at a 6m distance from the tunnel entry.
The following are the basic characteristics of the blast chamber and separate tubes: Diameter of the
blast chamber and tubes — 50 cm; Blast chamber length — 50 cm; Wall thickness — 8 mm, Number
of separate tubes — 10; Total length of the shock tube — 10.5 m.

The shock tube has a system for the dosed supply of water, which is composed of pumps,
pipelines, electric valves and nozzles, and other hydraulic elements needed for water mist creation.
Twelve nozzles model BETE P120 are fixed in each of the first and second tube segments (i.e.
twenty-four in total) after the blast chamber.

3. Results of the experiments
The objective of the study was to investigate shock wave attenuation in water mist in the
following conditions:
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e Explosive charge location - blast chamber of the shock tube;

e Type of explosive and mass of charge: hexogen, 5 gram

e Droplet size distribution in mist: 25-360 pm;

eFlow rate: 0.9 L/s;

e Length of mist in the shock tube section: 1m

e Concentration of water in mist: 4.5 L- m™ - sec™

In different cycles of experiments water mist was generated in section #1 (Fig. 1-a, Blast
Chamber-Water Mist-Air) and section #2 (Fig.1-b, Blast Chamber-Air-Water Mist-Air).
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Fig. 1. Scheme of the experiments. a) Blast Chamber-Water Mist in section #1-Air, b) Blast Chamber-Water Mist in
section #2 -Air

Attenuation of shock waves in mist was estimated using overpressure reduction coefficient:
K= (AP, - APn)/ AP, Where AP, and APm is overpressure without mist and with mistat the same
distance from the charge. The values of overpressures measured during the experiments without
mist and with mist are given in Fig. 2.
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Fig. 2. Dependence of maximum overpressures on the water mist location

5. Conclusions

Shock wave overpressure reduction coefficient K was studied in the shock tube under two
different locations of water mist: a) when water mist is created in direct contact with blast chamber
and b) the blast chamber and the mist are separated by air space. It is established that in conditions
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when the air space distance between the blast chamber and the mist is 1 meter, overpressure
reduction coefficient is 1,5-1,6 times higher than in conditions when water mist is created in direct
contact with blast chamber. This can be explained by different mechanisms of energy suppression
near the charge zone where overpressures develop under the effect of gaseous products of explosion
and in the zone where shock waves are generated.

Acknowledgements
These tasks were performed with the financial support of the NATO SPS Programme and ISTC.

References

[1] Thomas G.O. On the Conditions Required for Explosion Mitigation by Water Sprays.
Trans | Chem E: Part B - Process Safety and Environmental Protection VVol. 78 pp. 339-354

[2] Van Wingerden, K., Mitigation of Gas Explosions Using Water Deluge, Process Safety
Progress, v. 19, pp. 173-178, 2000.

[3] Kailasanath K. and Schwer D. Shock Attenuation Using Water Mists. Naval Research
Laboratory, Code 6410. Washington, DC 20375 (2007)

[4] Ananth R., Ladouceur H., Willauer H., Farley J. and Williams F. Effect of Water Mist on
a Confined Blast (2009). www.nfpa.org/assets/files//PDF/Foundation%20proceedings/Ananth.pdf

GROWTH OF PZT THIN FILMS ON NI AND SI SUBSTRATE BY PLD

Mereke A., Umirzakov A., Beisenov R., Rakhmetov B., Muratov D.
LLP «Institute of Physics and Technology», 11 Ibrahimov str., FEZ PIT "Alatau", Almaty, Kazakhstan

Abstract

This paper presents a technique for obtaining a target of lead zirconate titanate (PZT) at a hot pressing
plant and its subsequent deposition in a pulsed laser deposition apparatus (PLD) in an O, atmosphere at
temperatures from 500°C to 750°C, 370 mJ UV laser energy in 60 minutes to obtain thin PZT films on
Si100 and Ni substrate. The crystal structure of PZT films studied by XRD. Surface morphology grown
films studied by AFM and SEM microscopy.

Introduction

Lead zirconate titanate compounds (PZT) are one of the most commonly used ferroelectric
materials for research and industrial applications. Piezoelectric properties of PZT also make this
material a potential candidate for a variety of MEMS applications. High residual polarization and
dielectric constant, in addition to electro-optical and pyroelectric effects, allow using a variety of
applications for materials based on PZT. PZT films also recently attracted a lot of attention in
applications of devices when integrating with semiconductors. These applications require the
deposition of high-quality PZT films on available semiconductor substrates. The various methods
used to precipitate PZT include Sol-gel, Ink Jet Printing, Sputtering, Chemical Vapor Deposition
(CVD), and Pulsed Laser Deposition (PLD). PLD is a universal deposition method that allows
economical deposition of high-quality thin films from a variety of complex multicomponent oxide
compounds that include PZT. PLD is based on the assumption of the evaporation of the target
material in the plasma plume and its stoichiometric transfer to the substrate.
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Experimental

The PZT target made by mixing grinding in a ball mill «SPEX8000» and further pressing in a
hot-pressing plant at a temperature of 1500°C for 4 hours powders PbO; and ZrO, TiO, with a
purity of 99.99% in the ratio.

The obtained PZT ceramic target used to deposit PZT films on Si100 and Ni substrates in a
pulsed laser deposition (PLD) setup. As a source of laser radiation applied excimer laser Lambda
Physik KrF with A = 248 nm and pulse frequency about 5-7 Hz. The main variable parameter during
deposition was the heating temperature of the substrate. During deposition O, gas into the chamber
150 cm3/min flow. The pressure in a chamber with oxygen of 10 mTorr, an energy density of 370
mJ, and a deposition time of 60 minutes were constant. The target holder is rotatable by an electric
drive for uniform deposition.

The crystal structure of synthesized PZT films was investigated by using X-ray diffractometer
(XRD Dron-6). The surface morphology of the films were examined by atomic force microscopy
AFM company «Solver M» and a scanning electron microscope «JEOL» company.

Results and discussions

Figure 1 shows an XRD film deposited on a nickel substrate using PLD technology. The
structure of the PZT films at different deposition temperatures has the same polycrystalline
structure with a peak value of 31.3 corresponding to the (110) plane and one more peak at 44.4,
which corresponds to the (200) planes for all films. It was found that the interplanar distance
corresponding to the highest peak is 2.8904 A. Lattice constant of PZT films was calculated as
4.0876 A, which is close to the corresponding bulk value (4.054 A), indicating the presence of a
minimum interfacial tension in the deposited film.

o)
o S
-
ST ) S
o = N o
4000 - o bz
S 750 °C
@®© . RN TRU——— Ml RNV IN— T
2 o “
U;:‘) Z.OO C " ’M,wmmwummm«wl Wwwww»“ gy Pyt |
[J] 650 °C | e ) T |
E 2000 ettt || bt iy |t ! > 0 " A [l
600 °C
o)
| SITO T T IR IR SR VSTV, | S
500 °C oo brsmpentortarmntomprmrataid hars
0 T T T T T T T T T T T 1
20 30 40 50 60 70 80

206(degrees)
Figure 1 XRD pattern of the PZT thin film coated on and Ni substrate

Figure 2 shows the XRD of a PZT film deposited on a silicon substrate.From the figure it can
also be concluded that the sample is a polycrystalline structure also with a peak value of 34.95,
which corresponds to the plane (110), and another peak at 49.65 that corresponds to the plane (200).
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Figure 2 XRD pattern of the PZT thin film coated on and Si substrate

Figure 3 shows the morphology of the PZT surface deposited on a Si (100) substrate at
temperatures of 500°C (a) and 750°C (b), 370 m] laser energy, 7Hz frequency and 60min
deposition time. Scanning was carried out in the region 1x1 um. The surface relief shows the
formation of semicircular spherical crystallites with an average diameter of 100 to 200nm. The
maximum height of crystallites does not exceed 6 nm. In general, the surface is rather monotonous
with sufficiently oriented formations. When the temperature is raised to 750°C, at the same time
and energy parameters of the laser, smaller crystallite formations with a diameter of 20 to 80nm are
observed. However, the structure of the formations has a more oriented structure with sharp peaks.
The height of the crystallites is 30nm.

Figure 3 - Atomic force microscopy of the surface of a PZT film deposited on a Si (100) substrate at
temperatures of 500 ° C (a) and 750 ° C (b), a laser energy of 370 mJ and a frequency of 7 Hz

Figure 4 shows the morphology of the PZT surface deposited on Ni substrate at temperatures
of 500°C (a) and 750°C (b), laser energy 370 mJ, frequency 7 Hz and deposition time 60 min. The
morphology of the PZT films deposited on the Ni substrate showed the formation of cone-like
crystals with a rather monotonous and sufficiently oriented structure. The maximum crystal height
at 500°C does not exceed 30 nm, with an average diameter of up to 200 nm. With an increase in the
deposition temperature to 750°C, peaks of up to 10 nm and a diameter of up to 80 nm are observed
to decrease. However, the structure of the formations has a more oriented structure.
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Figure 4 - Atomic force microscopy of the surface of a PZT film deposited on a Ni substrate at
temperatures of 500 ° C (a) and 750 ° C (b), laser energy 370 mJ and a frequency of 7 Hz
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Figure 4-SEM image of the surface of PZT films deposited at 600 ° C
and energies (a) 370 mJ and (b) 600 mJ

From the SEM analysis of Figure 4, scanning the surface of deposited films, it was
established that deposition with a lower energy of the laser forms a more uniform surface without
contamination.

Conclusion

In the course of the work, thin PZT films were obtained on Ni and Si (100) substrates at
different deposition temperatures. Precipitation was carried out by feeding O2 gas into a chamber of
150 cm3 / min. The pressure in a chamber with oxygen of 10-4 mTorr, an energy density of 370 mJ,
and a deposition time of 60 minutes were constants. Studies of the crystal structure of the films and
their morphology have been carried out, it has been found that the structure of the films is
polycrystalline with a peak value of 31.3 corresponding to the (110) plane and another peak at 44.4,
which corresponds to the (200) planes for all Si films and a peak value of 34.95 which corresponds
to the (110) plane and another peak at 49.65 which corresponds to the (200) Ni plane. That is close
to the corresponding volumetric value indicating a minimal interfacial tension in the deposited film.

The morphology of the films showed that the films have a structure with sufficiently
monotonous and oriented formations with increasing temperature, a decrease in the dimensions of
the peaks and diameters indicating a more oriented structure is observed.

The results obtained will subsequently be used to develop thin-film photocatalysts for the
decomposition of water.
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SILUMIN MODIFIER EFFECT IN THE AL-B-O SYSTEM
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!Institute of Combustion Problems, Kazakhstan, Almaty
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The goal of this study is testing of a ceramic material synthesized in the Al-B-O system in the course of the SHS-
process as a powder modifier for silumin casting.

Introduction

Most of the up-to-date equipment currently used to manufacture parts of the internal
combustion engines (ICE) is based on wide application of silumins. Their key advantages are small
density, high foundry properties, cheap cost, as well as practically unlimited resource supply.

The silumin thermomechanical properties highly depend on a cast alloy structure, primarily
on the size and morphology of its structural components.

The process of changing alloy’s morphology and crushing of its structural components both at
the macro- and microlevel is called modification.

Nowadays there exist numerous different ways of such modification [1]. The basic technique
used now is impurity modification (by introduction of micro-additives).

The impurity modification theory is so far insufficiently developed as many of its arguments
are contentious and practical application is ambiguous. As for its action mechanism the impurity
modification is referred to two types:

1. Surfactants causing decrease in the growth rate of any crystal bodies emerging in cooled
melts;
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2. Small-size particles that are nucleating crystallization centers. Such particles are either pre-
synthesized and then added to the melt (ex situ), or are synthesized in the melt using added
components (in situ).

However, the impurity modification techniques have essential weak points manifested to
certain extent, namely:

- Limited action duration;

- Re-modification;

- Hydrogenation; and

- Mutual incompatibility.

The key disadvantage is that currently applied technology does not allow for production of
articles with a set of properties that can satisfy present requirements for them [2].

In this connection search for new approaches to silumin modification seems to be of high
interest. One of such approaches proposes to apply materials produced during the SHS-processes
under the centrifugally-accelerated metal clusters effect as modifiers. Such materials have a highly
non-equilibrium structure sometimes associated with free valency (unpaired electrons). These high
activity materials can render obvious positive effect on the course of the crystallization process and,
consequently, modify the cast structure.

To produce a powder modifier there has been taken a sample consisting, according to the x-
ray phase analysis (DRON 3.0; CuKa), of aluminum borate, namely Aly0B4O3s (31.2 % mass) and
corundum (a-Al,03), and B(OH); being taken in trace quantities. According to the EPR data
(Figure 1), this material contained unpaired electron in its structure (free valency) as an initial
material.

The modifier powder of the particles sized about 5 mkm has been produced by material
crushing and its subsequent pulverizing in the alundum tube filled with spirit. Such way of crushing
allows for production of a powder that is not subject to any considerable impact on its surface
structure.
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Figure 1 - EPR-spectrum of the modifier powder

Silumin with the silicon content 10.5 % (mass) has been subject to modification. Other
impurity Kinds have been found to correspond to AK12 alloy (i.e. were not worse).
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A 150 g silumin test charge has been melted in the alundum crucible inside the muffle
furnace. The 0.52 g modifier sample wrapped in aluminum foil has been embedded in the melt at
820 °C. Ten (10) seconds later the melt was subject to mixing within 20 sec by means of a specially
designed mixing device. After mixing the melt has been left in the furnace for 5 minutes at 820°C,
and then poured out into a steel casting form heated up to 100°C. Just for comparison: silumin has
been cast in the same conditions but without a modifier.

Figure 2 illustrates two pictures of cast modified and non-modified silumin structures. Their
comparison shows that addition of the modifier in the amount of 0.33 % (mass) results in radical
change of the ingot structure.

Noteworthy that this modifier effect is not caused by any of the approved mechanisms. First
of all, syngony and parameters of the crystal lattice of the corundum modifier components (trigonal;
a=0.476 nm, ¢ = 1.292 nm) and aluminum borate (orthorombic; a = 0.769 nm, b = 1.401 nm, ¢ =
0.567 nm) do not correspond to those of the a - aluminum phase (cubic; a = 404 nm) and the silicon
B-phase (cubic; and = 0.543 nm). Hence there is not realized the Dankov principle (i.e. the principle
of structural conformity between primordial crystallization centers and a crystallizing phase).
Available references contain similar examples. Thus, [3] describes modifying properties of
aluminum nitride though its crystal structure (hexagonal; a = 0.31 nm, ¢ = 0.50 nm) does not
correspond to the aluminum and silicon crystal lattices. On the other hand, the modifying effect
cannot be caused just by boron that could get into the melt as a result of reaction (1)

B,O; +2A1 — 2B + AlL,O3 (1)

since boron is not an independent modifier in the Al-Si binary system.

It is important that the highest possible boron content in the melt caused by the modifier
addition does not exceed 0.012 % (mass). At such content boron is found in a solid solution in the
course of the crystallization process.

Figure 2 - Microscopic metallography of the modified and non-maodified silumin ingots

Conclusion

During the SHS-process within the AI-B-O system there has been synthesized ceramic
material with obvious modifying effect on eutectic silumin that cannot be explained just by the
existing model representations (i.e. applied mechanisms).

Modifying effect of the material is presumably caused by its strong non-equilibrium
associated with free valency (unpaired electrons).
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THE INFLUENCE OF FILM STRUCTURE ON AL/PTFE MULTILAYER FOIL LASER
IGNITION

SUN Xiujuan, FU Qiubo
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Abstract

Experiments were carried out to study response behaviors of AI/PTFE multilayer foils under single pulsed laser
loading, results showed that finer structured foils went under more fierce reaction than coarser ones, and that pulsed
width have a dominate influence on the effects.

Key words: AlI/PTFE multilayer films, single pulsed laser, ignition

Introduction

Reactive energetic materials are typically mixed nano-partials or multilayer foils consist of
two materials that react exothermically. If sufficient heat is generated via local stimulation,
surrounding materials can be heated and caused to mix, generating a runaway reaction that can
propagate throughout the entire foil. Examples of exothermic material system that exhibit self—
propagating high temperature synthesis reactions include AIl/Ni, Al/CuO, AI/PTFE. AlI/PTFE
multilayer films have higher energy densities than conventional organic explosives and other MIC
composed of different fuels and oxidizers.

Laser ignition provides a unique opportunity to characterize ignition processes with a precise
and reproducible energy source. There are researches about the laser induced reaction of several
different combination of MIC, including Co/Al. Ni/Ti, Al/Pt, trying to reveal the influence of
materials on the effect of laser ignition, and another paFer reported experiments of nanosecond and
femtosecond pulsed laser ignition of reactive Al/Pt!?) multilayer foils. This paper included our
experiment on another kind of reactive multilayer foils, AI/PTFE, with pulsed laser, with the
purpose of discovering how the multilayer structure influence the reaction.

Experiments

All multilayer films are grown on Si(100) substrates with thickness of 675um, the Al layers
were deposited via direct current magnetron sputtering while the PTFE layers via RF magnetron
sputtering. The base pressure of the grown chamber is 3x10-4Pa, and sputtering were performed
with a process gas of Ar at 0.65a. Three general characteristics define the physical features of a
film: the total thickness of the film, the bilayer thickness of the constituent layer, and the proportion
between the constituent layers within one bilayer. We prepared three kinds of films with varied
characteristics. The status of as-deposited film specimens are listed in table 1.
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Table 1 Status of as deposited film specimens

Modulation ratio

Bilayer numbers | Total thickness/um | Bilayer thickness/nm (from EDX results of section)

A 20 6.6 330(90+240) 1.2.1
B 30 5.1 170(50+120) 124
C 50 53 106(50+60) 111

The specimen were all capped with PTFE layer to prevent the Al layer from being oxidized,
and such that the laser pulse encountered the same material since the as deposited PTFE layers are
transparent and Al layers have much larger reflection coefficient.

The laser used for ignition experiments is a Nd:YAG laser with wavelength centered at
1064nm. The laser is operated in a single shot mode, at each test, the ignition determined for a
particular foil by an audible “pop” or visible flash indicates that ignition has occurred. All pulsed
laser loading were done in air at ambient conditions.

Discussion

Our experiments showed that pulsed laser loading can induce the AI/PTFE to start a reaction,
with a bright spark and an audible “pop” sound, and release heat. The reaction that laser trigged did
not spread continuously though, only contained in a small area forming a burn mark of various size
instead. Photomicrograph and SEM photos of the specimens’ surface and cross section before and
after laser loading experiments are shown in figure 3. laser pulses with duration of 0.3ms heated a
depth of approximately 2um within the spot size, only several layers at the top were set on reaction,
leaving a burning mark of metallic luster. 0.5ms width pulses reached a depth of 6um, what left
around the burning mark after the foils” combustion expanded and coiled outward forming a crown-
like ring of different height and width. The ring is actually made up with many wavery thin layers
of reaction products as you can tell from the SEM pictures. EDX test shows the reaction products in
this area is pure carbon, which is the result of carbonization cause by elevated temperature. There
followed a ring of metallic luster the same as ones loaded with 0.3ms pulses. Lamination also
occurred from top layer to the bottom indicating that reactant in this area were more or less
consumed in reaction.

—
-
-

Figure 1 burning mark and their section SEM images after experiment
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Burning mark diameter (the diameter of metallic lustering ring) was used to compare
represent the extension of reaction, since specimens with different structures got burning marks of
different size. The measurement results were organized and presented in figure 4. The chart shows
clearly that the reacted zone expands with the width of laser pulsed increases. In the meanwhile,
very short pulses, even with high power( 0.1ms,5kW), had not been able to set the specimens into
reaction. These two experiment results showed that the duration of laser pulse had a obvious lager
influence on the ignition of AI/PTFE, compared to the power, indicating that heating effect is the
one dominated the laser ignition of AI/PTFE multilayer foils, at lease in these experiments included
here.
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Figure 2 Diameter of reaction zone VS pulse duration from specimens with different structure

The chart can further tell that specimen B (bilayer thickness of 170nm and ratio of 1/2) has
the largest reaction zone than the other two. This is because finer structured foil is more easily set
on reaction due to shorter mass transfer distance related with larger specific surface area.
Meanwhile specimen C(bilayer thickness of 106nm and ratio of 1/1) got smaller reaction zone
compared to specimen B despite its finest structure, because the reaction was limited by the fuel
rich component. The conclusions is supported by specimen A, which is the coarsest of all but has
the same modulation ratio with specimen B, having the similar size of reaction zone with specimen
C.

Conclusions

Experiments were carried out to study the response behaviors of AI/PTFE multilayer foils
under single pulsed laser loading. Test results showed that the foil can be set onto reaction by laser
pulse, and the heating effect contributes more in ignition, and the spread of reaction will benefit
from finer structure of the foil,

Since the refine the structure will contribute to a easier ignition, and a 3D structure of similar
scale will provide larger specific surface area, research should be taken in construction and
experiments on 3D structured energetic foils. On the other hand, experiments in this paper showed
that fuel-rich reaction cannot sustain, but experiments balanced and oxidizer-rich combinations
need to be done.
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SYNTHESIS AND STUDY OF THE PROPERTIES OF WS, SINGLE CRYSTALS
GROWN ON A QUARTZ SUBSTRATE BY THE CVvD METHOD

A.A. Shaikenova, R.E. Beisenov, D.A. Muratov, B.A. Rakymetov
LLP «Institute of Physics and Technology»
11 Ibragimov St., Almaty, Kazakhstan, e-mail: info@sci.kz

Abstract

WS; single crystal growth of on quartz substrate by CVD method is introduced. Optical microscope
shows formation of triangular shape WS, domains with single-phase crystal structure at growth
temperature 900 °C. Raman spectroscopy analysis determined that the thickness of WS, is equal to 6
layers. PL spectroscopy of synthesized WS, crystal shows semiconductor properties with 1.96 eV band

gap.
Introduction

Due to their unique electronic and optical properties, transition metal dichalcogenides
(TMDs) are fundamentally and technologically interesting materials [1]. TMDs have isolating,
semiconductor, metallic, and even superconducting properties, which depends on atomic layer
thickness. New properties could be observed by reducing of TMDs atomic layers which induced by
quantum limitation [2]. Multilayered two-dimensional (2D) TMDs nanostructures can be obtained
similar as graphene. There are two methods: top-down means mechanical exfoliation and bottom-up
by chemical vapor deposition (CVD) method [3]. A purpose of CVD synthesis is obtaining one or
few atomic layers of single crystal structured TMDs. Attempts to control the properties of atomic
layers and to obtain a single-crystal structure will improve performance in comparison with their
polycrystalline structure, thereby improving their application in many devices.

2H-WS; synthetic crystal have been grown by chemical vapour transport (CVT) method, and
then mechanically exfoliated and deposited on quartz SiO,/Si substrates [4]. The evolution of
electronic structure of thin WS sheet is studied. New heterostructures based on it may have unique
optoelectronic, electro catalytic and photo catalytic functionalities [4-6]. However, obtained films
were not atomic thickness, so several CVD methods have been developed.

Monocrystalline TMD layers or dimension is still relatively small compared with the single-
crystal graphene layers. So, CVD deposition of single crystal TMDs further investigation is
required. Nevertheless, some progress have been achieved in the CVD deposition of larger sizes
monocrystalline 2D TMD in recent years. The main solution is reducing nucleation density to
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produce large domains/grains, also controllable growth process to obtain individual domains which
has less shape or without interaction at boundaries.

Main part

The synthesis of individual WS, crystals carried out by sulfurization of tungsten oxide thin
layer on quartz substrate. Thin tungsten oxide (WQ3) layers were synthesized on a quartz substrate
(SiOz), where metallic tungsten with 10 nm thickness oxidized in tubular reactor at 500°C
temperature in oxygen atmosphere. Structural analysis of WO3 films shows the formation of
polycrystalline structure with 5-7 nm grain sizes which determined by the Scherer equation.

sampleholder

0,
120 °C e

S WOa
quartz substrate

Figure 1- Schematic presentation of CVD system

CVD synthesis of WS; single crystals on a quartz substrate carried out in a vacuum quartz
reactor located in three zone tubular furnace. A corundum boat with sulphur powder placed in the
first heating zone. Sample of WO3 / SiO, placed in the second zone. Synthesis of WS, was carried
out at temperatures of SiO2 substrate 800-1000 ° C, carrier gas flow (argon) 500 sccm. During the
synthesis, the sulphur heating zone (S) was held at 120 °C to produce vapours. Buffer gas argon
provided transportation of sulphur vapour by a flow path into the reaction zone.

Monocrystalline WS, grains larger than 20 um were grown during the sulfurization process of
the oxide layer at 900 °C temperature (Fig. 2). It is determined that the growth of the individual
grains WS, by CVD occurs on substrate edge and which is away from maximum temperature area.
Granular formed and partly destroyed the substrate.

Figure 2- Optical microscope image of obtained WS, grains
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Atomic force microscopy analysis of synthesized WS layer showed relatively smooth surface
with 3 nm roughness (Fig. 3). In 2D picture of AFM, orientated carbon structure is observed.

Figure 3— (AFM) The surface of WS, grown layer at 900 °C

Photoluminescence spectroscopy is shown on Figure 4, which revealed a strong peak between
600-660 nm, typically for a monolayer WS, crystal, where the band gap is equal to 1.96 eV.
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Figure 4 — Photoluminescence spectrum for produced WS, single crystals
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Figure 5 - Raman spectra of obtained WS, crystals

Obtained WS; triangle shape single crystals confirmed by Raman spectroscopy. He:Ne laser
with a wavelength of 632.8 nm was used as a radiation source. Figure 5 demonstrates the
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characteristics in-plane E>q mode and the out-of-plane A;q mode respectively at ~350 and ~420 cm
for WS, crystalline structure. The intensity of the peaks is almost the same. According to the

position of the mode peaks, it is assumed that the thickness of the grown WS; is 6 layers.
Conclusion

WS; single crystals were obtained by CVD method thru sulfurization of tungsten oxide thin
layer on quartz substrate. Synthesis of WS, was carried out at 800-1000 ° C in CVD system. The
sulphur vapour is transported by argon gas (500 sccm). Optical microscope analysis demonstrated
that triangular WS, domains with single phase crystal structure are formed. The thickness of WS; is
6 layers, which determined by Raman spectroscopy. PL spectroscopy shows that the band gap is
equal t01.96 eV for WS, crystals.
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Uncertainty Quantification in Chemical Modeling

N.A. Slavinskaya, JM.Abbasi, .H.Starcke, A Mirzayeva,
German Aerospace Center (DLR), Institure of Combustion Technology, 70569, Stuttgart, Germany

W. Li, M, Frenklach.
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The Bound-to-Bound Data Collaboration (B2B-DC) module of the automated data-centric infrastructure
of PriMe was used for the systematic uncertainty and data consistency analyses of the H;/CO reaction model
(73/17). For this purpose, a dataset was constructed that included a total of 167 experimental targets (ignition
delay time and laminar flame speed) and 55 active model parameters (pre-exponent factors in the Arrhenius
form of the reaction rate coefficients). Consistency analysis of the composed dataset revealed disagreement
between models and data. Two consistency measures were applied to identify the quality of experimental
targets (Quantities of Interest, Qol): a newly-developed method of computing the vector consistency measure
(VCM), which determines the minimal bound changes, each bound by its own extent; and scalar consistency
measure, which quantifies how much the constraints can be tightened while still ensuring the existence of a
set of the model parameter values whose associated model predictions match (within the bounds) the
experimental Qol. The analysis suggested that removing 45 experimental targets, 8 of which were self-
inconsistent, would lead to a consistent dataset, After that the feasible parameter set was constructed through
decrease uncertainty parameters for several reaction rate coefficients. This dataset was subjected for the
B2B-DC framework model optimization and analysis on. Forth methods of parameter optimization were
applied, some of them unique to the B2ZBDC framework. The optimized models demonstrated improved
agreement with experiments, as compared to the initially-assembled model, and their predictions for
experiments not included in the initial dataset were investigated. The results demonstrate benefits of applying
the B2ZBDC methodology for developing predictive kinetic models

I. Introduction

Tu reliably develop predictive reaction models for complex chemical systems requires integration of large
_amounts of theorctical, computational, and experimental data collected by numerous rescarchers. The
integration entails assessment of the consistency of the data, validation of models, and quantification of uncertainties
for model predictions. This approach to the development of mechanistic reaction models consists of conjecturing the
reaction mechanism and comparing the predictions of the constructed model to available experimental observations.
Typically, such comparisons result in mixed outcomes: some show a reasonably close agreement and some do not.
In the latter case, the apparent inconsistency obtained between the model and the experiment is argued to imply
either that the model is inadequate or that the experiment (or, rather, its interpretation) is incorrect.

Bound-to-Bound Data Collaboration, abbreviated hereafter as B2B-DC, is an optimization-based framework for
combining models and experimental data from multiple sources to explore their collective information content. The
methodology tests consistency among data and models, explores sources of inconsistency, discriminates among
differing models, makes model interval predictions, and analyzes sensitivity of uncertainty propagation.'®

The general setting is as follows. We consider a physical process that can be represented by a numerical model,
M(x), with parametric dependence on unknown/uncertain  physical parameters, x. There is prior
knowledge/assumptions on the domain of parameters, thus constraining each x to an interval [, Xma] and all
together to a hypercube xe H. We also have a collection of experimental observations, referred hereafter as
Quantities of Interest (Qol), with respective uncertainties, assessed as lower and upper bounds on the observed Qol
values, i.e., L, and U, for each e-th Qol. The computational models must produce outputs that are consistent with
the experimentally observed bounds in the experimental reports. Hence additional constraints that the true
parameters must satisfy are

L.sMx)<U,. foralle (1)
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The subset of H satisfying (1) is called the feasible set, @, of parameters. @ is simply all parameter values that
jointly satisfy all of the prior information and are consistent with all experiment prediction models and actual
observed outcomes. A paramcter value that is not in @ is at odds with at least one of these constraints. The
mathematical methodology B2B-DC is invoke constrained optimization over the feasibie set @,

[mi_n_/'(x) max f(r)}
xeF xeF
where f is a function of interest, and the computed min and max constitute the “to-bound” aspect of the
nomenclature, In short, the bounds that describe the prior information and the bounds on experimental observations
are mapped into bounds on prediction. Two commen instances are described next.

Dataset consistency. The feasible set is a representation of the complete collaborative information contained in
a dataset, and questions in the B2B-DC framework are posed as optimization problems over the feasible set. This
naturally raises the question of dataset consistency. To assess it numerically, a consistency measure was introduced”
that answers the question “What is the largest percentage of uncertainty reduction such that there exists a feasible
parameter vector?” Associated with a given dataset D, it is notated Cp and posed as an optimization problem,

Cy= max . subject to (for all ¢):

i (2)
(1-7) L, 7Ur SMa(x}—U“ :Lk.
U +L U -L
M (s -2 = g(l-p) =,
X))

In this definition, the original constraints'L, £ M(x) < U, are augmented with a scalar y, where positive values of y
imply tightening of the constraint, and negative values imply loosening. The consistency measure quantifies how
much the constraints can be tightened while still ensuring the existence of a set of parameter values whose
associated model predictions match (within the bounds) the experimental Qol. The dataset is consistent if the
consistency measure is nonnegative, and is inconsistent otherwise.

To continue with the analysis, we employed a newly-developed method of computing the vector consistency
measure (VCM), similar to eq 2, but with original constraints augmented with individual relaxations ye for each
bound'’, The VCM method determines the minimal bound changes, each bound by its own extent, that result in
datasct consistency.

Model prediction. Consider a physical configuration (set of conditions) not exercised experimentally but with a
property P predicted by model Mp. A natural and perhaps the ultimate question of scientific inquiry is “what is the
range of values this model exhibits over the domain of feasible parameter values?” In other words, what is the
prediction interval for property P that is consistent with all of the model/observation pairs in the dataset? We refer
to this as model prediction.

The B2B-DC computation expresses this question into two optimization problems for the lower and upper
interval endpoints, Ly and Uy,

L, :=min M, (x) @)

U, == max M, (x)
The length Up ~ Lp quantifics the amount of uncertainty in M;’s value conditioned on the fact that the true parameter
vector is contained in the feasible set @,

The results of the proposed analysis suggest a sequential procedure with step-by-step identification of outliers
and inspection of the causes. The analysis identifies a specific direction to follow for improving dataset consistency
and provides an estimate of the extent of possible improvement. Altogether, this numerical approach offers a tool for
assessing experimental observations and model building and improvement.

In the present paper Data Collaboration module of Prime' was applied to the Hy/CO sub-system of the kinetic
model’ to

1) test the numerical algorithms, modules and user interface of the PriMe;

2) investigate an algorithm of the consistent dataset construction;

3) test the different chemical kinetic model optimization strategies.
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[I. PriMe DataSet

A. Reaction Model

The H/CO sub-model (6 elements, 17 species, 73 reactions) of C;-Cs reaction mechanism” with improvements
performed on the data followed from the studies '"*' was used to perform systematic uncertainty and consistency
analyses with the Data Collaboration module of Prlme to obtain the feasible set sampling for the base H./CO
chemistry of DLR reaction data base. The reaction rate coefficients in the examined sub-model were reviewed with
further attention to the pressure depending and multichanne! reactions.

The uncertainty factors for rate coefficients were assumed equal to the proposed ones in the sources or evaluated
from statistical treatment of the different data:

k T
f;. (}') = -—-—-—”N‘[T( ]
ko(T)
(4)
ko(T)
O
=20
where &, is the nominal rate coefficient , &, and K pper 2r€ lower and upper bounds.

The active parameters were identified via sensitivity analysis accomplished with uncertainties, represented by the
lower and upper bounds. They were assumed equal to those proposed in literature sources or evaluated from a
statistical treatment of the literature data.

B. Ignition-delay-time Qol

Quantification of uncertaintics in the shock tube is ultimately needed prior to undertaking any tuning of the
Kinetic parameters to match ignition targets. If some active phenomena in the shock tube experiments cannot be
described by assuming homogeneous conditions (constant V, U system) behind the reflected shock, they are
classified as “non-idealitics™ in the shock tube expcrimcnls.r”” Both, facility-dependent effects and encrgy-release
phenomena can increase the non-idealities and influence the instrument readings, thus adding to the uncertainty of
experimental data. For the syngas mixtures, the two regimes of ignition should be recognized: weak ignition - the
non-uniform and distributed ignition and strong ignition- initiated by auto ignition at the end wall of the shock-tube
and propagating through the mixture.”

Although, the non-idealities present in shock tubes have been well-discussed, the quantitative evalnation of
their effects on the reported ignition delay data is a very crucial problem. To evaluate the uncertainty bounds of the
measured observations included in the dataset, the empirical algorithm is proposed. For that, the most strong non-
ideality phenomena® ' were determined across the investigations and the facility-related and fuel-related factors,
which affect these phenomena, have been identified.

It was found that experimental data obtained by using large diameter shock tubes (~ 10em), dilute fuel/oxidizer
mixtures in monoatomic gases, and short test times (less than about 500 ps) have the lowest uncertainty level. A
correspondence with the diameter of the shock-tube and weak ignition is found: the larger diameter leading to an
ignition delay close to that of a homogeneous reactor.

[t was assumed, that in the best case (strong ignition, diluted mixture, tpees = 50ms — 500ms, shock tube
diameter > 10 cm, length of driven-section > 8m) the uncertainty can be assumed ~15%. Deviations from these
conditions are cvaluated by adding a 5% uncertainty for cach criterion not satisfied to the ideal case. For measured
ignition delay time longer as 1000 ps 5% uncertainty is added per every 1000 ps. Radical impurities were evaluated
as extra 5% uncertainty to the ideal case.

We selected 122 ignition delay targets with obtained uncertainty evaluation from the shock tube experiments ***
for the dataset.

1231

9

WHCcTUTYT Npo6JsieM ropeHus

36



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

C. Laminar-flame-velocity Qol

Syngas flame velocities at 0.1-0.5 MPa have been investigated by using almost all known techniques.*™ The
flame velocity data at high pressures are relatively sparse. Experimentalists consider the current uncertainties of
laminar flame speed measurements to be in a range of about 5-10%, but also indicating its increase with pressure
(>0.5 MPa) and fuel-air ratio (@>2). '

Uncertainty bounds of experimental data were cvaluated from studies *™*' and analysis of the current syngas
atmospheric laminar flame speed data distribution, which can be found in *'. From the data analysis following from
Y4 the uncertainty of available data can be assumed to be 10% for @< 2, 15% for 2 < @< 3, and 20% for ¢>3. The
uncertainties for experimental data measured at higher pressure have been evaluated by adding 5%.

The 45 laminar flame speed data included in the datasct arc taken from studies '* *******° They are sclected to

cover as optimal as possible the full range of operating conditions available in the literature.
A preferred key (or PriMe ID) was preseribed to each structural clement in the reaction model and each
cxperimental target. In this way, each structural element has a “pointer” to the referenced information and/or file.
All the experimental and model data were documented in the PriMe Data Warehouse.' Selected for analysis
experimental Qol are described in the dataAttribute files of the PriMe data collection.' These Qol together with the
corresponding model M(x) and the experimental and parameter bounds form a dataset. The complete mode! and
experimental data are available in the PriMe Data Warchouse.'

1. General Results

The ignition delay times and laminar flame speeds were modeled with numerical tools of PriMe,' numerical
packages CHEMKIN 11*! and Chemical Workbench.” The ignition delay time was computationally defined by the
peak in the OH or OH* concentration, temperature, or pressurc. It is pointed in the attribute files of PriMe
Warchouse. The thermal diffusion model was applied for calculation of one-dimensional freely propagating laminar
premixed flame using CHEMKIN 11 with over 1000 grid points for each condition.

A. Dataset Consistency (Data Quality)

We began the analysis by employing eq 2 with the initial dataset, which included all 167 Qol (122 ignition delays

Table 1. The 8 Self-inconsistent Qol

ps(atm) target PriMe ID estimated ref
b uncertainty
(%)
1263 1.1 0.5 a00000309 30 =
1695 1.6 0.5 200000352 30 2
2004 1.6 0.5 a00000355 25 %
1975 1.6 0.5 a00000358 25 3
1436 1.6 0.5 a00000359 25 %
1027 1.6 0.5 a00000360 35 3
1883 1.6 0.5 a00000503 30 *
1008 1.6 0.5 a00000504 50 M

WHCcTUTYT Npo6JsieM ropeHus

37



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

and 45 laminar-flame speeds) and 55 active parameters. The results indicated a massive inconsistency. Eight Qol,
those listed in Table 1, were found to be self-inconsistent. These were the ignition delay times that were not able to
be reproduced within their respective uncertainty bounds by the model employing rate cocfficients within their
respective uncertainty bounds, H. These eight seif-inconsistent Qol were removed from the initially-constructed
dataset. The latter, however, still remained an inconsistent dataset.
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Figure 1, Bound Changes of the Ignition Qol Suggested by VCM, DLR-SynG 1 dataset.

To continue with the analysis, we employed a newly-developed method of computing the vector consistency
measure (VCM), similar to eq 2, but with-original constraints augmented with individual relaxations v, for each
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Figure 2, Bound Changes of the Lamingr—ﬂame—speed Qol Suggested by VCM, DLR-SynG 1 dataset.
bound.'” The VCM method determines the minimal bound changes, each bound by its own extent, that result in

dataset consistency. Its application identified such a dataset-consistency point by changing 30 ignition delay times
and 7 laminar flame speeds. shown in Figures | and 2, respectively. We emphasize that the VCM-identified feasible
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parameter set is a single point in H. As this point possesses some optimal attributes, we compare the model
predictions obtained with this set of parameters, DLR-SynG [ dataset, to the optimization results,

To proceed with further features of the B2BDC framework. we created a new dataset by removing the 37 Qol
identified by VCM, thus forming the DLR-SynG 2 dataset contacting 122 Qol. This latter dataset is consistent,
meaning that all its 122 Qol are consistent with each other and with the 55 active parameters.

B. Feasible set construction

While H designates prior information, feasible set @ summarizes posterior information: all parameter value
combinations that satisty their own bounds and also the Qol bounds. The size and shape of @ compared to those of
H represent information gained as a result of the B2B-DC analysis.

Projection of @ on each of the x’s yields the posterior range of the parameter uncertainty.’ Those that changed arc
reported in Figure 3. For the rest of the parameters, the posterior ranges werc the same as the prior ones, indicating
that the experimental data included in the present analysis did not aid in narrowing down the uncertainty ranges of
these parameters individually. However, such an outcome does not necessarily imply no information gain for a
given parameter: while the extreme parameter values (bounds) may not change, the feasible set may, and usually
does, eliminates some combinations of these parameters with others, which 1s addressed next.

Active Parameters with Decrease in Uncertainty Ranges

15
1
0.5
4]
0.5
1
1.5
HOZ+H-3H CO+0OH-3LC CO+0{+M] HHOSGH H2#0-320H HOZ+0H-» H2+OH-*H OZ+H->0OH
2402 02+4H > CO2{(+M) #H H20+02 204H +Q
u Prior Lawer bound -0,69 0,22 0,69 -1,61 -0.46 -1,14 0,43 -0,22
: Posterior lower bound 0,57 -2,22 -0,69 -0,036 0,21 -0,93 -0.43 0,11
@ Prior upper bound 0,69 D,23 0,69 1,61 0,46 1,15 0,49 0,23
w Postenor upper bound 0,69 0,074 U638 1,61 0,46 1,15 0,42 0,23

Figure 3. Active Parameters with Decrease in Uncertainty Ranges at feasible set construction.

IV. Parameter optimization

While the primary focus of the B2B-DC framework is on prediction over the feasible set, it also supports
parameter optimization.™ Four sets of optimized model parameters were investigated and inter-compared in the
present study. The first approach is LS-H, a (weighted) least-squared fit constraining parameter values to their
initially assessed uncertainty ranges, H. This is now a common approach.* "> B2B-DC supports two more refined
methods of optimization.ﬂ LS-F and IN-F, where the objective is minimized with x’s being constrained to the
feasible set @. The three problems are easily expressed as mathematical optimizations. The LS methods minimize
the familiar sum of weighted least-squared deviations between the surrogate model prediction and the reported
measured value, y,.. The difference lies in where the search takes place: LS-H considers all of H while LS-F restricts

the scarch to F,

LS-H: I'Elijt z W, [Mc (.\']—~ },FJ

&

o

LS-F: min w_t,[M‘,(x}—yl,]'
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Figure 4. Ignition delay times: symbols, experimental data:*>* initial model, black line; Varga et al.™ model, gray
line; LS-H, red dotted line; VCM, red dash-dotted line; LS-F, blue dashed line; 1N-F, blue short-dash line. Black
stars are targets of DLR-SynG 2 dataset; green stars are targets deleted from DLR-SynG 1 dataset.
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Figure 5. Ignition delay times: symbols, experimental data;*** initial model, black line; Varga et al.™ model,

gray line; LS-H, red dotted line; VCM, red dash-dotted line; LS-F, blue dashed line; 1N-F, blue short-dash linc.

Black stars are targets of DLR-SynG 2 datasct; red stars are self-inconsistent targets; green stars are targets

deleted from DLR-SynG 1 dataset.
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Figure 6.Laminar flame speeds: symbols, experimental data; initial model, black line; Varga et al.* model,
gray line; LS-H, red dotted line; VCM, red dash-dotted line; LS-F, blue dash line; 1N-F, blue short dash line.

By contrast, the IN-F problem treats the nominal parameter vector, the starting set of parameter values (x, = 0),
as “preferred”, As we have shown in previsions sections, this parameter set lies outside the feasible region @ The
goal of the IN-F method is to find with least number of changes to x; a parameter vector that is feasible.
Mathematically, the one-norm is a well-known approximation to enforce such sparsity, i.e.,

IN-F:  min [l =],

The LS-F and IN-F optimizations were performed with the final dataset, as the two methads are designed to
work with an existing feasible set. Inspection of the results highlights several features. All optimization methods
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result in parameter sets that produce a better agreement with experiment than the original set, composed of literature
recommendations. The LS-H optimization, constrained only to the prior uncertainty ranges of parameters, results in
the lowest average deviation, as expected, but at the expense of violating uncertainty bounds of 13 expertmental
Qol.

The average deviation produced by LS-F is larger but not significantly than that of LS-H. The IN-F method gives a
larger average deviation, yet it changes the least number of variables. The LS-F and IN-F optimization methods,
with additional constraints to the Qol uncertainties, do not violate any of the Qol bounds by design unlike to the LS-
H. That demonstrates the main difference between two approaches: LS-H optimization can be identified rater as a
fitting,

Some of the individual comparisons arc shown in Figures 4-6, with the inclusion of the most recent literature
model.* Experimental targets of thc DLR-SynG dataset in these figures are designated by a star, the & self-
inconsistent Qol (excluded from the dataset, Table 3) are colored red and those excluded with VCM (Figures | and
2) are colored green.

The visual obscrvation is that all the optimized models seem to perform with about the same overall quality: some
models do better for one set of conditions, while other are closer to other experimental data. The shock-tube ignition
delay times show a larger variation between different models. The problem here could lic with the incomplete
instrumental model used in the simulation of ignition phenomena, as it does not capture the “non-idealities” of
shock-tube experiments with sufficient detail, or the development of a mild-ignition regime, which is not entirely
driven by chemistry. These factors arc especially under suspicion in the inconsistent ignition-delay targets.
Generally, the laminar flame speeds are predicted better by all models, with all simulations falling within the
uncertainties bounds of experimental observations, reflecting perhaps the higher experimental accuracy of the
measurements.

Figures 4-6 demonstrate the benefits of optimization methods LS-F and IN-F and generally of the B2B-DC
methodology in comparison to the “conventional” optimization, LS-H, or performed in study >,

V. Conclusions

An optimization-based framework B2B-DC of an automated data-centric infrastructure, Process Informatics Model
(PrIMe} was applied to the syngas reaction mechanism analysis. For this purpose, a dataset was constructed based
on pertinent experimental observations, chemical-kinctics model, and the associated uncertainties. The experimental
Quantities of Interest (Qol) were selected through evaluation of ignition delay time and laminar flame speed
uncertainties. The composed dataset was subjected to consistency analysis. One outcome of the analysis was
identification of a set of experimental Qol that were most difficult or impossible to match with the medel; they were
removed from the dataset for future investigation. The final consistent dataset with 122 experimental Qol and 55
active variables was used for model optimization on the feasible parameter set. The optimized syngas models
produced with B2B-DC framework demonstrated an improved agreement with the dataset Qol. The results of the
present study, however, demonstrate that the LS-H optimization may miss some critical information of the model-
data system. Only parameter optimization performed on the feasible set produces a reaction model which describes
the experimental measurements not included in the analysis as well as experimental targets from used dataset, The
obtained optimized parameter values indicated parameter inadequacy, and the correlation analysis highlighted the
direction of possible parameter modifications and model improvement.
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FLASH PYROLYSIS OF SHUBARKOL COAL IN A CFB REACTOR FOR SEMI-
COKE PRODUCTION

Diyar Tokmurzin, Kalkaman Suleymenov, Berik Aiymbetov, Yerbol Sarbassov,
Myung Won Seo, Desmond Adair

Abstract

Fast pyrolysis characteristics of Shubarkol coal for semi-coke production are investigated using laboratory scale
wire mesh reactor (WMR) and circulating fluidized bed reactor (CFB) experiments. Evolved gas from the WMR
experiments at 400°C, 600°C, 800°C, 1000°C was analyzed using gas chromatography. Gases evolved at 1000°C has
composition consisting of 53.0% CO, 17.4% CHy,, 4.35% C,H, and 1.74% C,Hs. For CFB experiments, a 6 meters high
laboratory scale atmospheric CFB reactor was constructed. CFB experiments were conducted at the range between 750
and 1000°C. Semi-coke samples have volatiles content below V*'=5%.

Introduction

Kazakhstan has the 8th largest coal reserves in the world, but coal export is limited due to the
coals high ash content and unavailability of sea routes. The coal industry however fully satisfies the
local coke demand in metallurgy. Almost all coal is mined in open pit coal mines, except coking
coals from Karagandy, and Shubarkol coal is mined from open pit mines located in Central
Kazakhstan. Shubarkol coal is used as a fuel for household heating, in industrial processes, in
metallurgy, and is also exported. Currently most of the coke for metallurgy throughout the world is
produced using coke oven batteries and semi-coke production for ferroalloy plants in Kazakhstan is
also produced this way. Despite low ash and moisture, Shubarkol coal doesn’t have caking
properties like Karagandy coal. Caking and sintering of coal can cause defluidization in fluidized
bed boilers, and therefore Karagandy coal, unlike Shubarkol coal, can’t be processed to semi-coke
in CFB reactors. Semi-coke for Aksu and Aktobe Ferroalloy plants can theoretically be produced
alternatively, using CFB flash pyrolysis. This study examines the possibility of producing semi-
coke in CFB installations, including a series of experiments to determine the release of volatile
gases using wire mesh reactor experiments and CFB reactor experiments.

Experiment

Before the WMR and CFB reactor experiments, Shubarkol coal samples were ground using a
mill (RM 200 series, Retsch, Germany) and then sieved through a 200 micrometer sieve using an
automatic sieve (AS200, Retsch, Germany). Then the coal samples were analyzed using an
proximate analyzer (5E-MAC 1V, CKIC, China), elemental CHNSO analyzer (5E-CHN2200,
CKIC, China), automatic calorimeter (5E-CS500, CKIC, China) and ash fusion determinator (5E-
AF400, CKIC, China).

The wire mesh reactor used in this research previously has been used by H.W.Ra et al. [1].
Figure 1 illustrates the WMR involved in the flash pyrolysis experiments with Shubarkol coal. The
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WMR uses electric current to heat the sample to a necessary temperature, and the apparatus
consists of four main blocks: power supply, mass flow controller, wire mesh reactor, and a system
for collection of gas and tar samples. The Shubarkol coal sample was first ground and then sieved
through 200-micrometre sieve.
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Figure 3. Wire mesh reactor [6].

The steel wire mesh, glass wool tar trap, and sample itself were weighed as well as ~20 mg of
a coal sample which was located between two layers of wire mesh wrap. Wire mesh has a square
shape with size 76 mm to 20 mm and mesh open size 75 micron, mesh is made of SS 316L steel
which is most widely used in such experiments [2][3][4][5].The wire mesh with the coal sample
was put on a copper sample holder which also serves as electric clamp. After the experimental
apparatus assembled, nitrogen was purged inside in order to displace air from the chamber and
nitrogen is filled into the cooling jacket.

Once the air was removed, a constant flow of nitrogen necessary for the experiment was
purged inside (3 Lmin™ or 0.08 m/s). During repeated experiments the wire mesh was heated to 400
°C, 600 °C, 800 °C, and 1000 °C. Nitrogen sweep gas cooled the sample and transported the evolved
gases to the gas outlet where it passed through the tar trap glass wool and went into the gas
sampling bag.

Collected gas samples were analyzed using a gas chromatograph, Agilent GC7890, that has
flame ionization detector (FID) and thermal conductivity detector (TCD). Glass wool was weighed
before and after the experiment to determine the amount of tar captured. The wire mesh and coal
weighed separately before the experiment and wire mesh with ash-char particles weighed after the
experiment. For accurate measurements high precision scales with 0.01 mg resolution, model
XP205 Mettler Toledo, was used.

The CFB reactor involved in the research is depicted on the figure 2. The CFB unit has a 6 m
high riser section with 160 mm inner diameter. Fast fluidized bed occurs in the riser section. Riser
section is then continued with a cyclone for particle-gas separation, cyclone down-comer takes the
circulating material particles down to the loop seal. The loop seal consists of two chambers with a
bubbling fluidized bed.

Coal and inert materials are supplied to the riser using two screw feeders, and preheated air,
steam, and oxygen are supplied to the riser bottom. The main fluidizing gas, air, comes from the
bubble caps located in the bottom of the riser. Secondary air for the bubbling fluidized bed in the
loop seal is also injected through bubble caps located at the bottom.
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Figure 4 Circulating fluidized bed reactor located at Nazarbayev University

Results and discussion

Figure 3 presents results of gas chromatography analysis of evolved gases from the WMR
reactor experiments at 400, 600, 800, 1000°C. Gas chromatography analysis demonstrates that
pyrolysis of Shubarkol coal at lower temperatures (400°C, 600°C) produce nearly CO, only, whilst
at higher temperatures (800°C, 1000°C) CO, CH,, C,H4, CoHg gases were detected in considerable
concentrations. With an increase of temperature, products such as gas, volatiles and tar has a
tendency to rise. Counter to this the amount of char decrease.
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Figure 5. WMR evolved gases concentrations (left), mass balance of WMR products (right)
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Figure 4 demonstrates volatiles concentrations of char samples extracted from the riser and
from the loop seal by manually opening a ball valve and using a screw feeder. In general, with an
increase of the bed temperature, volatiles concentration fells to acceptable levels above 900°C.

1

0
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700 750 800 850 900 950 1000 1050

725 750 775 800 825 850 875 900 925 950 975
@ Extraction using screw feeder A Manual extraction Ten, °C ® Extraction using screw feeder A Manual extraction T bed, °C

Figure 6. CFB experiments results. Dependence of volatiles concentrations to temperature in char extracted
from the riser (left) and from the loop seal (right)

Conclusion

The WMR reactor experiment char yield demonstrates that flash pyrolysis of Shubarkol coal
can produce semi-coke for metallurgical applications. The WMR experiments also indicate that
keeping temperatures above 800°C is beneficial due to higher yield of combustible gases and
volatiles. CFB experiments demonstrate that this technology is feasible for production of semi-coke
with volatiles mass concentrations below 4% at temperatures above 900 °C. However, additional
experiments involving gas analysis are required to estimate opportunities to integrate downstream
processes for energy production
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CELLS
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Abstract

The process of obtaining a porous nickel anode by pressing nickel and aluminum powders is shown.
Further sintering of the samples and etching of aluminum from the obtained anode structure. The
electrolyte is sputtered by pulsed laser deposition. SEM and EDS analysis were obtained.

Introduction

Solid oxide fuel cells (SOFCs) have the potential to be one of the cleanest and most efficient
energy technologies for direct conversion of chemical fuels to electricity. Economically competitive
SOFC systems appear poised for commercialization, but widespread market penetration will require
continuous innovation of materials and fabrication processes to enhance system lifetime and reduce
cost [1]. As the operating temperature decreases, the phase-to-phase polarization between the
electrolyte and the electrodes increases dramatically [2]. Thus, the development of new electrode
materials with unique porous structure close to the nanometer level is one of the most important
issues in the development of a new generation SOFC’s. The method of selective etching of
additional material in a nickel anode is simple and effective

N Fuel ST\

¥ 4 yC0H § } Reaclion

YSZ electrolyte 450-900°C

Figure 1. Scheme of an SO‘FC’iIIUstrAatin‘g al'so the working principle

Solid oxide fuel cells (SOFCs) convert chemical energy with high efficiency directly into
electricity and heat. It can operate on a variety of fuels such as natural gas or hydrogen [2, 4]. As
shown in fig. 1, the fuel supplying H; is fed into the anode compartment where it is oxidized, and
the electrons released as a result are conducted to an external circuit [3, 7]. The reaction products on
the anode side of an SOFC are mainly water and CO,. Air enters on the cathode side and oxygen is
reduced here to O,- by reaction with electrons from the external circuit. The O, ions can travel
through the ion-conducting and gas-tight electrolyte, which separates the anode compartment from
the cathode compartment [5, 6].

Main part
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The porous nickel anode is fabricated using a Ni and Al powders mixing method followed by
pressing and heat treatment. VVery pure Ni and Al powders of 99.99% purity were used in the work.
The ratio Ni and Al components was 60: 40%. The anode basis possesses a high porosity which is
required for efficient delivery of fuel to the cell. Hot pressing method was used for obtaining tablet
from nickel and aluminum powders. Next two steps was sintering of the sample and etching out
aluminum from the anode structure. The mixing and grinding of the smallest powder with uniform
dispersion is achieved by means of a grinding process in a SPEX SamplePre 8000M ball mill.

Full experimental process of fabrication a porous nickel anode with a flat nanoporous surface
shown in fig. 2a, by thoroughly mixing commercial nickel powder (particle size between 0,5-1 um)
with an aluminum (particle size of from 100 to 300 nm) proppant. The mixing of the two
components must be thorough; therefore, it is typically performed by mechanical mixing and ball
milling procedures. The resulting mixture (nickel powder and proppant) is then pressed into a
parallel faced =1 mm thick square tablet at 5000 psi (see figure 2b). The tablets pressed into round
shape form as shown in insert of figure 2b. The tablet of pressed nickel powder/proppant is then
loaded into a high temperature tubular furnace and sintered at 800 °C for 2 h in an ambient
hydrogen atmosphere.

Next step of research was electrochemical dealloying of aluminum from the alloy of Ni-Al
powders, as the potential increased, the amount of etched Al also increased. Passivation of nickel
occurs with an increase in time, which contributes to the formation of NiO. The etching was carried
out in a 30% KOH solution at room temperature. The process was carried out in two electrode cells,
and under the action of ultrasound. A sample of Ni-Al alloy is used as a working electrode.

[ Mbdng 8 | © Pressing | * Simering | < Electro- 9 pylsad
and Al the mibed wRBOO°Cln | chemical loser
powdsrs powder [n Ha ok, stching in deposition
by ball the round 0%KOH || of

(b)

Figure 2. a) Schematic diagram for the porous nickel anode fabrication process,
b) The fabricated porous nickel anode 10x10 mm.

Surface SEM images were carried out for the fabricated porous nickel anode after sintering
(figure 3a,b). These images show clearly the surface and bulk porous structure of the nickel anode,
with pore sizes of 100 nm — 1 um. This large pore size allows the fuel to readily reach the
anode/electrolyte interface.

(b)
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Figure 3. SEM images of the fabricated porous nickel anode.

a) Anode surface directly after sintering at 800 °C for 2 h.;
b) Anode surface after electrochemical etching;

The nickel surface treatments were applied to produce not only a flat surface, but also a
surface with small pores (size < 500 nm) (see figure 4a,b) such that a continuous thin film
electrolyte could be deposited and exhibit both gas and electrical hermeticity. The now smooth
surface of the fabricated nickel anode will permit the deposition of a 3 um thick smooth, continuous
electrolyte yttria-stabilized zirconia (YSZ) film, which is not only an electrolyte layer, but one that
effectively blocks hydrogen from reaching the SOFC cathode.

A 248 nm KrF Excimer laser at 7 Hz and 380 mJ was used to deposit the electrolyte layer on
the porous nickel anode surface [2]. In this work, a dense YSZ electrolyte layer (about 1-2 um
thick) deposited at 150 mTorr and 650 °C in an atmosphere of 96% argon, 4% hydrogen to avoid
nickel oxidation.

Surface and cross-sectional SEM images were carried out for the fabricated porous nickel
anode after pulsed laser deposition (figure 4a,b). As we can see from images the deposition of a thin
(0.5-3 um), smooth, and pore free electrolyte will not allow the diffusion of both fuel and air.
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Figure 4. SEM cross-section images of the fabricated porous nickel anode with electrolyte layer,
a) Anode cross-section after electrolyte deposition b) Electrolyte surface after deposition.
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Figure 5. EDS analysis of anode after sintering
Conclusion

The porous nickel anode obtained by process of pressing nickel and aluminum powders,
sintering and etching of aluminum from the obtained anode structure. The pore size between 100 —
500 nm, which allows for the H; to passage thru the anode to YSZ electrolyte layer. The thin YSZ
electrolyte layer is sputtered by pulsed laser deposition. SEM and EDS analysis were obtained.
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Analysis shows the deposition of a thin (0.5-3 um), smooth, and pore free electrolyte which will
not allow the diffusion of both fuel and air. EDS analysis shows the correct ratio of the material
after annealing in the furnace at 800°C, the presence of oxygen due to the interactions after
discharge from the furnace.
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Abstract

The article describes a technique of the hot pressing yttrium stabilized zirconium target for use in a pulsed
laser deposition of the electrolyte layer for solid oxide fuel cells. It is shown analytical studies and the
results of the research (SEM, AFM, EDX).

1. Introduction

Our choice of epitaxial thin-film formation of YSZ electrolyte film is due to the fact that
traditional powder technologies (pressing with subsequent high-temperature sintering) make it
possible to form layers with a thickness of 10 um and above therefore it can’t be used in
developments in minimizing the thickness of functional FC layers [1, 3]. The pulsed laser
deposition (PLD) is one of the most acceptable methods for depositing thin films because of process
stability, the possibility of independent control of the main parameters of the depositing process,
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and as a result, it possible to obtain homogeneous layer with required structural and operational
characteristics, larger area [2]. An important role in the formation of the electrolytic layer during
deposition process depends from fulfillment of all conditions in process of production of the target
with all the technological cycles and the necessary parameters [4].

Treatment of ceramic materials by hot pressing is increasingly rises in laboratories and
production, the reason that equipment and accessories become more affordable and cheaper [5]. In
addition, the method of hot pressing has become widespread due to the development of
nanotechnology and nanoindustry. Simultaneous influence of pressure and temperature on
nanopowders allows for obtaining samples with a high density which close to maximum [6].

2. Main part

Hot pressing technology includes the following stages: 1 - Grinding; 2- Calcination; 3 -
Sintering.

We’ve took Y203 and ZrO, powders with high purity (99.99%) from Aldrich Chemistry. For
1 tablet of the target it took 30 grams of ZrO, and Y,03 (92:8%). For preparation of a fine-grained
and uniform powder it was conducted grinding processes. Grinding was performed before and after
each of calcination, three times for each of the samples. The grinding process was carried out on a
spherical planetary mill SPEX SamplePre 8000M to obtain a small size powder.

Calcination

The process of calcination of the material below its melting point is performed to achieve
specific reactions, such as changes in physical and chemical characteristics. Each sample passes
calcination three times for 17-20 hours, at a temperature of 1100 °C in an oxygen atmosphere.

Sintering

Hot pressing is simultaneous application of the high temperature and compressive stress on
material for combining fine-grained powders into partially or completely sintered structures [4].
The pressure increases the driving force of compaction, reducing the processing temperature which
required for the sintering process. In addition, the hot pressing process results on overall grain sizes,
for more precise control, of the microstructure and the flexibility of the functionality ceramic layer.

The ground mixture of Y,03; and ZrO, powders placed in a mold, then into a hot pressing
chamber, where the chamber is evacuated till a vacuum of 10-6 Torr. Heating was carried out in 3
stages:

1 — Heating up to 1200 °C with heating rate 25 degrees per minute (only 40 minutes);

2 - Holding the temperature 1200 °C (within 60 minutes);

3 - Cooling 5 °C per second (to room temperature).

After calcination and grinding (three times), the process of hot pressing was carried out. This
is the process of compressing the powder into a special form, followed by heating up to 1200-
1400°C. The product is a solid oxide target (Figure 1). Yttria stabilized zirconia (YSZ) was sintered
under a pressure of 2 tons, at a temperature of 1200 °C, sintering time was 60 minutes.

In addition of good ionic conductivity, the YSZ target should have a high micro hardness,
resistance to corrosion, low thermal conductivity, and chemical stability at high temperatures [5].

Figure 2a shows the surface of the YSZ layer deposited via the pressed YSZ target on the Si
(100) substrate at 35 Hz and 600 °C. The high frequency of the laser pulses leads to the formation
of a surface with inhomogeneous particle sizes on the surface.
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Figure 1 - Solid oxide target for pulsed laser deposition
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Figure 2 - a) SEM image of the YSZ layer deposited by the PLD, b) The AFM image of the YSZ layer

The surface and dimensions of the crystallites on deposited YSZ layer was analyzed with the
Solver PRO M atomic force microscope (NT MDT) (Figure 2b). Due to the high roughness, the
specimen was analyzed by the contact method. Scanning surface 5x5 um has shown the formation
of quasispherical particles of large diameter.

The EDX analysis (Figure 3) shows the correct ratio of components, which was originally set
for the target. The content of 8% yttria in comparison with other components in the YSZ layer
shows the possibilities of varying the properties of the electrolyte by changing the concentration of
the main components.

3. Conclusion

The YSZ target was obtained by hot pressing at 1200 °C and a pressure of 2 tons. Powders of
Y,03 and ZrO, with a ratio of 8:92% were milled on a ball mill. The layers of thin-film electrolyte
YSZ were deposited on silicon substrates at a temperature of 500-700 ° C, with a laser frequency of
35 Hz, and energy of 270-560 mJ. Morphology of the electrolytic layer was investigated by SEM
and AFM. It shows formation of a rough surface with a large number of submicron particles, the
formation of which is explained by the high frequency of the pulses of laser radiation. Elemental
analysis of the deposited YSZ electrolyte layer revealed 8% of yttrium content in the structure, and
zirconium is half the expected value, it can be explained by insufficiency of the energy for
achieving the zirconium particles on the sample surface.
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Figure 3 - EDX analysis of the YSZ layer deposited by the PLD
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2-D NUMERICAL INVESTIGATION OF THE INFLUENCE OF FLYER THICKNESS ON
FLYER VELOCITY DRIVEN BY ELECTRIC EXPLOSION

Wanjun Wang, Mingshui Zhu, Junjun Lv, Qiubo Fu, Yao Wang.
Institute of chemical materials, Chinese Academy of Engineering Physics. wangwanjun@caep.cn. No. 64. Mianshan
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Abstract
By dividing the electrical explosion process into two stages, a 2-D simulation model is established to study the
influence of the flyer thickness on the flyer velocity, and the mechanism is analyzed tentatively.

1. Introduction

High speed flyer driven by electric explosion has been used widely in the field of detonator
and high pressure loading device. Under the condition that the structure parameters and materials
are unchanged, the acceleration curve of the flyer mainly depends on the specific internal energy of
the explosive product. For different circuit, the change law of the specific internal energy of
explosive products is significantly different, inevitably leading to a completely different
acceleration curve of the flyer. At an earlier time, the Gurney energy is introduced to calculate the
acceleration curve of the flyer[1], in this model, all the energy is given to the explosive product
instantaneously as initial condition, which leading to an acceleration curve significantly steeper than
the experimental results. Schmit made an important modification to this model, and a more accurate
result is obtained by introducing a modified, time-dependent energy deposition term[2], a
disadvantage of the modified model is that this model is 1-D and the assumptions used in the model
were not validated.

A "two-stage" flyer driven model is proposed, the influence of the flyer thickness on flyer
velocity were studied using AUTODYN code, which can provide reference and guidance for the
design of exploding foil initiation device.

2. Physical model

The physical model is shown in figure 1.

This model believe that although the internal energy begins to increase simultaneously at the
moment the circuit is closed, but the internal energy deposited at the initial stage(t<t;) can only be
used for raising the temperature of the exploding foil, melting, raising the temperature of the
meilted exploding foil, while the volume of exploding foil remains constant until the specific
internal energy per unit volume is accumulated to a critical level Eq at t=t.. The energy Eg is
released instantaneously at t; and the flyer is violently pushed by shock wave and exploding
product.

1st stage : constant volume, 2nd stage : expansion,
increasing internal energy to £, continuous energy supplement
VP
(o) \’;"‘/ >
* . . . .
Circuit being closed demarcation point Time axis

Fig.1 Schematic diagram of physical model
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When t>t., additional energy is continuously deposited into the explosive product(expressed
as Q(t)), helping resist the pressure attenuation and driving the flyer accelerate continuely, and the
velocity curve is relatively gentle. Therefore, a inflection point can be finded in the velocity curve
of the flyer driven by electric explosion.

The energy release at t; is described by the CJ detonation model, The product is described by
JWL equation of state, as shown in Equation 1.

PA1--2 | B1- @ |erv B (1)
RV RV Vv

3. Numerical model

In this paper, the numerical simulation is carried out using AUTODYN, a 2-D axisymmetric
model is established. The numerical model consists of backplane, exploding foil, flyer and barrel, as
shown in figure 2. The material of the backplane is ceramic and has a thickness of 1 mm ; the
material of the explosive foil is copper and has a thickness of 5 um, the exploding foil is a circle
with a diameter of 0.46mm,; the material of the barrel is titanium alloy with a diameter of 0.6 mm;
the material of flyer is polycarb and the thickness is set to be 20um, 30pum and 40um respectively.

3000 4

2500 4

2000 ~

1500

1000

Velocity(m/s)

—— Experimental
500 + +— Simulation

DBO O;)S 0'10 0'15 0'20 0'25 0'30
time(us)
Fig.3 Calculated and experimental velocity of the flyer

Fig.2 Simulation Model

The JWL equation of state is adopeted for the exploding foil, and the parameters of the EOS
are shown in table 1.

Table 1 Parameters of JWL EOS for exploding foil

po(g/cm®)  A(MBar) B(MBar) R1 R2 ® Eq(MBar) Pj(MBar) D(m/s)
8.9 5.2423 0.17678 6.2 15 0.67 0.13 0.2431 2991

For the additional energy Q(t) after t;, "constant power" model is used as shown in
formular(3), The parameters of this model are shown in Table 2

Q (t) =Gy (3)

d(t)
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Table 2 parameters of the model for additional energy

Q(I/Kg) Begine time(us) End time(us)
1.85E7 tc 0.4

The comparison between the calculated and experimental velocity[3] of the flyer with the
thickness of 30um is shown in figure 3. As can be seen from the figure, the calculated results are in
agreement with the experimental results before 0.03us, but during 0.03us~0.15us, the error between
numerical and experimental results is much more obvious. This is because the acceleration of the
flyer after the velocity jump is mainly determined by the additional energy Q(t). In a real electrical
explosion, dQ(t)/dt shows a trend of decreasing rapidly with time, so the acceleration also

decreases with time correspondingly, while the "constant power" adopted in numerical simulation
will certainly leads to an acceleration which is almost constant. In summary, the main reason for
this error is that the additional energy Q(t) added to the explosion product in numerical simulation is
different from that in a real situation, and a modified Q(t) can significantly improve the accuracy of
the numerical result.

Flyer velocity with different thickness is shown in figure 16, the flyer velocity is 3195m/s,
2740m/s, 2599m/s at 0.25us respectively, and the Kinetic energy ratio is 1 : 1.10 : 1.32, that is, the
kinetic energy increases with the increase of flyer thickness.

E 8410" —— 7*10"
3000 [ o
: o R 6°10
2,500 . 7 20mm
E N 6710 _ 5710
= 2,000 - 2
& o & 4410
1,500 < a0 s
z £ £ 310
1,000 E .
o 2410
500] 1+10”
2 010" 010! =
0 005 01 015 02 025 00 005 01 015 02 025 00 005 01 015 02 025

TIME {us) TIME (us) TIME (W5)

Fig.4 Flyer velocity Fig.5 Total energy of the backplane Fig. 6 Total energy of exploding foil

It can be seen from Fig. 5 and Fig. 6 that the total energy of the backplane increases with the
increase of flyer thickness, while the total energy of the explosive foil decreases. This is due to the
fact that more energy is needed for explosive product to push the flyer travelling for specific
distance when the flyer is thicker, resulting in a smaller total energy of the explosive foil and a
larger total energy of the backplane, which is very similar to the influence of the density of the
flyer. Although the energy efficiency increases with the increase of flyer thickness, the increase
amplitude decreases gradually. In the design of slapper detonator, make sure that the flyer thickness
selected can achieve a balance between the transmitted wave pressure and the pulse width.

4. Conclusion
A 2-D simulation model is established to study the influence of flyer thickness on the flyer
velocity. The conclusions are as follows:
1) This model can be used for numerical simulation of flyer driven by electric explosion, the
calculated flyer velocity are consistent with the experiment results;
2) Increasing flyer thickness can help improve energy efficiency.
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NANOSCALE SnO; WITH WELL-DEFINED FACETS IMPROVING COMBUSTION
PERFORMANCE OF ENERGETIC MATERIALS
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Abstract: Catalytic activity of SnO, nanocrystals with different percentages of the exposed [221] facets for the
thermal decomposition of RDX was investigated. An enhancement in the catalytic activity was observed for the SnO,
nanocrystals with a higher percentage of the exposed [221] facets.

Introduction

Energetic materials (EMs) contain and release a large amount of stored energy due to their
chemical composition and molecular structure, as a result, are widely used in propellants,
explosives, and pyrotechnics®. One of the most important impacts on the combustion process of
EMs is the thermal decomposition process. Accordingly, a variety of catalysts have been studied for
enhancing the thermal decomposition efficiency of the energetic materials*’. For the traditional
EMs, such as RDX, HMX and ammonium perchlorate (AP) et al., the primary exothermic process
is the oxidation reaction in the gas phase, meaning that the gas-sensing semiconductor catalysts
based on the oxidation—reduction reaction occurring on the semiconductor surface might exhibit
excellent catalytic performance.

As the best known gas-sensing material, tin dioxide (SnO,), has been widely used in
photocatalytic, photovoltaic devices, gas sensing, and so on®*2. However, few works focus on the
catalytic activity of SnO, for the thermal decomposition of EMs. In addition, according to the
viewpoint of chemical activity, metal oxide nanocrystals with particular exposed crystal planes,
such as high-index facets, may have good catalytic properties, due to the high densities of atom
steps, ledges, kinks, and dangling bonds of high-index facets which exhibiting much higher
chemical activity***®. Recently, SnO, nanoparticles with exposed high-index facets have been
prepared, and the correlation between exposed facets and photocatalytic/gas sensing properties has
also been investigated'’. Therefore, a good understanding of the correction between the exposed
facets of SnO, and catalytic activity for RDX decomposition is essential to further enhance the
catalytic performance.

In current work, we investigated the thermal decomposition process of RDX with different
SnO; and propose a catalytic mechanism by studying the decomposition of RDX, in the presence of
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SnO; additives. Further, we explored the application of nanostructured SnO, with well-defined
facets in solid rocket propellant.

Result and discussion

Three kinds of SnO; nanostructures with different exposed facets have been synthesized using
HCI as the face-controlling agent. SEM images of the as-prepared samples are shown in Figure 1
(a-c). It can be seen that the addition of HCI is crucial for the morphology of SnO2. Figure la
shows the SnO, nanoparticles synthesized without adding HCI, exhibiting no regular morphology.
When the volume ratio of HCl/solution is 1:15, the formed SnO, particles evolve into tetragonal
nanorods with two pytamidal tips (Figure 1b). When the volume ratio of HCl/solution reaches to
1:10, the SnO, particles exhibit well-defined octahedral shape with with an edge-to-edge width of
about 200 nm, and an apex-to-apex length around 300 nm (Figure 1c). Thus, the apex angle
between two side surfaces can be calculated at 65.8°, which agree well with the model of octahedral
SnO, enclosed by [221] facets projected along the [110] direction’™. Figure 1d shows a typical
powder X-ray diffraction (XRD) pattern of the as-prepared product, product can be indexed to the
rutile phase of bulk SnO,.

Figure 1 SEM images of the SnO, nanoparticles (a), hanorods (b),
octahedral nanoparticles (c) and corresponding XRD patterns (d).

The effect of each SnO; additive on the thermal decomposition of RDX was studied by DSC
analysis, carried out at 10 °C min * in sample pans with lids under a flow of argon. Samples of pure
RDX and RDX mixed with each additive on a 2:1 by mass basis were prepared by grinding the
powders with a mortar and pestle until homogeneous. Representative DSC curves of both pure
RDX and the mixture of RDX with different SnO, additives are shown in Figure 2.

exo

f

RDX/octahedral SnO, (sample c)

F

RDX/SnO, NRs (sample b)

RDXISnOz NPs (sample a)

Heat flow (W g”)

pure RDX

endo

I

T v, T hd T T
100 150 200 250 300
Temperature (°C)

Figure 2 DSC curves for the decomposition of pure RDX and RDX with three kinds of SnO, additives.

All the four curves exhibit two thermal signals. The first endothermic peak at 204 °C is
similar for each curve, which is due to the melting process of RDX®. A significant difference
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between the additives observed on the decomposition is the obvious reduction of the decomposition
temperature. The pure RDX exhibits two decomposition peaks: the liquid phase decomposition
peak and gaseous decomposition. In the presence of SnO; nanoparticles, the liquid phase
decomposition peak decreased and the gaseous decomposition temperature is reduced by 5 °C, 7
°C, and 28 °C. These results suggest that the SnO, catalyst can greatly promote the thermal
decomposition of RDX, and Sample ¢ with a higher percentage of exposed [221] facets shows much
better catalytic activity for thermal decomposition of RDX than Sample a and b.

Given the enhanced activity of SnO, toward RDX decomposition, one could expect that it
would also enhance the burning properties of solid rocket propellant. Figure 4 shows the burning
rate curves for propellants with each catalysts, as calculated from three propellant strands burned
throughout the pressure range. The green line belongs to the control propellants contained no
catalysts. All three catalysts increased the burning rates relative to the control sample, and the
propellants containing octahedral SnO, exhibited a broad burning rate plateau zone: the pressure
exponent was 0.19 from 2-22 MPa. The plateau effect is a desirable feature for high burning-rate
propellants. Typical propellant formulations that achieve a high burning rate by increasing the value
of the pressure exponent are unstable due to their oversensitivity to pressure variations, which can
lead to catastrophic failure. The octahedral SnO, provides the propellant with a high burning rate
and broad plateau effect. The plateau observed may indicate that the surface reaction is rate-limiting
but not diffusion-limited at pressures from 2—22 MPa, which should originate from the high active
[221] facets of octahedral SnO..
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Figure 4. Curves of solid propellant burning rates vs pressure

Conclusion

In this study, SnO, nanocrystals with different percentages of the exposed [221] facets were
applied in promoting the thermal decomposition of RDX. An enhancement in the catalytic activity
for RDX decomposition was observed for SnO, nanocrystals with a higher percentage of the
exposed [221] facets. Moreover, in the presence of octahedral SnO,, the decomposition temperature
of RDX was reduced by 28 °C. It is also confirmed by first-principles calculations that such highly
exposed [221] facets can facilitate the formation of active oxygen which can lead to the oxidation
reaction of RDX more completely in the catalytic decomposition process.

Our results emphasize that, through control over structure, the properties of SnO, can be made
favorable for new and promising applications. Further work may lead to additives for safer and
more efficient solid rocket propulsion or the ability to meet application-specific propellant
requirements through the tailoring of additive structure on the nanoscale.
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DIATOMITE: AN EMERGING BIOMATERIAL WITH HIERARCHICAL POROUS
STRUCTURE IN NANOTECHNOLOGY AND ITS APPLICATION IN SYNTHESIS OF
MULTIWALLED CARBON NANOTUBES BY CHEMICAL VAPOR DEPOSITION
METHOD
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Abstract

In this current work, MWCNTSs was synthesized on catalyst system that prepared from natural biomaterial
generated from single cell algae, called diatomite with unique nanoscaled morphologies and patterns and by
immobilization of Ni, Co particles on to diatomite substrate. A new approach for obtaining MWCNTS by using silica
diatomite with natural pores structure has been developed and employed.

Introduction

Nature has developed the unique biomolecular mechanism and process of assembly of
biocompatibility capable to generate a set of biomaterials with unprecedented complexity and a set
of the functionality and properties surpassing artificial production technologies?. This natural
molecular process of self-assembly developed from millions of years of evolution is capable to
create these unique biological structures with high precision and reproducibility in soft conditions
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of the environment and lower consumption of energy. These biological materials attracted huge
interests not only to a biomimetic of new nanostructural materials with difficult architecture and
unique properties, but also as a source of the inexpensive natural materials ready to use with the
minimum processing. The majority of live organisms, such as bacteria, seaweed, insects, plants,
animals and people (bones), are capable to fabricate these types of inorganic structures or their
organic composites into difficult architecture with ordered micro nanoscales features which it is
impossible to reproduce by existing engineering or chemical synthetic processes*®. Among them
the exoskeletons of amorphous silicon dioxide (frustule) of one-chained seaweed called diatomite
are one of the most impressive examples of biologically received nanostructural materials *. Each of
the estimated 100 000 types of diatom and it has the special three-dimensional cover from silicon
dioxide called by a frustule with the characteristic form decorated with the unique drawing of
nanodimensional signs, such as time, ridges, thorns °.

Recently the new term called by diatomite nanotechnology has been developed for the
description of the new developing area for a research of these outstanding materials and their
applications on various disciplines, including molecular biology, materials science, biotechnology,
nanotechnology and photonics®.

A number of potential applications for diatomite (dioxide of silicon) including optics,
photonics, a catalysis, biosensors, delivery of drugs, molecular division, filtration, adsorption,
bioencapsulation and immunoisolation and matrix synthesis nanomaterials have been offered and
investigated”®.

It should be noted that diatomic dioxide of silicon can be received by cultivation the diatoms
of seaweed in significant amounts, but their huge quantities from inexpensive fossilized the diatoms
of the seaweed called by the diatomaceous earth, the white mineral powder consisting from clean
diatomic frustules are available in thousands of tons from the mining industry.

So, in this current work, diatomite was applied as catalyst carrier for the synthesis of
MWCNTS, because of high surface area of pores that could retention capacity of the deposited
catalyst. MWCNTSs were synthesized on catalyst system that prepared from natural diatomite with
unique nanoscaled morphologies and patterns by immobilization of Ni, Co particles on to diatomite
substrate. A new method for obtaining MWCNTSs by using silica diatomite with natural pores
structure has been developed and employed.

Experimental part

Diatomite earth sample was obtained from Aktobinsk region in western Kazakhstan. The raw
diatomite powdered to 35 micron and used directly without any further purification. In the next
step, catalyst solution from NiNO3:6H,O and Co(NO3),-6H,0 salts with 0.5 M concentration were
prepared and applied for further precipitation of Ni, Co particles on to diatomite substrate. After this
step we fabricated support system with catalyst based on diatomaceous earth, which continuously
applied to synthesis of multiwalled carbon nanotube via Chemical vapor deposition method.

While synthesis process, firstly argon gas supplied with 160cm®min yield at the 400 °C
temperature and second propane was supplied at 800 °C with 55 cm®/min inlet, after placing
prepared catalyst system in boat.

Result and discussion

Raman spectroscopy is considered to be a very good method for CNTs presence; in addition it
is used to characterize CNTs more precisely. The spectra of all the samples indicate the presence of
carbon nanostructures of sp? hybridization with some degree of ordering.

The CNT samples obtained on a diatomite with a cobalt catalyst contain a certain fraction of
the amorphous carbon phase, as indicated by the large width of the peaks, in comparison with the
spectra of the remaining samples.
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The position G of the peak in the range 1570-1580 cm™ is characteristic for carbon
nanostructures of the graphite group, and the shift to the low-frequency region is most characteristic
of carbon nanotubes. The increase in the intensity of the 2D peak in the region 2710-2715 cm™
indicates an increase in the orderliness of the structure of the material. While the peaks D at 1350-
1360 cm™ and G + D in the region of 2940 cm™ arise as a result of the disorder of the structure.

The samples obtained on nickel practically do not contain an amorphous phase, which is
expressed in the small width of the main Raman peaks. In addition, the ratio of the intensities of the
peaks | (2D) / I (G) is much higher, compared with the spectra of the samples on cobalt, which
indicates a fairly high degree of ordering of the sp? carbon structure under investigation. Analysis of
the Raman spectra suggests that the samples obtained on the diatomite contain a greater number of
multi-walled high-quality carbon nanotubes than in the shungite samples. This is confirmed by the
lower intensity of the defective peaks D and D + G (Figure 1).
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Figure 1.Raman spectrum of the CNTs prepared on diatomite by using Co based diatomite substrate (a) and Ni
based diatomite substrate.

The resulting carbon nanotubes, before that pure natural diatom silica were examined using a
scanning electron microscope, exactly Multifunction Scanning Electron Microscope Quanta 3D
200i. The SEM photographs with different magnification of remarkable pore morphologies and
channels architectures of diatomite can be seen in Figure 2(a), (b). As you see, the diatomite earth
has open pores in some structures, while some structures show us deep, several hierarchical pores.
This variety of shapes and ordered porous structures demonstrate precision and uniqueness of
natural design at the micro- and nano size, providing enormous opportunity to use this material for
catalyst support function as it can be seen in figure 2 (c). Here, the growth of carbon nanotubes on
diatom holes can be seen.

Conclusion

In this work, a novel approach was developed for one step synthesis CNTs on diatomite
supported catalytic system by CVD method. The result of Raman spectroscopy revealed that the
synthesized CNTs on both Co, Ni precipitated samples are multiwalled material, however the ratio
of the intensities of the peaks I (2D) / | (G) is much higher, compared with the spectra of the
samples on cobalt, which indicates a fairly high degree of ordering of the sp2 carbon structure under
investigation. Similarly, obtained CNTs on Ni catalyst system shows better result than Co catalyst
supported system.

Nowadays, we are working on improving, furthermore enhancing the quality and amount of
CNTs on diatomite support. As well as, we are planning to investigate magnetic properties of CNTs
on diatomite and then use in heavy metal removing.

WHCcTUTYT Npo6JsieM ropeHus

65



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

(@)

a,b — SEM pictures of natural diatomite

(c) Ni based diatomite substrate with CNTs
Figure 2. SEM images of samples
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HCCJEJOBAHUS CBOMCTB HUHTEPMETAJUIMIHBIX TIOKPBITUIA CUCTEMBI Al-
Cu, Ta-Cd, W-Cd C IETTHPOBAHMEM Cr, Ti, Ag, Nb, Mo

N K. Adaakaros, I0.7K. Tyaeymes, M.b. Ucmanios
AO «HayuonaneHwlil yeHmp KOCMUYeCKux UcCie008aHUll U MexXHONI0SULLY,
2. Anmamet, ya. Illesuenxo 15, m.ismailov@spaceres.kz

BbUTH MOJTydeHbl ¥ UCCIIeI0BaHbI CBOMCTBA HHTEPMETAUTHIHBIX TOKpbITHii cuctem Al-Cu, Al-Cu-Cr , Al-Cu-Ti,
Al-Cu-Ag, Ta-Cd-Nb, Ta-Cd-Mo, W-Cd-Nb u W-Cd-Mo mnonyueHHbIe MyTeM OJHOBPEMEHHOI'O MAarHETPOHHOIO
HAIBUICHUS C TIOCIIEIYIONICH TepMOOOPaOOTKOI.

B xocmoce xocmuueckuii ammapar (KA) nonsepraercss kK MHOKECTBOM (DaKTOPOB, OCOOEHHO
HE paBHOMEPHO | Nepruoauveckn HarpeBaercs mydamu Coxaie. s mpenoTBpamieHus neperpesa
KA Ha ero mOBEpXHOCTh HAHOCAT CIEIHAaIbHBIE TEPMOPETYIUPYIONUE MOKPBITHS, KOTOPHIE
oOecrieunBarOT HEOOXOJMMBIM  TEeMIEpaTypHBI  peXUM Mexay KA wu  okpyxaronum
npoctpaictBoM [1-2]. B KkauecTBe TepMOPETryIUPYIOIIETO TOKPBHITUS HMHTEPEC BBI3BIBAIOT
WHTEPMETAJUTUAHBIE TIOKPBITUS. THTepMeTauTiabl — 3TO YCTOMYMBOE COEIMHEHNE IBYX WK OoJiee
METaJJIOB MeXAy cOoOOM W OTJIMYAIOTCS BBICOKOW TBEPAOCTHIO, KOPPO3UOHHON CTOHWKOCTBIO U
anekTponpoBoAHOCcThiO [3]. llenmpro maHHO#W pabOTHI SBISETCS CHHTE3 WHTEPMETAUIUIHBIX
MOKPBITUH, MOJIYYEHHBIE NyTEM OJHOBPEMEHHOI'O HANbUIEHUS KOMIIOHEHTOB  C JIETMPOBAHUEM
TpeTbero ieMeHTa. I[loKpbITHA MOoJyyalu Ha MarHeTPOHHOM YCTaHOBKE C JAJHEHIIMM OTKUTOM
IUI CUHTE3a C aMOP(HOI0 COCTOSIHUA B MHTepMeTaungHoe. Da30BbIi cOCTaB, MUKPOTBEPIOCTb,
KOA(Q(QUILIEHTH! MOTJIAIEHUS U U3JIy4eHHs, SJEKTPOIPOBOJHOCTh U CHUMKHU MTOBEPXOCTH MOKPBITUS
ONpENEeNAINCh ~ COOTBETCTBEHHO B CIEAYIOIIUMX  MCCIENOBATENBbCKUX  OOOpPYIOBAHHUSAX:
muppakromerp D8 ADVANCE, mukpotBepaomep IIMT-3, cnekrpodoromerp UV-3600
(Shimadzu) B guanazone mmn BosH 240-2400 um u mupomerp UT302B npu mmune Boaabr 800-
1400 uMm, mpudop DT830B, a1ekTpoHHO-30HA0BBINH MuKpoaHaausaTop JSM-8230 (JEOL).

[TosrydeHbl MOKPBITHS CUCTEMBI ATFOMUHMNA-ME/b, JIETHPOBAaHHbIE 100aBKaMU TUTaHA, XpOMa
u cepebpa, HCCIeJJOBaHA WX CTPYKTYpa, MPOBEJEHbI HHUIMMPYIOIIME OTXKHUIU JUI1 CHHTE3a
UHTEPMETAUIMAHBIX (a3, wuccieoBaHa CTPYKTypa HOJy4deHHbIX a3 mnocie orxkura. s
MOJIy4EHUsI IPOTOTHIIOB «YEPHOTO» IMOKPHITHS MOJYYEHbI IMOKPHITHS CUCTEMbl TaHTAJI-KaJAMUH U
BOJIb(hpaM-Ka MU, HCCIIeZIOBaHA UX CTPYKTYpPA, IPOBEJECHbBI OTXKUIHU JJIS TIOJYYEeHUsS! HOKPHITUH Ha
OCHOBE NOPHUCTBIX TaHTala U BOJb(pama, MPOBEICHO HCCIEAOBAHUE MX CTPYKTYpbI, MOJIY4EHBI
MOKPBITHUS CHCTEM TaHTaJI-KaAMHMHA U BOJb(ppaM-KaJMuil, JErUpOBaHHbIX 100aBKaMU HHOOHS U
MOJIMOJICHA, MOJIyYEHbI MMOPUCTBIE MOKPBITHUSA HA UX OCHOBE U IPOBEACHBI PEHTI€HOCTPYKTYpPHBIE
uccnenoBanus. [IpoBeneHHble peHTreHorpaduuecKue UCCIIE0BAHUS MOyYEHHbBIX HOKPBITUH J10 U
nocie omkura 400 °C  103BOJIMIIM YCTAHOBHTH, YTO B UCXOJHOM COCTOSIHHH TIOCIIE HATIBUICHUS
HOKPBITHSI BCEX COCTABOB SBJISAIOTCS peHTreHoaMopdHbiMHU, a nocie omkura 400 °C obpasyrorcs
unrepmerauiuaabie Gazel CUAl u CuAly, TlomydyeHsl «4yepHBIe» MOKPBITHS Ha 0a3e MOPHUCTHIX
TaHTajla M BOJb(pama MyTeM CO3/IaHUsi HHTEPMETAUTUAHOTO MOKpbITUs coctaa TaCds; u WCds u
MOCIE/YIOIIETO yAAICH s KaMHUsI B BAKyyMe OTKUTOM nipu Temreparype 800 °C.

bbun n3mMepena MUKpoTBep0CTh NOKpBITUH cucteMbl Al-Cu (¢ no6asnenuem Ti, Ag, Cr) no
n nocae TO nHa MmukporBepaomepe [IMT-3 ¢ umcnosip3oBaHMeM aiMazHOM nHpamuaku. Bce
MOKPBITHS UMEIOT TOJIIMHY B IpeAenax 2 MKM. bblia ncnosib3oBana Harpyska 3,5 . YcTaHOBIIEHO,
yro y oOpasuoB cucrembl Al-Cu ¢ nermpoBaHuMeM TpEeTbEro »JIeMEHTa  MHUKPOTBEPIOCTb
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Bo3pactraer nocie TO. B ciaydae mokpeitust Al-Cu Ge3 nerupoBaHusi MUKPOTBEPAOCTh MaJIacT
nociie TO, a ngo omxura uMeer BennuuHy 5135 Mmna, 4TO NpPEeBOCXOAUT TBEPAOCTh MHOIHMX
MHCTPYMEHTAJIBHBIX CTAJICH.

[IpoBeneHbl HcCIeNOBaHUS CIEKTPO(POTOMETPUIECKUX XaPAKTEPUCTHK «OENBIX» MOKPHITHN
Ha crnekrpodoromerpe UV-3600 (Shimadzu). HeotoxoxkenHoe amophHOE MOKPBHITHE B BUAUMOMN
gacTu crektpa umeer kodddumument orpaxenus 41%. Kosdounment oTpaxeHus «OembIx»
MOKPBITUH TIPUBEICHBI HA PUCYHKE 1.
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Pucynok 1. KoadduumeHnT orpaxkeHust «OeNbIX» MOKPHITHIA

[TokpeiTHe co cdopmupoBaHHOW uHTepMeTaumaHON (azoii CUAI B Buammoin obmactu
CIIEKTpa AMeEeT K03hGuIUeHT OTpakeHUs 41 %. PesynbTaTh! U3MEpPEHHUs
CIEKTPOPOTOMETPUYECKUX XAPAKTCPUCTHK TIOKPBHITUS W3 HMHTepMeTauuaHoi ¢assr  CUAI,
JIETUPOBAHHOU T0OaBKaMu cepedpa, 0 H mocie GOPMHUPYIONIEro HHTEPMETAIUTHIHYIO (Da3y OTKUTA
MOKa3bIBAIOT, YTO MOKPBHITHE B aMOP(HOM COCTOSSHUM HMMEET B BHAMMOM YacTHU crekTpa OoJiee
BBICOKMI ~ KOX(DQUIMEHT OTpaKeHHs, 4YeM T[ocje OTKuUra. Pe3yiapTarbl  U3MEpeHHs
CMEKTPOPOTOMETPHUCCKUX ~XapaKTEPUCTUK TIOKPBITHS W3 HHTepMeTawiuaHoit daser  CUAl,
JIErupoBaHHOM 100aBKaMH TUTaHa, 0 U Hocie (GOPMUPYIOLIEr0 HHTEPMETAIUIHAHYIO (ha3y OTKUTa
MO3BOJISIIOT ClIeNaTh BBIBOJ, YTO B BHAMMOI YacTH CIEKTpa aMOp(HU30BAHHOE UHTEPMETALIUIHOE
MOKpBITUE HMeeT Ooisiee BBICOKUN KOd(pPuiMeHT orpaxkenus, paBublii 40 %. Pe3ynbrars
U3MEpEeHUsl CIEeKTPO(POTOMETPUUECKUX XAPAKTEPUCTHK TOKPBITUS M3 WHTEPMETAIUIHOU (a3bl
CUAl, nerupoBanHOl 100aBKaMU Xpoma, 0 M IHocjie (GOPMHPYIOIIEr0 HHTEPMETAUIUAHYIO0 a3y
OTXKUTA JAIOT CIEAYIoIIee: M3 COMOCTABIICHUS KPUBBIX KOAPQPHUIMEHTa OTPaKEHHs] A0 M TOCTe
OT)KUTa MOXKHO CJeJaTh BBIBOJ, 4YTO aMOp(pHU30BaHHOE WHTEPMETAJUIMAHOE MOKPBITUE U3
uHTepMmeTautuanon (aser CUAI, erupoBaHHOM 106aBKaMU XpoMa BO BCEX MHTEpBalax CIEKTpa
MMEEeT TaKyl JK€ OTPaKaTEeIbHYI0 CIOCOOHOCTh, Kak M OKpHCTauM30BaHHOE. [IpoBeneHHbie
UCCIIeIOBAHUS «YEPHBIX» MOKPBITHI Ha criekTpodoToMerpe UV-3600 nmokaszanu, 4to Kod3QpPHUIHEeHT
OTpaKEHUsI ITUX MOKPBITUS H3MeHseTcss oT 5 10 8 %. (MUHUMaANIbHO — Yy MOPHCTOTO TaHTaia,
JIETMPOBAaHHOTO HUOOMEM, MAKCUMAIIBHO — Y IOPHUCTOTO BoJib(hpama 0e3 JeTUpyoux 100aBOK).

DJIeKTPOHHO-MUKPOCKOITMUYECKUE MCCIIEA0BAHUS TTOJTyIeHHBIX TOKPBITHIA crcTtem Ta-Cd u W-
Cd, nmokazanu, 4To 70 OTKUTa MOKPHITUS COCTOSIT U3 TUIOTHO MPHKATHIX APYT K APYTY OKPYIIIBIX
KPUCTAIIIUTOB pa3HOW BBICOTHI. KoaduineHT oTpakeHUsT «4epHBIX» MOKPHITUI MPUBEICHBI HA
pucynke 2. Ilocme oTxura KaaMHii BbIIAPUBAETCS W3 TMOKPHITHUH M OCTAIOTCS MOPUCTHIE
00pa3oBaHus W3 TaHTasla U BoJb(pama, JerupoBanubie ND 1 Mo. Pe3ynbTaThl BCex McCieI0BaHMiA
MpHUBEICHbI Ha Tabnuie 1.
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Pucynok 2. Koaddunment orpaxeHnst «4€pHBIX» TOKPHITHHA

Tabmuma 1. OcHOBHBIE CBOWCTBA NOJMYYEHHBIX MOKPBHITUI

Ne | Cucrema Oo0pa3zoBanHas haza | MUKPOTBEPIOCT Koad. Koad. IToB..comp.,
b, MIla MOTJIOIIEHNUS | W3JTy4eHus () KOM/KB.
(As)
Ho TO ITocne o ITocne o ITocn o ITocn | Ho | Tlocne TO
TO TO TO TO e TO TO eTO | TO
1 Al-Cu-Ti Amopd CuAl 3529 4718 043 | 0,35 | 0,22 | 0,44 | 2,6 3,78-10°
2 Al-Cu-Ag Amopd CuAl, | 3107 3659 033 | 0,32 | 0,25 | 0,42 | 0,5 1,86-10°
CUA|2
3 Al-Cu-Cr Amopd CuAl 4106 4240 039 | 037 | 0,22 | 0,39 | 11 5,02-10°
Al-Cu Amopd CuAl, | 5135 3919 0,36 | 0,29 | 0,20 | 0,38 | 4,8 0,72-10°
CUA|2
5 | W-Cd+Nb Amopd w - - - 094 | 0,78 | 0,89 | - 9,74 -10"
6 | W-Cd+Mo Amopd w - - - 094 | 0,78 | 0,87 | - 4,17-10"
7 | Ta-Cd+Nb Amopd Ta - - - 088 | 080 | 093 | - 3,99-10°
8 | Ta-Cd+Mo Amopd Ta - - - 090 | 081 | 092 | - 0,12:10°
3akiioueHue

- IMony4enbr 00pa3ibl «OeNIbIX» HHTEPMETAIBHBIX MOKpbITHI Ha 06a3e CUAI, nerupoBaHHbIC
Ti, Cr, Ag. IToka3aHo, 4T0 JerupoBaHKe 100aBKaMK yXy/aIIaeT morpedurensckue coiictea TPIL

- Ilomyuensl o0Opa3Ubl «4EpPHBIX» TMOKPHITHA M3 TMOPUCTHIX TaHTala U BOJb(ppama,
JIETUPOBAHHBIX HUOOMEeM M MosimOaeHoM. Iloka3zaHo, YTO JErMpOBaHHUE TPETBUM U YETBEPTHIM
KOMIIOHCHTOM TOHWXAeT KO3(PPHUIIUEHT OTPaKEeHUSI.

- YceranosneHo, yto nonydeHusie TPII o6nanaroT xopoleil mpoBoIuMOCTBIO
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KATAJIMTUYECKOE OKHUCJIEHUE TAXEJIBIX HE®TAHBIX OCTATKOB

E.A.Axka3un, E.K.Ourap6aes, E. Tuiieyoepau, 3.A.Mancypos
KazHY um. ane-@apabu, Uncmumym npobuem copenust, Erdos.Ongarbaev@kaznu.kz

W3ydeHn XuMH3M TIpoliecca KaTamuTHIeckoro okwucienus KapaxanOGacckoit HedTH, ee Ma3zyra U MasyTa
[MaBnomapckoro HeTEXMMHUUECKOTO 3aBOIA.

The process of catalytic oxidation of fuel oil black oil refineries of the Republic of
Kazakhstan was studied.

B mactosiiee BpeMsi CYIIECTBYIOT pa3IMYHbIE METOJbI TOBBIMIECHUS 3((HEKTUBHOCTH
OKHCJIEHHUs, B YAaCTHOCTH, YBEJIIMUEHHE MOBEPXHOCTH KOHTAKTa (a3 3a CUET COBEPIICHCTBOBAHUS
YCTPOWCTB MOJA4M BO3/yXa, MCIOJB30BaHUS JUCIEPTaTOPOB BO3AYIIHOTO MOTOKA. OmTUMH3aIus
MapaMeTpoB TEXHOJOTHYECKOTO Tporiecca W MOJ00p ONTUMAIBHOTO COCTaBa CHIPhS TaKkKe
OKa3bIBAIOT TMOJIOKUTEIbHOE BO3AeHcTBUE. OIHMM W3 IyTEH COBEPIIEHCTBOBAaHUA IIpoliecca
MOJTYy4YeHUST OUTYMOB SIBJISIETCSI TPUMEHEHUE KaTaIM3aTOPOB OKUCIICHUS U CIICIIHATIBHO BBOJMMBIX B
CHUCTEMY OKHUCIIUTEIEH.

[lo nuTepaTypHbIM W TPEOBIAYLUIUM SKCIEPUMEHTAIBHBIM JaHHBIM CaMbIMH aKTHBHBIMU
OKa3aJINCh U 3a pyOe)oM B IPOU3BOACTBO BHeApeHbl xiopu xenesa (III) u dochopras kucnora,
KoTopble OblIM BbIOpaHBI B KauecTBe KaTanuszartopa. McciemoBanoch BIUSHHE 3THUX BEIIECTB Ha
nporecc okucienus Kapaxkanbacckoit Hedptn m mazyroB HII3 PK. Ilpu stom Owuia crmenana
MOMBITKA OLEHUTh XHWMHU3M KaTaIUTUYECKOTO OKHUCICHHS HEPTH M Ma3yToB Uil TMOJyYCHHS
OUTYMOB.

Cytb mpoliecca OKHUCICHHS 3aKJIIOUaeTCsl B YBEJIMYEHUU COACPKAHHS apoOMaTHUYECKUX U
KHCTIOPOACOACPKAIMX COCAUHEHUN B OUTyMme, (DYHKIMOHAJIbHBIE TPYMHIbl KOTOPHIX BCTYHAIOT B
CBSI3b C MHUHEPAJIbHBIMU MaTepuaiaMu B cocTaBe ac(anbToOeTOHHBIX cMmecel. [l ycTaHOBICHHS
XMUMHYECKUX MPEeBpaIeHUIl B cocTaBe HE()TH U ee Ma3yTa BO BPEMsI UX OKHUCIICHUS MPOBOJAUIICS
HUK-cnekrtpockonmyeckuid  ananmu3  KapaxanOacckoit  Hedtn, wmasyra  IlaBmomapckoro
He(TEXUMUYECKOTO 3aBOJIa M MPOJIYKTOB MX OKHUCIIEHHUS, Pe3YJbTaThl KOTOPOTO IMPEACTaBICHBI B
tabnuue 1. Hambonpiime wu3MeHEHUs HMHTEHCHMBHOCTEW TMOJIOC TMOTJIOIIEHUs HAOMIoAalTcs B
unrepsaie 1500-1700 CM'l, i€ TOTJIOMIA0T apOMAaTHYECKUE U KUCIOPOICOACPKAIINE COSAMHEHUS.
[ToaTomy, 06 U3MEHEHUSX, MPOUCXOAALIUX MIPU OKUCICHUH, CYIUIN 110 BOJHOBBIM yuciaM: 720 cMm’
! . MasTHHKOBBIC KONCOAHMS METHICHOBBIX rpynn -CHy B JUIMHHBIX LIEMAX yriaeBoaopoaos; 1600
cM™ - BaNCHTHBIC KOIEOAHHS apomarnueckux C=C-cpszeit; 1720 cM™ - BaneHTHBIC KOICOAHHS
kapOoHwibHOH rpymmbl. [To otHOmeHusIM Kc=0=D1720/D720 1 Kc=c=D1600/D720 ol1cHUBaIHN CTENEHD
OKHCJICHHOCTH U apOMAaTUYHOCTH CHIPbSI U MPOJIYKTOB (37ech D - omTuyeckasl MIOTHOCTh MpPU
COOTBETCTBYIOIIMX BOJHOBbIX uuciax). CpaBHUBas 3HAYEHUs MPUBEJICHHBIX ONTUYECKHUX
mnoTHocTer Ke=c 1 Kc=p 17151 ChIpbsl U IPOYKTOB €r0 OKUCJIEHUSI U OTHOIIEHUHN KnC=C/ KCI,IpI,eCZC u
KNCZO/KCHPWCZO, KOTOpbIE TIOKa3bIBAIOT BO CKOJIBKO pa3 YBEIWYMBAETCS COACPKAHUE HSTUX
COCIMHEHUI B MPOAYKTaX OKHUCJIEHHS IO CPaBHEHUIO C HMCXOJIHBIM CBIPHEM, MOKHO CJlieJaTh
3aKJIIOUEHUE O TOM, YTO TMpPH Mepexojie OT He(hTH K Ma3yTy KOJUYECTBO KaK apOMATUUYECKUX, TaK U
KHCIIOPOJICOAEPKALIUX COCIMHEHUM M3MEHSeTCS HE3HAUYMTENIbHO, TOrJa Kak MpU TEpexXoJe OT
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HepTH K TMPOAYKTAM OKHCJICHHS CTEleHb AapOMAaTHYHOCTH Bo3pacTaeT B 1,4, a creneHb
OKHCJIEHHOCTH - B 2,8 pasa.

B Tabnuue taxxe npuBeneHsl qanHeie 0 MK-criekTpockonuu npoayKToB OKUCIEHHS HePTH
u Ma3yra 0Oe3 100aBOK M B TPUCYTCTBUHM J100aBOK. MakcumaiabHOE 3HAY€HUE CTEleHen
apOMaTUYHOCTH M OKHUCICHHOCTU WM COJEp)KaHUS apOMATUYECKUX U KHUCIOPOJACOAEpKaIUuX
COeMHEHUI HaOJoJaeTcss B cllydae ¢ IpUMEHEHHEM Xiopuaa sxenesa. [Ipoaykr oxucnenus,
MOJIydCHHBI B TPUCYTCTBHH OPTO(OCPOPHON KHCIOTBL, COACPKUT aAPOMATHUECKUX H
KHCJIOPOACOACPKAIINX COCTMHEHNH MEHbBIIIE, YeM OUTYM, MOJy4YeHHBIH OKUCIEHHEM 0e3 100aBOK.
OTo TaKkxke 00BsACHAETCS 00pa3oBaHreM (HOCHOPOPraHUICCKUX COCTUHCHHM.

Taxoke 6bun cHsITBI [IMP-criekTpst 00pa3nioB HeTH ¥ TPOAYKTOB €€ OKHCIICHHUS 0e3 T00aBKu
u ¢ pob6askoil xyopuaa xeneza (III). B obmactu 0-4 m.n. pe3oHUPYIOT anu@aTuyecKue MpPOTOHBI
Ha.:, B oOmactu 6,0-9,0 M.A. pe30HUpPYIOT MPOTOHBI apOMATUYECKUX CTPYKTYp H,p. OOmacts
anmdaTHIeCKUX MPOTOHOB ObLIa MoJeseHa eme Ha Tpu yactu: Hy (0,5-1,0 m.1.), Hp (1,0-2,0 Mm.1.) 1
H, (2,0-4,0). Ha cnekrpax [IMP Hapsiny ¢ cHTHaNIaMu OT pa3IM4YHBIX THIIOB IIPOTOHOB (PUKCHpYeTCS
MHTerpaibHasi KpUBasi, o KOTOPOH MOKHO OIPENENUTh COJepkKaHUE MPOTOHOB B anu(aTUIECKUX U
apoOMaTHYeCKUX CTPYKTypax OT OOUIEro cojepxaHusl MPOTOHOB B aHAIM3UpyeMoM oOpasue. B
Tabnuue 2 NpUBeIeHO IPOLEHTHOE coiep KaHKue MPOTOHOB 1o criektpam [IMP ceipbs u npoaykToB
€ro OKHCJICHUS.

Tabmuma 1 - [IpuBeneHHble ONTHYECKHUE MJIOTHOCTU U UX OTHOIIEHUS JUid HepTH, MazyTa u
MIPOJYKTOB UX OKUCIIEHUS

BeecTso KC:C KC:O Knpouczcl KCLIDLEC:C KnponC:O/ Kcmpseczo
Hedrs 0,8 0,25 1,0 1,0
[ponykr okucienus nedru 0e3 106aBOK 1,1 0,7 1,4 2,8
[ponykr okucnenus veptu ¢ 1 % FeCls 1,6 0,9 2,0 3,6
Iponykr oxucienus negru ¢ HsPO, 1,3 0,4 1,6 1,6
Masyr [THX3 0,9 0,3 1,1 1,2
[ponykr okuciaenus: mazyra 6e3 100aBoOK 1,5 0,4 1,7 1,3
Iponykr okucnenus mazyra ¢ 1 % FeClj 1,6 0,9 1,8 3,0
Iponykr oxucienus negtu ¢ H3PO, 1,3 0,4 1,4 1,3

Ta6muma 2 — Coaepxanue IpoTOHOB 1o criekTpam [IMP

IIporonst XUMHAYECKUI Hedrs IIponykr [Iponykr [Iponykr
CIBUT, M.]I. OKHCIIEHUS okuciaenns ¢ 0,5% | oxwucienus ¢ 1%

6e3 100aBKU FeCl; FeCl;
H,, 6,0-9,0 2,0 7,0 8,5 10,0
H., 0-4,0 98,0 93,0 91,5 90,0
H, 0,5-1,0 135 15,5 14,6 13,1
Hg 1,0-2,0 70,2 65,5 61,2 58,8
H, 2,0-4,0 14,3 22,0 15,7 18,1

Hannble cnekTpoB [IMP cBuieTeNbCTBYIOT O TOM, UTO B COCTAaBE MPOJYKTa OKUCIEHUS He(PTH
6e3 100aBKM coJiepKaHne apoMaTUYEeCKUX MPOTOHOB yBenuuuBaercs ¢ 2,0 no 7,0 %, a ¢ nobGaBkoii
0,5 mac. % xmopuna xenesa (III) — mo 8,5 %. YBenuuenue conepkanus n06asku eme Ha 0,5 mac. %
NPUBEJIO K TMOBBIIIEHUIO KOJMYECTBa apoMaThyeckux mpoToHoB a0 10 %. Conepxanue
anupaTUYECKUX MPOTOHOB B PE3yJbTaTe OKUCIECHUS, KaK 0XKHUAAI0Ch, yMeHblIaercs ¢ 98 1o 90 %.
Kak BuaHo wu3 Tabauibl, MPOTOHBI, PACIOJOXKEHHbIE B O-TIOJIO)KEHUM IO OTHOLICHHIO K
apomaTtuyeckoMy Kouiblly H, SIBIISIIOTCS MeHee akTHBHBIMHM, TaK Kak B pe3y/bTaTe OKHUCICHHUS
HaOJroaeTcsl yBEIMUYEHHE MX COJEp)KaHMs WM He3HauuTelbHoe yMeHblueHue. ConepxaHue
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MPOTOHOB  aMM(PaTUYECKUX METHIICHOB, HA(PTEHOB, METHJIBHBIX WJIM METHJICHOBBIX TPYIII
MOCTENEHHO TNoHMXkaeTcss. [IpoToHbI MmapadUHUCTBIX METHJIBHBIX TPYIIN WIH PACIOJIOXKEHHBIE B
MaKCUMQJIBHOM pAacCTOSIHUM OT apoMaTH4YecKoro komela H, B pe3ynbrare OKHUCIIEHHS
yBenuuuBaroTcs. llomydeHHbIe AaHHBIC elIe pa3 TOATBEPXKIAIOT HMHTEHCH(HKALHWIO Mpolecca
OKHCIIeHUst HehTH B MpHCYTCTBUU xiopuaa xenesa (I11), uto nmpuBeno K yBeTMUEHHUIO CONIEPKAHUS
apOMaTUYECKUX MPOTOHOB U YMEHBIICHUIO KOJUYECTBA IPOTOHOB, CBSI3aHHBIX C aTOMOM YIJIepOJa
B napaMHUCTBIX CTPYKTypax.

Taxke OBLIT ONpPEEIICH TPYIIIOBOW COCTaB MPOIYKTOB OkucleHuss KapaxanOacckoih HedTH
npu 230 °C B TedyeHue 5 yacoB B mpucyrctBuu xyopuna sxenesza (III) u Oe3 Hero, pe3ynbTaThbl
npuBeneHsl B Tabmmue 3. V3 TaOnMWYHBIX NAaHHBIX BUAHO, YTO MPOAYKTHl OKHCICHUS HE(TH B
npucyrctBuu xiopuna xenesa (1) cogepxar 6onee BricOkoe KOaM4YecTBO Macen (Ha 8 mac. %) u
MeHblIee KOJU4ecTBO acanbTeHoB (Ha 7 mac.%). Coaep:kaHue CMOJI HE3HAUUTEIBHO OTINYAETCS
OT MX COJIEpKaHUS B MPOJYKTE OKUCIEHUS 0e3 M00aBKHU. DTH MOJTyYEHHBIE JaHHBIE OOBACHSIOT
BBICOKYIO TEIUIO- M MOPO30CTOHKOCTh MPOAYKTOB OKHCIEHUS HEPTH B TMPHCYTCTBUH XJIOPHIA
xene3a (II), wem mnpomykTel, mosiyueHHble Oe3 m00aBKU. AcdanbTeHbl TPUAAIOT OUTyMaM
TBEPJIOCTh, TOBBIMIAIOT MX TEMIIEPATypy pa3MATYeHHUs, a CMOJIBI OOECIIEYMBAIOT 3ITACTHYHOCTD
OWTYMOB U MOBBIIIAIOT UX MPOYHOCTE.

Tabnuma 3 — I'pynmoBoii cocTaB mpoaykToB okucieHus: Kapaxanbacckoit Hedtu

['pynmnoBoii cocraB be3 nobaBku B npucyrcreun FeCl; (1 %)
Macna, mac. %:

napaguHo-HaTEHOBbIC 15,1 18,1
MOHOIMKJI0APOMAaTHYECKHUE 14,5 16,1
OUIMKII0APOMATHYECKUE 15,6 18,3
HOJIMIUKII0APOMAaTHYECKUE 0,8 1,9
cymma 46,0 54,4
Cwmorbl, Mac. %:

OEH30JIbHBIC 9,9 10,8
CIUPTO-OCH30JIbHBIE 14,1 11,9
cymma 24,0 22,7
AcdasbreHs 30,0 23,0

OIIPEJIEJIEHUE BPEMEHU CXBATHIBAHUSI BETOHHOM MACChHI 1
N3IrOTOBJIEHUE OTEYHECTBEHHOI'O 3D IPUHTEPA THUIIA "CKAMEHNKA" JIJI51
IHOCTPOUKHU KAPKACOB JTOMOB

2AsneB E.T., 1’ZMchypOB 3.A., ’Poaun M., L2CeiiTkanoBa M.A., L2E nemecoBa K.K.,
1'21[ayn6aeB U.b., 1’ZI[MnTpmen T., Fagnn A.T.

YKasaxcruii nayuonanvuwiii ynusepcumem um. An-Papabu
2PI'IT na IIXB «Hucmumym npobnem 2opeHusy
*E-mail: makpal_90.90@mail.ru

AHHOTALIUA

Jannas paboTa MOCBSIIEHA OINPEAEICHHI0 BPEMCEHH CXBaThbIBaHUSA OETOHHOM MacChl, KOTopas Oymer
HCIIOJTb30BaHA B KA4€CTBE OCHOBHOT'O MaTepHalia JJIsi CTPOUTENHCTBA KapKacoB IOMOB ¢ TToMoIibio 3D TexHomoruii. B
paboTe ormrcaHa METOIWKA OIPENCICHUS] BPEMEHH CXBAThIBaHUS, TOA0O0PaHbI ONTHMAJIbHBIC XUMHUYECKUE COCTaBHI,
MO3BOJIAIOIINE HE TOJBKO YCKOPUTH BPEMsI CXBATBIBAHMS OCTOHHOW MAacChl, HO W HE BJIMSIONIMNE HA MEXaHHUYCCKHE
cBoiicTBa. [ToMrMO 3TOTO, IPENCTaBICHEI Pe3yAbTAaThl pa3padoTKu 1 n3rotoBieHus 3D npuHTepa-ckaMmerka.
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BBenenue

Jnst pa3paboTKH M OTJIAJKH PEKHMOB TEXHOJOTMM [UI OpPraHM3allid IPOU3BOJICTBA B
Oyaymem OyayT YYTEHBI CIEAYIONIME JOMOJHHUTEIbHBIE BHEIIHHE (AKTOPHI - OXKUAAEMOE
MIPOU3BOJICTBO JIOJDKHO OBITh MJBIM M paboOTaTh TOJBKO HA NpPEIBApUTENBHBINA 3aKa3, B CHIIY
ManocTu peiHKa cObita B PK m (dakropa cBepxOBICTPOr0 MOpANBHOTO CTapeHUs B 00JacTu
uppoBOi U POOOTOTEXHUKHU. [[pyrumMu cioBaMu, IUIaH OPraHU3ALMU CPEIHETO MPOU3BOJICTBA B
OyayieM He UMEeT JOCTaTOYHOro obocHoBaHus [1-6].

Marepuajbl 1 MEeTOABI

1. W3BecTHO, YTO MpHU CTPOUTENHLCTBE KapKaca Joma ¢ nomoinpto 3D npuHTepa cTaHOBUTHCS
OYCHb BAXHBIM BpPEMs CXBATBHIBAHHUS pacTBOpa OCTOHA JUII BO3MOXHOCTH HapalTUBaHUS OOJIBIION
BBICOTHI JIOMa, CIIOW 3a clioeM ©0e3 ocrtaHoBkW. [loaromy s pa3pabOTKH TEXHOJIOTHUH
MPUTOTOBJIICHUST OBICTPOTBEPJCIONICH CMECH WCCIICOBAIA XapakTep JACHCTBUS YCKOPHTEJIS
3aTBEpJCBAaHUS B 3aBUCHUMOCTH OT KOHIIGHTPAIMM W MPHPOJBI JOOABOK I MPUTOTOBICHUS
IIEMEHTHOTO PAacTBOPA, a TAKXKE OICHIIIN BIUSIHUE TEMIIEPATYPhI ITyTeM HarpeBa OCTOHHON CMeCH.
Hcxons u3 s5KOHOMUYECKOH 11e71eco00pa3HOCTH, SKCIIEPUMEHTHI M0 BIMSHUIO TEMIIEpaTyphl Jefaan
BBIOOPOYHO, HO TMPH OSTOM BKCIEPUMEHTHI MO J00aBKE XHMHUYECKUX YCKOpPHUTENEH Jenanu
MHOTOKPATHO JJIsl HAX0K/I€HUS JIy4IlIUX BpEMEH CXBaThIBaHUS OETOHA.

Jlyig mpuroToBiieHus ObICTPOTBEPCIONIEH IEMEHTHOW CMECH, B KaueCTBE HCXOJTHOTO ChIPbs
ObUIHM UCTIOJIB30BAHbI IIEMEHT, MTECOK M B KAUECTBE XUMUYECKON TOOABKH XJIOPH/ KaJIbIUs U HUTPAT
KaJblusl B pa3HbIX cooTHomeHusx. Ilocie mepememmBaHusi cocraBa J100aBisjach BOJa, 3aTeM
TOTOBBI PAacCTBOP HAJIWBAIM B CTAHIAPTHYIO kele3Hylo GopMy ¢ pasmepom 1x1x1 cm. XKenesnas
dbopma cocrout m3 6 KyOOB. B Kakapli KyOWMK HalWBald IIEMEHTHYIO CMECh C pPa3HBIMH
MPOLEHTHBIMU cooTHOIIeHuAMH (0T 1 % m0 6 %). Ilocne ompeneneHHOTO BpEMEHH >KETE3HYIO
(hopMy OTKpBIBAIIM HAMOJIOBUHY ((hopMa COCTOUT U3 JIBYX YaCTEH), 3aTEM MPOBEPSITH OTBEPIKICHUS
LIEMEHTHOTO pacTBopa. B pe3ynbrare, neMeHTHBIE pacTBOPHI UMIOLIUE B cBoeM cocTase 3 % u 4 %
XMMHYECKOTO peareHTa, okaszain ObICTpOe 3aTBEP/IEBAHNUE.

Janee, ucxons U3 3T0ro, ObLI MPOBEACH Psi SKCIIEPUMEHTOB Ha npudbope Buka, rie MaccoBoe
COOTHOIIICHUE 1IEMEHTa, MeCKa U XUMMHUYECKOTro peareHTta cocrasiser 2/1/0,3, 2/1/0,2 u 2/1/0,1. B
tabnuue | TOpuBeneHBl OKCIEPUMEHTAIbHBIE TEXHUYECKHE JaHHble IS IPAaKTHYECKOIo
MIPUMEHEHUSI UX MPU CTPOUTEIHCTBE KapKacoB IOMOB U3 OeToHa ¢ nomoiisio 3D npuHTHHTa.

beuio nmokasano, 4ro mo6aBka xmopua Kaibiusa 3 % u 4 % cokpaiaer BpeMs CXBAaThHIBAHHS
LIEMEHTHOTO PacTBOpa JAOCTATOYHOE JJISl TEXHOJIOTUYECKUX HYX ] (PUCYHOK 1).

Pucynok 1 - Mi3amepenue BpeMeHN cXBaThIBaHHS [IEMEHTHOTO PacTBOpPa C IOMOIIBIO Tprbopa Brka
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Jlnsi OLIEHKM BIMAHUS HarpeBa Ha BpEeMsl CXBAaThIBAaHHMS pacTBOpa ObUla HM3TOTOBJICHA
YCTaHOBKA C PEryJIMPyeMOl TemrepaTypol padouero croymka (pucyHok 2). C mOMOIIbIO BOASTHON
BaHHBI M3TOTABIMBAIN OCTOHHBIM PacCTBOP HY)KHOH TeMIepaTypbl 6e3 U ¢ JoOaBKaMi XUMHUYECKUX
YCKOPHUTENEH CXBaThIBaHMS (XJIOpUI Kanblus 3 %). DKCIIEPUMEHTHI MOKa3aid, YTO C IMOMOIIbIO
N00aBOK XMMHUYECKUX YCKOPHUTEIEH OETOHHBIN PacTBOP CXBaThIBaeTCs HAMHOTO 3(dexkTuBHEE, ueM
MPOCTOEC TIOMHSATHE TEMIepaTypsl OETOHHOro pacTtBopa 0e3 m00aBok 10 60 Tpaxycos.
CrnenoBarenbHO, OBIIO PEIIEHO, YTO TPOBEICHHE AATBHEUIINX IKCIIEPUMEHTOB IO MOBBIIICHHIO

TeMIepaTypbl 0ETOHA HE UMEIOT CMBICIA.

PucyHok 2 - JIonoqHUTENBHBIN 3JIEMEHT HarpeBa

Takum o00pa3om OBLIO YCTaHOBJIEHO, YTO ONTUMAIBHBIMH XUMHYECKHMMH YCKOPUTEISIMHU

SIBIISTEOTCS TOOABKH XJIOPHIA KATBIIUSI M HUTPATa KaJIbITHSL.
2. B pamkax pa0oTsl mo pa3paboTke W W3rotoBicHHIO3D mpuHTEpa Ui MOCTPOMKH
KapKacoB JOMOB ObLIM cOOpaHbI 0a30BBIC 3JEMEHTHI COBEPIIEHHO HOBOHM ycTraHoBKH 3D

MIPUHTEPA CPETHUX pa3MePoB sl OeToHa pazmepamu 1x1,2x1,5M (pucyHok 3).

ACroiixn

Pucynok 3 ®ororpadus ycranoBku 3D npuHTEpa «cKaMenka
JUTSL I3TOTOBJICHHS U3 OETOHA M3AENNil CPEAHUX pa3MepoB
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B manHOH «ITpOMEXYTOUHOI» YCTaHOBKE OyIyT MPENBAPUTEIBHO HCIBITAHBI U IPOBEPEHBI
BCE TEXHMYECKUE PEIICHUs, Iepe]] HauyajJoM CO3/IaHUEM CJIOKHOM M MaccuBHOW yctaHoBku 3D
IPUHTEpA IJIs IOCTPOMKM KapKaca JoMa U3 OeToHa.

B nacrosmiee Bpemsi, Ha 3D mpuHTEp-cKameiike paboTaeT BCs MeXaHWYecKas 4acThb M Ha
3aBEpLIAIOIIEM JTalle HaXOAMUTCA JJIEKTpOHHas 4acTh. Jlpyrumu cioBaMu, IpU 3arpy3ke B
KOMIBIOTEP YIpPaBICHHUS YepTeKeH joma, JaHHas yctaHoBka — 3D mpuHTEp-ckameiika mOBTOpSET
KOHTYp HU(POBON MOJAEIH U JIeJIaeT BCE HEOOXOIUMBIE MEPEMENICHUs. 3aBepIIatoTcs paboThI 110
ONTUMM3ALMU NOJauu OETOHHOM CMeCH U3 IKCTPYyAepa HACTOSALIEH YCTaHOBKH, IIOCIIE ATOTO CTAaHET
BO3MOXHBIM CO3JaHHE TaKUX OETOHHBIX M3ENUI, KaK YMEHBIICHHbIH KapKac MOJIENH JIOMOB,
CKaMeWKH Ui MapKOB, KIyMOBI JJIsi IIBETOB, KOTOpPBIE OYIyT YCTAHOBIICHBI Ha MPOE3KEU YacTH
ropoAckux yiuu. /s ynoOcTBa MOHTaKa M IyCKOHAJIAI0YHBIX pabOT yCTaHOBKA ObLIA NIEpEBE3EHA
Ha IMPOU3BOJICTBEHHYIO IUIOIIAAKY MHCTHTYTa — yi. [lonexaesa 20, rae OynyT mpoBelIeHBI Bce
WCIBITaHUS.

BriBOa

B pesynprate mnpoBeneHHOW pabOThI OBUT TOJyd4e€H COCTaB JJOO0ABKH, YCKOPSIOIIUMA
CXBaTbIBaHUE OETOHHOM cMmecH. Bpems cXBaTbIBaHUS ONPENENAIOCh TIEHETPOMETPOM B
cootBerctBuM ¢ ['OCTom PK. Mcnonp3oBanue Xnopujia Kajaplys MO3BOJUIIO YMEHBIINUTH BpEMs
cxBaTbiBaHUs 10 10 MHHYT YTO BIOJHE JOCTATOYHO JUISl MCIOJIb30BaHUS TaKOTO COCTaBa JUIs
MOCTPOUKHU COOpyKeHHH, ucrons3ys 3D texnomoruu. CoOpaHa JKCHepHMEHTaNIbHAs YCTaHOBKA
JUTSI TIOCTPOMKH KapKacoB JJOMOB M HEKOTOPBIX OETOHHBIX M37eNui. JlampHenIme SKCIIepuMeHTh 1
oTpaboTka pabounx pexumoB 3D mpuHTEp-CKaMEeMKHU MpPOoI0JKAIOTCS.
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TEPMOJIUHAMUWYECKHUM PACYET PABOTACITIOCOBHOCTH (RT) U COCTABA
MNPOAYKTOB I'OPEHUSA IMPOTEXHUYECKUX I'ABOT'EHEPATOPHBIX
COCTABOB

1l[.A.Baﬁcel"dTOB, 1M.I/I.Ty.nerlon;, 2A.B.I[a.anon

1. Kazaxckuii HanmoHanbHBIH YHUBEPCUTET MMEHH ajib-papadu, Anmarel, Kazaxcran
2. University of Surrey, Department of Physics, Guildford, Surrey GU27XH, United Kingdom

AHHOTAaIUSA

[pencTaBneHsl pe3yabTaThl TEPMOANHAMUYECKHX PACUETOB PaOOTOCIIOCOOHOCTH M COCTaBa MPOIYKTOB FOPEHUS
ra30reHepaToOPHBIX COCTaBOB. Ha OCHOBAaHHM PacueToB OMpeeNieHbl paboTOCIIOCOOHOCTh MPOAYKTOB cropanust (RT) u
COCTaB MPOJYKTOB TOPEHUSL.

BBenenue

["azoreneparopHble COCTaBbl HCHOJB3YyEeTCS TMPU MPOBEIEHUU OypOB3pBIBHBIX pPabOT
pa3NMYHOTO Ha3HAUYEHHUS B TPOMBINIJICHHOCTH, B YaCTHOCTH JUIsi OTOOWKH OJIOYHOTO KaMHS W
paspyuieHus] pa3Iu4HbIX OOBEKTOB (BaJyHOB, (DyH/IaMEHTOB, HErabapuTOB M T.[.) B IIaJsIIEM
pexume [1]. 3nauenne paborocnocoOHOCTH MPOAyKTOB cropanus (RT) urpaer BaxKHyr poJib TpU
BBIOOpE KOMIIOHEHTOB Ta30r€HepaToOpHOro cocraBa. B pabore [2] aBTOpel mpoBENH
TEPMOJAMHAMHYECKUI  pacueT,  COIJIaCHO pacueraM,  pabOTacnocOOHOCTb  COCTaBa
NaClOz+momustuien cocrasiser 1021 k/DK/xr npotus 730 kJDK/kr - mis Tpotuia.

B Hacrosimee Bpems CyIIECTBYET OUY€Hb MHOIO HEOPraHMYECKUX M OPraHMYecKUX
COEJMHEHUH, KOTOpPbIE MCIIOJIB3YETCS B KaueCTBE OKHUCIUTENS M TOPIYEro JUisl CO3JaHMs
NUPOTEXHUUYECKUX cocTaBoB [3,4]. Ha ocHOBaHMM CBOMCTB 3TUX KOMIIOHCHTOB OBIBAaeT TPYIHO
ONpPENENNUTh — MOJIXOAUT JIM KaKOe-TO KOHKPETHOE BELIECTBO JUI HCIOJb30BAHUS B KadyeCTBE
OKHCIIUTENS, TOPIOYEro, CBA3YIOLIEro 1 T.A4. Ul CO3/IaHHsI HOBOTO IMUPOTEXHUYECKOro cocrasa. [la
U Ha MpaKTHKE MPOBEPUTH COUYETAHMS BBIOPAHHBIX KOMIIOHEHTOB, CXHras MX B DPa3JIMYHBIX
COOHOIIEHUSX, IPEACTABISIETCA IPOLecC 0OUYeHb TPYyA0eMKUM. [1o3ToMy HE0OX0qUMMO IpOBEIEHHE
TEPMOJAMHAMHUYECKOTO pacyeTa ¢ UCI0JIb30BaHUEM IIPOTrPAMHOIO KOMIIOHEHTA.

MatepuaJjbl 1 METOIbI

TepMmoannamMuueckuii pacyeT NpoBeleH Uid 0a30BOMl CMeCH «OKUCIUTEIbTTOpIoYee» IS
Pa3IMYHbBIX 3HAYEHUI COOTHOIICHNS KOMIIOHEHTOB.

AHanu3upys ITUTepaTypHbIe JaHHbBIE, B KAUECTBE OKHUCIUTENS ObLI BHIOpAH HUTPAT aMMOHHS
(NHsNO3). Ynmaunoe perieHne 0003HAYEHHON MPOOIEMBI 3aKII0OYAETCSl B TOM, YTO aMMHUAYHAs
CeJIUTpa CIOCOOHA BBIJECIUTH AOCTATOYHOE KOJIMYECTBO ra3000pa3HBIX MPOIYKTOB oObeMoM 980
J/KT W TPEACTaBJIseT MHTEPEC B KaueCTBE OKUCIHUTENs ra30r€HepaTOpHOro COCTaBa BCIE/ICTBUE
HU3KOM cToMMOCTH. B kauecTBe roproyero ObUT BBIOpaH MarHuii, CYUTaeTcs OIHHM W3
BBICOKQJIOPUHHBIX MUPOTEXHUYECKUX TOPIOYUX, IPH CrOpPaHUU JaroT Hauboyiee BBICOKYIO
TeMIepaTypy, 4TO CBOIO Ouepeib HPEICTaBiseT MHTEpEC MOJYy4yUTh BbICOKME 3HadeHus RT mo
CPaBHEHHIO aHAJIOTaMHU.

TepmoauHaMuyeckue pacyersl pacuuTtansl npu gasieHuun 0,1 Mlla mo mporpamme Terra,
YCOBEPLICHCTBOBAHHOM U IIpeJHa3HAYCHHOM /U1 paboTel Ha DBM.

Pe3yabTaThl M 00Cy:KIeHUS
Peakuus ropeHust IBOMHON CMECU HUTPAT aMMOHUSI-MarHuil UMEET BUJL:
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NHsNO3+Mg—3MgO+Ny+H,

CopneprxaHre KOMIOHEHTOB COCTaBa PACCUUTHIBACTCS 1O (hopMyIie:

%olop=— P 1000
Mox + Mzop
%0k =— MO 10004
Mox + Mzop

rne %lop, %Ox— npoueHTHOE CcOfepKAHHE TOPIOYErO M OKHMCIUTENS COOTBETCTBEHHO,
Meop, Mok — MONSIpHBIE MACCBI TOPIOYETO U OKHUCIIUTENS COOTBETCTBEHHO.

MouekynspHbple Macchl HUTpaTa aMMOHUSI U MarHusg paBHbl 80 r/mMoip u 24 r/™Moub
COOTBETCTBEHHO.

3-802/ monw

NH,NO, = >80210% _ , 22 1009 = 77%
3.80+3.24
g=— 2% _023.100%=23%
3.80+3.24

Takum 0Opa3oM, CTEXHOMETPUIECKON CMEChI0 HUTPAaTa aMMOHUS U MarHus SIBJSIETCSI CMECh C
coaepxanueM 77 % macc. u 23 % Macc.COOTBETCTBEHHO.

Hns Bxoxnaenus: B nporpammy TEPPA 3amaercst HCXOIHBIA COCTaB ChIPbSI B MOJIBHBIX JOJISIX,
nasnenue P=0.1 MlIla u sHTanmbnms o6pazoBanus lycx.

Pesynbprarhl pacdera paboracnocoOHOCTH MPOAYKTOB cropanus aBoitHoi cmecu NHisNO3-Mg
MPUBEICHBI HA pUCYHKE 1.

RT, kE/RT
= 0
Lh L]
[] L]
L~

30 40 30 60 70

Coaep:xaHHue Maraud, %

Puc 1. 3aBucuMocTts paboTOCIIOCOOHOCTH MPOAYKTOB CTOPAHUS OT COACPKAHMS MarHUS
B JIBOMHOM CMECH HUTPAT aMMOHUSI-MarHui

U3 rpaduka BuaHO, mpu coaepkanuu Marauii 50 %, ABOWHAas cMeCh UMEET CaMyl0 BBICOKYIO
3Hauenune RT, 1358 kJx/kr.

WHCcTUTYT Npo6JsieM ropeHus

77



IX XAJIBIKAPAJIBIK, CHMIIO3HUYMBbI «2KAHY KOHE I1/IA3MAJIbIK XHMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

PesynpraThl pacuera cocTaBa Ia3000pa3HbIX MPOIYKTOB TOPEHUS JBOMHON CMECH HHTpat
aMMOHMSI-MarHuil CBeJIEHb! B TAOJIUILY.

Tabmuna. PacderHsrii coctaB ra3zo0pa3HBIX MPOIYKTOB TOPEHHUS JIBOMHON CMECH HUTpAT
aMMOHMSI-MarHA

Conepxanue [TponykTs! ropenust, %
maruus, % A3zor ITapsi BOsIbI BOJOPOJ, Oxkcup a3zora KHCIIOPO/T
30 49,58 43,44 1,44 1,44 4,1
40 55,94 38,52 2,69 1,18 1,67
50 63,75 31,12 4,39 0,37 0,37
60 76,90 18,70 4.4 - -
70 87,5 - 12,5 - -

W3 Tabnuupl BUIHO, YTO OCHOBY IPOJYKTOB TOPEHMs JBOMHONW CMECH HUTpPAaT aMMOHUS-
MarHui COCTaBJISIFOT a30T U Mapbl BOJbI. Takke B 3aMETHBIX KOJMYECTBaX OOpa3yroTCs BOJOPOI,
OKCHJI a30Ta U KUCJIOPOJI, MIPUYEM JOJIs MOCISAHUX 2 YMEHBIIACTCS C YBEJIMUCHUEM COJIep KaHUs
Marxus.

Ha ocHoBanun MMPOBCACHHBIX TCPMOANMHAMHNYCCKUX PacyY€TOB, B KaUCCTBC OCHOBBI
ra3oreHepaTopHOro COoCTaBa BhIOpaHa JBOIHAs cMeCh HUTpaAT amMMoHUs/MarHuii=50/50, Tak Kak
MMEHHO 3Ta CMeCh 00J1afaeT caMbIM BEICOKUM 3HadeHnueM RT.

3akjaoueHmne

[IpoBeneH TepMOIMHAMUYECKMNA pacdyeT Uil OOOCHOBAaHUS BBIOOpAa KOMIIOHEHTOB
razoreHeparopHoro coctaBa. [lo pe3ynpTaTam pacdera, B KadyeCTBE OCHOBBHI Ta30T€HEPATOPHOTO
COCTaBa JIBOMHAs cMeCch HUTpAT aMmMoHwus1/Marauii=50/50.

Jlureparypa

1. ITatreat RU Ne 2274630. CoctaB 1y1st 6ypOB3pBIBHBIX palOT.

2. TTatreat RU Ne2153069. Cioco6 pa3pyiieHus: TpUPOIHBIX U UCKYCCTBEHHBIX 00BEKTOB

3. A A lllugnosckuii. OCHOBBI MUPOTEXHUKH. — M: Mammunoctpoenue, 1964 r. M. — 339 c.

4. H.A.Cwmn, B.A.Bamenko, H.W.3apunos, JL.A.Kammopos, E.C.IllaxumxaHos,
JLE.llleitnMan. OKUCIUTENN TE€TEPOreHHBIX KOHJACHCUPOBAHHBIX CUCTEM. — M: MaluHoCTpoeHue
1978 r. — 456 c.
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BJIUAHUE JOBABKU TEXHUYECKOI'O YIVIEPOJA HA XAPAKTEPUCTUKHU
I'OPEHUSA U 3A’KUT'AHUSA IMPOTEXHUYECKOI'O COCTABA HA OCHOBE
HUTPATA AMMOHUA

'Baiiceiiros JI.A., 3’533plc0 B.E., 3Cypomm Ir.c, 1Ty.11e11oB M.1.,
’Kuckun A.B.

1. Kazaxckuit HarmonansHbii Y HUBepcuter uM.an-dapadu, r. Anmatsl, np.an-Dapadu, 71
2. MHcTuTyT XuMmun TBepaoro Teia u mexanoxumun CO PAH, r.HoBocubOupck, yiu. ®pynse, 132.
3. UuctutyT xumuueckor kunetuku u ropenns CO PAH, r.HoBocubupck, yn.MacTuTyTCKAas, 3
4. Hayuno-uccnenoBarensckuii ToMckuii rocyaapCTBEHHBIN YHUBEPCUTET, I ToMCK.
5. Muctutyt BerunciutensHbix Texnonoruii CO PAH, HoBocubupck, mp. Ax. JlaBpeHTbeBa, 6

AHHOTAIUA

B nanHOW paboTe N3y4eHo BIUSIHUE TEXHHMYECKOrO YIJIepoJia Ha MPOLECChl TOPEHUS M 3a)KUTaHUsI CMECH
HUTpPAT aMMOHHs, cepa M TeXHHUYECKuil yriepoj. V3MepeHbl CKOPOCTH TOPEHHsS M BpEMEHa 3aJepiKKU
3aKUTaHUS CMECeH, COIepKaIUX TEXHUYECKUN YIIepol.

BBenenune

B Hacrosiiee BpeMsi IpeaCTaBIISIIOT HHTEPEC MTUPOTEXHUUECKUE COCTaBbl HA OCHOBE HUTpaTa
aMMOHHUA. DTO OO0YCJIOBJIEHO, MPEXIEC BCEro, HU3KOW CTOMMOCTBIO HHTpaTa aMMOHHS, HU3KOH
YYBCTBUTEJIHHOCTHIO K MEXaHUYECKHM M JI€TOHAIIMOHHBIM BO3JEHCTBUSM U CYIIECTBEHHO OoJiee
HU3KUM COJIEp’)KaHHEM BPEIHBIX COEIMHEHUI B MPOAYKTaX FOPEHUS MO CPaBHEHHUIO C aHaJoraMu
[1,2].

B nmanHoif pabore mccieayroTcs MUPOTEXHUYECKHE COCTaBbl Ha OCHOBE HUTpAaTa aMMOHMS
N3yuaercs BnusiHue A00aBKU TEXHUYECKOTO YIiIepoa Ha XapaKTEPUCTUKH TOPEHMsS U 3a)KUTaHUs
naHHoi cMmecu. llenp uccnenoBanus — noiydeHue MHGOpPMAIMU O CKOPOCTH TOPEHUs, BPEMEHU
3aJIepP>KKH 3aKUTaHUsl.

JKCNepuMeHTAJIbHAS YaCTh

OntumanbHoe cooTHomeHue mexay okuciaurenaeM (NH4NO3), roprounm (C) u cBsasyromeM
(S) ompenensanu Ha OCHOBAaHWU CpPAaBHUTENBHBIX PACYETOB PABHOBECHBIX TEPMOJMHAMUYECKHX
XapaKTEePUCTHK JIaHHOTO coctaBa 1o mporpamme TEPPA [3]. Kak Obuto B paHee IpPOBOIUMBIX
WCCIIEIOBAaHUI B KauecTBE OCHOBBI TPOWHOUN cmecu Obula BbIOpaHa JBOIfHAas CMeCh HHUTpAT
amMoHus/cepa=90/10. Jlns mpurotoBiaeHuss HUCXOAHbIX cmeceir  coctaBa NH4NO3+S+C
KCTMOJIb30BAJIUCH MOPOIIOK HUTpaTa aMMOHMS Mapku b ¢ pasmepom yactuir 100+160 MkM, a Takxke
MOPOIIOK CEPhI JKENTOr0 IBETa C Pa3MEpOM YACTHUI] OKOJO 3 MKM M TMOPOUIOK TEXHHYECKOTO
yraepoaa (TY) uepHoro mBera, pazmep yacTHIl okojJo 63 MkM. CKOpOCTh TOPEHHUS COCTaBOB
M3MEpSIIM METOJIOM TMEePEeroparoluX MPOBOJOK. [l onpeneneHuss BpeMEHU 3a/IePKKH 3aKUTaHUs
COCTaBOB OBUTM MPUTOTOBJICHBI MPECCOBaHHBIE 00pa3lbl ¢ AMAMETPOM 5 MM M BBICOTOH 1.5 mM.
Hunuaapudeckue oOpas3Ibl H3TOTOBIMBAIUCH MPECCOBAHUEM C TIOMOIIBIO THAPABIMYECKOTO
npecca mapku [II'TIp. O6pasusl mpeccoBanuck mnpu gaBineHuu a0 1340 krc/cm”. OmbITh IO
3aKUTaHUIO TPOBOIMINCH Ha aTMoc(hepHOM naBieHuu npu aeiicteun CO;-nazepa.
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Pe3yJ'ILTaT]>I H 06cyme}mﬂ

W3 mopomkooOpa3HbIX KOMIIOHEHTOB TOTOBMJIM O0Opas3ipbl s CXKUTaHUS Ha BO3IYyXe.
KoMroneHnTs! B3BemIMBaJIM Ha 3JEKTPOHHBIX Becax «Caprorocm» MB 210-A u mepememuBanu
BpyuHyl0o B (apdopoBoii crymnke. [lepBoHadanbHO OBUTH TPOBENCHBI JKCIIEPUMEHTHl Ha
BOCIUIAMEHSAEMOCTh 00Opa3loB Ha Bo3ayxe. ['0TOBbIE cMecH I CKUTAaHUS [TOMEIaIN B OyMasKHbIE
TUIb3bl ¢ fuameTpoM 13 MM u Beicotoi 10 MMm. Macca obpasua okoso 0,4 T, HaCkIMHAS MJIOTHOCTh
obpasioB B unTepaie 0.7-0.9 r/em’. l'openne MHHUITUUPOBAIOCH TIAMEHEM T'a30BOM TOPENIKH C
BEPXHEr0 OTKPBITOIO TOpLa OyMa)KHOM TWIIb3bl, Ha KOTOPYIO MNOMEINAIU MUPOTEXHUYECKYIO
HaMa3Ky, COCTOAIIYI0 M3 TepxjopaTta amMMoHusi W mnojumepHoro csizytomero MIIBT-ACT.
[Ipouiecc ropeHust perucTpupoBajcs BuAeokamepoil ¢ uvactoTtod 25 kamap/cek. s oOpaboTku
BHJICO3AMMUCH HCIOJB30Banu mnporpammy VirtualDub, crocoOnyto mpourpeiBath BHaeodaiin B
MIOKaJpOBOM pPEXKHUME, OJHOBPEMEHHO MOKa3bIBas MHO(PMAIMI0 O BPEMEHU TEKYyIIero Kajapa.
Pe3ynbrarel skciepuMeHTa npuBeeHbl B Tadauie 1.

Tabnuma 1. CkopocTh TOpeHUs: COCTaBOB

Ne CooTHoIlIeHHEe KOMIIOHEHTOB, % CKOpOCTb TOpeHHs, MM/CEeK
1 NH4NO; -90%; S-10 %, TY-0 % 0.63+0.01
2 NH4NO; -81%; S-9 %; TY-10 % 0.83+0.29
3 NH4NO; -72%; S-8 %; TY-12 % 0.75+0.03
4 NH4NO; -63%; S-7 %; TY-14 % 0.69+0.05
5 NH4NO; -54%; S-6 %; TY-16 % 0.59+0.02
6 NH4NO; -45%; S-5 %; TY-18 % 054+0.04
7 NH4NO; -45%; S-5 %; TY-20 % 0.45+0.03

Kak BuanHo u3 Tabnuisl 1, ¢ yBenuuenueM cojaepkanus TY, CKOPOCTb TOPEHUSI YMEHbILIAETCSl.

JUis  SKCIEpUMEHTOB MO 3a)KUTAHUIO U3 CMECH IOPOUIKOOOpPa3HBIX KOMIIOHEHTOB
M3TOTOBJIMBAIUCH MpeccoBaHHbIe MUIUMHAPHI d = 5 MM, h = 1.5+1.7 mm. [InmoTHOCT IpecCOBaHHBIX
o0pasnoB Obl1a B uHTEpBajie 1.6-1.9 r/cm”. Jlns 3axxuranust Obu1r oToOpans! coctaBbl Ne2,3,4,5,6,7.
Habmronenune ¢ moMOIIbI0 KUHOCREMKH TOKA3alio, YTO 3a)KUTaHWE HAYUHACTCS B IEHTPATbHON
obnactu o6pasia. 3aKuranue Bcex 00pas3IoB MPOBOIUIOCH IPU (PUKCUPOBAHHOM 3HAYEHUHU MTOTOKA
m3nyuenusi COz-nazepa. Pe3ynbTaThl 3KCIEPUMEHTOB MO 3a)KUTAHUIO IPUBEICHBI B TAOIHIIE 2.

Kak crnenyer u3 tabnuupl 2, yBenuueHue coaepkanus TY NPUBOIUT K YBEIUYEHUIO BPEMEHHU
3a/iepKku 3akuranus. Kak BUAHO U3 TaOMUIBI 2, MPU 33JaHHOM 3HAYEHHUH TUIOTHOCTHU TEIJIOBOTO
JYYUCTOTO MOTOKA BpeMsl 3aepKH 3akuranusi coctaBa Ne7 (mpu C=20 %) ykopauuBaercs B 2
pasza o cpaBHeHHI0 ¢ oOpasziom Ne2. [Tpu 3Toit xe BenuuuHe motoka 90 Br/em? st o6pasioB Ne5
1 6 BpeMs 3aJIepKKU 3aKUTaHMsI TOYTH B 2,5 paza yMEHBIIIEHO M0 CPaBHEHHIO ¢ 00pa3iiom Nel.

[To pe3ynbraTam pabOTHI YCTaHOBJIEHO, YTO BBEJIEHHUE TEXHUYECKOTO YTiepoja B COCTaB
6onpiie 10 % HenenecooOpa3HO, TaK Kak MOBBIINIEHHOE KOJMYECTBO TEXHMUYECKOTO yriepoia
CHIDKAET CKOPOCTh TOPEHHS, BpeMs 3aJ€p)KKH 3aKuUraHUs. BeposTHO, 3TO CBA3aHO C TEM, YTO
yBEIIMYEHHE KOJIIMYECTBA TEXHHYECKOTO YIJIepoja MPHUBOJUT K HEMOJHOTE CrOpaHHs Ta3oB,
CHIDKAETCS TEIUIOBOE M3IYYeHHE 3a CUeT BBIICTICHHS VIIAEPOAHBIX YACTHI], KOTOpbIE U
MOTJIOMIAIOT TEIUIOBbIIeTeHre. Ha oCHOBaHMU MPOBEIECHHBIX padOT, MOKHO CJENaTh BBHIBOJ O TOM,
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9TO HAWOOJIbIIAs CKOPOCTh TOPEHHs, BPEeMs 3aJCp)KKH 3aKUTaHUs M TEeMIepaTypa TOpPEHUs
HaOJI0/1aeTCs B COCTAaBaxX € COACpKaHUEM TexHudeckoro yraepoaa 10 %.

Tabmuna 2. XapakTepucTUKU 3a)XKUTaHus 00pa3IoB

Ne cocraBa Bpewms 3apepkku 3axuranus, | IIIOTHOCTB TEIUIOBOrO MOTOKA,
tign, cex q, Br/cm?
2 0.87+0.03 90
3 0.99+0.07 90
4 1.13+£0.04 90
5 1.33+£0.25 90
6 1.68+0.33 90
7 1.73+£0.23 90

Jakiaouenue

1. I/ICCHGHOBaHBI XaPaKTCPUCTUKN 3BaXXUT'aHUSA W TOPCHHUA B 3aBUCHUMOCTH OT COCTaBa
HUCXOJHOM CMECH.

2. YCTaHOBIIEHO BIMSHUE KOJMYECTBA TEXHUYECKOTO YIiepoja Ha XapaKTepUCTUKUA TOPEHHS
U 3aXUTraHdus CMecel HUTpaTa aMMOHHUS, CEpbl M TEXHUYECKOTO Yriepoia. YMeEHbIICHHE
KOJIM4ECTBa TeXHUYeckoro yriaepoaa a0 10 % obecneunBaeTt CylecCTBEHHOE COKpAIllEHUE 3a/IEPKKH
3a)KUTaHMsI, CKOPOCTU TOPEHUS U CIIOCOOCTBYET pAaBHOMEPHOMY TOPEHHIO COCTaBA.
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NUPOTEXHUYECKHN 3AMEJIJIATEJIbHBIN COCTAB

HIL.E. I'adapamoBa
Kazaxckuit HaunonaneHelii YHuBepcurer um. ans-Oapadu
esenjolovna_sh_@mail.ru

Pa3paboTka HOBBIX SHEPrOHACHIIICHHBIX MAaTCPHAJIOB M MOBBIMCHUS HX S()(EKTUBHOCTH SBJSICTCS BaKHBIM
HATPaBJICHUEM B COBEPIICHCTBOBAHMM TCXHHKH M TEXHOJOTHH. BbUT pa3paboTaH 3aMeIUTMTEIIbHBIA MTHPOTEX HUICCKUN
COCTaB JIJIs YBEJTUUCHUS 1eOruTa He()TH U3 HE(DTSHBIX CKBAYKHH.

BBenenue

B HACcTOAIMCC BpEMA METOAbI, OCHOBAHHBIC HA IMMPOLCCCE TOPCHUSA IIMPOKO UCHOJIB3YIOTCA I
00paboTkn mpu3abOWHON 30HBI CKBaXWHBL [[ns pacraBieHuss  acgaibTEHO-CMOJHUCTO-
napaUHOBBIX OTJIOKEHUW HMCIOJB3YIOTCS MEJICHHO TOPSAIINE COCTaBbl, KOTOPHIE OOECTICUMBAIOT
MOBBIIICHHYIO TEMIIEpaTypy B WHTEpBaje 00padaThIBaHUS B TEUCHHUE OMPENEICHHOTO BPEMEHH.
[TosToMy OOJNBIION WHTEpPEC MPEACTABISAECT HCIOJIB30BATh MUPOTEXHUYECKUE 3aMeTUTEIbHBIE
COCTAaBHhI JI1 OYUCTKHU He(i)TSIHI)IX CKBa>XXHH. BBIHGJ'I?IeMI)Ie IIpu CropaHvu 3aMCIJIUTECIIBHOTO COCTaBa
BBICOKOHArpe€ThI€ Ta3bl, HaXOOsACh TIOJ] N30BITOYHBIM JaBJICHUEM, PACKpPbIBAIOT TPCUIWHEI,
MIPOHUKAIOT B MOPBl U PACIUIABISIIOT HAaXOJAILIMECs B HHUX 3arpsi3HEHUS B BUJE ac(albTEeHO-
napaUHOBBIX OTJIOKCHHMA.

Bo3szeiicTBrue 3HEpPreTHUECKUX MUPOTEXHUYECKUX COCTABOB HA MPU3a00MHYIO 30HY IJIacTa
MO3BOJIIET TIOBBICUTH ACOUT CKBAXMHBI B 3 -15 pa3 Ha cpok 1o 2 7neT 3a CyY€T OYMIICHHS,
YBEJIMUEHHUSI pa3MEpOB U KOJMYECTBA IMOP B MpU3a0OMHON 30HE HEPTEHACHIIIEHHOTO IUIacTa.
[IpakTyecku €JMHCTBEHHBIMU U YHUKAJIbHBIMU UCTOYHHUKAMU HEPIHH U XUMUYECKUX PEareéHTOB
JUIA  peaju3aliu dKCIPECC-TEXHOJOTUH 00pabOTKU CKBAXKUH SBJIAIOTCS HSHEPrOHACHIIECHHBIC
MaTepHabl, MPEACTABISIONINE Ta30reHEPUPYIONINE IPU CTOPAHUN KOMITO3UIIMOHHbBIE MaTepUabl U
dbopmupyeMbie B TBEPIOM BHUJIC B KOHTEHHEPHI — TEPMOMCTOYHUKH [1].

Takxke NUPOTEXHUYECKHE 3aMEIJIUTENIbHBIE COCTaBbl IMpeIHA3HAYCHBl JJIsI OOecreyeHus
BPEMEHHBIX 3aJIepKEK B MUPOTEXHUUECKUX CPEICTBAX PA3IMYHOTO HA3HAUEHHUS, B MPOMBIIIIEHHBIX
CpeICTBaX MHHUIIMMPOBAHMS, AJIEKTPOJECTOHATOPAX 3aMEUIEHHOTO JIEHCTBUS, B3PLIBHBIX LEMAX U
CHCTEMax MUPOABTOMATHKU PAKETHO-KOCMHUYECKOM TEXHUKHU, Ooernpumnacax [2-6].

JKCNepUMEHTAIbHAS YaCTh

JlJi IpUrOTOBJICHUS PEAKIIMOHHBIX CMECEi MCIOJIb30BATUCH B KAYECTBE OKUCIUTENS XpoMaT
Oapusi ¥ mopourkooOpa3HasaMMHaydHas CEJIUTPa, a B KAYeCTBE FOPIOUEro SMoKcuaHas cmoua. [Ipu
WCCIIEIOBAaHUSAX B KauyeCTBE OCHOBBI 3aMEIIUTENHHOTO cOCTaBa Obla B3siTa XpoMmMaT Oapus B
Pa3TUYHBIX TPOMOPILIUSX.

Jlns ompeneneHuss CKOPOCTH TOpPEeHHsI 00pasilbl 3alpEeCcCOBHIBATNCH B KaPTOHHBIC T'HIIb3BI
BHYTPEHHUM JuaMeTrpoM 2,6 cM U  BbicOTOM 10 CcM ¢ MNOMOIIBIO THUIPABIMYECKOTO MPECC
MHCTPYMEHTA B HECKOJIBKO 3alPECCOBOK JJIsl TIOCTUKEHUSI paBHOMEPHOU MJIOTHOCTH 3apsana. [locine
npeccoBaHus 00pa3ilbl CYIIWINCH Ha BO3IyXe MPHU TeMIepaType 25°C B Teuenne 12 gacos.

HccnenoBanue mpoiiecca ropeHus o0pa3iioB MPOBOIWIM Ha Bo3ayxe. Temmeparypy ropeHus
OTpEeNIEIsIN C IOMOIIBIO0 MUPOMETPa. BpeMsi ropeHust onpeaensioch CEKyHIOMEPOM.
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Pe3yabTaThl U 00CyxKIeHHE

OCOOEHHOCTBIO TEPMOUCTOYHUKOB M3 KOMIIO3UIIMOHHBIX MAaTEpHAIOB HA OCHOBE aMMHAaYHOU
CENTUTPBI U SMOKCUHOTO KOMIAyH/Ia SIBJISIETCSI UX B3PBIBOOE30MACHOCTh M CIIOCOOHOCTH CO3/1aBaTh
B 3a00€ B OJHOW TEXHOJOTHYECKOW OINEepaluy OJHOBPEMEHHO BBICOKHE WIIM IOBBIIICHHBIC
TaBIICHHSI, TEMIIEPATYPHI U ra3000pa3HbIe MPOIYKTHI, B TOM YHCIIE, COCTOSIIUX MTPEUMYIIIECTBEHHO
U3 AaKTHBHBIX BBICOKOTEMIIEPATYpPHBIX XHMHUYECKHMX peareHToB. Haa KOMIO3HIIMOHHBIM
MaTepHaAIOM B TEPMOMCTOYHHKE pacIojaraeTcs CJIOW 3aMeUIMTEeNIbHOTO cOocTaBa. B pesyibrare
MOCIIOWHOTO  CrOpaHUsl COCTaBa TEPMOMCTOYHHMKA O0Opa3ylolrecs BBICOKOTEMIIEPATypHBIE
ra3o00pa3Hble MPOJYKTHl CO3MAIOT B 00JACTH WHTEpBaJla 0OpaOOTKH TOBBIIICHHOE JABJICHHUE W
MIPOHUKAIOT B TIOPHI ¥ TPEIIUHBI IPHU3a00HHON 30HBI, PACIIIABIISASA HAXOIAIIMECS B HEH 3arpsi3HeHUS
B BHUJE MapaQHUHOBBIX ac(albTEHOBBIX W CMOJMCTBIX OTJIOXKeHWH. [locie cropaHusi OCHOBHOTO
cocTaBa TEPMOMCTOYHHKA TOPEHHE TIIepellaeTcs 3aMeUIMTENIbHOMY COCTaBY, 3a CYET 4Yero
OCYIIECTBIISICTCS TEXHOJIOTUYECKas BBIJCPIKKA, 3a BpeMsi koTopoii (15-20 MuH.) npoucxomut Gosee
MOJTHOE pacIUIaBlIeHHUE KOJbMATUPYIOMIUX OTJIOKEHHUH M pearupoBaHUE KHUCIOTHI C TOPOAOH
iacra [1].

[TocnenoBaTebHOCTh pa3pabOTKH PEIEnTyp 3aMeUITMTENbHBIX COCTAaBOB 3aKIIOYaach B
CIIEAYIOIEM: OTIPEACISIOCh TAKOE COOTHOIICHUE MEXIY OKHUCIHUTEJIEM M TOPIYUM, TIPH KOTOPOM
JIOCTUTANach Majas CKOPOCTh TOPEHHUs. bBBUIM MPUTOTOBJIEHBI COCTaBBI HA OCHOBE aMMHAYHOMN
CENTUTPBI, SIOKCHUIHONW CMOJBI, Xpomara Oapusi B pPa3IUYHBIX COOTHOIIEHUsSX. B Ttabmume 1
MIPHUBEJICHO COOTHOIIIEHHE KOMIIOHEHTOB TTMPOTEXHUYECKOTO COCTABA.

Tabmuma 1 CooTHOIIEHHE KOMIIOHEHTOB COCTaBa

macc., %
KomnoneHnt | ] i v Vv VI
AMMMa4Has cenuTpa 35 35 30 25 25 20
DnoKkcuaHast cMoJa 55 50 50 50 45 45
Xpomar Oapusi 10 15 20 25 30 35

Bpewmst ropenus coctaBa cocraBmiia 845 CeKyHI, TeMIepaTypa ropeHus 2080°C. dotorpadus
mporiecca TOPEeHus COCTaBa MpUBECHA Ha PUCYHKe 1.

Puc. 1 — T'operne coctaBa
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Puc. 2 — 3aBucuMoCTh BpeMEHH rOpeHHst OT Collep KaHus Xpomara Oapust
B COCTaBE

Kak BugHO W3 pucyHKa 2, BpeMs TOPCHHS 3aBHUCUT OT COJICp)KaHUS Xpomara Oapw,
YMEHBIIIEHUE CKOPOCTH TOpeHUs] HAOII0JaeTcs C YBEITMYEHUEM COJEpKaHUS 3aMeUIUTENs B BHUJIE
Xxpomata Oapusi B COCTaBe.

DKCIIepUMEHTAIBHBIC UCCIICJIOBAHHS TIOJATBEPIMIA BBIOOp B KadecTBE TOPIOYETO M
OJIHOBPEMEHHO CBS3YIOILIET0 SMOKCUIHYIO CMOJIy SBIISIOIIErOCs peakToruiactToM. B pesynbrare
B3aUMO/JICHCTBUS SMOKCUAHON CMOJIBI C aMMHAYHOM CENUTPON M XpoMaTroMm Oapusi MPOUCXOIUT
oOpa3oBaHWE HArpeThIX Tra3000pa3HBIX MPOJYKTOB TPU TIOBHIIICHHOM JIABJICHUM B HWHTEpPBAJIC
00pabOTKH M BBIHOC 3arps3HEHUN U3 MTPU3a00ITHOM 30HBI TIACTA.

[TonyueHnHble AaHHBIE MOKA3aJIM, YTO ONTHUMAJIbHBIM COCTaBOM il OOecrieueHusl BPEMEHHbIX
3a/IepKEK U HEOOXOJTUMON CKOPOCTH TOPEHHUS SIBISIETCS COCTaB, conepkamuii 45% SMOKCHIHON
cmoutel, 30% xpomata Oapust u 25 % aMMUaYHON CETTUTPHI.

B pe3ynbpTaTe npoBeneHHBIX MCCIEA0BaHUI HaMU BBIOpaH COCTaB XpoMmaT Oapusi/aMMHaydHast
cenuTpa/smokcuaHas cmoja = 30/25/45, Bpemst TOpeHHsS KOTOPOTO COCTaBWIO 845 cekyHa Ha
BbIcOTY 10 cM. ['a3oreneparop ocHaIEHHBIA STUM 3aMEITUTEILHBIM COCTaBOM HanboJiee MOIX0UT
JUTsl IpUMEHEHUs1 00pabOTKH MpU3a00MHON 30HBI HEPTIHBIX CKBAXKHUH.

CocrtaB oOnamaeT HHU3KOH YYBCTBUTEIBHOCTBIO K TPEHHIO M ynaapy, Oe3omaceH B
MPOM3BOJICTBE M HA BCEX CTaAUAX oOpaieHus, o0JajaeT BBICOKON (PU3MKO-XUMUYECKOM
CTaOWJIBHOCTBIO, HE TPeOYeT CHEelHaNbHBIX XPaHWJIUII U CHEHUANbHBIX MAalIUH IJIsS MEePEBO3KHU.
Mo3keT TOTOBHUTCS Ha MECTe BBe/IeHUs paloT.
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NCCIEAOBAHMUME BJIMAHUSA ©JIOCYIOHIUX TOBABOK HA ITPOLHECCA
BOCCTAHOBJIEHUSA KPEMHUSA

I'oaoBuenko O.10., bBaiipakoBa O.C., I'o;ioBuenko H.10., Aknazapos C.X.
KasHY um. anp-®Dapabu, MHcTuTyT pobieM roepHust

[Ipy mpoBeaeHHH aTIOMUHOTEPMHUYECKUX IPOIIECCOB HEOOXOJUMO YUUTHIBATh HEKOTOPHIE
CBOMCTBa 00pa3yIOUINXCs TPOIYKTOB MJIABKH.

CoctaB M CBOMCTBa IIJIAKOB B COOTBETCTBMU C TpeOyeMbIMH €ro (U3NYECKUMHU U
XMUMHYECKUMHU CBOMCTBAMH PETYIHUPYIOT C MOMOIIBIO (DIFOCOB.

B ornmuMu OT KOMIIOHEHTOB Ilaka, OOpa3yloIMXCsi B Ipolecce IUIaBKH, (IIIOCHI
CHelHalbHO MOAOUPAaoTCs, U BBOJATCS B paciiaBa. Datockl MOTYT OBbITh: KHCIbIE (KPEMHE3EM),
OCHOBHbIE (OKCH[IBI KajibIlMs, MarHus, MapraHia u J1p.), HelTpanabHble (TJIIMHO3EM), XJIOPHUIBI U
(GTOpUIBI MIETOYHBIX U IIET0YHO3EMETbHBIX METAIOB.

[Tonyuenue nuiaka ¢ onpeneneHHbIMU (PU3UKO-XUMUYECKMMH CBOMCTBaAMU OCOOEHHO Ba’KHO
IIpU TIOJIYYEHUU METAJVIOB C IUIOTHOCTHIO HM)KE IUIOTHOCTH QJIIOMHHOTEpMHUYECKOro mnuiaka. K
TakKUM MeTajljlaM OTHOcATCS Oop, OepusuIMid, TWTaH, KpEMHUH, Tak Kak (OPMUPOBAHME CIIUTKA
MeTaijia 3/1eCh MPOUCXOAMUT HE 3a CUET CHJIbI TSKECTH Kalledb MPOXOJANINX uYepe3 NIIaKOBBIN
pacmiaB, a B pe3ysibTaTe KOHCOJIMJALMM MEJKHUX Kalelb 3a CYET MMOBEPXHOCTHOI'O HATSKEHUS
MetaiuioB [1]. [TapanneasHO MPOUCXOAUT KOAJECUEHIUS Kallelb IJ1aka, MPOIEecC UX YKPYIMHEHUs
3aBHCUT OT TEMIIEpaTyphl U BSI3KOCTH LIUIAKOBOTO PACILIABA, KOTOPBIH sABJsETCA (PyHKLIMEH cocTaBa
U TeMmmeparypsl. [ mpugaHusd IIJIAKOBOMY pACIUIaBY OMNPEIEICHHbIE (PU3MKO-XMMHYECKHE
XapaKTEepUCTUKH, 0OeCIeUrBaroIe MAKCUMAIBHOE pa3/ieieHue IIJIaKOBOM U MeTauIn4ecko ¢a3
B MUXTy BBoAAT (mrocyromue no6aBku. K BBogumbIM 100aBkaMm ((irocam) MpeabsIBISIOTCS
cieayromue TpeOoBaHMs - (UIIOCHI HE JOJDKHBI y4acTBOBAaTh B OCHOBHOW peakLUHM M HE J0JDKHBI
B3aMMO/IEHCTBOBATh C METAJUIOM-BOCCTAHOBHUTEIIEM.

B kauectBe (MIOCOB INPHUMEHSIOTCS COJIM  XJIOPUIOB, (TOPUJIOB WIEJNOYHBIX MU
I1eJI0YHO3EMENbHBIX METAJUIOB, COJIM CyJIb(aTOB, OKCUABI KalbliUs, MapraHlia, KpeMHHUs, MarHus U
ap. Conu GTopuaoB U XJIOPUIOB IpU A00ABICHUU B ATFOMUHOTEPMHUUYECKYIO IUXTY 3HAYMTEIBHO
CHIJKAIOT TeMIepaTypy BO3rOpaHMs IIMXTOBBIX MATEpUAIOB U MHTEHCHU(PHULUUPYIOT MPOTEKaHHE
MeTajuloTepMuueckux rnpoueccoB [2]. Jlob6aBka CaF, 3HauuTeNnbHO YCKOpSET MHIPALUIO
BOCCTAHOBUTEINISI W3 TpaHyibl amoMuHus 1pd Temmeparype 1100-1300°C wu  yayumaror
CMAauMBaeMOCTb DPACIUIABJICHHBIM aIOMHHHEM OKCHJAAM, YCKOPSsS TEM CaMbIM IpOLECC
HU3KOTEMIIEPaTypHOIo BOocCTaHOBIEHUs okcuoB [3]. Ha pucyHke 1 mokazaHo BIUsHHE pa3lIu4HbIX
COJIeH Ha CKOPOCTb FOPEHHUS IUXThI U3 OKCHJIA XpOMa.

B paGote ans moaydeHus Iuiaka ¢ HEOOXOAMMBIMU (U3MKO-XMMHUYECKMMHU CBOMCTBaMH,
o0ecrneynBarOIUMI TpeOyeMyr0 BSA3KOCTh LIJIaKa, CKOPOCTh IIpoliecca, IOJHOE pasJielieHue
IPOJYKTOB IUIaBKM Ha (a3bl, ObLIM MPOBEIEHBI SKCHEPUMEHTHI C HCHOJIb30BAHHEM B KauyecTBE
(I1r0COB TUIABUKOBOTO HINATa, U3BECTU U XJIopuaa HaTpus. s BEIOOpa ONTUMAIBHOTO KOJIMYECTBA
¢uroca Bec 100aBKU U3MEHsICA OT 6 10 24% TUIaBUKOBOTO IIMAaTa OT KOJMYECTBa allOMHHHUS, OT 10
10 50% CaO ot xonmyecTBa okcuaa u 5-30% ot xosnmuectsa SiO,.
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Pucynox 1 - BiusiHue pa3nuuHbIX collel Ha CKOPOCTh FOPEHHUS OKCHIAa XpOoMa

OcHoBHas 4acTh MUXTHI 0€3 (irroca cocrana, T.:
KBapIieBbIid mecok 150
celmTpa 70
ATFOMUHUNA 125,4
B mmuxTy cocrosiiyl0o W3 KBapleBOro IecKa, MOJOorpeBarolleid A00aBKU U aTIOMUHUS
noGasnsieTcst iroc. Bce KOMMOHEHTHI IIUXTHI THIATENBHO MEPEMEIIUBAIUCH M TOMEIIATUCH B
YYT'YHHBIM TUT€JIb, YIUIOTHIIMCH, MHUIMUPOBAJCS npolecc 3anaioM. [locie ocTeiBaHUS TPOAYKTHI
peaKkuuu pa3lensyiuch Ha MeTal W nuiak. [losydeHHBId KpeMHMH B3BemIMBaJICS. Pe3ynbTaThl
AKCIIEPUMEHTOB Ipe/ICTaBIeHbI B TabuIe 1.
Ha pucynke 2 npencraBiensl pororpaduu mpoIyKTOB peakiuu 6e3 nmpuMeHeHus (iroca u ¢
(hmrocom.

1 - 6e3 dutroca; 2 - ¢ CaF,; 3 - mak

Pucynok 2 - ®OTO MpOIyKTOB peakuy

DKCIEpUMEHTHI ¢ UCIob30BaHieM B kadecTBe (iroca NaCl e mamu pesynbraros. O6pasery
nocse mporpeBa Bcell mmxThl U THrIS 10 250°C 3aropaics ¥ HpOropelt J0 TMOJOBHHBI THIJIS.
PacniaB He o6pa3zoBaics. [Iporpesias yacTb pbixiias, 3071000pa3Hasl.

Ha pucynkax 3 mnpuBelneHa 3aBUCMMOCTb BBIXOJA CIUIABA M CKOPOCTH IIpoliecca IpHU
MPUMEHEHHUH PA3JIUYHBIX (IIFOCOB.
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Tabmuua 1 - BnusiHue koinyecTBa OKCHIa KaJIbIMA HA CKOPOCTH MPOLIECCA U BBIXO KPEMHHUS

Kon-Bo | Ckopocthb Pacuer. Bec nony- ITpumeuanue
Ca0, % | ropenus BBIXOJ1 YEHHOr' 0
[IMXTHI, T/C | KPEMHUS, T | KPEMHUS,T
- 6,1 48,02 22 Koponbku kpeMHus B 1IIaKe, TI0XO OTAEISI0TCS
CKOpOCTh,  HH3KasA, CIMTOK HEOJHOPOAHBIH, MHOIO
10 4,3 48,02 25,3 P ’ P ’
KOPOJILKOB B IIIAKE
15 2,4 48,02 18,4 T'opeHrie MHUITUUPOBAJIOCH TUI0XO, IIIJIAK CHEKIIHHACS
3aropencs ¢ TPYIAOM TIOCNIEe TPOrpeBa BEPXHETO CIOS.
20 0,8 48,02 -
I'openue criHOBOC. Het pacruiaBa
30 48.02 [Tocne MHUITMUPOBAHKUS - TOPCHHE C 3aTyXaHueM. PacmiaBa
' HET
40 - 48,02 - He 3aropercs jaxe rmociie nporpeBa BepXHeH 4acTy IUXThI
7 — 24
497
5 T i
k “ e \'\. T 20
> 1 18
£ 51 N -
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Honwuecreo Ca0 % oT Beca oKCMAA

1 — cKOpOCTh MPOIIIABIEHHUS IIHXTHI; 2 — BBIXOZ METaja
Pucynok 3 - 3aBHCHMOCTB CKOPOCTH H BBIXOJa KpeMHUs oT konndectBa CaO

Pe3ynbTaThl SKCIIEPUMEHTOB TOKa3aJid, 4To i AaHHOU cuctembl SiO,-Al mpu BHemeuHOM
CBC-pexume Hambojee MOAXOTUT B KadecTBe (mioca ¢ropua kanpiusg. Ero umcnonbzoBaHue
MO3BOJISIET TMOJIYYUTh paciliiaB, KOTOpBIM oOecrneuuBaeT xopoiuiee (azopaslieleHue paciiiaBa U
CKOPOCTH Mpoliecca.

[Ipu ucnonb3oBannu CaO mMakcuMaibHas CKOPOCTh Ipoliecca Oblia y MMXTHI 0e3 duiroca.
VBennuenue konuuectBa CaO CHMXKAIO CKOPOCTh ropeHuss W npu kKoHueHtpamuun CaO 20%
ropeHue MPOXOJUT B CIIMHOBOM pekuMe 0e3 oOpa3zoBaHus paciuiaBa pearupytouieii cmecu. Ilpu
15% CaO Bbixoa Meramia coctaBisia 37% OT pacueTHOIO M COCTOSUI U3 €IUHUYHBIX KOPOJIBKOB.
Inak mpencrasiusin coboit cnek. [Ipuunna Takoro 3¢pdexra 3akirodyaeTcsi B BBICOKOU TemrepaType
aBjieHus okcuaa Kaiablus 2600°C, YTO 3HAYMTENBHO BBIIE TEMIIEPATYPbl FOPEHUS HIMXTHI B
PEakuMOHHON 30He. V3MepeHHas TeMmeparypa wuccieayemoro mporecca 2250-3000°C,
[IIaKO0Opa30BaHue, BEPOATHO, UJIET 3a cueT pacTBopeHus CaO B XKUAKOM IIIMHO3EMHUCTOM IILIIAKE.
[Ipy nnaBneHUM B XOAE SK30TEPMUUYECKUX PEAKIUN OKUCh KaJbIUs YMEHBIIAET TEeMIIepaTypy
pacmiaBa M, Kak CIEACTBUE, CKOPOCTb MpoOIlecca, YTO JOJDKHO CIIOCOOCTBOBATh YIyUIIEHUIO
¢opmupoBanus cmutka. Ilpu wucnonpzoBanuu CaO B mpolecce MOTYYEHUS KPEMHHS
ATIOMUHOTEPMHUYECKHM CIIOCOOOM CHIKEHHME TeMIIepaTyphl Ipoliecca MPUBENO K YBEIHMUCHHUIO
BbIX0Jla CIulaBa Tosibko mpu jgo6asineHun 10% CaO, o0pa3oBaBIIMICS KOPOJIEK KPEMHUS
HEOJHOPOAHBIA M cocTaBwi Bcero 52,6% ot pacueTHOro. CHMKEHUE CKOPOCTH IPOIUIABIICHUS
muxThl Opu  gob6aeneHun CaO ycraHoBieHo aBTopamu [4] npu pa3paboTKe TEXHOJIOTHU
MIPOM3BO/ICTBA TUTaHA U (eppoBaHAUS.
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WNHoe BiMsHHE HA CKOPOCTh MPOIUIABJICHUS IIMXTHl OKA3bIBAIOT J00aBKU (DTOPUIOB, KaK
TOBOPWJIOCH BBINIE WX J00AaBKa 3HAUMTEIHHO CHW)KAET TEMIIEpPATypy Hadajaa peakiuu U yCKOpseT
mporecc BoccTaHoBieHHS. CmoOCOOHOCTH (PTOPHIOB, B YAaCTHOCTH, IUIABUKOBOTO IIIMaTa
MCII0JIb3YEeMOT0 B AKCIEPUMEHTAX, MPUBOJUT K YMEHBIICHHUIO TEMIIEpPATyphl JTUKBHIyca OKCHIA
QTFOMHUHHMS ¥ PACTBOPSHHUIO OKCHIHOM IIJICHKU C BOCCTAHOBUTEIIS, a TAKXKE 00JIerdaeT pacTBOpEHUE
oOpa3yrolerocsi B pe3ylbTaTe peaknuu TJIMHO3eMa. PacTBopeHme 00pa3yromerocs OKCHa
QTIOMHUHMS B MPUCYTCTBUU IUIABUKOBOTO IIMAaTa CHIDKAET TEMIIepaTypa Hadajla B3aMMOJICHCTBHS
KUJKUX PacIUIaBoB W obOierdaetcs: qud(y3uio peareHTOB K I'PAHUIE WX paslieina, 4eM, BHIUMO,
0OBSICHACTCS YBEIMYEHNUE CKOPOCTH MPOTUIABIICHHS IIIMXTHI M BBIXOJ MeTaia [3].

Jlyis yBenMueHUsT BBIXO/A CIUIaBa MPH AFOMHUHOTECPMUYECKOM TIOJTYYCHHH KPEMHHS, BaXKHO,
9TOOBI TEMIIEpATypa MpoIlecca MPU UCIOJIE30BAHUN (PITFOCYIONINX JT00ABOK HE CHIKAIACh, TaK KaK
B NIPOTHUBHOM CJIy4ae YBEIWYHUTCS IUIOTHOCTh OOpa3yroOIIerocsl IUIaKa, YTO MOXET NMPHUBECTH K
CHIDKCHHIO BBIXOJIa KPEMHHMSI, TaK KaK IIOTHOCTH OJIM3Ka K TUIOTHOCTH IIIJIAKA.

CHmKeHNe IUIOTHOCTH TJIMHO3EMHCTOrO MUIaKa OJHA W3 TJIABHBIX 3a1ad MPH IOJTY9ICHUH
METAJUIOB C HU3KOM yJI€IbHOM MNIOTHOCTBIO.

JIJIs CHYDKEHUS TUTOTHOCTH TIJIaKa HEOOXOAMMBIM YCIIOBUEM SIBISICTCS BBICOKAs TEMIIepaTypa
pacmaBa u neperpes 1wiaka Ha 100-200°C. Ipu 5TuUX YCIOBUAX IUIOTHOCTH IIIAKA YMEHBINAETCS
0,05-0,07r/cm® Ha kaxasie 100 rpaxg. [1,5]. TIpu Temmeparype HpOBOAMMOro mporecca 2250-
2800°C IOTHOCTH ILTAKa OyIeT COCTABIATB~2,6r/cM2. ILIOTHOCTh TBEPHOrO KpeMHHs ~2,5r/cM?
[6].

[Tpu BBICOKHX TeMITepaTypax paciuiaBbl METALIOB UMEIOT 00Jiee BRICOKYIO TUIOTHOCTb, Y€M B
TBEPAOM COCTOSTHHUH, YTO OOBSCHSETCS TEPECTPONKON CTPYKTYphl B HANPABICHUM YBEIMYCHHS
KOOPJIMHAITMOHHOTO YHhcia. [[IOTHOCTP METa)UIOB MPH BBICOKMX TEMIIEpaTypax paciuiaBa
YBEIMUMBACTCS M COCTaBIsIeT 6r/cm? [7].

Cy1iecTBeHHOE BIIMSHUE HA CKOPOCThH Ipolecca GOpMUPOBAHUS CIUTKA KPEMHHUS OKa3bIBaeT
BSI3KOCTh IIJIAKOBOTO pacilylaBa. JTO BIUSHUE MPOSBISAETCS, MPEXKIE BCEr0, B TOM, YTO CKOPOCTh
OCaXJCHHS MeTajljla 00paTHO MPOMOPIMOHATIbHA BETUYMHE BA3KOCTH, BCJIEICTBUE YBEIMUCHUS €€,
Hanpumep, ¢ 0,2 1o 0,611a-c, ypennuuBaercs BpeMs ocaxkJAeHus MeTauia B Tpu pasa [1,5].

Bricokas TemmepaTypa mporecca criocoOCTBYeT CHIKEHHIO Bs3kocTy nuiaka ot 0,6I1a-c mo
0,05I1a-c npu Temneparype miasiaenus ramaozema 2030°C [6].

I[To panaemv ILIL®enoteeBa u B.IL.WnbuHckoro mnpu ngobaBieHHH cojel (TOPUIOB
(kpHroJyIMTa) TEMIIEpaTypa IIaBIeHHs TIHHO3eMa cHikaeTcs 10 1000°C, npu nobasnenun CaF; 1o
1100°C. To6aBieHue IIaBUKOBOTO IIIIATa 3HAYUTENBEHO CHIKAET BA3KOCTh HIJIAKA.

Huskas Bs3kocTh 00pasyromierocsi TIMHO3eMa 3a cueT J00aBiIeHUs IJIaBUKOBOTO IINaTa U
BBICOKOW TeMIlepaTypbl Mpoliecca, CHIKEHHE TUIOTHOCTHU IIJIaKa U BbICOKas IUIOTHOCTH paciuiaBa
KUJKOTO KPEeMHHS 00JIeT4aroT KOAJIECIEHIIUIO0 00pa3yIoIUXCs Karelb PacilaBJIeHHOTO KPEMHHUSI B
CIIUTOK, CHOCOOCTBYIOT XopouieMy (a3opa3ieieHHI0 U YBETUYEHHIO BBIXOJIAa TEXHUYECKOTO
KpEMHUSL.

[Io pesymnbraraM OSKCIIEPUMEHTOB B KadecTBe (miocyromei 1006aBku BblIOpaH ¢TOpULI
KanpIusi, oOecreurBaroield Heo0XoJUMble TEXHOJIOTUYECKUE CBOMCTBA IIJIaKa, YTO CIOCOOCTBYET
xopoiemy (hazopa3eeHUuI0 U BEICOKOMY BBIXOy TEXHUYECKOTO KPEMHHUSI.

KomnuecTBo mobapmsiemoro (iroca mo JaHHBIM AKcrepuMeHTOB 18-19% oT kosmuecTBa
ATIOMHUHHUS B IITUXTE.
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MOJYYEHUE AIIETAJIBJIETUJA KOHBEPCUEN BUOITAHOJIA HA
MEJABbCOIEPKAIINX KATAJIN3ATOPAX

1‘leocyMOB K., 2EpraslzleBa I'.E., 'TaiipaGexoBa C.)K.
LlenTp hM3MKO-XUMHUUYECKHX METOJIOB HCCIEI0OBAHMS U aHATH3A,
Kazaxckuif HalMoHaJIBHBIN YHUBEpCUTET M. anb-Papabu, AnMaThl
2I/IHCTI/ITyT npoOJieM ropeHus, AIMaTsl
ergazieva_g@mail.ru

W3ydyeno BnusiHUE TpHUpoAbl Moaubpuimpyromux nod6aBok (ZnO u Cr,03) m Merona NpPUTrOTOBICHHS
KaTajJn3aTopa Ha AaKTHBHOCTh M CEJICKTHBHOCTh MEIbCOJACPKANIMX KOMIIO3UTOB B KOHBEPCHH JTaHOJIA [0
aneranpaeruna. Haubonpimas ceneKTHBHOCTB Tpolecca o aneranbiaeruny (50 %) HaOmomaercss Ha HaHO(A3HOM
CuO+Cr,03*/Al,05 katamu3zatope, IPUTOTOBIEHHOIO METOJIOM TOPEHHSL.

OnHUM U3 TIPHOPUTETHBIX HAMPABICHUH PAa3BUTHS XUMUUYECKOW MPOMBITIICHHOCTH SIBJISICTCS
pa3paboTKa adbTEPHATHUBHBIX TEXHOJOTHH, Oa3UPYOIMUXCA HAa ChIpbe HE HEPTIHOTO
MPOUCXOXKACHUSA. B CBSI3M ¢ ATUM MPOIIECCHl, B KOTOPHIX B KAUYECTBE CHIPhsI UCIIOJIB3YETCs ATAHOJI,
MOJTYYCHHBIM M3 OMoMacchl myTeM (hepMEHTAaTHBHOTO KaTajiu3a, MPUBJICKAIOT OOJIbIIIEe BHUMAHUE
uccaenopareneid. OQHUM U3 MPOAYKTOB MEPEpabOTKU 3TaHOJA SBISCTCS aleTaIbJICTHa, BaXKHOE
MMPOMEKYTOYHOE COCIMHEHHE OPraHWMYeCKOro CHHTe3a. I[IpOMBIIIUICHHBIE METOJbI CHHTE3a
areTanbJAeTU/Ia MMyTeM THAPUPOBAHMS alleTUIICHA WM OKHCIICHHs THJICHA HECOBEPILICHHBI, TOT/Ia
KaK CI0CO0 TMOJIYYCHHS aleTajabJernia JICTHAPUPOBAHMEM JTaHOJIA MMEET P IPEUMYIIECTB:
OTCYTCTBUE SIJIOBUTHIX OTXOJIOB, JOCTATOYHO MSATKHE YCJIOBHUS MPOBEIACHUS PEAKIIUU U MOITYICHHUE
Hapsay C aleTalbJIeruJ0M BOJOPOJA, KOTOPBIH MOXHO HMCIOJB30BaTh B APYrux mpoieccax [1].
[Ipomecc momydyeHHs aneTaableTHa KaTATMTHYCCKUM JETHAPUPOBAHUEM M OKHCIUTEIHHBIM
JETHIPUPOBAHUEM STHUJIOBOTO CIIMPTA HE TOJBKO HE TEPSAET CBOETO IPAKTUYCCKOTO 3HAYCHHMS, HO U
npuoOpeTaeT Bce OOJBIINN HHTEPEC B CBA3M C OBICTPHIMH TEMIIAMH Pa3BUTHS TEXHOJOTHUH
MOJIyUYeHHUsl STHIOBOTO chupTra u3 Ouomacchl. OIHAKO Ui CO3JaHUST KOHKYPEHTOCHOCOOHOM
TEXHOJIOTUU HeoOXouma pa3padoTka 3(hPpeKTHBHOTO KaTaln3aTopa, pa3padoTKa KOTOPBIX MIUPOKO
BeAETCS B MOCIIEIHUE TOJIBI [2].

B nanHo#t paboTe B KayecTBE KaTalIM3aTOPOB KOHBEPCHHU ATAHOJA JIO alleTajabJeruaa ObLIN
HCCIIEeIOBAaHbI MEbCOIEPIKAIINE OKCUIHBIE KOMIO3UTH MOIUGMUIIMIPOBAHHBIE OKCUIAMH IIMHKA WITH
xpoma. TecTupoBaHHe aKTHBHOCTH pa3pabOTaHHBIX KaTaaU3aTOPOB MPOBOJWINA B MPOTOYHOM
pexume, B uaTepBae temieparyp 150 — 350°C u o6beMHoO# ckopocTH 1- 60 71 [3].

KaranuzaTopbl TOTOBMJIM METOJOM NPOMUTKHA HOCUTENS] a30THOKHUCIBIMH COJISIMH ME[H,
xpoma wm nuHKa (CuO/AlL O3, CuO+ZnO/Al,0;, CuO+Cr,03/Al03). Meab-xpoMOBbIit
KaTajau3aTop, IOKa3aBIIMKA HAWOONBIIYI0 AaKTUBHOCTH B KOHBEPCHM JTAHONA TaKke ObLI
npurotoBiieH MetogoM ropeHus (CuO+Cr,03*/Al,03). Du3nko-XMMHUYECKHE XapaKTePUCTUKU
KaTaJau3aTopoB ObUIH UCCIIEOBAHBI METOAMH JIEKTPOHHOW MUKPOCKOMHHU U Z-TIOTEHIHATIA.
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Pe3ynbTarhl nccieI0BaHUU aKTUBHOCTH M CEJICKTHBHOCTH MEIbCOACPIKAIINX KATAIN3aTOPOB
noka3anu (pucyHok 1), uro moauduipoanue karaausaropa CUO/Al,O; okcupamu nuHKA WK
XpoMa MPUBOST K TIOBHIIICHNIO aKTUBHOCTH KaTann3aropa. KoHBepcus 3TaHONIa YBETMYUBACTCS OT
56 o 78 % 3a c4eT MOBBILIECHUS B MPOJAYKTaX PEAKIIMH BBIXOAa BOJIOPOA U AlleTANIbICTHA.

I Korsepcus ataHona; [ S no Bogopony

100 I S ro ayetanbaervay; 1 S no atuneny

90

KoHBepcusi aTaHona n
CenekTMBHOCTb MO npoaykTam,%

CuO/ CuO+ZnO/  CuO+Cr203/ CuO+Cr203*/

KaTanusaTopel

Pucynok 1 — BausiHue mpupojibl KaTaau3aTtopos, HaHeceHHbIX Ha Al,O3, Ha KOHBEPCHIO dTaHONA
-1
CEJIEKTUBHOCTD Ipoliecca, Ipu yciaoBusax peakiuu Tp - 300°Cu W =14

He MomudunnpoBanHbIit CuO/Al,O3 HampaBaseT mpouecc B CTOPOHY JAETHApaTaIliy
3TaHOJa, B MPOJYKTaX peakuuu oOpaszyeTcsl ATHIEH C celeKTUBHOCThIO 44 %. IlpurortoBienue
CuO+Cr,03/Al,03 karanu3aTopa METO0M TOPEHUS PHUBOIUT K CHUKEHUIO KOHBEPCHH STaHOJIA JI0
55 %, ogHAKO MOBBINIAET CEIEKTUBHOCTD TpoIiecca 1o aneraibaeruny (Samnetanpaerua=50%).

§

K o
CUO+Cr203/A|20

CuO+Cr203*/A|203

3

Pucynok 2 — Mukpodotorpadun KaTaau3aTopoB

HccnenoBanue Kataau3aTOPOB METOJOM DJIEKTPOHHOW MHKPOCKOIUHU MOKa3ajio(pPUCYHOK 2),
yro mnpurotoBieane CuO+Cr,03/Al,03 MeTomoM TOpeHHs He BIMSACT HA CTPYKTYPHBIC
XapaKTEepUCTUKH KaTalu3aropa. B cocTaBe MeIb-XpOMOBOTO KaTalu3aTopa MPUTOTOBIEHHOTO Kak
METO/IOM MPOTHUTKH TaK U METO0M TOPEHHUs HAOIIOJAI0TCSI HAHOYACTHUIIBI C pa3MepamMu 3-5 HM.
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Pucynok 3 — Z-norenuuan kak ¢GyHkuus pH s xaranusaTtopos

OpHako H3y4YeHHME KaTaau3aToOpoB METOJOM Z-MOTEHIMajda MoKa3alo (pUcyHOK 3), d4TO
MIPUTOTOBJICHUE MEb-XPOMOBOTO KaTaJlM3aTopa METOJIOM TOpPEHUS MPUBOJMUT K TOBBIICHHIO pH
karamm3atopa a0 9,92. Torma xak pH katanusaTopa HPUTOTOBIEHHOIO METOJOM HPONUTKH
cocraBisaeT 9,79.

Takum o0Opa3oMm, MOJyU4EeHHBIC PE3YJbTAThl MOKA3BIBAIOT, YTO MPUPOAA MOIUPHUIHPYIOIIHX
n00aBOK M METOJ IPUTOTOBJIEHHS KaTajau3aTopa BIMSIOT HAa AKTUBHOCTb U CEJIEKTUBHOCTh
KOMITO3UTOB B KOHBEPCHM 3TaHOJA J0 aneTanpiaeruaa. Hanbosblias celneKTUBHOCTh Mpolecca 1o
aneranpaeruny (50 %) HaOmomaeTcss Ha MeEIb-XpPOMOBOM KaTajlu3aTope, HPUTOTOBICHHOTO
METO/IOM TopeHus. J[pyrue kaTanu3atopsl, KOTOpPhIE B I[eJIOM 0oJiee aKTUBHBI, 1al0T 00Jiee HU3KYIO
CEJICKTUBHOCTh IO OTHOIICHHMIO K alleTaJbACTUAY. OTH pe3yNIbTaThl SICHO MOJUYEPKHYIH, UTO
clieyeT MPOAODKUTH M3YyYEHHE METOJa TOpEHHUs pacTBopa JUIsl MOJYYEHHUS CEJEeKTUBHOIO
MHOTOKOMIIOHEeHTHOTO KaTtanu3atopa CuO+Cr,03*/Al,O3 mis moaydeHus aneraabieruga U3
3TaHoA.
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MAT'HUTHBIE KOMITIO3UTHI JIs1 PUDPOPMUHTI'A 3TAHOJIA

11“.E.Epra3lz1eBa, 1.2 K.Jocymos, 2C.)K.Tai/ipaﬁelc01;a, 3B.T.,Z[ocyMOBa, 'M.M.Tean6aesa.
Hncmumym npobnem eopenus
teHmp Qusuxo-Xumuueckux Memooos Hccneoosanus u Ananuza Kazaxckoeo Hayuonanvhozo ynueepcumema
um.anv-Papadbu,
SHUH Hosbix xumuueckux mexnono2uti u mamepuanos, KazHY um. anv -@apadbu, Armamer
ergazieva_g@mail.ru

IMokazaHa BO3MOXXHOCTH MNPUMEHEHHS MArHUTHBIX KOMIIO3UTOB B KayeCTBE KaTalW3aTOPOB  JUIs
HHU3KOTEMITepaTypHOro prudopMUHra 3TaHoja ¢ MONydeHHeM Bojopoaa. Haubonbinasi KoHIEHTpanus Bogopoaa 56 00.
% HaboaeTcs Ha MarHuTHOM KkommosuTe Fe,05 FeO 800°C, npu Temneparype pudopmunra sranona 300°C.

HccnenoBanus B 001aCTH MarHUTHBIX KOMIIO3UTOB U pa0OThI 10 CO3/IaHUIO HA 3TOM OCHOBE
HOBBIX CHCTEM OTHOCSTCS K YHCIy HaumOoJiee aKTyaJIbHBIX W TEPCTIEKTUBHBIX W SIBISIOTCS B
HACTOSIIIIEE BpPEeMsI CaMbIMU OBICTPO PpPa3BUBAIOLUIMMUCS M HauOoJiee aKTUBHO 0O0CYXIaeMbIMU
obnmacTssMu Hayku W TexHUKH [1, 2]. OgHUM W3 WHTEHCHBHO pPa3BHMBAEMBIX B ATOW oOmacTu
HaIpaBJIEHUH SBJSETCS TOJYyYeHHE HaHOPA3MEPHBIX MEPEXOHBIX METAJUIOB IPYMIbI XKejle3a U UX
B3aUMHBIX JIBYXKOMIIOHEHTHBIX cHcTeM. HawuOosiee pacnpocTpaHeHHBIH CIOCOO MOTyYEHHS
MarHeTHuTa - KuJAK0o(a3HbIil METO XMMHUYECKON KOHJIEHCAIIMH, B OCHOBE KOTOPOTO JICKUT MPOLIece
OCAKJCHHS COJIEM JBYX- M TPEXBAJEHTHOIO >Kejle3a KOHLEHTPHUPOBAaHHBIM BOJHBIM PacTBOPOM
aMmmuaka [3,4].

B nanHO#l paboTe CHHTE3UPOBAHBI METOJIOM COOCAXKICHHSI HOBbIE€ MarHUTHBIE KOMIIO3HUTHI
cozllep Kallle OKCHIBI JKele3a, ¢ W3MEHEHHEM TeMIeparypbl Tepmoobpabotku 120°C, 800°C
(Fe,03-FeO 120°C u Fe,03-FeO 800°C), a Takxke okcuibl xeneza u kobansta (Fep0z-CoO).
CuHTe3upoBaHHbIE MarHUTHBIE KOMIO3UTHI ObLIIM UCCIIEIOBaHbI B Ipoliecce puopMHUHra 3TaHOMA.
TectupoBanne HX KaTAIUTUYECKOM AaKTHUBHOCTU TMPOBOJWIM B MPOTOYHOM pEXUME MpU

temneparypax peakiuu 300, 350 u 400 °C. IToaydeHHBIE PE3YIILTATHI IPEACTABICHEI Ha PUCYHKAX
I u?2.
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Temnepatypa peakuun, ‘C
O603HaueHns: 1 — Fe,05-Co0; 2- Fe,05 FeO 120°C; 3 - Fe,05- FeO 800°C.

Pucynoxk 1 — BimsiHne TemMmepaTyphl peakiiy ¥ COCTaBa KaTann3aTopa Ha KoHneHTpanun Hp, n CO
B MPOJYKTaxX KOHBEPCHUH STAHOIA.
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O6o3nauenus: 1 — Fe,053-Co0; 2- Fe,03- FeO 120°C; 3 - Fe,05- FeO 800°C.

PucyHok 2 — BriusiHre TeMIiepaTypsl peakliui U cocTaBa KaTajnu3aTopa Ha koHueHTpawu CHy u CO,
B NIPOAYKTaX KOHBEPCUH ITAHOJNA

Kak BumHO u3 pucyHkoB 1 u 2 mpu puopMHHre 3TaHOJIa HAa MCCIEAYEMbIX KOMIIO3UTaX B
ra3oBBIX MPOJAYKTaxX peakiuu 0O0pa3yrTcs BOAOpoa, MeTaH, okcunbl yriaepoma (CO, COj), B
KUJKUAX MPOJYKTAaX PEakIMH B HE OOJBIIMX KOJMYECTBAxX areranpaerun (=5 00.%). Kpome Toro
HabmoaeTcsi 00pa3oBaHue 3TUJIeHA, HauOoJIbIlIas KOHIEHTpaIus Kotoporo 6,3 00.% mpuxoaurcs
Ha TemmnepaTypy peakiuu 300°C mis komnosuta Fe,03- FeO 800°C.

Cpenn u3ydeHHBIX KommosutoB Fe;03-CoO, Fe,Oz- FeO 120°C u Fe O3 FeO 800°C
HauOOJIbIIICH aKTUBHOCTHIO B pUGOPMHUHTE 3TaHOJa 00anaeT MarHUTHBIA Kommo3uT Fe;0Oz- FeO
800°C, KoHIEHTpalHs BOJOPOIA B IIPOAYKTaX PEAKIUH COCTABIAET 56 00.%.

[Ipomecc HM3KOTEMIIEpaTYypHOTO pU(OpPMHUHTA ATaHOJIA HM3BECTHBIA, HO MAJIOW3YYCHHBIN
npouecc. W3BECTHO, YTO HU3KOTEMIIEPATYpHBIM pUPOPMHUHT 3TAaHOJA MPOXOJUT Yepe3 2 CTaauu,
nepBoe oOpa3oBaHME alleTalbACTUa U BTOPOE — PA3JIOKEHHE alleTalbJeruja Ha MEeTaH U OKCH]L
yriaepoja.

CornacHO TOJYYEHHBIM pe3yldbTaTaM MOXHO MPEANON0KUTb, YTO TpaHcpopMaius
O0MOd3TaHOJa HAa CHUHTE3UPOBAHHBIX MArHUTHBIX KOMIIO3UTaX MPOXOIUT IO CIEAYIOIIeH cxeme

(puc.3).
3 CH, + CO

4
\ ‘
(0 + H0 =——b (0, + H,
CH=0
X + HI
\ _
DH — H‘-c _— CH.-\. + HJG

Pucynok 3 — IpeBpaienne 3TaHONa HA MATHUTHBIX KOMIIO3UTaX
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MarHuTHblE  KOMIO3WUTHI ~ CTHMYJHMPYIOT pPEAaKUUW JIETHAPOTEHU3AllMM  3TaHoja ¢
oOpa3oBaHUeM areTanpaeruaa u Bogopoaa (1), ¢ maapHEHIIUM paclierICHHeM aleTallbJeTn/Ia Ha
MeTaH u okcup yriepona (3). Kpome toro, Hanuuue AMOKCHIA YIJIEpOAa B IMPOIYKTAX PEAKLUU
CBUJCTEILCTBYET 00 MPOTEKAHUH PEaKIIMA MEXIY OKCHUIIOM yIiiepoia U BoJoi (4) ¢ oOpazoBaHueM
BoJIopoJa U AWOKcuaa yrieponaa (5). OOpazoBaHMe STUJIEHA CBHUACTEIBCTBYET O MPOTEKAHUU
JeruapaTanuu sTaHona (2).

Takum 00pa3oM, Ha OCHOBAHHH TOJYYEHHBIX PE3yIbTaTOB MOXKHO CHIEJIaTh BBIBOJ O TOM, YTO
MarHWTHBIE KOMIIO3UTHI MOTYT TPUMEHSTHCS B KadecTBE S(P(GEKTUBHBIX KaTalU3aTOPOB IS
pudopmuHra OHMO3TaHOJIA B BoAOpoA.  Hambonpmas koHmeHTpamusi Bogopoma 56 00. %
HabroiaeTcss Ha MarHUTHOM Komnosute Fe;Oz- FeO 800°C, mpu Ttemneparype pudopMuHTra
sranoia 300°C.
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HCCJIEJOBAHUE YIVIEPOAHBIX HAHOMATEPHUAJIOB METOAOM
PAMAHOBCKOMU CIIEKTPOCKOIINH C PA3JIMYHOU JJIMHOU BOJIHbI

3.P. Ucmarninos™, A.II. Hukurun®, O.10. Moabsauena®
“ @edepanvuoiii uccredosamenvckuil yenmp yens u yerexumuu CO PAH, Kemeposo, Poccus
 Huemumym kamumusa uwn. I'K. Bopeckosa CO PAH, Hosocubupck, Poccus
e-mail: zinferl@mail.ru

MeTomoM paMaHOBCKOM CIIEKTPOCKOITMH HCCIESIOBAHBI YIIIepOAHbIe HAHOMaTepruaisl. 1ensio paboThl ABIACTCS
HCCITEIOBAHNE YTIICPOAHBIX HAHOMATEPHUAIOB MPH BapHAIWHU JUTHHBI BOJHBI BO3OYKIECHUS Jla3epa, B Pe3yabTaTe 4ero
JIOCTHTAIOTCS PAa3IMYIHBIC pe30HAHCHBIE 3P (EKThI, GOPMATBLHO YKa3bIBAIOIINE HA PA3JINYUe COOTHOIICHHS TPad)UTOBOM
u neekTHOH (a3 BOJHOM U TOM ke o0pasiie.

BBenenne

Panee MBI ucciemoBamu [1-14] yrmeponneie HaHoBosiokHa (YHB) u MHOrocTeHHBIE
yriepoaHsle HaHOTpYyOku (MVYHT), nmonmupoBaHHBIE a30TOM, KOMIUIEKCOM (H3UKO-XUMHUECKUX
METOJIOB, B TOM YMCJ€ U METoA0M KoMOuHanuoHHoro paccesHus cseta (KPC) mnmm pamaHoBCKoi
cnekrpockonuu. Iloka3aHo, 4TO BBEAEHHE aToMa a30Ta B YIJIEPOJHYIO PEIIETKY YBEINYMBACT
oOmuit GecropsIOK B CHCTEME, TO €CThb YMEHBIIAeTCs MUK, CBA3aHHBIA C TaHTE€HIMAJIbHBIMU
KoJIe0aHUAMHU aTOMOB YIJIEpOJa, BXOAIUX B cocTaB rpaduroBoit miuockoctu. Cnektpsl KPC B
[14] nmomyuyeHs! npu BO30Y)XJICHUU CBETOM € JJIUHON BOJHBI 633 HM u 1064 HM. OTAMUUTENHHON
0COOEHHOCTBIO CIIEKTPOB, MOJYYEHHBIX MPH BO30YKICHUH KPACHBIM JIa3€pOM, SBIISETCS MOSIBICHUE
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Ha G-muke BTOPOro MakKCMMyMa, XOpOLIO pPAa3peHIeHHOTO0 OTHOCHTEIBHO «TPaUTOBOTOY
Kosie0aHus1, BCIICACTBUE MPOSIBIICHHS PE30HAHCA.

Jlnst momydeHust kauecTBeHHbIX D u G cUrHaioB M yCTaHOBICHHS 3HAYMMOTO COOTHOLICHHUS
uX UHTEeHCUBHOCTEH |p/lg HY)XHO 1M0100paTh ONTUMAIILHBIC YCIOBUS JIISl ChEMKH CIICKTPOB, OJTHUM
W3 KOTOPBIX SIBJISETCS JUIMHA BOJHBI BO30YXICHUS Jiazepa criekrpomerpa. [loaromy 1ennbio n1anHoM
paboTHI SBISIETCS BBISIBIIEHUE OCOOCHHOCTEW CTPOCHHS PA3IMYHBIX YIIIEPOTHBIX HAHOMATEPHAJIOB
(YHM) metonom KPC, npu Bo30yxAeHUU Ja3€pHBIM U3IYyYEHUEM Pa3IM4HOMN JJIMHBI BOJIHBI.

O0beKTHI U METOAMKA

B kauecTBe 00BEKTOB HCCIIEI0OBAHUS U CPAaBHUTEIBHOIO aHAIM3a PAaCCMaTPUBAJINCH JBE Maphbl
o6pasnos: mHorocteHHbie MYHT u cronounsie YHB, a takoke MYHT u okuciennsie o3oHoM O-
MYVYHT panee onrcannsie B [ 14].

HccnenoBanus npoBoawiIM Ha MpUOOpax ¢ UCTOYHMKAMH H3JIy4EHUS, OXBaThIBAIOLUE BEChH
BUJIUMBIN quana3oH — 457 um (cunuit), 514 um (3enensiit) u 6mmxHMl UK — 785 HM. B kadecte
CpaBHEHHUs, U3 paboThl [14], B3sATHl pe3yabTaTbl MU3MEPEHHUs CIIEKTPOB ITHX € 00pa3lloB Ha
puoOOpe C JIa3epoM € JUTMHOU BOJIHBI - 633 HM.

Crextpsl mpu BO30yXKIeHHWU JazepamMu 785 u 457 HM pErucTpupoOBaINCh Ha MpuUdOOpe
Renishaw inVia Reflex, a mpu 514 um - Renishaw InVia Basis.

boina BeImonHeHa 00paboOTKa CHEKTPOB pa3jokKEHHEM Ha COCTaBHbIE KOJIEOaHUS U UX
OIMMCAaHNE KIIACCUYECKUMHU cooTHOIIEeHUuIMH lp; I 1 lop lG.

Pe3yabTaTsl M 00Cy:K1eHHE

CpaBaennem cnektpoB MYHT u O-MVYHT ycranosneno, uro B O-MVYHT Bpesynbrare
okucneHus D-muk ymeHbIIUIICS OTHOCHTENBbHO G-NHKa M0 CpaBHEHHMIO ¢ HeOKHclIeHHbIM MYHT,
YTO MOXET OBbITh CJIEICTBHEM JIBYX KOHKYPHPYIOUIUX MPOIECCOB — JMOO MpU NEHCTBUU O30HA
yBeJIMYMIach TpaduToBasi COCTABIAIONIAs], CO3JaHHAs U3 Pa3yNopsI0U€HHBIX KPUCTANIUTOB, TUO0
BO BpeMsI OKHUCIICHHS 3TU camble KPUCTAJUIMTHI YAAJIMWINCH U3 00pasiia.

t
IDJ'IIG 4
3.5}
3 L
2.5}
2 L
1.5}
1 B /d
%‘V —8— MVHT
0.5} —6— O-MVHT
—6—VHB
D L L L L L L L L m
400 450 500 550 600 650 700 750 800
A, HM

Pucynok 1. 3aBucumoctu cootrotenus Ip/lg mis YHM pasiandHoro reHesnca ot JIHHBI BOJHBI BO30 YK ICHHSI
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J11s o ApOOHOTO PAacCMOTPEHUSI U3MEHEHHUsT COOTHOMIEHUS |p/lg ¢ M3MEHEHNEM JITTMHBI BOJIHBI
BO30Y)KJIAIOIIEr0 M3IY4YeHHUS MOCTPOCH IpadMK B COOTBETCTBYIOMIMX KOOpIuHaTax (pucyHokx 1).
Buano, yro muts MYHT u O-MVYHT 3aBucumoctd lp/lg OT MIMHBI BOJIHBL SBJISIOTCS CUMOATHBIM.
[TokazaTenp pa3auuusi B CTENEHM TpapUTHU3ALMU, WM YMHEHBIICHUS CTENeHU Ae(EeKTHOCTH,
COXpPAaHSETCs JUIsl BCErO CIEKTPaIbHOIO JMana3oHa, U OKa3bIBaeTcsl 00jiee BhIPaXKEHHBIM B 00J1aCTH
mmuHHBIX BOJH (Ip/lg = 3.56 u 2.28).

[MoBenenue 3aBucumoctu lp/lg oT mmmHbl BostHbl st YHB cxoxe mo xapakrtepy ¢ MYHT
JIMIIb JJIsl CHHETO W 3€JICHOTO JIa3epoB. 3aTteM cooTHolieHue lp/lg mpakTuvecku He M3MEHseTcs,
npu nepexoje Ha KpacHblil nian UK nazepsl. TakuM 00pa3oM Ha JUIMHHOBOJIHOBBIX J1a3epax MOKHO
OTCJIE)KMBATh HEKOTOPBIE pa3sHULbI reHeznca Y HM, paznnuus KOTOpBIX MEHEE 3aMETHBI HA CHHEM U
3€JICHOM H3iy4eHuu. Ha oCHOBaHMM CpaBHEHUS NOIYYEHHBIX 3aHCHUMOCTEM MOKHO 3aKJIIOUYUTh, B
nenom ctpoenne MYHT 6Gomnee mpocroe uem YHB.

BrIBOABI

U3 rpaduka 3aBucumoctu Ip/lg ot A cienyert, uro abcomoTHOE 3HaUeHHe cooTHOMmEHuS Ip/lG
JUIS BCEX OOpaslloB M3MEHSETCS ¢ M3MEHEHHEM JITMHBI BOJHBI BO3OYXKICHHSI, CIICOBATEIHHO,
CPaBHECHHSI COOTHOIICHUS TpadUTOBON MM JIe)eKTHON CTPYKTYphl HEKOPPEKTHO MPOBOJUTH IS
00pasmoB, CHATBHIX TMPU Pa3IUYHBIX JIMHAX BOJHBIL. Tak, o0sekr MVYHT, wmoxHO
KJIACCHU(HUITUPOBATh KaK OYEHb YIOPSJIOYCHHBIH, B KOTOPOM OYEHB OOJbINAs OIS TpadUTOBOU
(ha3bl, eciii UCCIIeI0OBATh €r0 TOJBKO Ha Jiazepe ¢ A=457 HM, U Ha000pOT, OUYEHb ACPEKTHBIM, €CIIN
HCIIOJIK30BaTh Jiazep ¢ A=785 uHm. [loaToMy 0coOEHHO Isi CpaBHEHUS psijia 00pa3IoB, HEOOX0IUMO
CpaBHHMBATh CIIEKTPBI, TTOJTydeHHBIC TTPH BO30YKJICHUH JIA3€POM C OJTHOM M TOM e JTTHHON BOJIHBI.

HccnenoBanue BBIOTHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢ouaa (mpoekt Ne 15-13-
10043).
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CHHTE3 YTJIEPOJJHBIX BOJIOKOH U3 BUTYMOB TSKEJIBIX HE®@TEN
METOIOM JJIEKTPOCIIMHHUHI'A

Kaiinap b.b., Aprum6aen /I.A., AprbikoaeBa M.T., CmaryJjioBa I'.T., Mauncypos 3.A.
Kazaxckuii HallMOHAJIbHBIN YHUBEpCUTET UM. anb-Dapadu, mp. Anp-Dapabu 71, Anmarter Kazaxcran
WuctutyT npodiem ropenus, yia. borenoaii 0ateipa 172, Anmarsl, Kazaxcran
kaydar.bayan@gmail.com

B mHacTosiee BpeMsi 3IEKTPOCIUHHUHI, HapsAy C JAPYTUMH MeToJaMH (BBITATUBAHUE,
TEMIUIATHBIA CHHTE3 U Jp.) NMPUMEHSIETCS ISl MOJYYEHHUs YIJIEPOJHBIX BOJOKOH. YTJIEpPOJHBIE
BOJIOKHA MMEIOT HCKJIIOUUTENbHbIE MOKa3aTeNnu (PU3UKO-XMMHUECKUX XapaKTepUCTHK, TaKhe Kak
BBICOKAsl TEIJIOCTOMKOCTh, MEXaHMYEeCKasi MPOYHOCTb, TEIUIOM3OJIALIMOHHBIE CBOMCTBA, BBICOKAs
yaenpHas TOBEPXHOCTh (aACOpPOLMOHHBIE XapaKTEPUCTUKH) U  ANACTUYHOCTh, a TaKxKe
OMOCOBMECTUMOCTh.  YTJEpOAHbIE BOJOKHA AaKTHMBHO TMPUMEHSIOTCS B  aBTOMOOWJIBHOM
MIPOMBIIIJIEHHOCTH, MpUOOpPOCTpOeHUH, GUIbTPAlMK, a TakKe IOJYyYeHHUs HOBBIX THUIIOB
KOMITO3UIIMOHHBIX MAaTEPUAJIOB U U3JICIUIA U3 HUX.

B ocHoBe paboThl MO MOJYYEHHUIO YIJIEPOAHBIX BOJOKOH JIGKUT mepepaboTka OuTyma,
MOJIyUEHHOTO MpH mepepadoTKe TSXKENbIX HedTel Ka3zaxCTaHCKUX MecTopoxkaeHui (MyHailibl
Moiia, bexke u gp.). ns momydeHHs BOJIOKOH HCIOJIB3YETCS METOJ 3JICKTPOCHUHHUHIA,
OCHOBAaHHBIM Ha BO3JCHCTBUM JJIEKTPOMArHUTHOTO MOl HAa MCXOJHBIA pacTBOp OUTyM-
MoJIMMEpHOU cMmecu. B Hacrosimiee Bpemsi Ui TOJY4YEHHs YTIEPOIHBIX BOJOKOH B KauecTBE
MIPEKYyPCOPOB UCHOIB3YIOTCS TOJUMEPBI: MOJUAKPIIOHUTPUI U (PeHoadopMaibAeruaHas CMOJIa.
[Ipumenenne OWTyMa, C BBICOKMM COJEPKaHHUEM YIIIEPOJHOTO OCTaTKa, IMO3BOJISIET 3aMEHHTH
MCI0JIb30BaHUE TIOTUMEPOB, YIPOCTUTH TEXHOJIOTUIO U IKOHOMUYECKHE ITOKa3aTeIu MPOU3BOJICTBA.

CyIIHOCTh MOJTYYEeHHsI YIBTPATOHKHX BOJIOKOH METOJOM 3JIEKTPOCIMHHHUHTA 3aKII0YAaeTCs B
TOM, YTO BBICOKOBOJIBTHOE 3jekTpudeckoe HanpspkeHue (10 — 15 kB) npukianeiBaeTcst kK pacTBOpy
MoJIMMepa, KOTOPBIH MPHU MOMOIIM aBTOMATU3UPOBAHHOTO J03aTOpa MOJAeTCs Yepe3 HroJibuaThblid
Kamwuisip. BbIicokoe HampspkeHWe MHAYLUPYET B MOJMMEPHOM pacTBOpPE OJHOMMEHHBIE
ANEKTPUYECKUE  3apsiibl, KOTOpPbIE, B pe3ylbTaTe€ KYJIOHOBCKOIO  3JIEKTPOCTATUYECKOIO
B3aMMOJICICTBUS, MPUBOJAT K BBITATMBAHUIO PACTBOpPA MOJIUMEPA B TOHKYIO CTpyro. [lonydueHnsie
CTPYH OTBEPKAAIOTCS 3a CUYET HUCHAPEHHs pPACTBOPUTENs, IMPEBPAIAsCh B BOJOKHA, U O]
JNEHCTBHEM DIEKTPOCTAaTUYECKHX CHJI JpeddyloT K 3a3eMJIICHHOW TMOMAJIOXKKE, HMeEIolIei
MIPOTUBOTIOJIOKHOE 3HAYEHUE 3JIEKTPUUYECKOro nmoTeHuuana. llosiyueHHble BOJOKHA-TIPEKYpPCOPBHI,
cocrosimue W3 OMTyMa M TMOJUMEpa MOJBEpPraauch KapOOHHM3AIMH MPHU BBICOKOHN TemiepaType B
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uHepTHOU cpexe. [lomyueHHBIC yriIepOJHBIE BOJOKHA OBLIM HCCIEIOBAHBI PA3IMYHBIMU (DHU3HKO-
XUMHYECKUMHU METOJIaM aHaJIM3a JUIsl YCTAHOBIICHUSI CTPYKTYPBI U MOP(OJIOTHH BOJIOKOH.

N3YYEHUE BJIUAHUSA NPOIIUTKU NNOJUCYJNbPUIHBIMU PACTBOPAMHU
KAJIbIIUS HA CTPOUTEJIBHBIE MATEPHUAJIBI

E.P. Kepumkyaos, ML.II. Axmanuesa, T.T. Toneb6aeB, bauyasosa H.B.
Kazaxcruili nayuonanvholil ynueepcumem um. ano-@apabu, Anmamer, Kazaxcman

Kadgheopa obweni u neopeanuuecxout xumuu
(K-esen1991@mail.ru)

B pabote ObLTH IPUTOTOBJICHBI MPONUTOYHBIC PACTBOPHI U3 HEPTAHOU cepbl TEHIM3CKOTO MECTOPOXKICHHS U 13
koMOBO# m3BecTd. C TIOMOIIBI0 HU3KOTEMIIEPATyPHOTro OOKHUra MOJyueH HAHOCTPYKTYPHBIN M3BECTKOBBIN KOMITOHEHT
U3 U3BECTHSKA-paKylleyHnKa beifHeyckoro MecTopoX/ieHHs. Y CTAaHOBJICHO, YTO MPOMUTKA OTXOJI0B JOOBIYH M MHJICHUS
U3BECTHSKA-PaKylIeYHNKa 00ECIeYnBaET MONYyYSHUE TTeCKa U IeOHS ISl CII0EB JOPOXKHBIX KOHCTPYKIHH.

Kympicta TeHi3 keH OpPHBIHBIH MYHAll KYKYPTIHEH »KOHE KECEeKTi OKTACThIH KOMETIMEH CIHJipMe epiTiHAaiiep
JNaibiHAanasl. TeMeH TeMreparypajibl KYHAIpy apKpuibl beliHey KeH OpHBIHBIH OK YIYTaChblHAH HAaHOKYPBIIBIMIIBI
OKTAacThl KOMIIOHEHT aJlblHAbl. ©OK YIyTachlHa CIHJIIpME EpITIHIICIH eHrizy JKol Kadarhl KYpbUIBICTapbIHA
KOJIJIAaHBUIATBIH KYM MEH KHBIPIIBIK TacTap ajlyFa MYMKIHIIK OEpeTiH/IIrT aHbIKTaJIIbI.

In the work, impregnating solutions were prepared from the oil sulfur of the Tengiz field and from lump lime.
With the help of low-temperature firing, a nanostructured calcareous component was obtained from limestone-shell
rock from the Beineu deposit. It is established that impregnation of mining and sawing waste of limestone-shell rock
provides the production of sand and gravel for layers of road structures.

BBenenue

Br16op W3BECTHAKA-PAKYIICUHUKA (ocamounas ropHas mopo/ia, cocTosIas
npeumyiiectBeHHo u3 Kaiabiuta CaCO3) B KauecTBE OOBEKTa JUIsl MCCIEIOBaHUS OOYCIOBIICH
OTPOMHBIMH 3ariacaMy pakylieyHuka B 3amagHoM Kazaxcrane, Haaudyuem OOJbIIMX OOBEMOB
AJIEMEHTHOM CEPBI - MPOyKTa OUMCTKH 3anaaHo-Kazaxcranckoi HehTH 1ePUITMTOM CTPOUTEIIBHBIX
MarepuayioB B 3anagHoM KazaxcraHe 1711 MHOTOTOHHa)KHOTO JIOPOKHOTO CTPOUTEIIHCTRA.

[IleGeHb, MOTy4aeMBbIil U3 U3BECTHSAKA-PAKYIICYHUKA, TI0 CBOUM CBOMCTBAM HE COOTBETCTBYET
TpeOOBAHUSAM CTAHJAPTOB, MPEABABIIEMBIM K MaTepHaIaM I JOPOKHOTO CTPOUTEIHCTBA.

_—

Puc. 1 - TpybdaTo-cTonO4aTass MUKPOCTPYKTYPa N3BECTHAKA -paKyIedHIKa JKeTi0aiickoro MecTOpOXKICHS,
yBenuaenue x24000
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[TocTaHOBKa HACTOSIIErO MCCIIEOBaHUS 000CHOBaHA pa3pabOTKON IPPEKTUBHOTO criocoda
BOBJICYCHHS HE(TSHOW Cepbl B MHOTOTOHHa)XHOE MPOM3BOJCTBO U IMOJYYCHHUEM CTPOUTEIHHOTO
Marepuaga W3 M3BECTHSIKA-paKylI€UHUKAa IpPHU CYIIECTBEHHOM TMOBBIILIEHUH €ro IJIOTHOCTH,
BOJOCTOMKOCTM M YIYUYIICHHH BCEX, CBS3aHHBIX C YIUIOTHEHHEM CTPYKTYpPBI, (DU3HUKO-
MEXaHUYECKUX CBOWCTB, YTO MO3BOJISIET IPUMEHSATH €TI0 B JIOPOKHOM CTPOUTEILCTBE.

[lopucTelii  M3BECTHAK-PAKYLICUYHUK  XapaKTEPU3YETCS IPUPOJHONM  HAHOCTPYKTYPHOU
Matpuuei (puc. 1), ecTeCTBEHHbIE MYCTOThI KOTOPOM IpPU IMPOIUTKE 3aMOJHSIOTCS PacTBOPOM
noJcynb(duaa Kajablys, HE pa3pylias UCXOAHYIO CTPYKTYpY, 3aTeéM Ha BO3JyXe HEYCTOWYMBBIN
NOJIMCYNNb(U KaNbLUs pacrnafgaeTcss C BBIIEJICHHWEM JIIEMEHTHOW HAaHOpPAa3MEpPHOW CepHl,
KOJIbMaTUPYIOIIEH TOPOBOE MPOCTPAHCTBO, OTPAHNYMBAs POHUKHOBEeHUE Biaru [1-2].

JKCNepUMEHTAJIbHASA YacTh

JUis IpUrOTOBJIEHUS! MPOMUTOYHBIX PACTBOPOB B KAau€CTBE CHIPHEBBIX KOMIIOHEHTOB Oblia
B3siTa He(dTsHas cepa TEHTrM3CKOTO MECTOPOXKJEHUS M KOMOBas M3BECTb, a JUISl MOJyYEHHS
HAaHOCTPYKTYPHOTO H3BECTKOBOTO KOMIIOHEHTa ObLI MPOBEIEH HU3KOTEMIEPATYpHbIH OOKUT
M3BECTHSKA-PAKYIIEYHUKA bEeHEyCKOro MECTOPOKICHUS.

OOGxur mpoBowIICs B TaboparopHoit mydenbHol meun npu temmeparype 950 °C B TedeHwue
nByx yacoB. CHHTE3 pacTBOPOB TOJUCYIb(QHUAA KalbliUig TPOBOJIWIH, BapbUPYs CHOCOOBI
MOATOTOBKH MCXOJIHBIX KOMIIOHEHTOB MPH YCIOBHSX: JJIUTEIBHOCTH TOMOJIa UCXOIHOM cephl OT 15
MHHYT 710 3-X 4YacOB; COBMECTHBIM IOMOJI CEpbl M W3BECTH NIPHU JUIMTEIBHOCTH | 9ac; cuHTE3
pacTBopa MpH Pa3IMUHBIX PeKUMAX TepMUUIecKoi 00paboTku - B aBTokiase (100 °C; 0,1MII) npu
JUTUTENTFHOCTH OT 15 MHHYT 10 3-X 9acoB; Ha AMEKTPOIUIMTKE - OT 1 10 3-X 4acoB; B MYJIBTHBApPKE -
oT 15 mo 30 MuHYyT.

Pe3yabTarhl U 00Cy:KIeHUE

[Ipy moAroToBKEe MCXOJHON cMecu ObLT MPUMEHEH CIOCO0 COBMECTHOTO MOMOJIa CEephl U
W3BECTH, MPEUMYIIECTBO KOTOPOTO  3aKJIIOYAeTCsl B CHUKEHUHM CTAaTUYECKOTO 3apsijia, dYTO
YMEHBINIAET DJEKTPU3ALUI0 MOJIOTOM cepbl, CIOCOOCTBYET CHHXEHHIO HaJIWIMAHUS €€ Ha
MOBEPXHOCTH  MEJBHUIIBI, CHOCOOCTBYET  MOBBIIMICHUIO  CHIMYYEeCTH  LIMXThHI,  YJIydlIaeT
CMauMBa€MOCTh KOMIIOHEHTOB U, COOTBETCTBEHHO, YJY4IIaeT KayecTBO IOJIY4aeMOIo pacTBOpa.
[170THOCTh TOJy4aeMOro W3 IIMXTHl COBMECTHOTO MOMOJa pacTBOpa MOJUCYAb(UIa Kamblus
yBenuuuBaercs Ha 12 %.

Pe3ynbTarhl 3KCIEpUMEHTOB MOKa3aiM, YTO U BHUJl CHIPEBBIX KOMIIOHEHTOB, U CIOCOOBI €ro
MOJITOTOBKH, U TEPMUYECKUE PEKUMBI CHHTE3a OKa3bIBAIOT CYIECTBEHHOE BIMSHUE HA IIOTHOCTh
MOJIy4aeMOro pacTBopa mojucylbduaa Kanblus. ONTUMANbHBIM PEKUMOM IS TOJYyYEHHUS
pacTBopa SBJISIETCSI CHHTE3 B aBTOKJIaBe B Te€YeHHE | yaca Ha OCHOBE HIMXThI, TPUTOTOBICHHON
COBMECTHBIM MOMOJIOM CEphl U U3BECTU B T€UEeHHE | yaca, B3ATHIX B COOTHOILIEHUU 2:1, MIOTHOCTH
MOJIyY€HHOTO pacTBOpa noJaucyibpuaa kampius 1,24 r/em’.

CuHTe3UpOBaHHBIMU PACTBOPAMHU TMONUCYIb(HIA KaNblUs MPOMUTAHBI 00pa3lbl MIEOHS U3
U3BECTHKa-pakymeynuka ¢ ppakuueit 10-20 mm belineyckoro u JXeTpi0alickoro MecTOpoXaeHUN
Manrucrayckoit 061acTu, pe3ylnbTaThl ONpeIeiIeHHs] CBOWCTB MPUBEICHBI B Ta0IuIe 1 1 Ha pUCYHKE
2.

N3 tabmuubl 1 BuaHO, 4TO mocie 0OpabOTKU paKyIIeYHHWKa pacTBOpaMu MOJIUCYIbGuAa
KaJbIUsl, BOJIOTIOTJIONIEHNE O00pa3lloB CHU3UIIOCH B TPU pasa, a Mpeesl MPOYHOCTH MPHU CXKATUU
HE3HAYMUTEJIbHO OBBICHIICS.
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Tabmuua 1. I3meHeHne pu3nKo-MEeXaHNIEeCKUX CBOMCTB 00pa3I0B M3BECTHAKA-PAKYILICYHUKA
MOCIIE MTPOMTUTKU PACTBOPOM TOJIUCYITb(PU KAIbIUs

Oopaszerg HanmenoBanue nokasarens
Boponornomenue, % IIpounocts, MIla
1-XK, 10-20 3,05 3,4
2- b, 10-20 3,77 3,2
3-5,5-10 4,50 2,9
4, ucx. 18, 07 2,8

Puc. 2 - O6pa3ubl ncxoHOTO (2) W PONUTAHHOTO 11eOHs (0) N3 U3BECTHSAKA-PAKYIIICUHHKA

Puc. 3 — a) 0Opa3up! NpoNUTaHHBIE U HETIPOIIMTAaHHBIE PACTBOPOM MOIHCYNb(GHIA KBNS U YKPEIUICHHBIE TIPH
Pa3JIMYHBIX COOTHOIICHHUSX IeMeHTa, 0) 00pas31bl OcIe HACHIIICHNS

Kak BuaHo (13 pucyHka 3) o0Opaslibl HENPONMUTAHHBIN MOINUCYIb(GUAOM KaJIbIHs MOJHOCTHIO
paspymaerca BoJOW B TedeHHe 10 ceKyHZA, a NPONMTAHHBIE COXPAHSIT IPOYHOCTH B BOJE B
TE€YEHUE JUINTEIBHOIO BPEMEHH.

BrIBOABI

[Ipumenenne pacTBopa MOMUCYIb(GUAA Kbl B KadecTBe THAPOPOOH3UPYIOIIETO CPEICTBA
JUI W3BECTHSKA-paKylIEYHUKA MPOCTHIM CHOCOOOM MPOMUTKH JaeT TIIyOOKOe MPOHUKHOBEHHE
pacTBopa moiucylb(uga B MHUKPO- U HAHOMOPOBYIO CTPYKTYPY H3BECTHSAKA-paKyIICeUYHUKA, a,
BBIJICTISIONIASCS TIPU Pa3jokKEHUH MONHUCYIb(UIa KalblMs HaHOpa3MEpHas dSJIeMEHTHas cepa,
KOJIbMaTHPYyeT TMOpPOBOE MPOCTPAHCTBO U MPEMATCTBYET MPOHMKHOBEHHIO Biard. Takoil crmoco0
ruapodoOu3anuu  00ecreynBaeT MOBBIIEHUE OKCIUTYaTAI[MOHHBIX  CBOMCTB  MPHPOJHOTO
MOPU30BAHHOTO MIEOHS M OTXOJOB JOOBIUM HM3BECTHSKA-pAKyIICYHHKA M pacHIMpseT o01acThb
MPUMEHEHHUS] B OKCIUIYaTallMOHHOW CpEeJe TOBBIIIEHHOW arpecCUBHOCTH, XapaKTepHOU Jid
]
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3anmagno-Kazaxcranckoro pernona PK u ucmbiThiBaromiero aeuuuT crpoiMarepraioB MECTHOTO
MIPOU3BOJICTBA.

Takum 00pa3oM, B pe3ysibTaTe MPOBEICHHBIX IKCIEPUMEHTOB YCTAHOBIIEHO, YTO IMPOIUTKA
OTXOJIOB JIOOBIYM U NMHJICHUSI H3BECTHUKA-PAKYIICYHUKA 00ECIIEYNBACT MOJyUYCHUE MecKa U IeOHs
JUI CIIOCB JOPOKHBIX KOHCTPYKIHW, OTBEYAMOINUX TPEOOBAHUSAM CTaHJAPTOB K CTPOUTEIHHO-
JOPOKHBIM MaTepHaliaM.
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AHHOTAIUA

[pencTaBneHsl pe3ynbTaThl IKCIIEPUMEHTOB MO cHHTE3y HAaHOCTPYKTYp SiC 1 C METOI0M XUMHYIECKOTO
OCaXKJICHUSI M3 Ta30BOH (a3bl B MUKPOBOJIHOBOM Tuia3Me Ha Fe karamuzatopax. B kauecTBe moamoxex
HCIIOJIB30BAJINCh IIJIACTUHBI TIOJIMPOBAHHOI'O MOHOKPUCTAJUIMYECKOIO0 MW IIOPHUCTOr0 KPEMHUS, Ha
MOBEPXHOCTh KOTOPBIX OBbLI HAIBUICEH TOHKHWI CIOM KaTanu3aTtopa. McciiemoBaH mpolecc MOMydeHUst
HaHOCTPYKTYP SiC 1 C METOMOM XHMUYECKOTO OCAXKICHHUS M3 Ta30BOM (a3bl B MUKPOBOJIIHOBOH ILIa3Me,
3aBHCHMOCTB CTPYKTYpPbI U MOP(OIOruU 00pa3lioB OT TEMIIEPATYPhl CHHTE3A.

Abstract

The results of experiments on the synthesis of SiC and C nanostructures on Fe catalysts by the method of
microwave plasma assisted chemical vapor deposition are presented. The plates of polished single-crystal
and porous silicon coated with a thin layer of catalyst were used. The process of obtaining SiC and C
nanostructures by the method of microwave plasma assisted chemical vapor deposition and the
dependence of the structure and morphology of the samples on the synthesis temperature were studied.

BBenenne

Onnomepnbie (1D) HaHOCTPYKTYpBI, TakMe Kak HAHOBOJOKHA WM HAaHOTPYOKH, BBI3BIBAIOT
OonbiIol uHTEpec B oOnacTu (pyHIaMEHTANbHBIX HCCIEIOBAHUN, a TaKKe MOTEHIIMATbHBIX
MIPOPBIBHBIX MpuMeHeHuil. Cpean MHOTUX MaTepuanoB, kapoun kpemuus (SiC) umeeT MHTEpeCcHbIe
¢busznueckne, XUMUYECKHE W DIIeKTpOHHbIE cBoWcTBa. [lo 3Toi mpuumHe 1D HaHOCTPYKTYpHI
KapOuga KpeMHHs, KOTOpbIE€ COUETalOT B cebe OTIWYHbIE BHYTPEHHHE CBOMCTBA C HM3KOM
pa3MepHOCThHIO, UMEIOT 00JIBINON moTeHIMan [1].
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Cunte3 HaHOCTPYKTYp SiC OCYIIECTBISIOT B MPHCYTCTBUU KaTalIW3aTOpPOB Ha OCHOBE
nepexonubix MetaioB (Fe, Ni, Co) ¢ mo6aBkaMu pa3IMYHBIX MPOMOTOPOB TPU TEMIIEpaType B
obmactu 500-1500°C [2].

HenasHo oxHOMepHBIe (1D) momynpoBOJHUKOBBIX HAHOCTPYKTYPHI (BOJIOKHA, TPYOKH) CTaIu
LeNbl0 MHTEHCUBHBIX MCCIEJI0BAaHUN, Onarojapss CBOMM YHUKaJIbHBIM IPUMEHEHUSM B
IIPOU3BOJICTBE DJIEKTPOHHBIX, ONTOAIEKTPOHHBIX M CEHCOPHBIX YCTPOHCTB HAHOMETPOBOIO
Mmacmraba. M3-3a uX MOTEHIMAIBHOTO MPUMEHEHUSI B HAHOYCTpoiCTBax, 1D momynpoBoaHUKOBBIE
HaHOMaTepHuaJibl ObUIM BHIOpAHBI B KauecTBE 0J1HOro U3 Tom-10 TexHonoruii B Texuuueckom o030pe
Maccauycerckoro TexHojoruueckoro uucturyra B 2003 roay [3].

Jerajau 3KcnepuMeHTa

Iloozomoexa noonosicex

B kauecTBe MOAJIOKEK HCIOJIB30BATIUCH TUIACTUHBI MOHOKPUCTAIIIMYECKOTO KPEMHUSI MapKu
KJIb-20 (mpousBoautens Siegert Wafer GmbH, ['epmanus) pasmepamu 1x1 cMm ¢ opueHTanuen
[100] u [111].

Tak e c 1enpl0 aKTUBAlMM MOBEPXHOCTH B Ipoliecce CHUHTe3a B Y4eOHOUl nabopaTopuu
MOJIYIPOBOAHUKOBOTO  mpubopocTpoenust Pusuko-texuuueckoro ¢akynprera KasHY Obuin
MOATOTOBJIEHBI MOUI0KKU U3 nopuctoro kpemuus (I1K). [{ns sTtoro kpucrammuyeckuii kpeMHU
npeaBapuTeNIbHO oOpabaThIBasicss B arieToHe W momemaicss B pactBop HoSO4:H,O, B Teuenne 5
MHHYT, C MOCIEAYIOMEd IPOMBIBKON B JEMOHW30BAaHHOM BOJE. 3aT€M ILJIACTUHBI NOTPYKAJIUCh B
tpaButenb HF:H,O B Tewenne 1 MuHyThHI, mocie 4ero TiIateiabHO MpoMbiBanuch. [1K Obin
chopMHUPOBaH EKTPOXUMUYECKUM aHOJUPOBaHHWEM B MOIM(UIIMPOBAHHOM pacTtBope coctaBa HF
(45%): sTokcudTaHoN : Boja B cooTHomeHuu 1:2:1. IInoTHOCTH TOKa U BpeMsl aHOAMPOBAHUS
cooTBeTCTBeHHO cocTaBuian: 15 MA u 10 munyr. Ilocrme TpaBieHus oOpas3ibl C MOPHCTHIM
KPEMHHMEM TIIATEIBHO MPOMBIBAIIMCH B JICMOHW30BAaHHOM BOJE MU NMPOCYHIMBAINCH HA BO3IYXE C
nomotibio ocemieHust [1K kpacHoit mammoit B Teuenwe 5 munyt. Jlamee Obutm ocaxiaeHbsl Fe
IJICHKW B TEUEHHWE 5 MHUH METOJIOM MarHeTpoOHHOTO pacmbiieHus Ha 0a3ze BYII-5M. Hanecenue
KaTaJM3aToOpOB HA KPEMHUU MPOBOAMIOCH B aTMoc(hepe Ar/H,, BennunHa CMENICHHs MOTEHIIUAIA
Mexay aektpogamu 600B, Tok minazmbr 28-30 MA. PabGodee maBieHuE KaMephbl COCTaBIISIIO 107
MM.pT.CT.

Cunme3s Hanocmpykmyp

CuHTe3 HaHOCTPYKTYyp mpoBoawica B Otaene MOBEPXHOCTH W TEXHOJOTUH HOBBIX
MarepuaioB MHcrtutyra MarepuanoBenenus YHuBepcutera r. 3ureH (I'epmaHus) Ha yCTaHOBKE
XMUMHUYECKOTO OCaXJIEHHUs U3 Ta30BOoM (a3pl B MUKPOBOJIHOBOHM Minazme (MB- XOI'®D) cucremsr
ASTEX (uactora 2.45 I'T).

DKCHepUMEHThl TPOBOAMWINCH B aTMocdepe cmecu ra3oB tpumerwicwiana ((CHsz)sSi) u
BOJIOpPOJa, CKOpPOCTh IOTOKa KOTOpBIX coctaBisma 10 u 400 CM°/MHUH, COOTBETCTBEHHO.
JIMUTEeNbHOCTh BCEX DKCIEPUMEHTOB — 120 MuH.

Pe3yabTaTsl M 00Ccy:KIeHHE

Memoo ckanupyroueil 31eKmpoHHOI MUKPOCKORUU

[Tomyuenusie 00pa3ibl ObUIM W3YUYEHBI METOJOM CKAaHUPYIOLIEH 2JEKTPOHHON MHKPOCKOTTUH
(COM) B MHWuctuTyre MarepuanoBeneHus YHuBepcuTera T. 3ureH. [l  HcClieToBaHUS
MOP(OJOTUM W  TOJNIIMHBI OOpa3lloB HCMONB30BAICS ABTOIMHUCCHOHHBIN  CKaHUPYIOUTUI
ANEKTPOHHBIA MHKPOCKOM CBEPXBBICOKOTO pasperneHust ¢upmbl Zeiss moaenu Gemini Ultra 55
BMECT€ C YCTPOMCTBOM il PEHTTEHOCHEKTPATbHOTO MHKpOAHAIM3a HCCIeAyeMOoro olpasia B
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mukpockorne ot pupmsl «Thermo Scientificy.

Ha pucynke 1 mpencraBieHbl pe3yabTaThl UCCIEIOBAaHUN 00pa3IoB, CHHTE3MPOBAHHBIX NIPU
temreparype noanoxku 600°C na 6ydepHom cioe Fe meroqom COM. MOXKHO 3aMETHTh, YTO HA
o0enx moaoxkax poct HC HOCUT MaccoBBIi XapaKkTep MO BCEW MOBEPXHOCTH MOMIOKKH (puc. la,
6 u ). Ha pucynkax It u 1x BuaHO, 4TO HAHOBOJIOKHA, TIOJTydE€HHBIC HA MOJMPOBAHHBIX TOIOKKAX
¢ opueHraruei [111] sBastoTcst Gosiee MPAMBIMU ¥ TOHKUMH. lramMeTp oOpa3oBaHUil COCTaBIISICT
80-150 uM. DHeproaucnepcHoOHHbBIE PEHTIEHOBCKHE CHEKTPhI YKA3bIBAIOT HA TO, YTO COJIEp)KaHUE
yraepona B HC Bapeupyercs ot 40 mo 70%.

3 - . i -
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Full scale counts: 1539 Base(102)_pt1
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Puc. 2 — COM-u300pakeHus! ¥ SHEPrOJUCTIEPCHOHHBIE PEHTICHOBCKUE CIIEKTPbI 00pa3lioB CHHTE3UPOBAHHBIX
npu Temneparype nomtoxku 600°C. a, 6, 6 — Ha omuposanrom Si (100), ¢, 0, e —na ITK (111)

Memoo KOMOUHAUUOHHO20 pacceaHUuA ceema

[Tomyuennsie oOpa3ipl ObUIM HMCCIEIO0BAaHBI METOJOM KOMOWHAIIMOHHOTO pacCcesHUs CBeTa
(KPC) B HammonanpHOM HaHOTEXHOJIOTMUYECKOH 1a00opaTopuu OTKPBITOTO THMA C MOMOUIbIO
cnektpoMerpa NT-MDT NTegra Spectra (uinHa BoJHBI J1azepHoro m3nydenus A = 473 um). Ha
pucynke 2 npuBeaeHsl criekTpbl KPC HekoTOphIX 00pa3Ios.
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Pucynok 2 - Criektpsl KPC yriiepoHbIX HAHOCTPYKTYP, MOMYy4YeHHbBIX TpH TemiepaType 600°C

B BepxHem o0Opasiie MOKHO 3aMeTuTh nuk mnpu 970.1 em™, COOTBETCTBYIOIIHUMI IIPOJOJIBHON
moze kapouaa kpemuus 3C-SiC [4]. TIuku D u G pacnonoxens! B obnactu 1358.7 u 1596.8 em™,
Hanuumne BTOporo mopsinka B mpenenax 2700.1 cm™, a take D+G muka B o6macta 2953.8 cm™
MO3BOJISAT CYIUTh O HAIWYMM YIIIEPOAHBIX HaHOTPYOOK. JlomonHurtensHbld muk mpu 1430.1 emt
cootBerctByer rpynmamMm CHjz [5]. [lns BTroporo o6pa3ia OCHOBHBIE YIJIEpOJAHBIE IHKH
Habroal0TCs B obmacti 1355.4 u 1571.3 em™. Kak u B nepBoM 00paslie MPUCYTCTBYIOT MUKU
kapOuma kpemHusi B npenenax 788.9 u 963.2 em™. Tk, pacmnonoKeHHbIi B obnactu 2722.6 em™
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COOTBETCTBYET rpynie 2D, oTBevaronieil 3a KpUCTaLTMYHOCTb.
3akiaro4eHue

bbutn mpoBeeHBI SKCIIEpUMEHTHI 110 cuHTe3y HaHocTpykTyp SiC u C na Fe OydepHom cioe
METOJIOM XUMHUYECKOTO OCAKICHUS M3 Ta30BOM (ha3bl B MUKPOBOJIHOBOH IIIa3Me.

HccnenoBanusi METOJOM CKaHHPYIOUIEH SJIEKTPOHHOW MHMKPOCKONHUHM TIOKa3aji, 4YTO
noyueHapie HC wmmeror amamerp 50-150 BM u mepoxoBaryro moBepxHOCTh. OOpasoBaHme
HaHOCTPYKTYp Mpoucxoaut Ha OydepHom cioe Fe. AnHanmu3 pe3ynbTaTOB CKaHUPYIOIIEH
ANEKTPOHHOW MHKPOCKONUHU 00pa3loB MOKAa3bIBaCT, YTO B OTIMYUH OT MOJMPOBAHHOTO Si poCT
HAaHOCTPYKTYp Ha TOBEPXHOCTH TIOPHCTOTO KPEMHHUS HOCHUT 0Oo0Jieeé MacCOBBIH XapakTep.
DHEpProMCIepCUOHHBIE PEHTTEHOBCKUE CIIEKTPHI YKa3bIBAIOT HA TO, YTO COJEpKaHME Yriepojaa B
HC Bapwupyercs ot ~40 10 ~90 %.

PesynbTaThl ncciie0BaHU METOI0M KOMOMHAIIMOHHOTO PACCESTHHUS CBETA MOJTBEPIFIIH, YTO
MPUCYTCTBYIOT YIJIEPOHbIC HAHOCTPYKTYPBI KapOuaa KpeMHHs co cTpykTypoi mosmmtuma 3C-SiC.
Taxxke MOXHO OTMETUTbH IMPUCYTCTBUE OCHOBHBIX YIJIEPOJHBIX MUKOB B mpenenax ~1300 u ~1500
cM™, KOTOPEIE COOTBETCTBYIOT YIIEPOIHBIM HAHOCTPYKTYPaM Ha 0OOMX THIIAX MOJUIOKEK. AHAITH3
MoKasajl, 4YTo HamOoJjee ONTHMAaJIbHOW TeMIlepaTypoil i TMOJY4YeHHUsS HAHOCTPYKTYp KapOuaa
kpeMHus sBisiercs 600°C.

Asmopul Onacodapam k.¢.-m.n. JQuxanbaesa K. K. 3a nomowsp 6 noocomoexe 00pazyos
nopucmozo KkpemHus, npogeccopa Kcun /Iorcanea — oupekmopa Hncmumyma Mamepuanogedenus
Vuusepcumema o. 3ucen (I'epmanusi) 3a npeoocmagieHHYI0 B03MONCHOCMb UCHONb30BAHUS
000pY008aHUSL.

Paboma evinonrnena npu uwacmuunoi ¢hunamcogot nodoepocke epauma Komumema Hayxu
MOH PK Ne 3823/T'®A4.
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MEXAHUYECKHE CBOMCTBA KAJIBIAN-®OCDHATHBIX TOKPBLITHUM
HOJYYEHBIX METOAOM BBICOKOYACTOTHOI'O MATHETPOHHOI'O
PACIIBIVIEHUA

1.2 1 1
A.K. Kenxerysos ', A.A. Mamaena“, A.B. [lannukun
'AO «MHCTHTYT MeTa/utypruu i oboramienusy, yi. lllepuenxo, 1. 29/133, r. Anmarsl, Pecniy6nuka Kasaxcran
2 HAO «Ka3axCcKuil HALMOHAJIBHBIN HCCIe0BATEbCKHI TeX HIUECKHUIA yauBepcuteT umenn K.W. CatnaeBay, yi.

Carnaesa 22a, r. AnMartsl, Pecriyonuka Kazaxcran
kazakh_1403@mail.ru

AHHOTAaIUSA

Kanpumii-ocdaTHpie TMOKPHITUS TONYYEHBl METOJOM BBICOKOYACTOTHOTO MAarHETPOHHOTO pacIbUICHHs Ha
TUTAHOBOW IMOJUIOXKKe. [IpoBe/ieHbI CKIIEpOMETPUUYECKHE HCCIIEIOBAHHS Ha MPOYHOCTh CLEIUICHUs! c(hOPMHUPOBAHHBIX
HOKPBITUH C MOTOXKKON, IPU Pa3HBIX 3HAYCHUAX TOMIMHBI MIeHOK 0.09 MxM, 0.72 MM 1 1.6 mxMm. OmpeneneHo, 4To
C yBEIWYEHHEM TOJNIIMHBI MOKPBITUS M3 TUApPOKcHamaTtuta 10 1.6 MKM TNPOHCXOAWT YAy4IIEHHE aJre3MOHHBIX
XapaKTEepUCTUK. MeToJ] CKIEpOMETPUU SABJSETCS IOJE3HBIM METOAOM Ui TONYYEHHs CPaBHUTENBHBIX 3HAUCHUI
a/Ir€3MOHHOMN MPOYHOCTH JIJIsS TBEP/BIX MOKPBITHH, C(HOPMUPOBAHHBIX HA MOJIOKKE.

BBenenue

Kanpuuii-pocparusie (K®) coenunenus, coxaepxkamue ruapokcuanatut (['’A) Ha
CETOJHSAIIHUN JIeHb SBJSAIOTCS HauOosiee BOCTPEOOBAaHHBIMM U pEATU3yeMbIMH B MEIUIIMHCKUX
MPUJIOKEHUSIX, HAIPUMEP, MPU HU3TOTOBJICHUU LIEMEHTA JUIsl PEereHepaTUBHON xupypruu [1] wim
dhopmupoBaHusi OMOCOBMECTUMBIX TOKPHITHI [2-4]. B HacTosmee BpeMs pa3paboTaH psiji METOJOB
UIA  co3laHus MNOKpeltMd ['A Ha METaNIMYECKHX HMIUIAHTATaX, KOTOPBIE YK€ HMEIOT
KOMMEPUYECKHE NMPUIOKEHH: IJIA3MEHHOE HAIbUICHUE, MUKPOIAYTOBOE OKCHIMPOBAHHUE, METOJBI,
OCHOBAaHHBIC Ha KPUCTAJUIM3ALUM IOKPBITUH M3 Pa3JIMYHBIX PAaCTBOPOB, METOJ AECTOHAILMOHHO-
ra3o0BOr0 HAINBUICHHUS, JIEKTPOXUMUYECKOE OCAKIEHHUE, 30JIb-T€Ib MOKPBITUS NOTPY)KEHHEM H JIp.
Kaxias MeToimKka UMeeT CBOIO 00J1acTh IPUMEHEHUS U OTIpeIeJICHHbIC OrpaHnYeHus [5].

Kak mokasplBalOT COBpEMEHHBIE HCCIICJOBaHMs, HCIOJIB30BAHHE METOJAa MarHeTPOHHOIO
pacrnbuieHUs] 00eCIeuynBaeT MOJy4eHUE BBICOKON aAre3MOHHON NMPOYHOCTH MEXIY MOIJIOKKON n
nokpbiTieM. OJHON M3 BaXKHEMIIMX XapaKTEpPUCTUK OMOCOBMECTUMBIX MOKPBITHM SBISIETCS MX
IIPOYHOCTb CLEIUICHUS K MOJIOKKe. /|1 OLleHKN NPOYHOCTH CLENJIeHUs MOKPBITUH U UX (pr3uKo-
MEXaHMUYECKUX CBOMCTB HCIOJIB3YIOT METOJ| CKiepoMmeTpuu (scratch test). Merton ckpery-tecta
SBJIICTCSL MPOCTBIM, IOJYKOJIMYECTBEHHBIM METOAOM, KOTOPBIH MOXET ObITh MCIIOJb30BaH IS
U3MEpPEHUs aAre3MOHHOM NPOYHOCTH Pa3IMYHBIX CUCTEM IIOUIOKKU-TOKPHITHS. OH BKIIOYAeT B
ce0si MPUMEHEHUE HOPMAaJbHOW Harpy3ku Ha MOBEPXHOCTb OOpasla uyepe3 MHIEHTOp, KOTOPbIH
nepeMelaeTcs 1o MoBEepXHOCTH 00pa3lia ¢ MOCTOSIHHON CKOPOCTHIO.

[ToxkpbITHs TOMyYEeHHbIE METOJOM MArHETPOHHOIO pachbUIeHUs o0safalT Haubosee
BBICOKOM aaresumeil K TOJJIOKKE [0 CpPaBHEHUM C JPYTUMH crocobaMu. OTO CBS3aHO C
BO3MO’KHOCTBIO KOMOMHHUPOBAHUS OUMCTKH MOBEPXHOCTH IMOJIOKKH MOHHON OOMOapAaMpoBKOH ¢
MIOCJIEYIOLUM IIPOBEJECHUEM HallbUIeHus [5].

Llenpto pabOTHl SABISIIOCH HCCIEOBAHME aJr€3MOHHBIX CBOMCTB KaJblMii-(hochaTHBIX
MOKPBITUH Ha TUTaHOBOM mojutokke mMapku BT1-0 chopmupoBaHHBIX ¢ momoluipio miasmel BY
MarHeTpOHHOI'O pas3psija.
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MarepuaJjibl 1 MeTOABI HCCJIEJ0OBAHUI

s nanecennsi KO mokpbITUH MCHOJIB30BAaCh MOJIEPHU3MPOBAHHAs yCTaHOBKA Ha 0ase
BVII-5M. PabGouas uwactora BY renmeparopa 5.28 MIn. Hanecenue xanpiuii-gochaTHbIX
MOKPBITUH Ha TUTAHOBYIO TOJUIOKKY MPOBOAMIIOCH B atMochepe Ar, Ha pabodeM [aBICHUU B
kamepe 0.1 Ila. PaccTositHue Mexay MUILIEHBIO M MOJIOKKONU cocTOoBWIO 40 MM, BpeMsi HAHECEHUS
MOKPBITUH B 3aBUCUMOCTH OT HEOOX0IMMO# ToJIUHBI cocTaBiisuio 10, 80, 190 muH.

CHauana naBjieHUE B PEaKIIMOHHOW BaKyyMHOM KaMepe MOHMKAJIOCh 10 3HaUYeHus 9- 107 Ia.
[Tonnoxka HarpeBanack a0 Temrepatypsl 900°C. [lanee B kamepy noaasaicst apron mapku OCY no
JNOCTYKEHHS U cTtabunu3anuu B kamepe padouero nmasieHus 0.1 IMa. IMotok rasza ocymiecTBisuics
aBTOMAaTUYECKU C MOMOILBIO CHCTEMBI peryistopa pacxonaa raza PPI'-3 ¢ tounoctsio +0.1 Ila.
3arem BkItovancs BY renepatop, u B paboueM oO0beMe BaKyyMHOW KamMepbl MEXIy MHILIEHbIO U
IIOJUIOKKOM B Tra30BOM cpefe aproHa 3axuranack BU-mmazma. MoImHOCTH H3iIydeHHs] TeHepaTtopa
200 Br.

B kxauecTBe 1Mo10KeK MCHOJIB30BATNCH MIIACTUHBI TUTaHa Mapku BT1-0. Muriensto sBisics
muck auaMerpom 120 MM U3 cripeccoBaHHOTO nopourkooOpasHoro ['A.

N3yuenne mpoduneit KOHIEHTpAIMK OCHOBHBIX JJIEMEHTOB IO TiIyOuMHE mMoiaydeHHBIX KO
MJIEHOK OCYIIECTBISIIIOCH MeTo1oM ke ciekTpockonuu Ha mpudope [lIxyna-2 (HITO «DnexTpony,
Poccust). Anresnonnsie cBoiictBa K@ mokphITHII M3MEPSITUCH ¢ TIOMOIIBIO CKpeTd-TecTepa Revetest
(CSM  Instruments, IlIBeiinapusi). HccnemoBanue (a30BOTo cocTaBa IMOJYyYEeHHBIX 0O0Opas3loB
MPOBOAMIIOCH ¢ Tomomibio nudpakromerpa D8 Advance (Bruker, CIIA) B HamumonansHO#
Hay49HOW JIabOpaTOpUM KOJUIGKTUBHOTO moJib30BaHus AQO «MHCTUTYT MeTaulypruv |
o0oraieHus .

Pe3yabTatsl M 00CyxKIeHHE

Anre3us noarotoBiieHHbIX K@ moKpbITHII U3Mepsiach METOIOM CKiiepoMmeTpur. [TapameTpsl
CKpATY-TE€CTa: MaKCHMajbHas Harpyska coctaBisuia 2 H, ckopocTh H3MEHEHHs HOPMalbHOTO
HarpyeHusina o0pasen; 2 H/MuH, ckopocTs nepeMenieHus: HHAEHTopa 7 MM/MUH, JUTMHA LapaiHbI
7 MM, paguyc KpUBU3HbI HAKOHEUHHUKA 20 MKM.

AJNIre3MOHHBIE CBOMCTBA U3MEPSIIUCH HA MOKPHITUAX ¢ TodumHamMu 0.09 mkm, 0.72 mkm u 1.6
MKM. OTH Pe3ylbTaTbl KOHTPOJIUPOBAIUCH C MOMOIIBI0 BCTPOCHHOTO ONTUYECKOTO MHUKPOCKOIIA
npudopa Revetest.

Ha o6pa3ne chopmupoBanHoro tommmHor 0.09 MM (Bpems HambuieHus 10 MHHYT)
paspyumienre K® mokpblTUs HauMHAETCA NMpU cuie Harpyxenus uniaeHrtopa 0.27 H, npu stom
MIPOUCXOJUT pe3koe BospacTanue, kak AD, Tak u KC, 4yro moarBepxkaaeT Hayayio Mpoliecca
JNECTPYKIUHU TOKpBITHsL. [Ipu Gosiee TOJICTOM MOKpHITHE ¢ TOMMIUHON MOKphITH (.72 MKM (Bpems
HanbuieHust 80 muHyT) 3aBucuMOCcTH KC n AD moka3siBaroT apyrue usmeHeHus. Hanuune nepBbix
HE3HAYUTENbHBIX M3MEHEHWH amIuutyasl AD 0O0ycJOBJIEHO MapaMeTrpamMu MIepOXOBATOCTH
noBepxHocTU. [lo Mepe yBennueHus CUIbl HATPYKEHUS MPOUCXOAUT Pa3pylIEHUE MOKPBITUS, HO
IpU JalbHEWIEM TMepeMEeIeHnd HWHACHTOPAa OTCYTCTBYIOT BHUAMMbBIC MPHU3HAKU Ppa3pyLICHHUS
MOKPBITUS, KaK B 30HE llapamaHus, TaKk U MO ee KpasM. Paspymienwe aare3uu mnokpeituii KO
npoucxomio npu Harpyske 0.85 H. Heo6xoauMo OTMETHTH TO, YTO OJHA M3 TPEX LApaluH,
caenanHoil Ha K® nmokpeitun Tonmuuoi (.72 MKM, Tak ¥ He MpUBENa K Pa3pyLICHUIO MOKPBITH
npu Harpy3ke 2 H. Ha ontuueckoit ¢otorpaduu mapanuasl (pucyHok 1) ObIT 3aMereH
neGopMarMoOHHbI (PPOHT B BHUJE BOJH HAYIIMX BIEPEOH WIIbI, YTO CBUJCTENHCTBYET O
IUTACTUYHOCTH MOKPBITHS [6]. OTCYTCTBYIOT BCIyYMBAHHUS MOBEPXHOCTH BOJW3M LAPAIIMHBI, YTO
CBUJIETEIBCTBYET O BBICOKOM 3HAUEHUHM AaAre€3uH, a TMOKPBITUE, BEPOSITHO, MUMEET CTPYKTYpY,
MOBTOPSIONIYI0 CTPYKTYpPY CaMOil TOBEPXHOCTH. M3 TpencTaBleHHBIX NaHHBIX Ha Trpaduke
3aBucuMoctel AD u KC u cuiibl HarpykeHusl OINpPEAENIEHO, YTO IOKPBITHE IMOJBEPrajioch K
MOMEHTY Hauaja pa3pyluieHusl.
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B cnyuae mokpeiTus, CHOPMUPOBAHHOTO MPH TOJIIUHE 1.6 MKM peXHM NOBPEKICHUS
MOKPBITUS OTJINYAJICS OT TOHKUX MOKpbiTHH K®. Habmonancs oOpa3oBaHue PackoioB U CKOJIOB
BIoJIb Hapananuss npu Harpyske 0.54 H. Ilpu cune narpyxenuss unzaenropa 0.81 H wurma
IIPOJIaBJIMBAET MOKPBITHE, 3TO ObUIO 3aMETHO IO JaHHBIM Ha ONTHYECKOW MHMKpockonuil. Hauano
paspylieHus MIeHKU HauuHaeTcs ¢ cuitoil 3Hauenus 0.81 H, Ho naxe npu Harpy3ouHoii cuie 2H Ha
K® mnoxpeiTue He OBLIO BBIABICHO paspylieHue. I[IpuumHON BBICOKOH NPOYHOCTH aAre3uu
MpeacTaBisier co00l TOHKHMHM OKcHAHBIN cinoil TiOz, 4TO crmocoOCTByeT 0Opa30BaHHIO CHIIBHOU
KOBAJICHTHOM CBSI3M MEXAY MOJUI0OKKOM U MOKPBITHUEM [7].

B uTore, ucxoas U3 CpaBHUTEIBHOIO aHAJIM3a CKIEPOMETPHUU, MOXKHO CKa3aTb O TOM, YTO
IeHKU mpu MeHbied Tommmuue (0.09 MKM) mpereprieBaloT paspylleHue, TOorjaa Kak, mpu Ooliee
toscThiX TommuHax (0.72 u 1.6 MKM) He HaOJI0aNoCh pa3pylIeHNEe Jake MPHU CHUJIe HarpyKeHHs
2H. [TockomnbKy, TuieHKu ¢ TodmuHou 0.72 u 1.6 MkM o06saaiu 10CTaTOYHON MPOYHON aire3uen u
KOT'€3MOHHBIM CONPOTUBIIEHUEM.

3aki0ueHue

[IpoBenen aHanmu3 HKCHEPUMEHTANbHBIX pPE3yJIbTAaTOB MCCIENOBAHUN CTPYKTYpbl H
anre3snoHHbIX cBOWMCTB K@ mokpertuii pasHodt Tommuasl 0.09 MrM, 0.72 Mxm u 1.6 MKM.
VYcTaHOBIIEHO, YTO C YBETWYCHHEM TOJIIWHBI KamblIuid-PocarHON MOKpeITHH A0 1.6 MKM
MIPOUCXOJUT yAy4IIeHHE aAre3noHHbIX cBOMCTB. [lnenku ¢ tommmuoit 0.72 u 1.6 Mkm oOnananu
JOCTAaTOYHOM MPOYHOU aare3uel U KOr€3MOHHBIM COITPOTUBIICHUEM.

MOMEHT paspyuenust nokpbitus, F=0,85H 70 MOKPBITHE HEe PAa3pyLIEHO
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Pucynok 1 — Usmenenne KC, curaana AD nipu yBEITHYCHNHN IPUIIOKEHHON HArpy3ku it KO mokpeITHii u
(ororpadum moBepxHocTH TpH Harpy3ke F =2 H
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VJIK537.635

HCIIOJIb30OBAHUE METOJA 311P U151 U3YYEHUSA IIAPAMATHATHBIX
COCTOsAHUU PAOA OBPA3LOB, COAEPKALINX CAMAPUU U DOPBUU

KomaMypaTOBal, 10.A PﬂﬁI/IKHHZ, T.b BaﬁzmHOBl, JL.A MypaTOBZ, B.A PaKbIMeTOBz, P.E
BeﬁceHOBz, A Mepexce2 , B.A.baiiTum0eToBa
1. Keiprezckuii HantmonanbHell yHUBEPCHUTET, T. buikek
2. ®duzuko-texunueckuit nactutyr MOH PK, . AnMaTs!

B pabore mnpencraBieHbl pe3yabTaThl HM3YYEHHS METOINOM DIEKTPOHHOTO ITapaMarHUTHOTO pEe30HaHCa
COCTMHEHUM SmC|36H20, SmC|32MDAAZHzo,Sm(NOg;)?,ZMDAA, Sm(NO3)36H20, , ErCI6H20, ErCl2 MDAA
2H20, Er(NO3)36H20, ErCI6H,0. YcranosieHo, 9TO mapaMeTphl CIEKTPOB 3THX 00pas3lloB B TEUCHHE CYTOK HE
MeHstoTcs. OmgHako, 3a Oonee IUTENbHOE BpeMs IapaMmeTphl criekTpoB OIIP moryr mperepners 3Ha4HTENbHBIE
HU3MEHEHHs. DTO TOBOPUT O TOM, YTO 3a 3TO BPEMsI CO CTPYKTYpOH 00pa3loB MPOMU3OLLIN 3aMeTHbIe n3MeHenud. Hano
roJlaraTh, 4To 3TO MOXET IPUBECTH K M3MEHEHHIO 3()()EeKTHBHOCTH HCIIONB30BaHHUSA THX OOpa3loB B IPOHU3BOACTBE
NP JUTUTEIBHOM UX XpaHEHUH.

B¥J'I J)KYMBICTa SmCl;-2CsH100,N,-2H,0, SmC|3 6H,0, SmCI32MDAA2H20, Sm(NO:;):;ZMDAA, Sm(N03)3
6H,0, ErC|3'2C5H1002N2'2H20, ErCIBHzo, ErC|2 MDAA 2H,0, Er(N03)36H20, ErCIGHzo
KOCBUTBICTAPABIHAIEKTPOHABI apaMarHUTTI PE30HAHC OMiCIMEH 3epTTENTeH HOTIDKeNnepi YChiHpUIaabl. Ochl yiariiaep
CHEKTPiHIH MapaMeTpi ToyIiK OOHBI e3repicke YIIbIpaMaiThIHBI aHBIKTAIIBL. AJaiina y3aK yakpITTa (MbICajbl: 38 KYH)
OIIP cnextpiHiH mapamerpi enayip esrepeni. by, ocel yakeIT apaimbiFblHAA YATUIEPAiH KYPBUIBIMBIHAA alTapIIbIKTai
e3repicrep OonFaHBIH Kepcereni. Jemek Oy yariiepi y3aK yakpIT caKTay, olapIblH OHIipicTe KoJIAaHyaa THIMIUTITIH
©3repTyre 9Kel COFyMYMKIiH.

XOpOI.HO HU3BCCTHO 4YTO PCAKO3CMCIIBHBIC JJICMCHTBI W HUX COCIAUHCHUS IIUPOKO
HCIIOJIB3YIKOTCA B Pa3JIMUHBbIX o0racTax HayKHl, TCXHUKU W IIPOU3BOJCTBA. OcoObrit HHTEPCC
NpeACTABIAOT KOOPAUHAIIMOHHBIC COCIUHCHUA P30 ¢ OpPraHNYCCKUMU JIMTAHJIAMH. Onn
NPUMCHAIOTCA B PAaJUOIJICKTPOHUKE, TIPHU CO3AAHUN KBAHTOBBIX TCHCPATOPOB, B Ka4YCCTBC
HIOMHHO(bOpOB, B aHAJIUTHUYECKON XUMUU IIpU pasaCJICHUU pCAKO3CMCIIbHBIX 3JICMCHTOB.
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CucremaTuyeckoe HM3y4eHUE KOMIUIEKCOB PEIKO3EMENIbHBIX 3JEMEHTOB C Pa3IMYHBIMU
aMUJaMd ¥ KX HPOU3BOJHBIMU HayaloCh JI0BOJbHO pAaBHO[1-3]. Opnako, B JuTepaTrype
OTCYTCTBYIOT CBEACHHS O KOOPJIMHAIMOHHBIX COCAMHEHUSX METWJICHIMALlETaMuJa ¢ HUTpPAaTaMU,
XJIOpUAaMu camapusi U 3pOus, YTO OMPENEsieT CBOEBPEMEHHOCTh U aKTyaJIbHOCTh MPOBOIUMBIX
WCCIIEIOBAaHUN B 3TOM HAINPABIICHUH.

N3orepmuueckuM MeTo0oM pactBopumocTy npu 298K n3ydeHbl pacTBOPUMOCTH U TBEPJbIE
(1)21351 B CHCTEMax: Sm(N03)3 - C5H1002N2 - Hzo, Er(N03)3 - C5H1002N2 - Hzo, SmCI3 —
CsH1002N2 — H20, ErCl; —CsHp0O2N2, — H2O. VYcraHoBieHo o0pa3oBaHUE KOHTPYIHTHO
pPacTBOPUMBIX B BOJIE COCIMHEHUU CO CIEAYIOIIMM COOTHOIICHUEM PEarupyrolux KOMIIOHEHTOB
Sm(N03)3-2C5H1002N2-2H20, Er(N03)3-2C5H1002N2-2H20, SmCI3-2C5H1002N2-2H20,
ErCls-2CsH1002N2-2H,0. OnpeseneHbl KOHIEHTPAIMOHHBIC TIPECIBI UX KPUCTAUTU3AIUN B ITHX
cucteMax. Bce coeauHeHUsT BBIIETICHB B KPUCTAUIMYECKOM BHUJIE U HACHTH(UIIUPOBAHBI
M3y4eHueM psija  (QU3UKO-XMMUYECKUX METOJOB: HANpUMeEp, METOJIOM pPacTBOPUMOCTH B
PacTBOPUTEINSX C PA3TUYHON JUAIEKTPUUECKON MPOHUIIAEMOCTHIO U INIOTHOCTHIO. [10 moTyd4eHHbIM
JAHHBIM PACCUMUTAHBI UX yIEIbHBIE U MOJIEKYISpHbIE OOBEMBI. A Tak)Ke MPOBEICHO WX U3YUYCHHE
merogamu UMK cmektpockonmuu u  peHTreHogazoBoro anamm3za. Ha ocHoBe manabix UK
CIIEKTPOCKOITMU CJIEJIaH BBIBOJI O TOM, YTO KOOPJMWHAIIMOHHAS CBSI3b MEXK/y JUTAHAAMH M MOHAMH
camapusi W OpOHWsS  OCYIIECTBJISIETCS 4Yepe3 aTOMBl  KHCJIOpPOJa KapOOHWJIBHBIX — TPYII
MeTWiIeHauaneTamuaa. [IpenokeHsl mpeanosiaraeMble  CTPOSHUS COCIWHEHUH. PaccuuTaHbl
WHTCHCUBHOCTH JIMHUH W MEKIUIOCKOCTHBIE PACCTOSIHUS, MapaMeTphl AJIEMEHTApHOW SIYCHKH,
3HAQYECHHS PEHTTC€HOBCKOM IIOTHOCTU KPUCTAUIOB M YCTAHOBJICHO, YTO KPUCTAJUTMUYECKUE PEIICTKH
HCCTIEAYEMBIX COCTUHEHNUN OTHOCSITCS K MOHOKITMHHOM CHHTOHUH. [4]

B Hacrosmeii pabote npusenensl DIIP cekTpsl 3TUX COeMHEHHUM U JaHO UX 0O0CYKIEHH €.

CrexTpsl o0Opaslia ¢ camapueM. 3alucH CIEKTPOB Ha PUCYHKE la W pUCYHKE 2 CIENaHbl OT
OJIHOTO M TOTO € 00pasia, HO B pa3Hoe BpeMms ¢ uHTepBasoM B 38 muel. OOpas3ubl Opainch U3
OJIHOW W TOW K€ Tapbl W TPEACTABISUIM COOOW MEJIKHWN MOPOIIOK. BHUIHO, YTO CIEKTPHI 3THUX
00pa31oB 3aMETHO OTINYAIOTCS, YTO CBUIECTEIBCTBYET O TOM, UYTO C UX CTPYKTYpOIl 3a 3TO Bpems
MPOU30LUIM HEKOTOpble M3MEHEHHUs. DTO HaJ0 MMETh B BUIY IPH HCIOJIb30BAHUU O00pa3loB B
MIPOU3BOJICTBEHHBIX LIENSIX. B TO k€ Bpems ONBIT MOKA3bIBAET, YTO 3AMKMCh OJTHOM U TOU K€ HaBECKU
sTOoro oOpasna B T€UEHHE OJHOTO Paboyero JHsS HE MPUBOAUT K 3aMETHOMY HM3MEHEHHMIO BHJIA
CIEKTpa.

Cnenyer ormetuth uTo crektp OIIP srtoro oOpasma mmeeT oueHb CIOXKHBIM Bua. K
CO’KaJICHHIO, €0 pacinupoBKa Ha TaHHBIM MOMEHT 0e3 KaKUX-TH00 JOTOTHUTEIbHBIX CBEACHUN O
€ro CTPYKTYpE U MPUCYTCTBUSI HEU3BECHBIX MPUMECEN BEChbMa 3aTPYIHUTEIIbHA.

N3mepenust ciekTpoB oOpa3loB MPOBOIWINCH MIPU KOMHATHOW TeMIEpaType Ha SIMOHCKOM
cnektpoMerpe ¢Gupmbl Jeol, pabortaromeM B 3-x cMm nuanazoHe uinH BOJH.Crnektpsl JOI1P
M3y4aeMbIX 00pa3I0B 3aMHUCHIBATNCH HA TPEX pa3BEPTKAX MArHUTHOTO MOJISI ClieKTpoMeTrpa: 5 mT,
50 mT, 150 mT. Ha pucynke 1 mpuBenensl crektpbl DIIP o6pasma SmCl, 2MDAA-2H,0,
3alMCaHHBIX HA ATUX pa3BEPTKaX.
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WHCcTUTYT Npo6JsieM ropeHus

114



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

reaet Smcsrsr e 3
e A COMMINT X - 2 2= e
)
i |
\
|\
|
|
|
| |
t\ | N e
( AL
| A |
" |
|
! )
{ o
|
! \
i
o .
) = . e -
o AT TR Wi (W] WSRO St i~
T mw, g rva-1a3 -
[rpav—— —_—
oL 1 COMUEME: S b B
| R | \ g ——
i — 1 | e
i .
| 'A% ) SO et
‘ { 1 N W ’;
s
m
g R o
-
[ e
oty it "
= A2 %64 fov
et 0 T remccumIavT: rome e =)
e - amenve s ™y
——
e ereersy g SO RE U o
| } , {
| | | |
— | ‘ \
———— \ \ |
. b \ |
i Rl e Y e i
b ‘I \.rl A~ b
| [ | |
|, o t—
S
- -
R oF
o pen 1 ] Vi T

Pucynok5 - Criektpst DITP o6pasia Er(NOz); 6H,0. A)Hp=5 mT, B)Hp=50mT, C)Hp=150mT

WHCcTUTYT Npo6JsieM ropeHus

115



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

s
I
i
i
‘ )i
|
i
| )
i |
|
| i
|
|
L T S S ‘
L. —————— 4
\ | ! N !
\ [} |
\ |
L ‘
o i
i
\ !
| 3
Vo
i
| !
\ IIIE 6|
Y 3TN ae Lo
s i
01 B e
" e LR S SO
i) B "
9% _ meesn o "o
L ] 7 00peTs Wi Ao SEDTe e ke L0RORT] o suane Asear
e aneuz §19) - NALTIOEC e 023 P o _wan
v rriv e er—— s
i
|
| | |
DT S . 1] P—
T ) . e
i | ‘.] e (IR
’ ' |
|
e
i e ror Pr?
-

Phwen i it
ST e T 1t A SRR G

- sy e n
e 2 il
" rraeaeant - e 1 T
wr e . e P e it .

Pucyrok6 - Criektpst DIIP o6pasita Er(NO3z);2MDAA. 2H,0. A)Hp=5 mT, B)Hp=50mT, C)Hp=150mT

WHCcTUTYT Npo6JsieM ropeHus

116



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

e fomeni i
e eI
o8 =3
i | I
\ |
I |
1 \
\
| qx | 1
\
| ‘
i |
! [
| ]
p—" g e e et e At et Ty
’\\ N\
| 1
! |
\
‘
| 1
|
\ 1
| P ]
[ i L pion \
G i \
- o V
800 ™ el
—
= — == s T
. _
- = - rram fwes T A AR a»
Sipaui D RO R W e S T o =
T X Sao
P
vt st

B
WH"‘\\\ |
| |
\-..._ I| || | I| ||
\ | |
| _\ \ 1 | e
| ™ H\N . |.‘m\ e
3 | | T )
| ' |
| |
|
II wl s
5y — e o g [

Pucynok7 - Criektpst DIIP o6pasita ErCl;.6H,0. A)Hp=5 mT, B)Hp=50mT, C)Hp=150mT
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B kauecTBe KOHTpOJISL YCIOBHN 3alUCH M3Y4aE€MOTO CIIEKTPA MCIOJIB30BAJICS BCTPOCHHBIN B
pesonatop o6pazerr Mn*B MgO. Mexay 3 ¥ 4 KOMIOHGHTAMH 3TOTO CIIEKTPA OOBIYHO
3aMMCBIBAIOTCS] KOMIIOHEHTHI CIIEKTpa n3ydaeMoro odpasia ¢ g-hakropom nopsiaka 2.

3TO0 MO3BOJISIET KOHTPOJIUPOBATH YCIOBUS 3allMCH CHEKTPOB, YTO MPH UX 00pabOTKE BENET K
MOJIYYCHHIO PE3YJIbTAaTOB MPH UICHTUYHBIX TapamMeTpax skcrepumenta DI1P.

Pucynok 3 —Crniextps! oopasna a) ErCI32MAA 2H20; B)
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Takum o0Opa3oMm, B paboTe MPHUBEACHBI PE3YJbTaThl UCCIICIOBAHUS METOJOM JJICKTPOHHOIO
[IapaMarHuTHOIO PE30HAHCA KOOPAMHAIIMOHHBIX COCAMHEHHMH METHJICHIUaleTaMuaa. [loaydeHbl
cnektpel  OIIP  oOpaznioB  SMCl3-2MDAA-2H,0 u  ErSmCIl3-2MDAA-2H,0. IlpuseacHo
00CYKJCHHE IMOJIYIEHHBIX CIIEKTPOB, OTMEYAETCS CIIOKHBIN CIIEKTp o0Opasiia ¢ camapueM, TOTrIa
KaK CIIeKTp o0Opasia ¢ 3p0ueM 3HaYMTEeNbHO mpoiie. He HCKITI0YeHO, YTO 3TO MOXKET ObITh CBSI3aHO
M C KauyeCTBOM IMPEAOCTAaBJIICHHOrO oOpasna. B moboM citydae, cieayeT OXHUaaTh OT oOpasia C
3pOKreM MEHbIIIEH aKTUBHOCTH IIPH €0 UCIOJIB30BAHUHU B MPOU3BOICTBEHHBIX MTPOIECCaX.
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quooB.//Ycnexu xumuu. T.74, Nel12.-C.1095-1213.

2. Tlomy»ktoB H.C., Kononenko JI.WM., BenstionoB C.B., T'aBa C.A., JIpo6e3xko B.H.
"CBepX4yBCTBUTENIbHBIE" TEPEXO/bl B CIEKTpaxX JIOMHUHECLEHIMU HOHOB caMapHs M €BpOIus B
pacTBopax HekoTophix komiuiekcos.//J{oxin. AH CCCP, 1975. T.220, Ne5. -C.1133-1136.

3. CynaiimankynoB K.C., banbaes M., HapweibaeB P. Cnoco06 wusBiedyenuss P30 wu3
KOHIEHTPATOB. ABT. cBUIETENIHCTBO Ne4518075 ot 22.10.1990 .

4 KoxamyparoBa D.A., BaiinunoB T.b. Cuctembr Sm(NO3)3-CsH1002N2-H,0, Dy(NO3)s-
CsH1002N2-H20 mpu 298K.//TIpodaembl coBpeMeHHO# Hayku U oOpa3oBanus. MBaHoBO. 2016. Nel7
(59) -C.27-32.

MOJIYYEHUE KOMIO3UIIMOHHBIX BOJIOKOH HA OCHOBE IIMMA U PUCOBOM
HIEJTYXHW METOAOM SJIEKTPOCIIMHHHUT'A

Kypo6anosa 3.H., Teprokanosa H.B., Kum C., Cmaryaosa I'.T.,
Ipuxoasko H.I'., Mancypos 3.A.

Kazaxckuil HartmoHaIBHBIN YHEBEpCUTET M. anb-Dapadu, mp. Anp-Dapadu 71, Anmatel Kazaxcran
Wucrutyt npobnem ropenus, yi. boren6aii 6ateipa 172, Anmartsl, Kazaxcran

zuli.95@mail.ru

B Hacrosmiee Bpems CyLIECTBYIOT pPa3jM4YHbIE METOJIbI MOJIYYEHHs YIVIEPOJACOAEPKALUX
KOMIIO3MLIMOHHBIX BOJIOKOH, pa3jMyarolldecss IO CHoco0y MOIYy4eHHUs] MEepBUYHBIX BOJIOKOH-
IIPEKYpCOPOB.  DJIEKTPOCIMHHUHT  BBHMJY IIPOCTOTHI alllapaTHOIO HWCIOJHEHMS, BBICOKON
3(pPEKTUBHOCTH M BO3MOXXHOCTH MAacCIITAaOMPOBaHUs, SIBJISETCS OJHUM U3 CaMbIX MEPCHEKTUBHBIX
METO/IOB IOJy4EHHsI Pa3JIUYHbBIX BOJIOKOH.

B nanHoil pabGore ans mModydeHHs] KOMIIO3UTHBIX BOJIOKOH, OCHOBOW KOTODBIX SIBIISIOTCS
yIbTPATOHKHE BOJIOKHAa C  COJEPKaHHMEM  pPa3JIMYHbIX  J00aBOK, IPHUMEHSJICS  METOJ
AIEKTPOCIIMHHUHTA. bbUIM MOITy4eHbl yIbTPAaTOHKHE BOJOKHA HAa OCHOBE NOJUMETHWIMETAKpUIaTa
(IIMMA) ¢ noGaBnenuem kapb6oHu3upoBaHHOH pucoBoii menyxu (KPLI). s storo 1,5 mace. %
pactBop IIMMA cmemmuBanu ¢ KPII, ¢ yaensHO#N nmoBepxHOCThIO 134,1 me/r. s MIOJIy4ECHHUS
romorenHoil gucnepcun  IIMMA wu KPUI, nosydeHHyro cMech MNOJBEPIIM BO3IAECHCTBHUIO
yabpTpa3Byka. [IpuroToBieHHyI0 cMeCh NOMENIAIM B LINPUL, Ha METAJUIMYECKYIO UIIIy NOJAaBaIU
OTpULATENBHBIM 3apsl, a Ha IOJUIOKKY IOJIOKHUTENbHBIN. HanpsbkeHnne nmomaBany ¢ IOMOIIBIO
HCTOYHUKA TIOCTOSIHHOTO HampspkeHus. Hanpsbkenue cocraBisio 9 B, MexanekTpoaHoe
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paccrosiaue — 30 cm. Pacxon monmmMepHoro pactBopa coctabiisin 0,83 MK/CeK, MPU KOTOPOM BECh
BBIXOJJHOH PACTBOP BBITATMBAETCS B BOJOKHO. Pe3ynpTaThl HMCCIEIOBAaHUM MOKa3ald, YTO METOJ
AIIEKTPOCHIMHHMUHTA SBIACTCS S(PQPEKTHUBHBIM METOJIOM IS MOJYYECHHUS YTIIepOa-TOJTUMEPHBIX
BOJIOKOH Ha ocHOBe [IMMA u HaHOCTPYKTypHpPOBAHHOIO YIJIEPOJHOIO Marepuaia Ha OCHOBE
KapOOHHM30BaHHOW pPHCOBOW ImenyXu. llodydeHHbIE KOMIO3UIMOHHBIC YIIIEPOA-TIOJIHMEPHBIE
BOJIOKHa OBUIM HCCIIEIOBaHbl C IOMOUIbIO ONMKHENOJbHOW ONTHYECKOM MUKPOCKOIHH H
CKaHUPYIOLIEH 3JIEKTPOHHONW MHUKPOCKOIHUH. VccraenoBaHus mokKas3aiau, YTO YaCTHUUBI YrIEPOJIHOTO
Marepuana Ha ocHoBe KPIII paBHOMEpHO pacnpeneneHbl 10 MOJMMEPHOMY BOJIOKHY. /Inamerp
BOJIOKOH JIeXHUT B auanasoHe 500 HmM — 1 MkMm. Jluamerp yacTul] KapOOHHM30BaHHON PUCOBOM
menyxu cocrasisger 20-50 wmxM. HcecnenoBaHue aacOpOIMOHHON aKTUBHOCTU — YIJIEPOJ-
MOJIMMEPHBIX BOJIOKOH, IOJIYYEHHBIX METOJIOM 3JIEKTPOCIHMHHUHTA 10 METHJIEHOBOMY TOIyOOMY
MOKa3ajiy, 4YTO MOJY4YEeHHbIH Marepuasn oOnanaeT 3()(eKTUBHOCTHIO MOTJOLIEHUS paBHOU 281,5
MI/IM°, 9TO B CPAaBHGHWH C M3BECTHBIMH AHAJOTAMH ITOKA3BIBAET MPEHMYIIECTBO IOIY4EHHOTO
nponaykra. [lodydyeHHble JaHHbIE TIOKa3blBalOT MEPCHEKTUBHOCTh IPHUMEHEHUs MeToja
ANIEKTPOCIMHHUHTA JUISl MOJTY4YE€HUs KOMIO3UIIMOHHBIX BOJIOKOH Pa3IMYHOrO (PYHKIMOHAIBHOTO
Ha3HAYEHUS], B TOM YUCJIE JUISl OYMCTKH BOJIBI.

JEKTPOMATHUTHBIN PEAKTOP JIUIS IIJIABKH BA3AJIBTA C
ABTOHOMHBIM HATPEBOM JIETKHU BBIITYCKA CTPYU PACILIABA.

Jykbsimenko B.I'., Aknazapos C.X., MeccepJie B.E., MancyposB 3.A., Ycrumenko A.b.,
Ymoerkanues K.A., Illepuenxo B.H., I'onopuenko H.1O., IN'ojaoBuenko O.10.
HUncmumym npobaem eopenus, 2. Aamameol. yi. boeenobaii 6amvipa 172

B HuctuTyTe mpobieM ropeHusl CIpoeKTHPOBaH, pa3paboTaH M M3TOTOBJICH TPEXQa3HbIN
YOPABISIEMBII  PEAKTOP C SJEKTPOMAarHUTHBIM IEPEMENIMBAHMEM paciulaBa C IOMOIIBIO
[IONIEPEYHOI0 MArHUTHOIO TOJIA, CO3/1aBAaEMOr0 JJEKTPOMArHUTOM C TpPeMsl IOJIFOCaMH,
OXBaThIBAKOLIUM BEPTUKAIBHYIO IJIABWIBHYIO KaMepy. DJIEKTPOMAarHUTHbIE KaTYIIKHA Ha IMOJIIOCAX
BKJIFOUEHBI MMOCIIEIOBATEIIBHO C TPEMS CUJIOBBIMU AJieKTpoaamu [ 1, 2].

DIEKTPOMarHUTHOE IEPEMENIMBAHNE YIIYYIIaeT TOMOIE€HU3AIMI0 paciljlaBa M CHUKAET
SHEPro3aTparbl Ha IUIABJIEHUE ChIPbsA. TaK, ONBITHBIM IIYTEM IOJIYYEHO, YTO 3HEpPro3arparbl Ha
IUIaBJIeHHe 0a3anbTa ¢ MOJYJeM KHCIOTHOCTU B mHTepBane 1,2-4,5 ue npesbicunu 0,85 kBt w/kr,
YTO CYIIECTBEHHO HIJKE, YEM BO BCEX M3BECTHBIX TEXHOJIOTHYECKHX CXEeMax (BarpaHKd, ra3oBble,
anekTpudeckue U BY neun).

Brinyck pacmiiaBa mpou3BOJUTCS Y€pe3 JIETKY, PACIIOIOKEHHYIO IO LEHTPY JHA KaMmephl. Ha
puc. 1 mpeacraBineH sieKTpoMarHUTHbIH peaktop (DMP). IIpousBoautensHocts OMP  mo
pacrmiaBy, KOTOPBI BBITEKAeT B BUJE CTPYH 4epes3 JEeTKY, cocTaBiseT A0 250 Kr/4, mo3tomy 37ech
HE MOTryT OBITh UCHOJIb30BaHbl W3BECTHBIE MEIHBIE BOJOOXJIAXKIAEMbIE COIIA, KOTOPHIE
MIPUMEHSIOTCS B TIeYax U PeakTopax MPOU3BOIUTENLHOCTHIO HECKOJIBKO ThiCAY Kr/d. Hamu Obumn
ompoOOBaHbl JIETKM W3 HUTPUIA KPEMHHs, KOTOpble HEHUTpadbHBI K pacljaBy B CTaTHYHOM
COCTOSIHMM, HO TIPY OMBIBAHUHU CTPYEN OHU MOJABEPIIIMCH U3HOCY.

Ha puc. 2 mokaszana nerka, oTpaboTaBinas 6onee 8 yacoB, rie MpUBEIEH W3HOC MaTepuaia
netku. [losToMy Marepuanom [jsi JIETOK, BIPECCOBAHHBIX B BOJOOXJIAXKIAEMYIO 000WMYy, OBLI
BbIOpaH rpauT U CUIIMIIMPOBAHHBIN rpadur.
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Puc 1. DnexTpoMarHUTHBIM peakTop U CTpy4 paciuiaBa 0a3anbTa, BEITEKAIONAs U3 HETO

B mnponecce skcniepuMEHTaNbHBIX HMCCIAEAOBAHMN, MPOUCXOJWIIO 3acThIBaHUE pacillaBa B
JIeTKE M TpeKpalleHue MCTeKaHus ero crpyd. st ycTpaHeHHUs 3TOro sBJIEHUS ObLI MPEAIOKeH
MOJIOTPEB JIETKM TOKOM, IMPOTEKAIOIIUM Yepe3 paciulaB MEXIy IEHTPalIbHbIM BEPTHKAIbHBIM
YETBEPTHIM DJIEKTPOJOM M JIeTKOW. LleHTpanbHBIII YeTBEPTHIM AIEKTPOJ BBIMOJHIET TaKkKe
(yHKIIMIO 3aTBOpa JIETKM B cllydae HEOOXOIMMOCTH TpEKpalleHusl BhITycKa pacruiaBa. Cxema
MOJKJIIOUEHUST OCHOBHOTO peryiaupyeMoro TpexdasHoro wucroynuka mwuranus (HII-1) u
JIOTIOJTHUTEIBLHOTO PEryIMPYEeMOro UCTOYHHMKA TocTostHHOTO Toka (MI1-2) moka3zana Ha pucyHke 3.
B mensx oanekrpobe3omacHocTH  oOciayxkuBaHus OMP  ero CcuIOBOE€  AJNIEKTPONUTAHHE
OCYIIIECTBJIISIETCS uepe3 pasneauTenbHblin Tpanchopmarop 0,4/0,4 kB ¢ n301mpoBaHHON HEUTPATBIO
MoiHocThio 250 kBa. B mpouecce skcniepumenToB MoutHocThio MUII-2 o otHomenuto k UII-1 we
npeBbimana 15 % , a TemmepaTypa MCTEKaroUleld CTPYH, 3aMEpEHHas ONTHYECKUM MHUPOMETPOM
Ircon Ultrimax Plus UX10P (CLLA), Bapsuposaiacs ot 1150 °C o 1570 °C.

Puc. 2 Obpazen néTku U3 HUTPHUAA KPEMHHUS, MpopaboTasIeii § yacos.
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Cunopas

cbopka PaznenvrentHein HUI11=] |
Cunonon TpaH-p le 1= . E
rpan-p oanas [

@\ | Y f\Q% —_Lm. 3MP
6/0,4 kB —'\—“D‘ —
' Hl‘l?] ud NéTKa

BenomorateneHoe ofiopypoeadie

Puc.3 Cxema cunooro snekrponuranus OMP

Bapoeupys TemmepaTypy Bblllycka paciiaBa ¢ nomotbio UII-2, ucxoas W3 moCTaBICHHOU
3a7a4M, MOKHO MOJIy4aTh TOHKHE M IITANEeIbHbIE CYIIEPTOHKHAE BOJIOKHA. Ha kadyecTBO M auamerp

0a3a7bTOBBIX BOJIOKOH, Pa3AyBaeMbIX W3 CTPYH pacIulaBa, OKa3bIBaeT BJIUSHUE, KAaK MOIYJh
KUCJIOTHOCTU MCXOJHOTO ChIpps M, = %, TaKk W BA3KOCTHIO paciliaBa, KOTOpas pPe3Ko
3aBUCHT OT TEMIIEPATyPbl HCTEKAIONIEH CTPyH, 4To WnTrocTpupyet Puc.4 [3].

Takum 00pa3om, ¢ MOMOIIBIO TOJOTPEBA JIETKA W pacilaBa B HIDKHEW YacCTH TUIABWJIBHOU
KaMephl C TIOMOIIBIO JOIOJHUTEIBHOTO PETyJIUPyeMOT0 HMCTOYHHKA TOCTOSTHHOTO Toka WIT-2,
BKJIFOUEHHOTO B LIE€TIb LEHTPaIbHBIN 3JIEKTPOI-paciijiaB-ieTka (00oiiMa JE€TKH), MOKHO MOAOUpPAaTh
ONTHUMAJIbHBIE TEMIEpAaTypHbIE PEKHUMBI HCTEKAloIlel cTpyu 0a3abTOBOTO paciijiaBa HCXOHs U3
3HAYECHHUH MOJYJISI KHCJIOTHOCTH MCXOTHOTO CHIpbst My = 1,2-5,0 u 3amaun nomydeHus 06a3aibTOBBIX
BOJIOKOH CYNEPTOHKHX JUAMETPOM 3-6 MKM, TOHKHX, AuaMeTpoM 4-12 MKM, YTOJIIEHHBIX,
nuamMeTpom 13-25 MKM u rpyOBIX, AMAMETPOM CBBIIIE 25 MKM [4].

Pa3nyB cTtpyn pacmiaBa B 0a3albTOBBIE BOJIOKHA MOXKET OCYHIECTBISTHCS C MOMOUIBIO
BEPTUKAJIBHOW JyThEBOW TOJOBKH, TOPU3OHTAIBLHOW BpALAIOMICHCA TapeiKkod WIM TpeX WIu

YeThIPeX BAIKOBOU HEHTPUPYTH.

100

Bszkocte, Ma-c

S R —_—

1250 1300 1350 1400 1450
Temnepatypa, °C

Puc. 4 — TemmiepaTypHasi 3aBHCUMOCTD BSA3KOCTH paciuiaBoB Oa3zanbTa (1), mmabasa (2), ra6opo (3)
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CO3JAHHUE DKPAHUPYIOLIEI'O MATEPHUAJIA OT JIEKTPOMAT'HUTHOI'O
N3JYUYEHUSA C JOBABKAMU HAHOYACTHUHUL MATHETHUTA

Jecbaes A.B.", Elouadi B., Manakos C.M.%, Mancypos 3.A.!
1HHcmumym npoonem eopenus, 050012, Kazaxcmawn, e. Aimamuwl, ya. bocenbati 6amvipa, 172
?Kasaxckuii Hayuonanvnwiii ynusepcumem um. anv — @apaobu, Kazaxcman, e. Aimamol

men: (727) 2391136, e-mail: i_dos_90@mail.ru

AKTHBHOE WHCIOJb30BAHWE DJIJIGKTPOMAarHUTHOTO pecypca, CBSI3aHHOE C Pa3BUTHEM
PagMoCBs3M M PA3IMYHBIX CHUCTEM Tepefaud W JUCTAHIIMOHHOW 00paboTku uHMOpMaInHy,
TENIEBUJICHUS, MOOWJIBLHOW CBS3HM, PAJUOJIOKAIIMU W PAAMOHABUTAIIMH, TMPHBOJIUT K TOSBICHUIO
JOTIOJTHUTEIBLHOTO JIEKTPOMArHUTHOTO (POHA. DJIEKTPOMATHUTHOE M3IYyYCHUE PA3IMUYHON YaCTOTHI
HCIIOJIB3YIOTCSA B Ka4e€CTBE MPUEMO-TIEPEIAIOIIETO, YIPABJISAIOMICT0 WM SHEPTETHUECKOTO KaHaa,
pa3lieJICHHOTO BO BPEMEHHM M 110 YacTOTe C IIOMOIIBI PaTUOTEXHUYECKHX YCTPOMCTB, H
JIOKQJIM30BAHHOTO B MPOCTPAHCTBE C TIOMOIIHI0 aHTEHHBIX YCTPOUCTB U SKPaHOB. [1]

Jlnst  3amuThl  OT DJEKTPOMAarHUTHOE M3JIYyYeHHE WCIOJIB3YIOTCS PaJAMOIIOTIIONIAONTNE
MaTtepuaiabl WM JKE€ MaTepuajabl OTPAKAIIINE JJICKTpOMarHuTHoe wusnydeHue. Ceifuac
pazpaboTaHbl U pa3pabaTHIBAIOTCS MHOTOYHUCIICHHBIC KPAHUPYIONIUE MATEPHAIIbI, TAE JTUIUPYIOT
Marepuaiabl ¢ J00aBKaMM HAHOKOMIIO3UTOB. Benp uccienoBaHMs HaHOMAaTEpPUATIOB NPHBEIH K
TOMY, YTO B MOCJEIHUE ACCATUJICTHS AKTUBHO CO3/al0TCS HOBBIE MaTepualbl C MOHKEHHON
pasMmepHocThiO. Cpeau WX MHOrooOpaswsi MOXHO BBIJCIIMTH MAarHUTHBIE HaHOMAaTEpHAabI,
HalpuMep MAarHuTHBIC OJHOJIOMEHHBIC YAaCTHIIBI, KOTOPbhIE HAILIM IIMPOKOE IPUMEHEHHE B
pasIMYHBIX 00J1aCTAX TEXHUKH [2 — 6].

B pabore g cuHTEe3a MarHeTHTa WHCHoib3oBaH cyinbdar keneza FeSO4*7H-0,
Tpexxiopucroe xene3o FeCl3*6H,0, 25 % - wbiii BogHbIN pacTBOp amMMmuaka. s mpoBeaeHusS
peakiuu 18,064r FeSO,*7H,0 (monsipras kourentparus 0,2 moiaw/n) u 28,11 r FeClz*6H,0 (0,32
MoJb/1) pacTBopsiii B 750 M guctuimpoBaHHOW Bojnbl. Ilocnme ¢umbTpoBaHus cTakaH ¢
MOJIyYeHHBIM PAcTBOPOM pa3Mellalii Ha MarHuTHOW Mernanke. B pacTBop coneit >kenesa co
CKOPOCTBIO OJiHa Karyisi B cekyHay aoOasmsiu 200 mu BogHoro pactBopa NH4OH. Peaxiuro
OCAKJCHHS OCYIIECTBIISUIA MPH TeMIIepaType pacTBopa COJell kerne3a 50° C. Ocanok oTnensum u
OTMBIBAJIM MATh Pa3 AUCTUILTUPOBAHHON BOJOM.

FeSO4+2FeCl;+8NH3-H20 — Fe304l+6NH4C|+(N H4)2804+4H20 (1)
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[Tonyuennsle wactuupl uMeroT pasmepsl or 10 oM g0 30 HM. Kak BuaHo Ha pucyHke 1
HAHOYACTUIBl MarHeTuta chepudeckoid (GopMbl U HMMEIOT MaJCHBKHH pazdpoc MO pazMepam.
Hcxons U3 3TOro MOKHO NMPEANOI0KUTh YTO IPUMEHEHUE UX B BUJIE 100aBOK OUEHb IIPUEMIIEM.

Pucynok 1. Caumok [I9M HaHOYAaCTHI] MarHETUTA

W3mepenne HKpaHHPYIOMIUX XapaKTePUCTHK IPOBOJIWIOCH HAa aBTOMATH3WPOBAHHOM
n3MepuTese Moy kodddumuenton nepeaaun u otpakenus SNA 0.01—-18, BOTHOBOIHOTO TpakTa
¢ pynopHbsiMH aHTeHHamMu 611-23M, B packpbiBe pyropa aHTeHHBbI, B 1uana3zone yactot 0,7...2 I'T
nu 2...17 ITo (puc. 2). OcnabneHue, BHOCUMOE HCCIEAYEMBIM OOpa3IoM, OIpeaAeseTCs
OTHOIIIEHWEM HANpPsDKEHHOCTEW BOJIH, TMAJalonieldl W MpoIIeAmeld udepe3 oOpasell, BBIACISIEMBbIX
omokamu A u B. Koaddurment orpakenus R xapakrepusyeT moi0 mamawoimiei snepruu OMMU,
OTPaKEHHYIO OT 00pa3ia. HampspkeHHOCTH 1MOJIst BOJIH M3MEpSIOTCsl OjokaMu A U B, 3aTemM 010K
00pabOTKM CHUTHAJIOB TPOW3BOJMT BBIYKCICHHE OTHomeHWW. Koadpduument orpaxkenus DMU
U3MepsJICS B PEXKUMaX COIVIACOBAHHOW HAarpy3Kud W TpakTa, HArPY)KEHHOTO Ha METaJUIMYECKYIO

oTpaxaromyto miactuny (K3).
A= 2010g( /ﬂ),nb; )
Epast

R= 201og( /%),Db (3)

rae Eotp, Enan — HaNpsOKEHHOCTh TOJIS, BBIJEIECHHOTO JETEKTOPOM OTPaKEHHOM |
najaronieis) BodH A/R; Emnpoim — HanpspKEHHOCTh TOJIsS BOJIHBI, MPOIICIICH depe3 oOpaserl,
BBIJICICHHAs OJIOKOM B.

Kak BumHO M3 pHCyHKa 100aBlieHHE HAHOYACTUIl MMEET BIHMSHHE Ha SKpPaHUPYIOIIHE
cBoiictBa OeroHa B awanazoHe dvactuil oT 0,7 I'Tm mo 2 I'Th. MakcumanbHBIE ITOKa3aTeIH
omyctuiuck ot -12,5 Db, st 6a3oBoro oopasua, g0 -21,7 Db npu xonuentpanun 0.25 % wt. Ilpu
koHuentpauuu 0,5 % WL skpaHupoBaHue oueHb cxoxkee ¢ 2 oOpasuom. [Ipm nanpHeiem
YBEIMYEHUH KOHIEHTpauu 10 1%Wt. 3aMeTHO yXyAllleHHe SKpaHUPOBAHMUSL.
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Measuring signal processing unit | Oscillation
frequency
generator

input B input R unit
5 T
o
. 53
Unit B 58 Unit AR <+
Qo
o

Puc. 2. Cxema ycTaHOBKH B PeXKUME U3MEpeHust ocnadnenns DOMU

08 09 10 1,1 12 1,3 .14 15 16 1,7 1,8 19 20

R (dB)

-20
-21,694

— 0% wt —A— 0.25% wt —=! =0.5% wt —e— 1% wt
-25 Frequensy (GHz)

Puc. 3 I'pahuk 3aBUCHMOCTH SKpaHUPOBAHHMS IIPU Pa3HBIX KOHIIEHTPALHIX

MakcumanbHas 3¢p¢GeKTUBHOCTh ToaaBieHuss OMHM okazaiach He MpEBBIIAIONICH JECATH
nenuben, yTo 00yCIOBICHO MaION TOJIIIMHON 00pa3loB M0 CPaBHEHUIO ¢ pA0OUYNMU AJTMHAMU BOJIH
OMMU. Ilpu yactote ot 0.7 I'Ty mo 18I'T' ayuHa BosiHBI cocTaBigeT oT 43 cM. 10 1,7 cm. Tak kak
O0eToHHBIE OOpa3lbl OTHOCATCA K JUDIEKTPUKAM, M IO3TOMY MOXHO MPEINOJIOKUTh YTO
MOJJaBJICHUE TIPOMCXOJUT TOJBKO MAarHMTHOM COCTaBIISIONICH HAHOYACTHIIAMHM MarHeTurTa. beToH
SIBJISIETCSL XOPOIIUM 3KpaHoM DOMMU npu 10CTaTOYHOW TOJIIIMHE, HO Pe3ybTaThl SKCIIEPUMEHTOB
MOKa3aly, 4TO J00aBKM HaHOMAarHeTuTa YAy4YlIaroT MOTJIOMIAONIYI0 crocoOHocTs OMU, Tem
CaMbIM COKpaIlasi 3IEKTPOMAarHUTHBIN (POH OKPYKAIOIIEH CPEeJlbl, a TAKKE COKPAILIAIOT MOSBICHUE
BTOPUYHBIX BOJIH.

Jluteparypa
[1] JIeiapkoB JI.M., Borym B.A., Bop6oteko T.B., Ykpauner E.A., Konoyn H.B., HoBsie

MaTepuaigbl s JKPaHOB DIIEKTPOMATHUTHOTO H3JIydeHUs. benopycckuil rocynapcTBEHHBIN
YHUBEpCcUTET UHDOPMATHKH U pagrosnekTpoHuku [1. bposku, 6, MuHck
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[2] T'youn C.II., Kokmapos 0.A., Xomyros I'.Bb., FOpko I'.1O., MarautHble HAHOYACTHUIIBL:
METO/IbI MOTY4eHUsI, CTpoeHue u cBolicTBa //Ycnexu xumud. - 2005.— T.74, Ne 4.-C. 539-574.

[3] IMyn Y., Oysuc @. Hanorexuomoruu. — M.: Texuocdepa, 2004. — 327 c.

[4] Tyces AN Hanomarepuasr, HAHOCTPYKTYPHI, HAaHOTEXHOJIOTHH. -
M.:®uszmataut,2005.410c.

[5] HImax A.II., Top6buk ILII., Yexyn B.®., I'peuxo JI.I'., lyoposun WM.B., IlerpanoBckast
AL, Bepryn JL.IO., Kopanyban O.M., Jlepman JI. b., HaHOKOMIO3UTBI MEIUKO-OHMOJIOTHIECKOTO
HA3HAYCHUS HAa OCHOBE YJbTpaaucliepcHOroMarHetuta // OU3MKOXUMUSHAHOMATEPUAIOB |
CYIpaMoOJIEKYSIPHBIX CTPYKTYp.- Kues: Hayk.mymka, — 2007.-T.1.C. 45- 87.

[6] I'peuxo JI.T., Topouk ILIIL., Jlepman JLB., Uyiiko O.0O., MOX/IHBICTh BHKOPHCTAHHSI
MarHiTHUX HaHOYACTUHOK $IK 3aCO0IB TPAHCHOPTY 1 OTPUMAHHS JIIKAPCHKUX IpenapariB opraHy
mimreni // Jlom. HAH Ykpainu. — 2006. — Ne 2. — C. 181 — 185.

OCOBEHHOCTH CTPYKTYPbHI METAJUIOKEPAMHUYECKHX IMOKPBITU,
HNOJYYEHHbBIX JETOHAIIMOHHBIM HAIIBIJIEHUEM

JI.LA. Mapkamoga, 1O.H. Topun, E.H. bepanuxkosa, O.B. Koaucauuenko, E. B. Ilo1oBenkmuii
E.Il. Tutkos, O.C. Kymnapesa

Hncmumym snexmpocsapku um. E.O. [lamona HAH Yxpaunel, yn. Kasumupa Manesuuya, 11, 03650, Kues, Yxpauna,
men. +38 (044) 205-25-63, e-mail: omberdnikova@gmail.com

HVccrnenoBaHo BIIMSHHE CTPYKTYPBI HA MPOYHOCTh M TPEIIHHOCTOMKOCTh METAJUTOKEPAMHYECKUAX TOKPBITHI
(AlL,O5-Ti/Al; ZrSiO,), moIydeHHBIX C MPUMEHEHMEM YCTAHOBKH MHOTOKAMEPHOTO JICTOHAIIMOHHOTO HAIBUICHUS,
paspaborannoii B UDC um. E.O. [1atona

AKTyaJIbHOM 3aJlayell SIBJISIETCS TOBBIICHHE HANECKHOCTH M JIOJITOBEYHOCTH M3JIEIIUM,
SKCIUTYyaTallMOHHbIE XapaKTEPUCTHUKU KOTOPBIX ONPEAENsAIOTCS CBOWCTBAaMH HX paboumx
noBepxHocTed. OauH K3 HauboJiee MEPCHEKTUBHBIX CHOCOOOB YIYUIICHHUS 3KCIUTyaTallMOHHBIX
CBOWCTB U TIOBBIIICHHUA JOJTOBEYHOCTH M3JENUA — HaHECEHWE Ha UX I[OBEPXHOCTU
(YHKIIMOHATBHBIX TOKPBITHI ¢ IPUMEHEHUEM PA3IUYHBIX TEXHOJIOTUIl HAbUICHHUS.

B Hnctutyre anekrpocBapku uMm. E.O. [Tatona HAH Ykpaunsl pa3paboTaHbl TEXHOJOTHS U
o0opynoBaHue i MHOTOKaMEpPHOTO KyMYJISTHUBHO-AeToHanuoHHoro Hambuienus (KIH), c
MOMOIIBI0  KOTOPBIX  (OPMUPYIOTCS ~ BBICOKOKAUYECTBEHHBIE  TOKPBITHSI C  BBICOKUMH
[POU3BOJAUTEIILHOCTBIO K KOO(GQHUIMEHTOM HCIOJb30BaHus Marepuaia (puc. 1). [1-2].
BocrpeboBannbiM HampaBieHueMm npuMmeHeHuss merofa KJ/IH sBisercs HambuieHHE MOPOIIKOB
pasmuunbix cucreM: Ni-Cr-Si; Cr3C,-NiCr; Cr3C,-TaC-NiCr; WC-Co-Cr; Al,Og3; ZrSiO4 u ap. mis
nostyueHus: (QyHKIIMOHAIBHBIX MOKPBITHH, pabOTaOMIUX B IKCTPEMaJbHBIX YCIOBHSIX (BBICOKHE
TeMIlepaTypa U JAaBlIeHWEe, HHTEHCUBHBIN U3HOC TPEHHUEM, 3HAKOTIEpEMEHHbIE Harpy3KHU U T.J1.).

Lenbto Hacrosimielr paboThl ObUIO HCCIENOBAHUE CTPYKTYPHO-(A30BBIX OCOOCHHOCTEH U
OIICHKa MX BJIMSHHUS HAa MEXaHUYECKHE CBOWCTBA M TPEIIMHOCTONKOCTh METaNTIOKEPAMHUYECKUX
nokpeiTHii monydeHHbx KJIH ¢ ucnonb3oBanuem mopomikoB okcuaa amomuuus Al,Os (Amperit
740.0) ¢ no6askamu Al u Ti (Ne 1-4) u nnpkonueBoii kepamuku ZrSiO4 (Ne 5-6), Tabnuna 1.

CrtpykTypHO-(ha30BO€ COCTOSIHHE MOKPBITUH: ToMmuHa (0), MukporBepaocts (HV), oobeMHuas
nonss mop (IT), dasoBwiii cocTaB, pacmpeneneHue AUCTIEPCHBIX a3, XapakTep 3EpPeHHOH,
CyO03epeHHON U TUCIOKAIIMOHHOW CTPYKTYpP U Jp., HCCIEA0BATIOCH C MPUMEHEHUEM KOMIUIEKCHOTO
MO/IX0/1a, BKITIOYAIOIIETO ONTHYecKyto MeTaiorpaduro (Versamet-2, Anonus; Leco-M400, CIIIA),
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PEHTTeHOCTPYKTYpHBIN (a3oBbiii aHanu3 (JAPOH-YMI1), anamutuueckyio pactpoByio (SEM-515
¢dbupmer Phillips, Hunepnansr), a Takke IpoCBEUUBAIOIIYI0 MUKPOIU(PPAKITUOHHYIO 3JICKTPOHH YIO
mukpockonuio (JEM-200CX ¢upmer JEOL ¢ yckopsromum HampspkeHuem 200xB, Snonus).
Pe3ynbTaThl SKCIIEpUMEHTAIBHBIX UCCIICIOBAHUI HA BCEX CTPYKTYPHBIX YPOBHSIX (OT 36PEHHOIO JI0
JMCIIOKAIIMOHHOTO) CTald OCHOBOM JUIS aHAIMTHYECKUX OIICHOK BKJIAZa Pa3IUUHBIX CTPYKTYPHO-
($a30BbIX COCTABIISAIOMINX, (OPMHUPYIOIIUXCS B HCCICAYeMbIX IOKDPBITUSX, B H3MCHCHHE
yrpo4HeHwust (10 U3BECTHBIM 3aBUcHMOCTsIM Xoiuta—Ilerya, OpoBana u jap. [3-4]).

Puc. 1. DxciepuMeHTanbHAs YCTAaHOBKA U MHOTOKaMEPHOT'O IETOHAIIMOHHOTO HATIBIICHHUS.
Taxxke ObUTH OIIpeIeNIeHbl CTPYKTYPHBIE (DaKTOPBI, BIMSIOIINE Ha XapaKTep U pacipeielieHue
JIOKAJNbHBIX BHYTPEHHUX HANPSXKEHUH B CTPYKTYPHBIX MHUKPOOOJACTSIX, KOTOPhIE MOTYT SIBISTHCS

HUCTOYHHUKAMU 3apOXKACHUA TPCUIUH.

Tabnuna 1. Pe3ynbpTaTsl uccieoBaHui CTPYKTYpPbI HOKPBITUN

Ne | Tlopormrok JlobaBka Mi’M 11, % HV 3, MIla ®a30BbIM cOCcTaB
. 69.1 % u 67.0 % Al, 0,
1 3% Ti 200 1.5...2.0 8900...10990 2664
° 17.8 % 11 18.0 % 0-ALO,®
2 | Amperit 5% Ti 230 | 0.7..15 | 9660...13770 13.0 % 1 15.0 % AlTig"
740.0 0 69.0 % Al,0,™
3 3% Al 250 1.7..2.4 8900...10520 15.0 % 1t 15.2 0% s ALOS™
4 5% Al 225 | 19..25 7900...10250 16.0 % u 15.8 % Al ®
5 - 300 <3.0 5270...7360 53.4 % u 49.3% ZrO,"
2150 10.1 % u 11.7% ZrO,™
6 rS10,4 CO—CI;—Al- 160* <30 7100...8560* 33.0 % Sioz(A)
Y 120 5790...6180 3.4% u5.8 % ZI’SiO4(T)

R M

* 1%
— moxcioit; & — ky6uueckas pemerka; ® — pomGosaprueckas pemerka; ) — rexcaronansuas permerka; (7 —
(A)

TeTparoHabHas pemerka; (") — MOHOKIHHHas pemerka; ) — aMop(hHO-HAHOKPHCTAIIHUECKHA.
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C moMouIpIo 3IeKTPOHHO-MUKPOCKOTIMYECKHX UCCIIEA0OBAHUI Ha MPOCBET OBLIM OIpEaesiCHbI
0COOEHHOCTH TOHKOW CTPYKTYpPbI MOKPBITHI: U3MEHEHHUE M XapaKTep paclpeaeseHus IOTHOCTH
auciokauui  (p) BO BHYTpEHHHMX O00bEMax M BIOJb CTPYKTYPHBIX TpaHMI]; [apaMeTpbl
bopmupyroLIeiics cyOCTpyKTypbl (pa3Mep cyO3epHa), pa3Mepbl 4acTHil (a30BbIX BBIICICHHN H
paccTOsHUS MEXAy HUMHU, pUC. 2.

YcTaHOBIIEHO, YTO B CiIydae MCIob3oBanus mopomka Amperit 740.0 +5% Ti (Ne 2, puc. 2 a),
pazmep yacturl ¢a3oBbix BeiaenaeHui (10...100 HM) B MOBEPXHOCTHBIX CIIOSIX TIOKPBITHH YMEHBIIIACTCS B
2 paza 1o cpaBHeHuto ¢ nmokpbitisimu Amperit 740.0 +5% Al (Ne 4, puc. 2 6). Taxxe, B 2...2,3 paza
YMEHBIIAETCS U PAcCTOSTHHE MEXAY (hopMupyromuMucs aucrnepcHbiMua ¢azamu (mo 10...30 HM),
9TO XapakTepHu3yeT MOBBIIICHHE 00BEMHOW J0JIM B MaTpuile oOpasyromuxcs ¢a3. Habmomaercs
m3menbuenue (B 1,4 pasa) cyocrpykryps (0,1...0,4 MKM) Mpy MOBBIIIIEHUH TUIOTHOCTU JUCIOKAIIHIA
Ha BHEIIIHEW MOBEPXHOCTH MOKPBITUH: OT p = (2...3)X1090M'2 (Ned) no p = (3...5)X1090M'2 (Ne2).
[Ipy STOM B MOKpPBITUSAX Yy TpPaHULBl pasfelia IUIOTHOCTh MAMCIOKAlMi COCTaBISIET: p =
(5.. .6)X1090M_2 up=(6.. .7)><10100M'2, COOTBETCTBEHHO.

B cnywae wucnonb3oBaHus mnopomka ZrSiOs pa3mep uacTHIl HaHOPa3MEPHBIX (Ha30BBIX
Bobiziesiennit (10...50 HM) B TOBEPXHOCTHBIX CIOSX MOKPBITUN Ne6 (puc. 2, T) yMEHbIIaeTcs B 2 pasa 1o
cpaBHeHHiO ¢ Ne5 (puc. 2, B), a B marepuane mojcimost takoi ke (20...100 um), puc. 2, .
Paccrosiane Mexay Gdopmupyromumucs aucnepcHsiMu  dazamu  (ZrO,, SiOp) mnpakTHyecku
oaurakoBoe (10...50 uM), 9TO XapaKkTepu3yeT paBHOMEpPHOE pacmpeereHne oopasyromuxcs a3 B
MaTpuIe TOKPHITUWA. [ITOTHOCTHP JUCIOKAIIMHA HA BHEIIHEH MOBEPXHOCTH TMOKPBITHHA: p =
(5...9)x10%M? (Ne5) m p = 6x10°...10"%m2 (Ne6). TTpu 5TOM B MaTepHale OCHOBbI y FPAHUIIBL P =
2...4)x10%%M? NeS) 1t p = (4...6)x10%cm™ (Ne6).

AHAJIUTUYECKHUE OIIEHKH HKCIUTYyaTallMOHHBIX CBOMCTB MOKPBITUM MOKa3zalu clienyroiiee. B
clydae UCMojb3oBanus mopomkoB Amperit 740.0 +5% Ti (Ne2) u Amperit 740.0 +5% Al (Ne4)
MaKCUMaJIbHBIM BKIaa (10 56%) B ynpoyHEHHE BHOCUT YIPOYHEHHE MaTpPHUIbl MOKPBHITUH 3a CUET
JTUCTIEPCHBIX HaHO-4acTHIl (a30BbIX BBIICICHUH (TUCTIepCHOHHOE yripouHeHue mo OpoBany): 1334
MIla (Ne2) u 1070 MIIa (Ne4). B ciyuae ucnonbs3zoBanus nopoinka ZrSiO,, MakCHMaabHBIN BKIIA]T

B CyMMapHO€ 3HAu€HUE YINPOUYHEHUS TUCHEPCHBIMHU YacTUIAMHU (Da30BbIX BBIJCICHUN COCTABIISET
1o 44%.

Puc. 2. Tonkast crpykrypa nokpbitait Al,O3-Ti/Al (a - Ne2; 6 -Ned) 1 ZrSiO, (B - Ne 5; 1 - Ne6; 1 — mozcioii (Co-Cr-Al-
Y) Ne6), x35000. Ctpenkamu 0003HAUCHBI JUCIIEPCHBIC YaCTHUIIBI (a3 B MaTpHUIle MaTepuaa MOKPhITHIL.

PacyeTHO-aHaIIUTHYECKME METOJMKM ONIPEICIICHUS YPOBHS JIOKAJIbHBIX BHYTPEHHUX
HaIpsDKEHUH TO3BOJIWIA OLEHUTh TPEIIMHOCTOMKOCTh MOKpbITHH [3-5]. Ilpn sToM yuuThIBancs
XapakTep IUCIOKAIIMOHHOM CTPYKTYphl MPU HCCIEIOBAHUAX TOHKOW CTPYKTYpbI Ha IMPOCBET (C
UCIOJb30BAHUEM METOJUKHM HMOHHOTO YTOHEHMsS TOHKUX ¢oiber) [6]. M3 aHanu3a pa3muyHbIX
MOJIXOZI0B K OIpPENEJICHUI0 MEXaHU3MOB 3apOXJAEHUS TPEIIMH M pa3pylleHHs MaTepuanoB Oblia
BbIOpaHa OLIEHKA YPOBHS JIOKAJIbHBIX BHYTPEHHUX HaNpPsKEHUH Ha 0a3e MUCIOKAllMOHHON TEOpHH
KPUCTANIMYECKUX TBEPIBIX TeJd, CBA3BIBAIOLIEH Mpouecchl (OpMHPOBAHUS  BHYTPEHHHMX
HaIPSDKEHUH C 3ap0XKIEHUEM U MIEPECTPONKON TUCIOKALIMOHHON CTPYKTYPBHI [S].

WHCcTUTYT Npo6JsieM ropeHus

129



IX XAJIBIKAPAJIBIK, CHMIIO3HUYMBbI «2KAHY KOHE I1/IA3MAJIbIK XHMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

YcranoBieHo, yTo mnpu ucciaeayembix Bapuantax KJIH nokpeituili HaOmromaercs HU3ZKUN
YPOBEHb JIOKAJIbHBIX BHYTPEHHUX HampshKeHUH. MakcuMalbHble BHYTPEHHHE HaIlpsHKEHUS
(dopMUpYIOTCS B 30HE TPAHHIBI pa3liena MOKPHITHE-NOI0KKA B MOKpbITHH NeS. OmHako HX
ypoBeHb He mnpeBbiaeT 960 MIla (unu 0,22 0T ypoBHSI TEOPETUUECKONW IPOYHOCTH MaTepuasa Ha
c/ABUT). DTO 00ecreunBaeT MoJIy4eHUE KaU€CTBEHHbBIX MOKPBITUHM C BICOKOW TPELIMHOCTONKOCTBIO.

B pe3ynbrare KOMIUIEKCHBIX HCCIEJOBAaHUN Ha PA3JIMYHBIX CTPYKTYPHBIX YPOBHSX
(3epeHHOM, CYO3epeHHOM, JMCIOKAIMOHHOM) MeTauiokepamMudeckux nokpeithii (AlLOs-TI/Al;
ZrSiO4), TOJIy4EHHBIX MHOTOKaMEPHBIM KYMYJISTUBHO-JACTOHAIIMOHHBIM HAIBLJICHUEM, HaMHU
YCTaHOBJIEHO, YTO HauOoJblllee BIMSHUE HAa UX MPOYHOCTh U TPEUIMHOCTOMKOCTH OKa3bIBAIOT:
paBHOMEpHOE pacrnpezeseHue (POPMUPYIOIIUXCS YIPOUHSIOUIUX AUCIIEPCHBIX (a3, (opMHUpOBaHUE
Cy03epeHHON CTPYKTYpPbI, OTCYTCTBUE MPOTSHKEHHBIX U IUIOTHBIX JUCIOKAIIMOHHBIX CKOIJICHUH —
KOHLIEHTPATOPOB JIOKAJbHBIX BHYTPEHHUX HaNpsyKEHUH.

Jlureparypa

1. CpaBHuTenbHbIl aHamM3 APPEKTUBHOCTH KyMYJIATUBHO-AeTOHanuoHHoro u HVOF
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AHHOTALIUA
CuHTE3UpOBaHBI MONHOKCUIHBIEC KAaTaIM3aTOphl HA OCHOBE CTEKIIOTKAHH M IICONNTA W HCCIEIOBaHA MX
KaTaJIUTUIECKasi aKTUBHOCTH B TIPOIIECCE MIPEBPAILICHHsT CHHTE3 Ta3a B METAHOI U TUMETHIIOBBIN dup.

CGFOI[HH HeyKHOHHBIﬁ pocCT aBTOMOOMIIBHOTO Imapka CTal rJIaBHOM HpH‘lHHOﬁ
yxynmammeﬁc;l C KaXIbIM TOJOM 3KOJOTHYECKOM CUTyallun B HaIeun CTpPaHE, 0COOCHHO B
ropoaax. 3anH3HeHI/Ie BO3AYHIHOTO OacceliHa CTAHOBHUTCS HpH‘lHHOfI BBICOKOM 3a00JIeBa€MOCTH
HaCCJICHUA peCHyGJII/IKI/I, HU3KOH MNPOAOJDKUTCIIBHOCTU JKHU3HU U ACTpadallin OKp}I)KaIOH_ICﬁ
e ——
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npupoasl. Takas cuTyanust TpeOyeT aJeKBaTHBIX Mep, W OJHAa M3 Hamboyee IEHCTBEHHBIX -
NPUMEHEHHE aJbTEPHATUBHBIX OSKOJOTMYECKH OOJiee YUCTHIX BHUJOB MOTOPHOTO TOIUIMBA U
HUCTOYHUKOB DSHEepruu. 1o Haubojee dS((GEKTUBHBIA IMyThb CHU3UTH HETaTUBHOE BIUSHHE
aBTOMOOWJISI Ha SKOJOTHIO OKPYXKAroIled cpeapl. B 3TOM HampaBJICHHH aKTUBHO pPabOTArOT
HCCIIEIOBATENIM BO MHOTHX Pa3BUTBIX CTpaHax

Baxneiimeii mnpoOiemoli B  HacTosIlee BpeMsl SIBISIETCS IOMCK — aJIbTEPHATHBHBIX
SHEPTOHOCUTENCH. DTO CBSA3aHO HE TOJIBKO C HACTYMAIOMUM AePUIIMTOM HE(TIHOTO CHIPBS, HO U C
npobnemamu dKoyioTHH. TpaHcnopt motpedmsier okosio 40% nHedtn, HO0OBIBaeMON B MHpE.
Hcnonb30BaHue yrieBoI0OpOIHOTO TOIUIMBA B IBUraTENsAX BHYTPEHHETO CrOPAHUS COIIPOBOKIAETCS
BbIOpOCamMu B aTMOc(epy OTPOMHOTO KOJMYECTBA BPEIHBIX BEIIECTB: OKCHIOB a30Ta, MOHOOKCH/IA
yraepofa U Jp. Becbma mnpuBieKaTeNbHBIM MPEACTABIAETCS BO3MOXKHOCTh HCIOJB30BaHUS B
KayecTBE MOTOPHOIO TOILIMBA cupToB. [lo3TOMyY B mocieqHue rojsl HaOM0AaeTCsl 3HAUNTENbHBIN
pOCT TEMIIOB IIPOM3BOJCTBA METAHOJIA, YTO CBSA3aH, C OJHON CTOPOHBI, CO BCE PACIIHPSIOMIMMHUCS
cepaMu ero MpUMEHEHHS U, C APYrod - ¢ BO3pacTarolIUM Ae(UIIUTOM IPUPOTHOTO ChIPbs (HEPTB,
ra3) [1-3].

B cBsa3u ¢ aTHM, pa3paboTka KaTaau3aTOpoB U TexXHoJoruu cuHTeza [IMD u meraHona
MPEACTABIISIET OTPOMHBIM HAay4dHbI W NPaKTUYECKUM HHTEPEC, a M3Y4EHHE STOTO Ipolecca B
HACTOSIIIIEE BpEMs SBISETCS OCOOEHHO AaKTyallbHBIM H3-3a OCTPOM HEOOXOJUMOCTH B MHpE
MOTOPHOTO TOTJIMBA U 3aIIUTHI OKPYXKAIOIIEeH cpebl.

JKCNepUMEHTAJIbHASA YaCTh

[IpoBenen cuHTE3 W TpOBEpeHA KAaTaTUTHYECKas AaKTUBHOCTH KaTalnW3aTOpOB Ha
mabopaToOpHOM  KAaTaJIUTUYECKON YCTAaHOBKE C BEPTUKAJIBHO PACIHOJIOKEHHBIM TpPyO4aThIM
KBapIeBbIM peakTopoM. Kartamutuueckas akTHBHOCTh 0Opa3lloB MPOBEpsIIach METOJO0M on-line ¢
WCIIOJIb30BAaHUEM Tra3zoxpomMarorpaduueckoro anammza Ha mnpubope «XPOMOC TI'X-1000y,
OCHAIIIEHHOTO MpoTrpaMMHBIM obecrieueHreM (I10) ¢ 3anuchio JaHHBIX HA KOMITBIOTED.

CuHTE3 KaTaanu3aTopOB MPOBOJUIICS C MCIOJIB30BaHUEM MeToaa "solution combustion" (SC)
[4]. B kauecTBe BOCCTAHOBHUTENIS A30THOKHCIBIX COJIEH, BXOJSIIMX B COCTAaB KaTajau3aTopa,
npuMeHsuica kapOamug u rauiuH. OCHOBOM KaTanu3aTopa cilyXuia cTeknoTkanb mapku KT-11-
TO, BeigepxkuBaromas temneparypy Harpesa 1200 °C 6e3 u3MeHEHHs CBOMX XapaKTepUCTHK. J{jis
MPUTOTOBIICHUSI KaTaJM3aTOpoB oOpa3el] CTeKIOTKAaHU pa3MepoM 8x8 cM, C Y4eToM ee
BJIAarOEMKOCTH, MPOMUTHIBAIM PACCUUTAHHBIM KOJMYECTBOM BOJHBIX PACTBOPOB Aa30THOKHUCIBIX
couleii, 3aTeM oOpasel NoACYIMBaIK B TeueHue 30 MUHYT B TepMocTare rmpu temmeparype 120 °C.
[Tocne uero BhICYIIEHHBIM OOpa3el moMemancs B My(QelbHYIO Me4Yb WM CYIIWIbHBIA IIKad u
nosoauics 10 temueparypsl 600 °C B Teuenue 1 yaca. VCIIOBUS SKCIEPUMEHTA IO ONPEAEIEHHUIO
KaTaJIUTHYeCKO# akTuBHOCTH - Hj: 40 - 75 CMS/MI/IH, CO: 15 - 20 cm’/mun. O6beMHast CKOpOCTb —
8000-12000 u™. Temneparypa - 200-350 °C.

OO0pa3ipl MOJUOKCUIHBIX KaTalIM3aTOPOB TOTOBWJIMCH Ha ocHOBe meoiuToB - NaX, CaA,
HZSM-5, nuamerp TpaHyl KOTOpBIX cocTaBimsl 2,5-3 MM. B kauecTBe BOCCTaHOBUTENS
A30THOKHCIIBIX COJICHM, BXOJSIIMX B COCTaB KaTaiu3aropa, HOPUMEHSICS TriaMuuH. J{is
MIPUTOTOBIICHUST KaTalM3aTOpOB OOpasel IeouTa 00beMOM 5 M, C Y4€TOM €€ BIaroéMKOCTH,
MPOMUTHIBAIM PACCUUTAHHBIM KOJHMYECTBOM BOJHBIX PACTBOPOB a30THOKHUCIBIX COJIEH, 3aTeM
obOpasen moacymuBaiu B Tedenne 30 MUHYT B Tepmoctare npu temmeparype 120 °C. Tlocne dero
BBICYIIICHHBIN 00pasel] MOMeIaiCcs B CYMIMIbHBIN mKad u moBoamics g0 temmeparypsl 300°C B
TeueHue | yaca.

[IpoBenenue uccnegOBaHUN MO MPOBEPKE KATATUTUYECKONW aKTUBHOCTH OOpa3lloB MPOXOIUT
B TpH 3Tamna. Ha nmepBoM sTamne nporcxXoIuT MOCTENEHHOE BOCCTAHOBICHNE OKCHIHBIX (ha3 B MOTOKE
5-7 06.% BogOpOaa B Cpelle MHEPTHOTO Ta3a (aproH) Mpu CTYMEHYaTOM MOJAbEME TeMIIepPaTyphl OT
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80 mo 180-200°C B Teuenue mosyropa-aByx 4dacoB. Ilpu mporpese karamusaropa go 110-120°C
o0beM BBIJICNUBIICHCS BOJBI cocTaBimsieT 9 - 12 % (cymka karamus3atopa); MpH IMOJbEME
temreparypst ot 120 10 140°C mporcxouT MeUIEHHOE BOCCTAHOBIICHHE OKCHIAa MeIH, a Tipu 140 -
160°C BoccTaHOBJIEHHE WHTEHCH(DUIUPYETCS, MPUYEM TP MOBBIMIEHHH TEMIIEPATYphl BCErO Ha
10°C Boimensiercst 50 - 65 % peakMOHHON BOJbL. B yka3aHHOM JHana3oHE TEMIIEpATyp CKOPOCTh
BOCCTAHOBJICHHSI KaTaJlM3aToOpa MaKCHMallbHas, MPU JajJbHEWIIEM IOBBIIICHUN TEMIIEPATyphl OT
160 - 170°C mo 180 - 200°C oma ymenbimaercs u Beimensiercs 15 - 20 % Boapl. OGmactb
temmeparyp 160 - 200°C coOTBETCTBYET 3Tamy MOCIEAYIOIMIEMY BOCCTAHOBIEHHIO OKCHIOB. Ha
TPEThEM 3Tare MPOUCXOTUT yXKe COOCTBEHHO MPOBEPKAa KATATUTHUECKOW aKTHBHOCTH C MOJaueit
pPEaKIMOHHON ra30BOM CMECH OIPEACIIEHHOT0 COCTaBa U MPH 3a/IaHHOM 00111el CKOPOCTH TOTOKA. B
pe3yibTaTe MPOXOKICHUS TPETHETO dTara CHHTE3 T'a3 MPeoOpa3yeTcsi B METAHOI.

Hcxonss w3 BBINIECKA3aHHOTO, CIIEAYET, YTO OCHOBHBIM MOMEHTOM TIPH ONpEACICHUN
KaTaIMTHYECKOW aKTUBHOCTH JUISI HCIIBITYEMOTO 00pa3lia sBIsSETCS OUCK YCIOBHHU (TeMIeparypa,
o0BeMHas ckopocTb, cooTHoleHnue Hy/CO), mpu KOTOPHIX TPOUCXOAUT 00pa30BaHUE METAHOIA.

CuHTE3 TMMETHIIOBOTO 3(hUpa OCYIIECTBISETCS MTyTEM JCTHIPATAIIH METAHOJIA TI0 PEaKIUH:

2CH30H — (CH3),0 + H,O (1)
Pe3yabTaThl M HX 00CyKIeHHE

B paGorte Obuta cuHTE3WpOBaHA CJIOXKHAs KaTaJUTHYECKash CHCTEMa, cocTosmas u3 /
akTHBHBIX KoMIoHeHTOB. CuO-ZnO-Cr,03-MnO-MgO-Al,03-Ba0 Ha oCHOBE CTEKIOTKaHU W
HCCIIE/IOBaHA €€ KaTaIuTUYeCKas aKTUBHOCTh B MPOIIECCE MOJydeHUs1 MeTanosia u JIMD u3 cunres
ra3a. B kauectBe BOCCTaHOBUTES MCIOIB30BANICA KapOAMMU/I.

B Tabnune 1 mpencraBieHBl JaHHBIE XPOMATOTPaGUYECKOTO aHAIW3a IO HMCCIEIOBAHUIO
KaTaJIMTUYECKON aKTUBHOCTH CJIOKHON KaTaJIUTUYECKOM CHCTEMBI, BKIFOUAIOIell B ce0s1 7 OKCUIOB
metamwioB: CuO-ZnO-Cr,03-MnO-MgO-Al,03-Ba0. U3 Tabawimbl BHAHO, YTO B MEPBOM Ciydae
KOHBepcHus Bojopona cocrasisieT okoyio 0,1 %. CHukeHue CKOpOCTH IOTOKa YBEIWYUBAET
KOHBEpCHIO Bojoponaa mpaktuyecku 1o 10 %, mpu stom Habmromaercs oOpa3oBaHHE LIEJIEBOTO
npoaykra MeraHosna ~ 3 00.% u 0,5 006.% mumermnoBoro s¢dupa ([AMD). B pesynbrate
UCCIIEIOBAaHUSI KAaTAIUTUYECKON AaKTUBHOCTU BHIHO, YTO KOHBEPCHSI HMCXOJHBIX KOMIIOHEHTOB
HeBbicokas 1,5-2,5 %, unoraa nocturaer u 10 % mpu npoBOAMMBIX YCIOBHUSX W aTMochepHOM
JTABJICHUU.

Tabmuma 1 - JlaHHble XpoMarorpauueckoro aHajau3a I10 HCCIICJOBAHHIO KaTaIUTHUYCCKON
akTuBHOCTH cucteMbl CuO-ZnO-Cr,03-Mn0O-MgO-Al,03-BaO

T"a3zoxpomaTtorpaudeckue JaHHbIE
T,°C CKopoCTh,
Hy 06.% | CO,06% | CO,06.% | Oy 069 | ©M/mmH
Q= 12000 1
25 | 65573 8,522 3,842 0,093 107,14
218 | 62,825 7.762 3,053 7.122 107,14
220 | 65986 8,252 3.464 0,23 107,14
222 | 65512 8,503 1,161 0,582 103,4
Q=45004"
25 | 65573 8,522 3,842 0,003 65,57
230 | 59,023 15,478 5,160 0,295 63,15
249 | 59,177 15,206 5,045 0,583 63,15
250 | 59,208 15,143 5,034 0,453 63,15
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Ha ocHOBe MOIy4eHHBIX AIKCIEPHUMEHTAIBHBIX JTAHHBIX YCTAaHOBJICHO, YTO IOJHMOKCHIHBIC
KaTaJIn3aToOpbl Ha OCHOBE CTEKJIIOTKaHM, cocTtosimue u3 7 komnoHeHToB (CuO-ZnO-Cr,03-MnO-
MgO-Al,03-Ba0), cuntesupoBannbie Metogom ‘solution combustion” npu armochepHoM
JaBIICHUH TPOSBISIIOT My KaTAIMTHYECKYI0 aKTHBHOCTh B Iporecce 00pa3oBaHUs
JTUMETUIIOBOTO 3(Upa U3 CUHTE3 rasa.

B cBsi3u ¢ 3TuM, OblIa CHHTE3MpOBaHA HOBAs KaTaJUTHYECKas CHCTEMa Ha OCHOBE IICOJIMTA
mapku HZSM-5, umerorias B cBoem coctaBe CuO-23%; Zn0-27%; Al,03-50% MeTo10M IPOTTUTKH
0e3 mobOaiieHust BocctaHoBuTeNs. [Ipomecc mepepaboTku cuHTE3 Trasza B JIMD mpoBOIWICS IO
TaBJICHHEM, paBHBIM 9,5 atM. ¢ coortHomeHueM Hp/CO = 2:1 m Q = 1500 gyl g WHTEpBaje
temneparyp 200-240 °C. U3 razoxpomarorpadu4yeckux JAHHBIX CIEIAYeT, Y4TO JAHHBIM 00pasell
HPOSBIISIET KATAIMTHYECKYIO aKTHBHOCTH B Tporecce moiydenus [IMD npu T=240 °C, BbIxOJ
MeTaHoJIa cocTaBisieT 2,3 00.%, a numeTusioBoro 3¢upa — 48,8 06.%.

Takum 00pa3oM, KaTaJUTHYECKHE CHUCTEMBI Ha OCHOBE CTEKJIOTKAaHW, CHHTE3MPOBAHHBIC
MeToqioM "solution combustion" TPOSIBISIIM Mallyl0 KaTaTUTHYECKYI0 AaKTUBHOCTH B IIPOIIECCE
MOJTydeHHnEe JTUMETHIIOBOTO 3(dupa dvepe3 oOpa3oBaHus MeraHoia. I[IpoBemeHume mporecca mpu
TaBIICHUH, PaBHOM 9,5 aTM. Ha IEOJIMTCOJECPKAIINX KaTaM3aTopaxX, CAHTE3UPOBAHHBIX METOIOM
MIPOIMUTKU U 0€3 BOCCTAHOBUTES MO3BOJIMIIO TOJIYYHUTh II€JIEBBIX MPOJYKTOB C BbIxoAaMHu 2,3 00.%
METaHOJIa U TUMETHIIOBOTO dupa — 48,8 00.% COOTBETCTBEHHO.
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AHHOTAaIUSA

PaccMOTpeHbI HaAYyYHO-TEXHUUECKHE OCHOBBI TEXHOJIOMHU TUIA3MEHHOI'O BOCIUIAMEHEHUSI YIS M PEea3YIOIIIX
ee IITC. Dra TexHonorusi Gazupyercss Ha JIEKTPOTEPMOXUMHYECKOH MoAroToBke TomimBa K cxuranuio (OTXIIT),
CyTh KOTOPO# 3aKII0YaeTcsl B HarpeBe Iia3MeHHbIM (akenom npu aeduimre Kucioposa noroka aspocmecu B [ITC mo
TeMIepaTyphl, NpeBbIIaloNIell TeMuepaTypy caMmoBociuiaMeHeHus: naHHoro yris. IIponecc OTXIIT uccnenoBaH Ha
yerbipex ocHamieHHbIx [1TC kormax BK3-75 Illaxtunckoit TOII, IIKTU-75 VYcre-Kamenoropckoit TOII, BK3-160
Amnmarturckoit TOI-3 u BK3-420 Anmartunckoit TOII-2. Mopenupoanue u ucneitanus 1ITC Ha pelficTByrommx
NbUIEYToNbHBIX KoTiax TOC MOATBEpAMIM TEXHUYECKYIO pPealu3yeMOCTh, SKOJIOTMYECKYI0 M DHEPTEeTHYECKYIO
3¢ PEKTUBHOCTh OE3Ma3yTHOM PACTONKH KOTJIOB M CTaOMIM3alMU TOPEHHS NIBUICYTOJILHOTO (hakesa ¢ MCHONb30BaHUEM
IITC.

MupoBasi SHepreTuka B HacTosllee BpeMs W Ha o0o3pumyro mepcrnektuBy (mo 2100 r.)
OpUEHTHpPOBAaHA HAa KCIOJIb30BaHHE OPraHUYECKOro TOIUIMBA, IJIaBHBIM 00pa3oM HHU3KOCOPTHBIX
yriei, o KOTOPbIX B BbIpaOOTKe 3nekTposHepruu cocrasisetr 40%, a terioBoil — 24%. B aroii
CBSI3M TOBBIIMICHUS] YHEProd((HEKTUBHOCTH MBUICYTOJbHBIX TEIJIOBBIX 3JEKTPOCTAHIUIN SBISETCS
MPUOPUTETHOM 3a7avyeil COBPEMEHHOW TEIUIOAHEPreTuKu. PaccMarpuBaemble  TIa3MEHHO-
toruuBHble cuctemMbl (IITC) ans Ge3ma3yTHOM pacTONKM KOTJOB, MOJXBAaTa M CTAOMIU3aLUU
TOpPEHUS MBLICYTOJIBHOTO (paKesia OTBEYaroT 3TUM TpeOoBaHUsAM. B mocneanee BpeMs aKTyallbHOCTh
3TOM MJIa3MEHHOW TEXHOJIOTMH BO3pACTaeT elle OOJIbIIe B CBSI3U C UCTOILIEHUEM 3amacoB HEDTH U
rasa, CHUK€HHEM KauecTBa TBEPJIbIX TOIUIMB U 3aMeJIeHHeM npupocta MoiHoctedn ADC.

B Hacrosimielr paGoTe mpencTaBieHbl Pe3ylbTaThl IUKIA HCCICAOBAHUNH M NPUMEHEHHS
MPSIMOTOYHBIX, BUXpeBBIX B MydenbpHbix [ITC Ha mbpuieyroiapHbIX KoTiax YcTh-KameHoropckoit
TOII, laxtunckoit TOLl, Anmatunckoir TOI[-2 u TOII-3 (Kazaxcran). MccnemoBansl IITC Ha
KOTJaX C CHUCTEeMaMH MbUICIPUTOTOBJICHHs ¢ mpsMbIiM BayBanuem mbuin (Lllaxtunckas TOL[ u
Anmarunckas TOI-2) u npomexyrounsiM OyHkepom mbui (YcTh-Kamenoropckas TOL[ wu
Anmarunckas TOII-3) [1-6].

B ocHOBe TeXHOJOrMM MJIa3MEHHOTO BOCIUIaMEHEeHUs yris u peanusyromux ee [ITC nexur
aNIeKTpoTepMOXUMUYecKkass moAarotopka tormmmBa K cokuranuio (OTXIIT). Cyrs OTXIIT
3aKJIIOUAETCs B HArpeBe MIIa3MEHHBIM (akeraoM Mpu JedHUIUTe KHUCIOPOaa MOTOKA MBUIEYTOIbHON
CMeCM B  CHEIUalIbHOM  Kamepe J0  TeMIepaTypbl, MPEBbIIAIOLIEH  TeMIepaTypy
CaMOBOCIUJIAMEHEHUS JaHHOTO Yriisd. [Ipy 3TOM MpouCXOAUT MPaKTUYECKU MOJIHBIN BBIXO/I JIETYUYUX
Y YaCTUYHOE CTOpaHMe W/WiM Tazudukanus yriepojaa yris. B pe3ynpraTe B TOMKE MOJydyeHHAas
TOIUTMBHAsI CMECh WJIM BBICOKOPEAKIIMOHHOE NBYXKOMIOHeHTHoe ToruBo (B/IT), cocrosiiee u3
TOPIOYEro ra3a U KOKCOBOTO OCTAaTKa, BOCIUIAMEHSIETCS MPU CMEIIEHUH C BTOPUYHBIM BO3JYyXOM U
YCTOWYMBO TOpUT ©O€3 UCHONb30BaHUS s crabunuzauuud  (akema BTOpOro  Buua
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BBICOKOPEAKIIMOHHOTO TOIUIMBA (raza wiM masyra) jgaxe B xojoaHoi tomke. IIpomecc DTXIIT
ocymiectsisiercs B [ITC.

B xauectBe mpumepa paccmorpuM koten bK3-420 mapompoumsBomutensHOCThIO 420 T/4
Anmatunckoir TOII-2. Koten BbK3-420 ochaien 6 mbUICYrOJIBHBIMH BHXPEBBIMHU JIOMATOYHO-
JIOTIATOYHBIMU TOpeiKaMu. JIByXIMOTOYHBIE KaK IO TMEPBHYHOMY, TaK M MO BTOPUYHOMY BO3IYXY
TOPEJIKK PaCIoJIOKeHbI ¢ (poHTa KOTNIIAa B 1Ba spyca (puc. 1). HomuHanmpHBIH pacxon
DkubacTy3ckoro yris 30iapHOCTRI0 40 % u teroroit cropanust 4000 kkay/kr cocraBisieT 11 1/4
gyepes oaay ropenky. 3 IITC (puc. 1 6) ycTaHaBIMBAIUCH TPEYTOJIHBHIKOM BBEPX BMECTO OCHOBHBIX
MBUICYTOJILHBIX TOpetiok (puc. 1 a).

1205 m

i 1
sy o[ ' L;‘
Im| b1
- !
8 7 6
Hi6w
a 0
Puc. 1. Cxema xomnonoBk# [ITC 1 0OCHOBHBIX MbUIEYTONBHBIX Topenok (a) u obmwuit Bua [1TC Ha kotiie BK3-420
ATOII-2: | — wrtatHast BUXpeBas IBYXIOTOYHAs nblieyroibHas ropenka, || — [ITC, 1 — kaHan BHEIIHEro NoToka

a’pocMecH, 2 — Kopod BTOPHYHOI'O BO3/1yXa, 3 — MOABOJ BHELIHETO IOTOKA a9pPOCMECH, 4 — IOABOA BHYTPEHHETO
MIOTOKA a3pPOCMECH, 5 — MIAa3MOTPOH, 6 — KaMepa ToIaYH adpPOCMECH K Tu1a3MoTpony, 7 — kamepa DTXIIT, 8 — kamepa
CMEIICHHS U TEPMOXUMHUUYECKOI OATOTOBKHU TOIIMBA, 9 — TOIOYHOE TPOCTPAHCTBO.

Bo Bpems ucnpiTaHuii ObLT TOJY4€H YCTOMYMBBIA MBUIEYTOJBHBIN (aken (puc. 2) ot IITC B
XOJIOJHOM TOIIKE.

aapocmech
emopuyHBIl =
8030yx
4

Puc. 2 - Bua ¢axena ot IITC Ned uepe3 cMOTPOBOit JTFOUOK B OOKOBOM CTEHKE KOTIIA
(35 muHyTa MOCITE TIa3MEHHOTO BOCIUIAMEHEHUS MBLICYTONBHOrO (hakesa B ropeske Ned)

B mpouecce ucnbitanuii [ITC mo DOCTHXXKEHHIO HEOOXOJMMOM KOHLIEHTPALMM IBUIM B
a’pocMecH HalOJI0aI0Ch BOCIUIAMEHEHHE IbUICYTOJbHOTO (hakesa B XOJIOJAHOM TONKE KOTJIa Ha
BbIX0Jie U3 ropenok Ne 2, 4, 6 (puc. 1 a). M3mepenue temmneparypsl (akeIoB yepe3 CMOTPOBBIE
JHOYKM LU(GPOBBIM MUPOMETPOM II0Ka3ajo, 4YTO cpa3y IOCie BOCIJIAMEHEHHUs TeMmIepaTypa
daxemos cocramsma  700-800 °C, mobmmascs g0 1050-1070°C. Tlpu ostom B Hauane
BOCIIAMEHEHUSI HaONI0JAUCh MyJbCAllUd TOPSLINX (aKkeIoB B TOMKE, CTAOMIM3UPYIOUIMXCS 10
Mepe ee nporpesa u noaauu 30-40 % BropuuHoro Bo3ayxa Ha ropenku Ne 2, 4, 6. Uepes 67 MuUHyT
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MoCye TIa3MEHHOTO BOCIUIAMEHEHHMS MBUICYTOJIBHBIX (aKeIOB TeMIlepaTrypa MepBUYHOTO BO3IyXa
cocrasuia 75 °C, temneparypa B Gapabane — 143 °C, temmeparypa rasos 3a tomxoii — 192 °C.
CKOpOCTh MOBBIIIEHHS TEMIIEPATypbl TOpSAYEro BO3AyXa IMpU 3TOM CcoOCTaBisiaa okxoyio 1,5
rpaj./MUH, 9TO COOTBETCTBYET CKOPOCTH TIOBBIIICHHS TEMIEPATyphl MPH Ma3yTHOM pPacTOIKE
KoTJoarperara.

MopnenupoBanue u ucneitanus [ITC Ha pgelicTByrommX mbuleyrojpHeIX KoTinax TOC
MOATBEPIMIIN TEXHUYECKYIO PEaIn3yeMOCTh, SKOJIOTUYECKYI0 U SHEPTeTUUECKYIO Y(PPEKTHBHOCTb
0e3Ma3yTHOH pacTONKM KOTJIIOB M CTa0MIM3allMd TOPEHHUS MBUICYTOJIBHOTO (hakema C
ucnons3zoBanueM [ITC. IITC ycranoBnens u ucneitansl B Poccun, Kazaxcrane, Ykpaune, Kopee,
Kurae, CnoBakuu, Cepoun u Monronuu Ha 31 KOTe Maponpou3BOAUTEILHOCTRIO OT 75 10 950
T/4, OCHAIEHHBIX pA3JIMYHBIMU CHUCTEMaMU TBUICTIPUTOTOBICHUS (TIPSIMOTO BIYBaHHUS H C
MPOMOYHKEpOM) M pa3HbIMH THUIIAMU NBUIEYTOJIbHBIX TOPENOK (MPAMOTOYHbIE, MYy(QelbHbIE M
BuxpeBbie) [4]. [Ipu ucneiranusx [ITC cxxuramuce Bce TUIBI YHEPreTUYECKUX yriel (Oypsie,
KaMEHHbIE, aHTPALUTHI U UX CMECH) ¢ cojiepkaHueM JeTydux ot 4 10 50%, 301apHOCTBIO OT 15 110
56% wu Ttemmotoit cropanus oT 1600 mo 6200 kkan/kr. WcmonwszoBanme I[ITC oOecreumBaer
NoBbIIeHHE A()PEKTUBHOCTH BOCIJIAMEHEHUS W CXKUTAHUS DHEPreTUYECKHX YIJIeH, IMO3BOJIAET
UCKJIIOYUTh PAacXoJ0BaHHE NEPHUIIMTHOIO Ma3yTa Ha pAcTONKY M TOJICBETKY KOTJIa, CHU3UTh
MEXHEJI0’)KOI TOIUIMBA, a Takke 0OecreyrBaeT IIMPOKUE BO3MOXHOCTU JUIsl aBTOMAaTH3alUU
Ipolecca po3Kura, cTabWian3aluy TOPEHMs MbUIEYTrOJIbHOTO (hakena B KOTJIAX W yMEHbIIEHUS
BpPEIHBIX BHIOPOCOB B OKpyxaromiyro cpeay. IIpu padore [ITC B pexxume cTtabunuzanuu ropeHus
MBUIEYTOJIbHOTO  (pakenma KOHLEHTpalMs OKCHJIOB a30Ta CHWXKaeTcd BJABOe, Omaroaaps
nByctaauitHomy pexumy coxkuranus TormmBa (IITC w Tomka KoTna), ¢ OJHOBPEMEHHBIM
YMEHBIIIEHHEM MEXHEJ0K0oTa ToIumBa B 4 paza. DxoHomuueckuit >ddext ot BHeapenus [ITC
3aBUCHT OT COOTHOLIEHHWS LIEH Ha yroJib, ra3, Ma3yT, B 3aBHCUMOCTH OT KOTOPBIX CpPOK HX
OKynaeMocTH Bapbupyetrcsa oT 12 no 24 mecsueB. Hanpumep, ecau ycranoButh [ITC Ha Bcex 240
nbuteyrodbHbIX KoTiaax TOC Kazaxcrana, To 3KOHOMHUYECKHU 3(PPEKT OT MX HCIOJIB30BAHUS
nocTurHet 6osiee SO MuIp. TeHre B roj, 0€3 ydeTa dKOJIOTHYecKoro 3P ¢eKkTa, 3aKIF0varonierocs B
3HAYUTEIHHOM CHIDKEHUU MEXHEI0KOTa TOIJIMBA U BPEIHBIX BHIOPOCOB.

TexHosorus mIa3MOXUMHYECKON MOATOTOBKY TOTUIUB K CKMTAHHUIO U MJIa3MEHHO-TOIIIMBHbBIE
CUCTEMBI JjIs ee peanm3aruu npeacrasiieHbl Ha DKCIIO-2017 (Actana) [5].

PaGora BrimosiHeHa mpu (UHAHCOBOW MOAJEpKKe MuHHCTEepcTBa OOpa3oBaHUs U HAyKH
Pecryonmuku Kazaxcran (mpoextsbl 0263/TTLHD15 u 3483/T'D4).

Jlureparypa

1. Kamunenko P.A., JleBunkuii A.A., Meccepae B.E., [Tomak JI.C., Cakunios 3.b., YcTumenko
A.b. DrekTpoTepMoXuMuYecKasi MOAr0OTOBKa HU3KOPEAKIIMOHHBIX yrieil. Marematnyeckas MOJenb
U DKCnepuMeHT. // Xumus Beicokux sHepruit, 1990. T. 24, N 3. C. 272-277.

2. HNayros I'.}O., Tumomenckuii A.H., YprokoB b.A., ..., Kapnenko E.U., Meccepne B.E.,
[leperynos B.C., Ycrumenko A.b., ... I'eHepauus HU3KOTEMIIEpaTypHOU IIa3Mbl U IIa3MEHHbIE
texHojoruu: Ilpobnembr u mnepcnektuBbl (Ilma3MeHHO-PHEpreTHUECKWE TEXHOJOTHUH  JUIsS
yIAYUIIEHUS] JKOJIOTMYECKUX M OSKOHOMHYECKHMX IIOKa3zaTeled CKUTraHus U rasudukanuu
nelieBuaHoro yris, C.341-366). // HuszkoremneparypHast minazma. T. 20. HoBocuOupck: Hayka,
2004. 464 c.

3. Karpenko E.I., Messerle V.E., Ustimenko A.B. Plasma-aided solid fuel combustion. //
Proceedings of the Combustion Institute. Elsevier, 2007. Vol. 31. Part II. P. 3353-3360.

4. Kapnenko E.U., Kapnenko HO.E., Meccepie B.E., Yctumenko A.b. Hcnonws3zoBanue
MJIa3MEHHO-TOTUIMBHBIX CHUCTEM Ha TEIUIOBBIX 3JIEKTpUueckux craHuuax Poccumn, Kaszaxcrana,
Kuras u Typuuu. // Xumus Beicokux 3uepruii, 2009. T. 43, Ne 3. C. 271-275.

WHCcTUTYT Npo6JsieM ropeHus

136



IX XAJIBIKAPAJIBIK, CHMIIO3HUYMBbI «2KAHY KOHE I1/IA3MAJIbIK XHMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

5. Meccepne B.E., VYcrumenko A.b. Ilnasmenno-tormBHbeie cuctembl (IITC) st
MOBBIIICHUSI  AKOJIOT0-3KOHOMHYECKMX TMoKa3arejaed TerinoBbeix anekTpoctaniuit (TOC) wu
MBUICYTOJIBHBIX KOTEJIbHBIX. OHEeprus OyAyllero: WHHOBALMOHHBIC CICHAPHUM U METOJBI HUX
peannzauuu: matepuansl BcemupHoro Konrpecca unkeHepoB u yueHblx (19-20 wurons, 2017,
Acrana, Kazaxcran). [lox o0m. pexn. akax. H.A. A6sikaeBa, b.T. )Kymarynosa. - T.2. — Anmarsl,
2017. C.234-239.

6. Messerle V.E., Karpenko E.I., Ustimenko A.B. Plasma Assisted Power Coal Combustion
in the Furnace of Utility Boiler: Numerical Modelling and Full-Scale Test // Fuel, 2014. Vol. 126.
P.294-300.

INJIABSMEHHOE BOCIIVIAMEHEHHUE IIBUIEYTI'OJIBHOT' O TOIIVIMBA

B.E. Meccepnel’z, A.B. Yerumenko'?

1 TOO «HTO Ilnasmorexunkay, r. Anmarsl, Kazaxcrau
2 Hucturyt npobinem ropennss MOH PK, r. Anmartsl, Kazaxcran
3 Hay4Ho-uccnenoBaTenbCKuil HHCTUTYT DKCIIEPUMEHTAIBHOM U TEOPETHIECKON (DH3HKH,
Kazaxckuii HalMOHAJIbHBIH YHUBEPCUTET UM. aib-Dapadu, . Anmarel, Kasaxcran
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HpeHCTaBHeHa MOJCIb IUTa3MEHHOM TepMOXHMH‘IeCKOﬁ MOATOTOBKU K CIKUTI'aHUIO IBUICYI'OJIBHOI'O TOIUIMBa
(IITTIC) u nporpamma PlasmaKinTherm mis pacuera mnasmenHo-tormuBHbix cucteM (IITC), ucnonb3yembix mpu
0e3Ma3yTHOM pacTolKe KOTJIOB M CTaOMiIM3allMd TOpPEeHUs IbUIeyrolbHOro ¢akena. B Monenu CcoBMeIIEHBI
KHHETHYECKHE U TepMOAMHAMUYECKue MeTo s, onuckiBatomue npoiecc [ITTIC B o6veme IITC.

OpHol W3 TMEpPCHEeKTHUBHBIX TEXHOJOTWH  BOCIUIAMEHEHHUS  SABJSETCS  IUIa3MEHHAs
TEPMOXHMHUYECKass IMOArOTOBKAa MbUICYyrojpbHOro TommBa K okuranuio (IITIIC) [1-4] ¢
WCIIOJIb30BaHUEM TuTa3MeHHO-TOIUIMBHBIX cucTeM (IITC), nambonee pacrnpocTpaHeHHas cxema
kotopoii mpuBeneHa Ha puc. 1. Texnonorus [ITIIC 3akmtouaercs B HarpeBe a3pocmecH (yroJibHast
MbUIb + BO3/YX) AJIEKTPOAYTOBOM IUIa3MOU IO TeMIIepaTypbl BBIXOJA JIETYYUX YIJIA U YACTHUHOMN
razuukanuu KokcoBoro ocrtatka. Tem cambiM B [ITC w3 HCXOAHOTO yris MOJIY4arOT
BBICOKOPEAKIIMOHHOE JBYXKOMIIOHEHTHOE TOIUTUBO (TOPIOYUH ra3 + KOKCOBBIN OCTAaTOK) 3aJaHHOTO
coctaBa. [Ipm ero cmemeHMHM C BO3AYXOM B TOINKE KOTIA JBYXKOMIIOHEHTHOE TOILIUBO
BOCIUIAMEHSETCS U YCTOMYHUBO TOPUT 0€3 TOTOJHUTEIHLHOTO BRICOKOPEAKIIMOHHOTO TOIUIMBA (Ma3yT
WIK Ta3), TPaaUIMOHHO HCIOJIB3YeMOro Ui PAcTONKUA KOTIOB W CTa0WIM3AlMH TOPEHUS
MBLUIEYTOJILHOTO (akena.

Puc.1. Cxema nmpssmorounoit [TTC:
1 — Tomka KoTNHa, 2 — IWIa3MOTPOH, 3 — a3pPOCMECH,
4 — (axen BBICOKOPEAKIIHOHHOTO ABYXKOMIIOHEHTHOI'O TOILTHBA.

JlanHass paboTa TOCBsIIEHa YUCICHHOMY HcclienoBanuio mpsMorouHoil I1TC ¢ momomibto
nporpammbl PlasmaKinTherm [5], pa3paboTaHHOH Ha OCHOBE KOMIBIOTEPHBIX mporpamm Plasma-
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Coal u TERRA [6, 7] u coBMemiamoIieii KHHETUKY BBIICIICHUS JICTYYUX U OKUCIICHHS yriiepoja
KOKCOBOTO OCTaTKa ¢ TEPMOJAMHAMUYECKUM IOJIXOJ0OM K pacyeTy IUIa3MEHHBIX TEPMOXUMHUYECKUX
MpeBpaIleHuil B ra30Boil (paze mpoayKTOB MEPBUYHOMN IECTPYKLIUHU YIS

YucneHHble UCCIIEJOBaHMS MIJIJA3MEHHOTO BOCIUIAMEHEHHUS BBICOKO30JbHOIO DKHOACTY3CKOTO
KaMEHHOTI'O YIJIS BBINOJIHEHBI 11 npsMoTouHOM nunuHapudeckoi IITC (puc. 1). Dxubacty3zckuit
KaMEHHBIN yrojb 30J16bHOCTBIO 40%, BbIXOJOM JeTy4uux 24%, BIaXKHOCTBIO 5.8% HMeEeT yAenbHYIO
terioTy cropanus 4000 xkan/kr. Pacxox yronpHO# mbeumi coctaBisin 1000 kr/gac, ee HavanbHas
temneparypa — 27°C, Buyrpennuii guamerp [ITC - 0.2 m, qymuna [TTC — 3 m.

HccnenoBaHo BIMSHME MOIIHOCTH IUIa3MOTPOHAa Ha TEMIEpPaTypy, CKOPOCTb U COCTaB
npoaykroB [ITIIC. Pacuer nporieccoB BocriaMeHEHUs! U TOPEHUS YTJISl BBIIOJIHEH JIJIs CIIEAYIOLIUX
3Ha4YeHW MoImHOCTH TasMoTpona: 20, 40, 60, 80 u 100 xBt. M3 puc. 2 BumHO, UTO
BOCIUTaMeHeHne yroiibHbIX yacTull B [ITC obecrieunBaeTcst mpu MOMIHOCTSX TiazmoTpona 40 — 100
kBT (kpuBbIe 2 — 5, COOTBETCTBEHHO), TOT/1a KaK MPH MOIIHOCTH TutazMarpoHa 20 kBt temneparypa
rasa Io JIMHE KaHalla NPaKTUYeCKH HE YBEJIMYMBAETCs, ocTaBasch Ha ypoBHe 110°C, yro sBHO
HEZ0CTAaTOYHO JIJIsl BOCIJIaMeHeHUs ToruinBa. Hanpumep, Temneparypa BocIjaMeHEHHs] KAMEHHOTO
yris npesbimaer 350°C. BiusHue yBeaMyeHWs MOIIHOCTU IUIa3MOTPOHA Ha TEMIIEpATypy rasa
(puc. 4) mnposiBASETCS B CMELIEHUHM MaKCHUMyMma TeMIepaTryp K IUIa3MEHHOMY HWCTOYHUKY,
pacnonioxkeHHoMy B Haudaie kaHaia I[ITC (X=0 m). OTmeTuM, 4TO MaKCHUMaJIbHbIE 3HAYEHUS
TEMIIEpATyp rasa M3MEHSIOTCA B y3koM uHTepBane 1940 — 1975°C. D10 cBS3aHO CO 3HAUMTENLHBIM
MIPEBBILLIEHUEM TEIUIOBBIJCICHUSI OT pEeaKUui OKHUCICHHS JIETy4yuX YIS U yIriepoja TEeIUIoBOM
MOIIIHOCTH IJIa3MOTpoHA. B yacTHOCTH, OTHOCUTENbHAS TEIJIOBAsk MOIIHOCTD IUIa3MOTPOHA, paBHAs
OTHOIIIEHUIO MOIIHOCTH TIIa3MOTpOHa K BhIAeIeHHOM B oObeme I[ITC TeniaoBoil MoOIIHOCTH
MOJTYYeHHOTO TOIUTMBA Bapeupyercs oT 5 mo 13% mmsa momHOcTel 1utazmoTpona 40 — 100 kBT,
COOTBETCTBEHHO.

CpaBHEHME pE3yabTAaTOB CTEHIOBBIX MCCIECIOBAHUNA U ONBITHO-IPOMBIIUICHHBIX UCIBITAHUI
MPOIIECCOB IIIAa3MEHHOTO BOCIIaMeHeHus OJkubactysckoro yrisa [2, 3, 8, 9] ¢ pesynabraramu
pacuera npeacTaBiieHo B Tabnuie 1.

2000
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°. 1000
=
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0 ¥ T L T L T ¥ T a T
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Puc.2. M3menenne TeMiiepatypsl ra3oBoii (assl mpu BapbpoBanuu MomHocTH ot 20 go 100 kBt (6) mo amune IITC: 1,
2, 3, 4,5 — mommnHocts mazmorpona 20, 40, 60, 80 u 100 kBT, COOTBETCTBEHHO.

B tabnuue o6o3nauensl: G - pacxon yris, P - MOIIHOCTh MIa3MOTPOHA, | - KOHLIEHTpPAIUsI
OelIM B a’pocMecu, T - Temmeparypa ¢akena Ha Beixoge u3 IITC, Ci - KoHueHTparuu
ra3o00pa3HbIX KOMIIOHEHTOB Ha BBIXOJIE U3 KaHana. B skcniepuMeHTax TemMrnepaTypbl U3MEpsUIMCh ¢
NOMOIIBI0 I(poBoro nupomerpa B sjape Boixogsamero u3 IITC ¢akena, a mpoOsl 115 ra30Boro
aHanu3a oTOMpanuch KepamuyeckuM 30HJIOM Ha Bbixojie IITC. OTHocuTenbHas MOTPEUIHOCTb
OTpEENEHUs] TEMIIEpaTypbl Ipollecca 3aBUCUT OT MOIIHOCTM IIJJa3MaTpoHAa M HAXOAWUTCA B
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untepBasie 17 - 22% nns mouHocred miasmorpoHa 80 — 200 kBr. OTHocuTenpHas NOrpeIHOCTh
omnpeneseHus: KOHUeHTpaui roprounx kKomrnoHeHTOB (CO+Hj) Taxke 3aBUCUT OT MOIIHOCTH
IIa3MaTpoHa W HaxomuTcs B mHTEpBaie 16 - 28%. M3 Tabmumpl ciemyer, 4TO OTHOCHUTEIIbHAS
MOTPEIIHOCTh OIPEIeNIeHNs OCHOBHBIX NapameTpos npoiiecca [ITIIC ymenpiiaeTcs ¢ yBenuueHUEM
MOIIHOCTH IJIa3MOTPOHA.

Tabmuna 1. CpaBHEHHE SKCIIEPUMEHTAIBHBIX M pacueTHHIX 3HaueHwWid mapamerpoB [ITIIC
DKHnOaCTy3CKOTO YIJIst

DKCHEpUMEHT Pacuer
n| @ mof P Ci, 06. % Ci, 06. %
xeluac ke/ke | kBm | T oc T,°C
CO H, CO, N, CO H, COz| N,

1 1000 0.6 80 1170 | 246 | 7.5 3.2 | 57.2| 1429 | 163| 6.8 | 51 | 646

2 1000 0.6 100 | 1180 | 27.8| 9.3 22 | 554 | 1433 | 190| 85| 40| 624

3 2000 0.6 200 | 1250 | 339 | 109| 13 | 521 | 1469 | 248| 12.7| 1.7 | 57.7

PazpaGorannas Mozenp TJIa3MEHHOW TEPMOXHMHUYECKOW TIOATOTOBKHM K CIKUTAHUIO
MBUIEYT0JILHOTO TomuMBa U nporpamMa PlasmaKinTherm npenna3znauena ans pacueTa mia3MeHHO-
TOTJTUBHBIX CHUCTEM, MCIOJIb3YEMBIX TTPU 0€3Ma3yTHOM pacTONKe KOTJIOB U CTaOMIM3alluy TOPEHUS
MbLUIEYrOJIbHOTO akena. B Momenu coBMmelnieHbl KHHETHYECKHE U TEPMOJAMHAMUYECKUE METO/IbI,
onuceiBatromue npouecce [ITTIC B o6beme I[TTC.

BrinosHeHO wucneHHOE uccienoBaHue pexuMHbIX mapameTpoB IITC B 3aBucumocTH OT
MOIIIHOCTH IJ1a3MOTpoHa. HaliieHsl n3MeHeHus TeMIiepaTyp U CKOPOCTEH ra3a U yroJibHbIX YacTHIl,
a taxke KoHueHtpauuil npoayktoB IITIIC nmo gmune IITC. PacyeTsl moka3anu, 4To B AMana3oHE
MoimHocTte mmasmMotpoHa 40 — 100 kBt pmocturaercs  ycTOMYMBOE — BOCIUIAMEHEHHUE
BBICOKO30JIbHOTO KaMEHHOTO YIJIsi TpH pacxojae a’dpocMmecu 1667 Kr/d4, 4To MOATBEPKIAACTCS
BBICOKMM ypoBHeM Temiepatyp (10 1470°C) u KoHIEHTpaIUil TOPIOYMX KOMIIOHEHTOB (10 44%) Ha
Beixoge IITC.

[Ipn yBenMMYEeHUMM MOIIHOCTH IIJIa3MOTPOHA HAOMIOJAeTCsl CMEIIeHHE MaKCHMYMOB
Temmneparyp U ckopoctedt mpoayktoB IITIIC BBepx mo moTOKy (B HalpaBJICHUH ILUIa3MEHHOTO
UCTOYHUKA). MakcuMaibHble 3HAUEHUs TEMIIEpaTyp U CKOPOCTEN U3MEHSIIOTCS B Y3KOM MHTepBaje
3HAYEHUH U MPAKTUYECKH HE 3aBUCST OT MOIIIHOCTH I1JIA3MOTPOHA.

CpaBHeHHE pe3ylIbTaTOB pACUYE€TOB C OJKCIEPUMEHTAIbHBIMU JaHHBIMU MOJITBEPAUIN
MIPAaBOMEPHOCTh MPUHATBHIX MPH Pa3pabOTKe MOJENU IOMYIICHH, YTO TO3BOJSET HCIOJIb30BaTh
Mozens 1 nporpammy PlasmaKinTherm ans mpoektupoBaHus 1a3MEHHO -TOIIMBHBIX CHCTEM.

PaGora BreimosiHeHa mpu (UHAHCOBOW MOAJEpKKe MuHHCTEpCTBa OOpa3oBaHUS U HAyKH
Pecniyonuku Kazaxcran mo mporpamme ueneBoro ¢uuancupoBanus 0263/IILD15 u mpoekram
rpa"ToBoro ¢puHancupoBaHus 3483/I'D4.
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CHUHTE3 YIVIEPOAHBIX HAHOCTPYKTYP METOJAOM KHUCJIOPOJHO-
ALETUJIEHOBOM 'OPEJIKU HA IUIEHKAX Ni
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AHHOTALIUA

B paGote mpencTaBiieHsl pe3yabTaThl SKCIIEPUMEHTOB 110 CUHTE3Y YTIIEPOAHBIX HAHOCTPYKTYP METOAOM
KHCIIOPOIHO-aIIETHIICHOBOH TOPENIKH Ha MTOBEPXHOCTH MPEABAPUTEIHHO OCAKICHHBIX HUKEIIEBBIX TOHKUX
WIEHOK. B Xome mpoBen€HHBIX AKCIEPHUMEHTOB OBLUIO M3YYCHO BIUSHHE COOTHOIICHHS KOHIIEHTPAIHA
KHCIOpOa W AaleTWiIeHa, VyIlla HAKIOHA COIUIA TOPEIKA U ero pacCTOSHHUS OO0 TOMIOKKHA Ha
CTPYKTYpoOOpa3zoBaHHe OcCakgaeMbIX o0pa3moB. MccmenoBaHuss MeTogaMH KOMOWHAITIOHHOTO
paccesHUS CBeTa M CKaHHPYIOMIEH 3JEKTPOHHOM MHKpPOCKONHWH TOKa3alld, 4TO TPH OIpeeEHHBIX
YCIOBHAX IKCIIEPUMEHTOB IPOUCXOANUT CHHTE3 MUKPO-aJIMa30B.

BBenenune

B nocnegnue roapl HaHOAIMa3bl HCIIOJIB3YKOTCA BO MHOTHUX HAYYHO-TCXHUYCCKUX o0macTax
6J1arozlap;1 YHUKAJIBHOMY Ha60py (l)I/I3I/I‘leCKI/IX, XHUMHUYCCKUX U TpI/I60J'IOFI/I‘IeCKI/IX XapaKTCPUCTHK.
Bricokas moaBHKHOCTh 9JICKTPOHOB, IIOJICBAA J3JICKTPOHHAA SMHCCHA W MArHHUTHBIC CBOICTBaA
MO3BOJIAAOT IPUMCHSATh UX B 3JICKTPOHUKC. Bricokue TpI/I6OJ'IOFI/I‘-ICCKI/IC 1 MEXaHHYECKHE CBOMCTBA
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HAaHOAJIMA30B IMOCIYXWIM OCHOBAaHMEM JUIsl CHHTE3a JKECTKUX IOKPBITMM C LENbI0 CO3JaHus
IIMPOKOTO CIIEeKTpa abpa3suBHBIX MaTepraioB. HanoanmmasHble MOKPHITHS SBISIFOTCS OMOJIOTHYECKU
COBMECTHMBIMH C YEJOBEYECKHMMH TKAaHSAMH MaTepHaioM W MOTYT OOECHEeUUTh YIYUIICHHYIO
aAre3uI0 U MaJIbI M3HOC MPOTE30B. Takoi MUPOKUHN AUAna30H BO3MOKHOCTEH TEXHOJOTHYECKHUX
MIPUMEHEHUH CIOCOOCTBOBAJI aKTUBHOMY IOMCKY HOBBIX, OoJiee 3PPEKTUBHBIX U 3KOHOMUYECKH
BBITOJIHBIX METOJIOB CHHTE3a U TPOU3BOJICTBA aJIMa3HbIX U aIMa30IoA00HBIX MaTepuaios [1].

Ha ceromnsmuuii aeHbp pa3paboTaHbl HECKOJBKO OCHOBHBIX CIIOCOOOB Ui IOJIY4EHHUS
aJIMa30B, TAKHE KaK PAa3JIMYHbIC BUJIBI (DU3UKO-XUMUYECKOTO OCAXKICHHS U3 Ta30BOH (ha3bl (METOIBI
KpUCTAJIIM3alMU U3 BOJOPOJ-YIJIEBOJAOPOJHBIX CMeCed, aKTUBHUPYEMbIX BBICOKOYACTOTHBIMU H
CBEPXBBICOKOUYACTOTHBIMM Pa3psaaMu, IJIa3MOW Ha MOCTOSSHHOM TOKE, TEPMUYECKH IPH MOMOIIU
HaKaJMBaeMOW HUTH W3 TyromiaBkoro metamia) [1, 2]. Kpome toro, npumeHsitorcss Gpuandeckue
METO/IMKH: YyIapHO-BOJHOBOM WM JETOHALIMOHHBIA CHUHTE3, KPUCTAUIM3allUs TNPU BBICOKHX
JABJICHUSAX U TeMIIepaTypax, METOJ MarHeTPOHHOI'O pacibuieHus [ 3, 4].

B pabote npencraBiieHbl pe3ynbTaThl UCCIEI0BAHUN METOJIOM KOMOMHAIIMOHHOTO PacCesTHUS
CBETa M CKaHMPYIOIIEH AJIEKTPOHHOM MHUKPOCKONHU YTJIEPOIHBIX HAHOCTPYKTYp, MOJYYEHHBIX B
IUITAMEHU  KUCJIOPOJHO-alleTHIIEHOBOM  TOpENKM Ha  TOBEPXHOCTH  HHUKENEBBIX  IUIEHOK,
MIpeIBAPUTENILHO OCAXACHHbBIX HA KPEMHUEBbIE TNIACTHHBI.

Jeraym 3kcnepuMeHTa

B xauecTBe MOMIOKEK W OCHOBBI JUISI HUKEJEBBIX IUICHOK HCIIOJIB30BAIUCH IUIACTUHBI
MOHOKPHUCTAJNINYECKOro KpeMmHusi (mpom3Boautens Siegert Wafer GmbH, ['epmanus) pazmepamu
I1x1 cm ¢ opumentammeit [100] u [111]. TlpenBapuTenbHO TOMIOKKHA MPOXOJAWIA XUMHUYECKYIO
ounctky. O0paboTka mpoBoauiack B pactBope cmecu NH,OH, H,O, u quctrimupoBaHHOM BOIBI B
o0beMHOM cooTHomeHun 1:1:6.5, mpu Temmeparype 20°C, B teuenue 10 MuH, ¢ IpuUMEHEHHUEM
3BYKOBBIX BOJIH yacTtoTor 850 kl'1, momuocteio 250 Br. [lanee mpoBOIUIMCH NMPOMBIBKA B
JUCTUJUTMPOBAHHOMN BOJIE U CYIIIKA.

HukeneBble MIEHKM OCAXIAIUCh HA TMOJUIOKKUA W3 TOJUPOBAHHBIX IUIACTUH KPEMHHUS
METOJIOM MarHeTpPOHHOTO PAaCHbUICHUS Ha MOCTOSTHHOM Toke B ycTaHoBke BYII-5M. Hanbinenue
MPOBOIMJIOCH B IMOTOKE pabodvero raza Ar mpu JaBJICHUH 107 MM.pT.cT. CKOpPOCTh MOTOKa Ar
COCTaBISUIA 6 CM°/MHH M pErylIMpoBalach C IOMOIIBI0 KOHTpoJUIepa pacxoxa rasoB MCV-
500SCCM. DkcnepruMeHThI TPOBOIUINCH MPU MMOCTOSTHHOM HampsDKEHWHM Ha aHoze-muiineHu (740
B), Tok mna3smel coctarisin 35 MA. Bpems axkcniepumenToB coctaBisuio 15, 30 u 60 MuHyT.

OtHomenne koHueHTpanuid Cy;Hz:0O2 KOHTpOJIHMPOBAIOCH CTaHAAPTHBIMU KOHTPOJUIEpAMHU
pacxoma razoB MC-10SLPM-D (mpousBomutens “Alicat Scientific”, CIIIA). CkopocThs momauu
ra3oB MOXeET BapbupoBathes B npezgenax 0-10 n/mun. J{uamerp cormia ropeiakd B 3aBUCUMOCTH OT
Hacaaku uMmensercs ot 0.5 no 2.0 mM. [l paBHOMEPHOTO pacHpeesieHrs OCaKIAeMON MIIEHKU
ObUIO MPEIYCMOTPEHO BpallleHue JAepxKaTelis Mo uiokKu. CKOPOCTh BpalleHHsl TIOUI0OKKHU 3a1aeTCs
KOHTPOJUIEPOM.

boina mpoBeseHa cepusi ASKCIEPUMEHTOB, B KOTOPOW HM3MEHSUIMCH: PACCTOSIHHE OT COIlIa
TOPEIKU J0 MOMI0KKHU (0T 3 10 6 MM, ¢ maroMm 1 M), aqmuTensHocTh HanbuteHus (15, 30, 45 u 60
MUH). YT0J1 HakioHa (ppoHTa miameHu BappupoBaics oT 45 mo 90° ¢ marom 15°, cooTHOIIEHHE
KOHIIeHTpanuii kucmopoaa u anetwieHa (O/CoHy) cocraBmsuio ot 0.76 mo 0.96 ¢ marom 0.2,
Haubonee nHTEepecHbIE pe3yNbTaThl SKCIIEPUMEHTOB MIPUBEACHBI HIKE.

[TomyuenHsie 00pa3ilbl OBLTH U3YUEHBI METOJIAMU CKAaHUPYIOUIEH IEKTPOHHON MUKPOCKOITUN
(COM) u xombunanmonnoro paccessuus csera (KPC). Hccnenoanue o6pasiioB MPOBOAUIOCH B
HarmonansHOW HaHOTEXHOJIOTUYECKOH J1a0OpaTOpPUH OTKPBITOTO THUMA C MOMOIIBI MHUKpPOCKOTIA
Quanta 3D 200i u cniektpomerpa NT-MDT Tegra Spectra (JutnHa BOJTHBI Ta3€pHOTO H3ITy4EHUS A =
473 HMm).
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Pe3yJ'II>TaTI>I H 06cy)w1e1me

Ha pucynke 1 mnpuBenmen crektp u COM wu3oOpakeHuss oOpasia, NOJIYYEHHOTO Ha
HUKENeBBIX MieHKax npd h = 3 mm. B obmactu 1343.6 1 1607.2 cM™ paciionoKeHbl OCHOBHBIE
yraeponusie muku D u G, cooTBeTcTBeHHO. HTEHCHMBHOCTH D THiKa HE Tak BHICOKA, YTO TOBOPHT O
HU3KOM medekTHOCTH o6pasma. Ilmk, HaGmiomaemerii B mpexemax 518.5 cm™ coorBercrByer
KPEeMHHIO, YTO YKa3bIBaeT HAa MAaJyIO TOJIIIHMHY IOJYYEeHHBIX HAaHOCTPYKTYp. B BbICOKOUACTOTHOM
oGmactn npu 2680 u 2945 cM” MOXKHO 3aMETHTH TpyIIEl BTOporo mopsaka 2D u D + G,
COOTBETCTBEHHO.
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Pucynok 1 — Cnekrp KPC u COM u300paxkeHust HAHOCTPYKTYP,

NONTyYEHHBIX Ha TIéHKax Ni, BeipamenHbix Ha Si (111) mpu h = 3 mm
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Pucynok 2 — Crektp KPC 1 COM u3o0pakeHnss HAHOCTPYKTYP,
MONyYEeHHBIX Ha TUIEHKax Ni, Beipamnierusx Ha Si (100) npu h = 4 MM

PamaHoBckuii crmekTp cremyromiero ooOpasna (puc. 2) JAEMOHCTPUPYET TPUCYTCTBUE
XapaKTEPUCTUUYECKOTO aIMa3HOTO IMUKa (sp®) B o6mactu 1331.3 em™. Iluk B oGmactu 1499.6 cm™,
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COOTBeTCTBYyIOIMI G rpymme, cMelleH B HU3KOYACTOTHYIO 00JacTh, YTO TAKXKE YKa3bIBaeT Ha
BBICOKOE COZIepIKaHne SP° B 0Opasite. MICX0/1s U3 CIIEKTPa, MOYKHO TOBOPHTB, UTO HA 3THX 00pasIax
ObUIM CHHTE3WPOBAHBI AIMA3HbIe KPUCTAILIBL. OTO noATBepkaaeTcss COM-u300paKeHUAMU.

Crnenyromuii criektp (puc. 3) TakkKe MOKa3bIBaeT YriepoaHble MUKH B obOnactu 1630 u
1581.9 cm™. B mpexenax 2707.9 u 2933.6 cM™ pacronoskeHs! rpymsr BToporo nopsiaka 2D u D +
G, cootBercTBeHHO. B oTiIMume ot Apyrux o0pas3noB nHTeHCUBHOCTH D muka Beimie, yem y G nuka,
YTO YKa3bIBaeT HA HAJMUUE JEPEKTOB B CTPYKTYPE.
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Pucynok 3 — Cnekrp KPC u COM u300paxkeHust HAHOCTPYKTYP,
NONTyYEHHBIX Ha TéHKax Ni, BeipameHHbix Ha Si (111) mpu h = 6 MM

Ha COM-u3o00pakeHus X BUAHO, YTO 00pa30BaBIINECS HAHOCTPYKTYPHI UMEIOT MIEPOXOBATYIO
Pa3BETBIIEHHYIO TOBEPXHOCTb.

3akJjaroueHue

B xome wuccnenmoBaHuid ObUIM TPOBENCHBI AKCIEPUMEHTHI MO CHUHTE3Y YIJIEPOAHBIX
HAHOCTPYKTYP METOJIOM KHUCIIOPOIHO-AI[ETHIIEHOBOW TOpPEJKH Ha HUKEIEeBBIX IIeHKax. CoriacHo
npoBegeHHOMY aHanu3zy merogom KPC u COM, HekoTophie MOJy4eHHBIC 0O0Opa3ibl 00JagaroT
aJIIMa3HOU CTPYKTYpOil, ¢ YETKO BhIpaKEHHBIMU KPUCTAJUIMYECKUMU T'paHsIMU U pEOpaMu.

AnHanus pe3yiabTaToB 3KCIEPUMEHTOB MOKa3all, YTO Ha CTPYKTYpPY 0Opa3I[0B BXKHOE BIUSHUE
OKa3bIBAET YroJI HAKJIOHA COILIa TOPENKH K MOAJIOKKE, COOTHOLIEHHE KOHIEHTpAllMi KUCIOpoaa U
alleTHIICHA U OpUCHTAIMS SI-110TOKKH.

Paboma evinonrnena npu yacmuunoi ¢punarcosoii nodoepaicke epanmos Komumema Hayxu
MOH PK Ne3816/I'®4, Ne3823/'D4.
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MOJYYEHUE HE®TECOPEEHTA HA OCHOBE PUCOBOM HIEJIYXHU ITYTEM
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AHHOTAIUA

B pabote ObuTH MONTy4YeHbI COPOSHTHI Ha OCHOBE PHCOBOM HIETYXH IYTEM TEPMHUYECKOH 00pabOTKH, IS
OYKMCTKH BOZA OT HedrenpomykToB. B 1aGopaTOpHBIX YCIOBUSX OBUTM HPOBEACHBI AKCIIEPUMEHTHI IO
OLIEHKE BO3/ICHCTBHS PHCOBOM MIEIYXH B Ka4eCcTBe copOeHTa.

KaroueBble ciioBa:pucoBas mienyxa, kapooHusaiusi, HedrecopOeHT

BBenenue

PaznuBel HepTH mpu e€ Ao0bUe, a TaKKE aBapUHUHOCTh CHCTEM TPYOOTIPOBOIHOTO,
KEJIE3HOJJOPOKHOTO M aBTOMOOMJILHOTO TPAHCHOPTHPOBAHUS HEPTH M HE(PTENPOBOJOB; BCE 3TO
obocTpsieT mpoliieMy OXpaHbl OKpyXaroliei cpeabl. B mepeueHb upe3BbIYaliHbIX CUTYalMi BXOAUT
nukBUIAnUs He(TAHBIX pa3nuBOoB. CIOXKHOCTH NPOOJIEMBI 3aKIIOYAaeTCs HE TOJBKO B €€
Macmitadax, HO U B pa3paboTKe KpUTEPUEB U METOJIOB OOPHOBI C 3TUM CIOKHBIM U HETIOCTOSIHHBIM
M0-CBOEMY COCTaBy 3arpsisHeHHeM. HepTh-3TO CIOKHBINH KOMILUIEKC BEIIeCTB, cocTossHui u3 3000
UHTPEUEHTOB, KaXIbli M3 KOTOPHIX 00NajaeT UWHAUBUAYAIBHONW pacTBOPUMOCTBIO U
ounonerpananuei [1].

B Hacrosiee BpeMst 0JJHOW U3 TPUOPUTETHBIX COBPEMEHHBIX 3a]1a4 110 3alUTe OKPYKAIOIIeH
Cpelbl ABIISETCS TOUCK BHICOKOA(D(PEKTUBHBIX COPOEHTOB HEPTHU U HEDTEHPOLYKTOB.

TpeGoBanusi, mpeabsBIsieMble K pa3paboTKe COPOSHTOB, 3TO:

- 3 EKTUBHOCTB;

- BEJINYMHA OTHOCUTENBHON COpOLINH;

- 9KOJIOTHYECKasi YUCTOTA.

MeTtonuka W MaTepuaibl WCCIEeNOBaHHS. TpaHCIOPTHBIE 3aTpaThl HAa JOCTaBKY (CHIPbS,
3aTpaThl Ha MepepaboTKy, YTHIM3AIMIO, 3aXOPOHEHHUE, DKOJOorudeckas 0e30MacHOCTh MPOILEeCCOB
nepepaboTKHU MCIIOIb30BAaHHBIX COPOEHTOB) MPUBOAUT K TOMY, YTO BBITOJIHEE BCETO B HACTOSIIEE
BpeMs UCTIOJIL30BaTh COPOEHTHI PACTUTEIHHOTO MPOUCXOXKACHUS [2].
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3KCHepI/IMeHTaJILHaH 4acTb

HccnenoBanust ObLIM BBHIMONHEHBI ¢ pucoBoil menyxoi (PLL), momydeHHoit MosoThOOM
Kazaxcranckoro puca, BeipameHHOTO B Kbi3putopanHckoit obmactu. [Ipormeccsl  kapOoHHU3ANH
00pa3oB MPOBOIMIICS B H30TEPMUYECKUX YCIOBHiIX. MoaudunupoBanue o0pas3oB MPOBOIIIN B
peakrtope (pucyHok 1) B mponanoBoii cpeze npu temmeparype 500-800°C.

Pucynok 1 — YcraHoBKa [yt kapOOHU3AIMU

Pe3yabTaTsl M 00Cy:KICHUSA

OO6pa3iel, KapOOHU30BAHHBIC TP PA3TUYHBIX TEMIIEpaTypax, 3HAYUTEIHLHO OTIMYAIUCH TIO
BHEIIHEMY Buay. Tak oOpasupl, KapOOHW30BaHHBIE MpU HU3KHX Temreparypax (500-800°C),
BHU3YyaJIbHO OTJIMYAIINCH, UIMESI CKOpee TEMHO-0ypy10, 4eM YEPHYIO OKPACKY.

Bnusinue temmneparypsl KapOOHH3allMM HAa TOTEPIO MAcChl PUCOBOI HIENyXH IOKa3aHO B
tabnuie 1. BuaHo, 4yto ocHoBHOE m3MeHeHne Macchl PII mpoucxoauT B ipeaenax TeMnepaTypHOro
uatepBana 500-800°C. Takum o6pazom, npu KapObonmzanmu o6Opasna  PII mpoucxomut
3HAYUTENIbHOE YMEHbBIIIEHHE MacChl TBEPAOIrO BEIIeCTBAa, YTO NPHU BBICOKMX TeMIlepaTypax
SKBUBAJIIEHTHO  YBEJIMYEHHUIO TOPUCTOCTU. AHAJOTMYHBIM  XapakTep Te4YeHHs IMpoliecca
KapOoHu3anuu HabmogaeTcs B pabote [3], aBTopaMu KOTOPOW yCTAHOBJIEHO, YTO C BO3pacTaHUEM
TeMIIepaTypbl MOJy4aeMblid APEBECHBIN Yroib Bce OoJiee 00oramaercs yriepoiom.

Tabnuna 1. MI3Menenune maccbl 00pasiioB pUCCOBOM LIETYXU B 3aBUCUMOCTH OT TeMIIepaTypbl

O0pasert Pucoas menyxa
Temneparypa xapOonuzamuu, °C 500 600 700 800
Iorepsa maccet Am, % Macc. 41,1 50,3 60,5 64,8

Jlamee MeTOIOM DIEMEHTHOTO aHaju3a OBUIO HCCIICJOBAHO BIHMSHUE TEMIIEPATYPHI
KapOOHU3AIMY Ha U3MEHEHHE COJIeP)KaHUs yriiepoaa. Pe3ynbrarsl nmpeacraBieHsl Ha pucynke 2. 13
pHCYHKa 2 BHJHO, YTO C IOBBIIICHHEM TEMIIEpaTypbl KapOOHHM3aLWU COJCp)KaHHE Yriepoja B
pHUCOBOI 1mIenyxu yBennuuBaercsi. OCHOBHBIM KOMIIOHEHTOM PUCOBOM IIeTyXu KapOOHU3aLuU IpU
800°C, sBnsiercss OKcuA KpemHHs U yriaepoa. Pesymsratet  COM/EDAX  wuccnenoBanuii
MOKa3bIBAIOT, YTO TEPMOOOPAOOTKA UCXOAHOTO CHIPbS CYLIECTBEHHO U3MEHSIET COCTaB U CTPYKTYPY
MOJTy4EHHBIX 00pa3LOB, BIUAS HA UX COPOLIMOHHYIO CIOCOOHOCTB.

Ha pucynke 3 npezacraBiensl COM CHUMKHM pUCOBOM LIENyXH MOCE€ TEPMOOOPaObOTKU IpHU
pasHbIX TeMmmepaTypax. Takke MOXXHO YBHJIETb Oellble YacTHIbl OKCHJAa KPEMHHUS C pa3HbIMU
¢dbopmMamMH Ha TOBEPXHOCTH MATpHIBl PUCOBOM mIienyxu. B 3ToM ciyyae, MaTpulbl COCTOAT B
OCHOBHOM M3 LIE€JUTIOJI03b], TeMULIEIITIONO03bI U JIMTHUHA.
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Pucynok 2 — Pe3ynbTaThl MUKpOaHain3a PUCOBOM MIETYXH, KapOOHU3AIMK NIPU TEMIIEpaType
a)500 °C, 6) 600 °C, B) 700 °C, r) 800 °C

(a)-KPILI500, (6)-KPLLI600, (8)-KPLLI700, (r)-KPLLIS00,

Pucynok 3 — COM cHEMKHM pHCOBOH IIETyXH MOCIIE TEPMOOOPadOTKH

Ha pucynke 3 nokaszano nomnepeunoe ceuenue P, kap6oHuzamuu mnpu 800°C. Pesynbrarst
nokasbiBatoT, uro KPII800 mmeer Gomnbioe kommuecTBO Makpomop, yem KPIIIS00, KPILI600,
KPIII700. M0>XHO TpeArNoJIOKNTh, YTO B JAaHHOM Cllydae MaKpOIOPHCTOCTh COPOEHTA pa3BUBAETCS
IIPEX/Ie BCEro BCJEJICTBHE CTPYKTYPHBIX NpeoOpa3oBaHUM KPeMHUCTOH OCHOBBL. Bo3zpacranue
MaKpOIOPUCTOCTH CTPYKTYPBI MPH TePMOOOPaOOTKE CBA3aHO C YBEIMUYEHHUEM pa3MepoB OJIOKOB U
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arperaToB KPeMHHCTOW COCTaBIISIOIICH. A TarKe, MPU BBICOKMX TEMIEpaTypax KapOOHU3aIuu
IIPOUCXOJUT BBITOPAHUE OPraHUYECKOrO YIJIEpoAa, MPENATCTBYIOIIET0 JOCTYNl K 3aKpbhITOH
BHYTPEHHEH MOPHUCTON CTPYKTYpE, YeM U OOBICHSIETCS pe3K0oe yBEIMUeHnEe 00beMa MaKpoIiop.

3akjaouyeHue

Takum o0pazom, B paboTe mpepIararoTcs MakKpoHOpHCTble copOeHThl Ha ocHoBe PIII,
KapOOHM30BAaHHBIC MIPU TEMIIEPAType 800°C s yIaJIeHUs TUIEHKH HEe(TH HA MOBEPXHOCTU BOJIBI.
Kpome Toro, mpeanaraembiii HeTECOPOCHT MONydeH C IMOMOMIBIO MPOCTOW W HE Tpelyromen
CIIO)KHOTO ~ 00OpYIOBaHHMS  TEXHOJIOTUM W3  JICMIEBOTO M  BO30OHOBIIIEMOTO  CHIPBS,
MIPEACTABIISIIONIETO COO0M OTXO B BUJIE PUCOBOM IICTYXH.

[Ipouecce uccnenoBaHusi CMHTE3a KapOOHM30BAaHHBIX CHCTEM Ha OCHOBE PUCOBOM IIETyXU
YCTaHOBJIEHBl 3aKOHOMEPHOCTH NPOTEKaHUsl ATOro IMpoliecca, OMNpesesieHa UX MaKpOCTPYKTypa
Pa3IMYHBIMU METO/IaMU (U3UKO-XMMHUYECKOTO aHajau3a (JIEKTPOHHAS MUKPOCKOIUS, AIEMEHTHBIN
aHaJIM3) B 3aBUCUMOCTH OT U3MEHEHUH TeMIiepaTypbl KapOOHU3AILIHH.

2.CuHTEe3UpOBaHbl U UCHBITaHbl HE(TECOPOEHTHI Ha OCHOBE KapOOHM30BAaHHOW pPHCOBOI
MIETyXH JUI JTUKBUAAIMU pa3iauBa Heptr u HedTenpoaykToB. OHH PEKOMEHAYIOTCA Ui cOopa
pasznuTo HETH C TIOBEPXHOCTH BOJIBI.
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[IpuBeneHsl pe3ynbTaThl CPABHUTEIBHOTO HCCIEAOBAHUS S(P(GEKTHBHOCTH TIOTJIOMICHUS CONHEYHOW >HEPTHHU
COJTHEYHBIMHU KOJUIEKTOpaMu (GUPMBI Apricus, IPOMBIIUICHHBIM KOJUIEKTOPOM TPOM3BOCTBA KUTal M KOJMIEKTOPOM C
abcopbepom u3 kKapOOHN30BAHHOW PHCOBOH MISITYXH.

The results of a comparative study of the efficiency of solar energy absorption by the solar collectors of Apricus,
the industrial collector of China production and a collector with an absorber from a carbonized rice husk are presented.
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OCHOBHBIM 3JIEMEHTOM COJIHEYHOTO KOJUIEKTOpPA, OINPEACISAIOIUM €ro CTOMMOCTh U
3¢ deKkTUBHOCTL PabOTHI, sBisieTcss Marepuan abcopOepa. Kommekrop, umeromuii abcopbep ¢
MOBBIIIEHHOU 3(PPEKTUBHOCTHIO MOTIIOMIECHNS COJIHEYHOW SHEPTUH, MIPH OJHOW U TOU Ke TUIOIIA U
MOTJIOIICHUS, OyIeT naBaTh OOJNBIIMI TEIJIOChEM C EIUHULBI TOBEPXHOCTH MOTJIOTHTEIS.
[IpuMensiemMbie B HACTOSIIIEE BPEMSI CEJICKTUBHBIC TOKPBITUS [UIsI COJIHEYHBIX KOJIJIEKTOPOB
00J1a/1al0T XOPOIIeH TOTJIONIAIIEH CIIOCOOHOCTBIO, HO JIOCTATOYHO CJIOKHBI B M3TOTOBJIICHUU U
HAaHECEHHUH JIaHHOTO COCTaBa Ha TPYOKHU KOJIJIEKTOPA.

[IpenBaputenbHble  HWCCIEIOBAHUS ~ TMOKa3aJlid  BO3MOXKHOCT M IEPCHEKTHUBHOCTh
WCTIOJIb30BAHUS YIIIEPOJHBIX CTPYKTYp Ha OCHOBE KapOOHU30BAaHHOTO PACTUTEIBHOTO CBHIPBS VIS
MOTJIOIIAONIETO CJIOSl COJTHEYHOTO KoJulekropa. OTpaboTka yClIOBHH, METOJa HAHECCHHS U
3aKpeIJIeHUs] YIJIepoJHOr0 MaTepuana Ha  TpyOKe COJHEYHOTO KOJUIEKTOpa, IO3BOJIUT, B
MEePCIEKTUBE, UCTIOIB30BaTh JAHHBIA MaTEpPHaI JIJIsl KOMMEPYECKOTO TIPEII0KECHHUSI.

OOpa3zipl MOIJIOMIAOLIEr0 MaTepuana TOTOBWINCh B CJEAYIOIIEH MOCIeA0BATEIbHOCTH.
Hcxomubiit mpoaykT kapbonusosamu mnpu Temmneparype 700-800°C B uneptHoit cpene. OOumii B
pucosoit menyxu (PLL) mo kapboHuzaimu u mocie KapOOHU3AIUU TPUBEICH Ha pUCYHKE 1.

[Tocne xkapOoHU3aUK MOJTyYEHHBIM MaTepual pa3MalibIBaIl B HAHOMEJIbHHUILIE JI0 TIOPOIIIKA C
peobIagarouM pa3MepoM JacTHl] B Auamna3zoHe 1-12 mxkm. OOmuid BUI MOPOITKA M ONTHYECKAs
¢doTorpadust pucoBoil menyxu npuBeAeHbl Ha pucyHke 2. [lopomok cMmemuBanu ¢ BOAOW JUIs
CHATHS CTaTHYECKOTO DIEKTPUYECTBA U CYIIWIM B CYIIMILHOM Iikady npu temmeparype 120°C.
BricymienHsie  TOpOIIKKM TMpocewBadu Ha BuOpocutTe. sl TOKPBHITHS TPUMEHSUIM TIOPOIIKH
¢dpakuun meHee 160 mxMm. [IpeaBapuTenbHO OYMINIEHHBIE U 00€3)KUPEHHBIE CTEKIISTHHBIE TPYOKH
MOKPBIBAJIUCH CIIOEM CMECH KHJKOIO CTeKJa C MOPOIIKOM KapOOHHW30BAHHOM pPHUCOBOW HIETYXH.
Tonmuua nokpeiTrs He npesbimana 0,8 MM.

Pucynok 1 — O0mmii Bu pUCOBO# IIETyXH 10 KapOoHm3amu (a) u mocie kapoormzanmu (0)

boin  mpoBeneH aHanM3  CTPYKTYPHBIX ¥ MOP(OJIOTUYECKUX  CBOMCTB  MOPOIIKA
KapOOHM30BaHHOU pricoBoil menyxu. Kapbonusuposanusiii mopomok PII uccnenoBanu na Paman-
cnekrpomerpe (NTEGRA Spectra Raman, A = 473 um, curnan ¢ miomand gaamerpom 80 HM).
OnemeHtHbli coctaB PIII  Obu1  ompeneneH Ha SHEProJUMCIHEPCHOHHOM  PEHTTEHOBCKOM
cnekrpockone (EDAX). [lns ycraHoBieHust cTpykTypbl U Mopdonorun PII ux uccnenoBanu Ha
ckanupyomem (Quanta 3D 2001 Dualsystem, FEI) snekrponHom Mukpockome. B pesynbrare
aHanmu3a PamaH-cniekTpoB mopomka KapOoHuzoBaHHOW PIII Obilo  ycTaHOBJIEHO, 4YTO OH
IpeJCTaBisieT aMOp(QHYIO CTPYKTYpPYy. AHAIU3 3JIEMEHTHOTO cocTaBa KapOOHM30BaHHBIX 00pa3IoB
PHCOBOM IIENYXH MOKa3aj, YTO MPOLEHT COJAEp>KaHHs Yriepojaa y KapOOHHM30BaHHBIX 00pa3loB
pucoBori menyxu (PII2) cocraBnser 82,3%. 3OT10 00BACHAETCS AOCTATOYHO OOJIBIIUM
conepkanueM B kapOonmzoBanHou PII2 xpemums (5,69%). Jnsg TOBBINIEHHUS MPOIEHTHOTO
COJIepKaHUs yriiepoa UCXOJHBIN MOPOIIOK PUCOBOH MIeNTyXH BbiienaunBanu B pacteope NAOH.
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a §)

Pucynok 2 — O6mwuii Buj moporiika kapoonusosannoi PIII (a) u ontrueckas dororpadus (0)

[Tocne mpoBeAeHHs  BbllIeTaYUBaHMS MIPOLIEHT COAEP)KAHMUSI KPEMHHUS B PUCOBOM IIETyXU
(PII3) pesko ymensuiaercs (0,74%), a MpoLeHT coaepkaHus yriiepoja mnosbimaercs 10 93,34%.
Anamuz COM ¢dotorpaduii kapOOHHU30BAaHHBIX OOPa3IOB PUCOBOM IICNYXU TOKA3bIBAET, YTO
CTPYKTYpa SIBISETCSA MOPUCTOM C PA3BUTOM YAEIBbHOU MOBEPXHOCTHIO. bpul poBeneH bOT ananms
00pasnoB. Pe3ynpTaThl npencraBieHsl B Taduiie 1.

Tabmuma 1 — Pesynsrarel BOT kap6onmnzoBanHbix 00pa3ioB PII mis abcopOepa coHedHOTO
KOJIIEKTOPA

2 3 o
O6pasen V ienbHas IOBEPXHOCTh, M /T V ienbHbli 00beM T0p, ¢M /T Cperuii pasmep rop, HM
PIII2 134,106 0,095 2,84
PIII3 640,942 0,386 2,41

HcnbiTanus  OblTM  MPOBENEHBI  NMPH  CPAaBHHUTEIBHOHM  OleHKe  d(ddexTuBHOCTH
Pa3IMYHBIX BaKyyMHBIX COJIHEYHBIX KOJUIEKTOPOB: KoOJUJIeKTOpa (upmbl Apricus, KOJUIEKTOpa
npoMmeinieHHoro mpousBoactBo (IIIT) Kuraitk u Hammx KOJJIEKTOPOB C JBYMsl BHJIaMU
kapOoHu3zoBaHHOU pucoBoil memyxu (P12 u PILI3). HapyxHblil nuamMeTp BHYTpEHHEH CTEKISTHHOM
KOJIOBI paBeH 37 MM, BHelIHel ko061 47 MM. HapykHbIH quamMeTp BHyTpEHHEH CTEKJITHHOM KOJIOBI
KoJuiekTopa pupmbl Apricus paBeH 47 MM, BHEIIHEH KoJIObI 58 MM. [[rMHaA BHENTHEH BaKyyMHOM
KOJIOBI COJIHEUHBIX KOJUIEKTOPOB paBHA 550 MM nipH JyIMHE BHYTpeHHEH K006l 520 mM. [Ipu sTom
norjomaronias uiMHa pasHsuiack 440 mMm. Bo BHyTpeHHuE TpyOKHM COJHEYHBIX KOJIJIEKTOPOB
HaJIMBAIA JTUCTHUIMPOBAHHYIO BOy B KomuuecTBe 400 Mi (1711 COJIHEYHOTO KOJUIEKTOpa (pUpMBI
Apricus 500 wmur). Temmeparypa H3MepsuiaCh XpPOMENb-aIOMEICBBIME TEPMOTIAPAMH, KOTOPHIE
MOMEILAJNCh BHYTPb KOJIOBI Ha MOJOBHHY BBICOTHI TPYOKH U HE COTPUKACATICH CO CTEHKOM KOJOBI.
Temnepatypa ¢ukcupoBanace Ha auciiee npudopa TP-KOI1, koTopslil pUKCHUpYET 0THOBPEMEHHO
qeThipe MOKa3aHus. MHTEHCHBHOCTH CONHEdHOro m3nydenusi (Br/m?) samepsimm mpubopom PL-
110SM (Solar Radiation Measuring Instrument). 3amepsl TemmepaTypbl BOAbl M1 HHTEHCHBHOCTH
COJIHEYHOTO M3JIy4eHHS MPOBOJWINCH Yepe3 KaKIble B MUHYTHI. McciaenoBaHus MPOBOIIIN B
tedenne 30 munyT. Ha pucynke 3 mpuBenensl Gpotorpaduu COTHEUHBIX KOJIJIEKTOPOB B MpoIlecce
JKCIIEPUMEHTA.

O¢ddekTUBHOCTh TMOTJIONMIEHUs COJIHEYHOTO W3IY4eHHUs OIleHUBajach IO TeMIleparype
HarpeBa BOJbl B TEUEHHUE HKCIIEpUMEHTA. Pe3ynpTaThl IPOBEICHHBIX UCIBITAHUI MPEICTaBICHbI B
tabnuue 1.
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Pucynok 3 — ®ororpaduu obIiero Buaa CoOIHEYHbIX KOJJIEKTOPOB B MPOIECCE UCTIBITAHUS B PEAIbHBIX YCIOBHAX:
1 — komexkrop ¢hupmer Apricus, 2 —komrekrop IIT (Kurait), 3 — komsexrop ¢ P12, 4 — komutektop ¢ P13

Tabmuma 1 3¢ dekTHBHOCTE TETIONOTIOMIEHUS PA3INYHBIMU KOJIJIEKTOPaMU

Bup nokpeitus dupma Apricus IIT (Kurait) PII2 PIII3
TerntomnoriomeH:e MOKPLITUS, (, 21>1</CM2 98,3 94,92 107,36 109,32
TemIonoriomenne MakCUMAIbHOE, Uyax 247,71 247,71 247,71 247,71
Jlx/cm®

D¢ dexTuBHOCTD, 1, % 39,68 38,32 43,34 44,13

Takum o00pazom, OBIJIO TPOBEIACHO WCHBITAHUE COJHEYHOTO KOJUIGKTOpa B pPEalbHBIX
YCIIOBHUSIX M YCTAHOBJIEHO, uTO abcopoOep Ha ocHoBe PIII3 mmeeT Gojiee BHICOKYIO TOTJIONIAONIYIO
CIOCOOHOCTh COJIHEYHOH 3HEPTUH, 10 CPABHEHHIO C COJHEYHBIM KOJUICKTOPOM (UPMBI Apricus u
KATACKMM COJIHEYHBIM KOJUIGKTOPOM, 4YTO JICJIAET €ro IEepPCIEKTHBHBIM MAaTepHAIOM ISt
NpUMEHEHHsI B KauecTBe abcopOepa B COJHEUHBIX KoJulekTopax. KapOoHHM30BaHHas pucoBas
IIeyxa UMeeT Pa3BUTYIO TIOPUCTYIO CTPYKTYpY. [10J0CTH, Kak M3BECTHO, MPEACTABISIFOT MOJCIb
aOCOJIIOTHO 4YEpPHOTO Tela, YTO SBJSIETCS pelaroIiuM  (GakTopoM TMpH  HNPUMEHEHHUU
KapOOHHM30BaHHOW PUCOBOW WIETyXW B KadecTBe abcopOeHTa. BUAMMBIN AMana3oH COJIHEYHOTO
CBETa B TMpOIECCE IMOTJOMICHUSI MEPEeXOAUT B TEIUIO. BTOPHIM MPEUMYIIECTBOM MOPHUCTOM
CTPYKTYPHI SIBJIICTCS €€ TEIUIOM30JUPYIOIINE CBOMCTBA, T.¢. B 3auepxkke Temia B UK cnekrpe. Tem
CaMbIM 00€CIIeYnBaeTCsl MPUHIIAI TeIIMYHOTO 3 dekra.
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BJIUSTHUE YCJIOBUM CUHTE3A 1 HAHOYACTHIL OJIOBA HA CTPYKTYPY U
CBOMCTBA a-C:H<Sn,> INIEHOK CUHTE3UPOBAHHBIX
NOHHO-IIVIASMEHHBIM METOAOM

A.IL Psarysos, P.P. Hemkaesa, H.P. I'yceiinoB
Hauuonaﬂbuaﬂ HAHOMmMexXHoJlocu4ecKaA Jza60pam0pwz OMKpbImMo2o muna
KasHY um. ano-®@apabu, . Anmamot, aro-Dapadu, 71
e-mail: ryaguzov_a@mail.ru

PaccmoTpeH BoIpoc BIMSHHUS TEPMOAWHAMUYECKHMX M KHHETMYECKMX YCIOBHIl CHHTE3a Ha CTPYKTYpY H
aNIeKTpOHHBIe cBolicTBa a-C:H mneHox momuduumpoBaHHbIX HaHoYacTHaMK SN. [TokazaHo BiusiHME HaHOYACTHI] SN
Ha (opmupoBaHue cTpyKTyphl a-C:H meHok u ux cBoiicTBa.

W3BeCTHO HECKOJIBKO aJIJIOTPOIMHBIX MOIUGUKALUNA aTOMHOTO CTPOEHHUS KPUCTAIMYECKOTO
yriepojaa, Takue Kak, rpadur, anmas, kapOuH, ¢ymnepeH, HaHOTpyOka, rpadeH. Takxoe
pazHooOpa3ue yriaepoAHbIX CTPYKTYp XapakTepuU3yeTcsi OIpeNeieHHbIM MPOCTPAHCTBEHHBIM
pacnofioxkenuem Sp rubpuausupoBanHbix C-C cBsizeil. B Toxke Bpemsi HeMaloOBaXHBIH HHTEpeEC
BBI3BIBAET CTPYKTYpa W CBoOiicTBa amopdHoro yriepozaa. [locnennue Ttpu aecstuinerus ocoboe
BHUMaHue TnpuBiekan TuieHKH a-C wm  a-C:H ¢ anma3omonoOHOW  CTPYKTYpoOM — Kak
aHTU(PPUKIIMOHHBIE U3HOCOCTOMKNE OKPBITHSI, XUMUUECKU UHEPTHBIE K arPECCUBHBIM CpPEaM.

VYrnepoa OIMH U3 HEMHOTHUX XHMHYECKHX JJIEMEHTOB, KOTOPBIH HE 0O0Opa3yeT CBS3H C
JOCTaTOYHO OOJIBLIUM KOJIMYECTBOM JIPYTUX BellecTB. Takas HHEPTHOCTh MO3BOJISIET B YIIIEPOIHOM
MaTpHIle CO3/1aBaThb HAHOYACTHIIBI 3TUX BEIIECTB, KOTOPHIE B CBOIO OUY€pelb MOTYT MPOSBIATH
CYIIECTBEHHO OTJIMYAIOLIUECS CBOICTBa, BBI3BAHHBbIE KBAHTOBO-pa3MepHbIMU 3¢ deKkTaMu 1o
OTHOIICHMIO K BEIIECTBAM MaKpo-pa3MepoB. Tak, HampuMep HaHOYACTUIBI cepebpa, 30J0Ta U
IUIATUHBI B YIJIEPOJHOM MaTpHIle MPOSBIAIOT MEPKOJALHUOHHBIA MEXaHU3M IPOBOJUMOCTU U
IUIA3MOHHBIN PE30HAHC TMOTJIONIEHHUS, OCHOBAHHBIE HA KBAHTOBBIX COCTOSIHUSIX JJIEKTPOHHOM
MOACTPYKTYpbl HaHouacTuil. I[losToMy mnpoBeneHHe HCCIEAOBAHUNM CBONCTB HAHOYACTHUI[ B
YIIEpOJHONM MaTpulle M UX BIIMSHUE HA CTPYKTYPY M CBOMCTBa YIJIEpOJHON MaTPUIIbl SBISETCS
aKTyaJlbHOM ¥ BaKHOUM 3ajayeil. BoO3MOXHOCTH yIpaBieHHUS AIEKTPOHHBIMU MpPOLIECCAaMU
aMOp(HBIX YIIEpOAHBIX MIICHOK IMO3BOJUT PACIIUPUTEH 00JaCTh UX MPUMEHEHUS U CO3aHHUE HOBBIX
YCTPOICTB HAHO- ¥ ONTOAIEKTPOHUKHU, CEHCOPOB U JIp.

ONnoBO OTHOCUTCS K HEKapOUI000pa3yIoMIMM AJIEMEHTaM M MOXKET CYIIECTBOBATh B JIBYX
MOJUMOP(HBIX MOAUPUKAIHIAX CTPYKTYPBL. O-SN — cepoe OJIOBO OTHOCHUTCS K MOIYIPOBOJHUKAM.
-Sn — Genoe o510Bo, TIacTUUHBIN MeTail. Takum 00pa3oM, B 3aBUCIMOCTH OT YCJIOBHM CHHTE3a U
KOHLIEHTPALIMK OJIOBA MOXET MPOUCXOIUTH (GopmupoBanue o wid 3 moaudukauuu. [losromy
HAHOYACTHUIBI OJIOBa OyAyT MO-pa3HOMY BIUSATH Ha (QOPMUPOBAHUE CTPYKTYpPBHI YTIEPOIHOM
MaTpHIIbl U Ha €€ AJIEKTPOHHBIE CBONCTBA.

B paGote MeTo10M MarHeTPOHHOTO MJIa3MEHHOTO PACHbIICHUS KOMOMHUPOBAHHOM MUIIIEHU B
atMocgepe cmecu raso 92Ar+4CHs+4H; Ha moctosiHHOM Toke (DC) cuHTE3MpoBaHbI IUIEHKU
aMOp(pHOTro T'MJIPOr€HU3UPOBAHHOIO yriiepojJa MOIU(PHUIMPOBAHHBIE HAHOYACTUI[AMM OJIOBA.
Uucrota razoB u rpaduroBoil mMuineHu coctaBisia 99.999%, omoBa — 99.98%. IlpoBeneHbl
WCCIEA0BaHUs BIUSHUS TEPMOJAMHAMUYECKUX U KUHETUYECKUX YCIIOBHI CHHTE3a Ha CTPYKTYpY a-
C:H<Sn,> muieHOK M Ha UX 3JeKTpOoHHbIE cBoiicTBa. a-C:H<Sn> mileHKH CHHTE3MpOBAJIMCH MPU
nasnenun 0.7 Ila u Temneparypax momoxku 50, 150 u 250 °C. Yaenbnas mourHoctsh (Pg) DC
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IIa3MeHHoro paspsima paBasuiack 2.0, 2.5 u 3.0 BT/CM!. Cunre3 a-C:H<Sn,> menox
OCYILECTBIISUICSI OJIHOBPEMEHHO Ha KPEMHHEBbIE M KBaplLEBble IIIAaCTUHBI. TOJIMHA MJIEHOK
coctaBisina 50+15 HM. MeToioM 3HEpProAUCIEpCUOHHOTO AaHAJIM3a OIPENesUIach KOHLIEHTpAIUs
0JIOBa, KOTOPasi MEHsJIach B IIMPOKOM Auana3zone ot 0 1o 7 at.%.

Ha pactpoBom sniexrporHoM mukpockore (Quanta 200i 3D, FEI Company) Obutr ipoBeACHbBI
HCCIIC/IOBAHUS. CTPYKTYpPhI TMOBEPXHOCTH IUICHOK, CHHTe3upoBaHHbIX Ha Si(100) miacTuHKax,
KOTOpPBIE MMOKA3aJIM, YTO HAHOYACTHIIBI 0JIOBA (POPMHPYIOTCS B chepudecKkyio GopMy C pa3Mepamu
or 10 no 80 HM M B 3aBUCHUMOCTH OT KOHLEHTpPAlMU HX KOJMYECTBO HAa €IMHUIE IUIOIIAIU
OTJINYAETCS.

Meronom komOunaimonuoro paccesinus cBera (KPC) na ycranoBke Ntegra Spectra (NT-
MDT) c¢ wucnons3oBanueM nazepa (A=473 HM) ObUIM TPOBEICHBI HCCICIOBAHUS JIOKAIBHOM
crpyktypbl a-C:H u a-C:H<Sn,> mnenok cuHTe3npoBanHbix Ha SIiO; minactunkax. [lo crekTpam
KPC 6b1710 omnpezneneHo, 4yTo yBelIMUYEHUE TeMmIepaTyphl cuHTe3a (Ts) MpUBOAMT K rpaduTH3anuu
CTPYKTYpBI, 100aBJIeHHE HAHOYACTHUL] 0JI0BA JIOTIOJHUTEIBHO CIIOCOOCTBYET CMEIIEHHUIO OCHOBHOTO
G muka B BBICOKOYACTOTHYIO OOJIACTh W TNPUBOJUT K M3MEHEHHIO HAKIIOHA CIIEKTPa, KOTOPBIHA
xapakrepusyer dortomomunecuenuio (OJI). Yeenuuenne Ts npuBoaut k ymenbiuenuto ®JI, uto
T10-BH/IMOMY CBSI3aHO C yBEIHUCHHEM SP° Y3I0B M COOTBETCTBEHHO KOJHMYECTBA 7T HIECKTPOHOB,
KOTOpbI€ Yy4acTBYIOT B (OPMHPOBAHUM IUIOTHOCTH DJEKTPOHHBIX COCTOSHUUA B 30Hax [l].
Haunbonpumii Hakinon ®JI Habmro1aeM B TUIEHKaX CUHTE3UPOBAHHBIX Tipu Py=2.0 Br/cMm? u T=50°C,
Mpyd  3TOM HYXHO OTMETUTh, UYTO IUIEHKH CHHTE3MPOBAHHBIE TPU JJAHHBIX YCIOBHSIX
MOJIMMEPOTIoI00HbIe. Biustane HanowacTuir SN Ha PJI MOXKHO TPEIIIOJOKUTEITBHO OOBSICHHUTH
¢dbopmupoBanueM ux B 3 MoauduUKaluoo CTPYKTyphl npu Py < 2.5 Br/em? Temneparypax Ts >
100°C. T.e. KOHIEHTpalusT HAHOYACTUI[ METAJIMYECKOTO OJIOBA CYIIECTBEHHO BIHUAET Ha
KOHLIEHTPALIMIO D3JEKTPOHOB B 30HE, KOTOpbIE YYacCTBYIOT B TMpoIleccax U3IydaTelbHOU
peKoMOHHAIMK. YBenuueHne Py IUIa3sMEHHOTO paspsiia MPHBOAUT K YBEIMYCHHIO SP° Y3IOB U
nepexony cTpyktypsl a-C:H u a-C:H<Sn,> niienok k anmazonono6Homy crpoenuto. [Ipu Pg = 3.0
Br/cM? u T~50°C mnonoxenne G mnwmka omnpexaensercs Ha dyactore 1550 CM'l, COTJIacHO
JUTEpaTypHBIM JIaHHBIM [2, 3] Takoe mosioxenrne G mruKa COOTBETCTBYET KOHIIEHTPAIIUU sp3 y3JI0B
>60%, KpoMe 5TOTO HaONIOaeM YBEIMYEHHE WHTEHCUMBHOCTH G TMOJIOCHI € yBEIMYEHUEM
koHneHTpanuu SN. Hakmon kpuBoii KPC, o0ycnosiennsiii @JI, B TaHHBIX IJIEHKaX YMEHBIIASTCS
Oosnee yeM B 3-5 pa3, UTO CBSA3aHO C YMEHBIIEHHUEM KOJHMYECTBa T 3JEKTPOHOB. HaHouacTuiist
0JIOBa TpHU JAaHHBIX YCJIOBHSIX CHHTE3a BeposiTHee (opMHUpPYIOTCS B 0O-SN  MoauduKaiuio
CTPYKTYPBI, YTO MOKET TaKke ObITh MPUUMHON yMeHbIeHus OJI.

[TonoxeHne MakCMMyMa MHTEHCHUBHOCTU (oTromomuHecueHuuu B a-C:H<Sn> mienkax He
3aBUCHUT OT yCJIOBUI CHHTE3a U KOHIICHTPAIIMHU 0JIOBA, U IPUHUMAET 3HavYeHue ~ 615 am (~ 2.0 3B).
TakuM 0Gpa3oM, MOXKHO 3aKII0UNTh, uto 3a OJI 0TBeYaeT ompeneieHHas KOHPUryparms Sp° i Sp
y3710B (hopMHpYIOLIas U3Ty4aTeNbHbIN AIEKTPOHHBIM MEPEX0/] B 3aMpEIeHHON 30HE C SJHEPTHEH ~
2.0 3B. DneKTpoHbl HAHOYACTHUII 0JI0Ba C METATMYECKHUMH CBOMCTBaMH, MpeojoiieBas Oapbep Ha
IpaHulle METAIlI — AUDJICKTPUUYECKas yriiepo/iHas MaTpUIa, B JallbHEHIIeM MPUHUMAIOT aKTUBHOE
yuyactue B GoromomunectueHuuu. [lpu goctmwkenun koHueHTtpanuu Sn ~ 3.0 at.% @JI gocruraer
HACBIIEHUS, U JalbHEUIIIee YBEIIMYCHHE 0JI0BA MPUBOIUT K YMEHBIICHHIO ()OTOTFOMHUHECLICHIIUH.
DTO CBA3aHO, MO-BUAMMOMY, C CYIIECTBEHHBIM BIIMSHHUEM METAJUIMYECKUX HAHOYACTHI[ OJIOBA Ha
pacrmpeiesieH e IIOTHOCTH IEKTPOHHBIX COCTOSIHHN B yTTIEPOIHON MAaTpHIIE ¥ HA YBETHUCHHE SP°
TUOPUAN3UPOBAHHBIX CBSI3EH.

BaxxHbIM BOMPOCOM SIBIIIETCS UCCIEAOBAHUE BJIMSHUS HAHOYACTHI[ OJOBA HA SHEpreThyec-
KYIO I1I€JIb ONTHYECKOM 3ampelnieHHoN 30HbI anmMa3onoao0Hbix a-C:H mienok. B monynposogHukax
no0aBJeHHe MPUMECH B HEOOIBITUX KOHIIGHTPAIIUAX HE BIUSET Ha BEIMYUHY 3alpPEIIeHHON 30HbI U
C YBEJIMYEHHEM KOHIIEHTpPAIMHM MPHUBOAUT K €€ yMeHblIeHHt0. ONoBO He 00pa3zyeT XMMHYECKOil
CBA3M C aTOMOM YIJIEpOJia M IIO3TOMY HAHOYACTHULIBI 0JI0BA HE MOTYT HENOCPEICTBEHHO
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y4acTBOBaTh B (POPMHUPOBAHUM DPACHPEICICHHUS SJICKTPOHHBIX COCTOSHHNA B 30HaxX. Onruueckue
CIIEKTPbI TIPOIyCKaHWsS M OTpakeHUs u3ydanun Ha crnekrpodoromerpe UV-3600 (Shimadzu,
Snonus). beuio onpeneneHo, 4TO CHEKTP MOIVIOIIEHUS IOJYUHSETCS KBAaJPAaTUYHOMY 3aKOHY
Tayca. Bce pacueTsl npoBeAeHBI IS a~10° em™ u o-d~1. HarouacTuupl ooBa CUHTE3UPOBAHHbBIC
mpu Pg = 3.0 Br/em® u Ts < 50°C B YIIEepOJAHOM MaTpuile 00Jagar0T MOJYIPOBOJIHUKOBBIMHU
cBoiictBamu. B a-C:H<Sn,> mnneHkax mpu KOHIEHTpaIMsX ojioBa MeHbine | ar.% BBISBHIN
MHTEPECHYIO U BAKHYIO OCOOCHHOCTH - YBEIMUYEHUE ONTUYECKOM IIMPHUHBI 3allpellieHHON 30HbL. B
a-C:H mnenke Eg =1,89 3B, noGaBnenne HaHOYacTUI] 0.-SN yBEIMYMBAET IIMPHUHY 3aIPEIIEHHON
306l Ha ~ 0,2 3B ¥ mpu nanbHEHIIeM yBETMYEHUH KOHILEHTpAluu SN HabiromaeM IUIaBHOE
ymenbienne Eg. Ilpn koHnenTpanusax mensine 1 at.% auaMeTp HaHOYACTHI[ O-SN HE MPEBHIIIACT
10 HM ¥ mo3ToMy KoiMuyecTBO aroMoB ojioBa MeHee 28000. Ilpu TakoM KoiMuecTBE aTOMOB
IIMPHUHA 3alPENCHHON 30HbI HAHOYACTHIBI O-SN yBEIMYMBAETCS U MOXET cTaTh Oosbine Eg B a-
C:H mnnenke, 4To mpuBENET K MepepaclpeieiieHUI0 3JIEKTPOHOB MEXIy HaHOYacTHLEH U
yriepoaHoi Matpuneir um msMmeHeHuntoo Eg B a-C:H<Sn,> mnenke. B moarBepxkieHMH 3TOTO
peanoyiokeruss Oblti mosrydeHsl a-C:H<Sn,> mnenku mpu Py = 3.0 Br/em® u Ts = 250°C u
MOKa3aHo, YTO MpH KOHIEHTparmu SN 1o 1 ar.% mupuHa 3anpenieHHoN 30HbI YBETUYHUBACTCS C
YBEITUYCHUEM OJIOBa. T.€. CTPYKTypa HAHOYACTHUI[ 0JIOBA HAXOIUTCS B O MOJU(DHKAIIMNA U TaKUM
00pa3oM BIIMSET Ha KOHLIEHTPALIUIO U paclpeesieHue COCTOSIHUN T 3JIEeKTPOHOB.

Jloka3aTenbCTBO BIMSHHS HAHOYACTHI[ OJOBa Ha JJIEKTpOHHBIE cBoMcTBa a-C:H mieHok
MOKa3aJIu MCCIEAOBaHUS BIUSHHS yaeabHoW MmomrHocTd Ha DJI mpu Temmeparype cunteza 50°C.
VYBenuuenue Py mpuBoauT K yMeHbleHnto nHTeHcuBHOCTH DJI mpumepHo B 10 pa3. Konnenrpanms
SN it K10 MOITHOCTH TP €€ yBeJIndeHnH nmpuHuMaeT 3Hadenne 1.21 at.%, 1,01 at.% u 0.87
at.%. Ilpu 3TOM OTMETHMM, 4YTO NpPU PAaBHOM HU3MEHEHHMM YJEIbHON MOIIHOCTH W W3MEHEHUU
ctpyktypsl a-C:H mmeHkn OT moauMepomnogoOHOW /0 aJMa30moJ00HOW TIpH  JTaHHBIX
KOHIEHTpanusax SN wHTeHCuBHOCT, DJI m3mensercs He paBHO3HauHo. B a-C:H mmenkax 0e3
HAHOYACTHI[ 0J0Ba MHTEHCUBHOCTH, DJI yMeHbIaeTcss MpUMEpHO B 5 pa3. DTO JIOMOJTHUTEIBHO
JIOKa3bIBa€T O CYLIECTBEHHOM BIUSHUM HAaHOYACTHI[ SN Ha (POTO3IEKTPOHHBIE CBOMCTBA a-
C:H<Sn> nnenox.

UccnenoBanus 3aBUCMMOCTH ONTHUYECKOW IIMPUHBI 3alpelieHHONW 30HbI OT YAEJIbHOU
MOIIIHOCTH TJIA3MEHHOTO pa3psjia MOATBEPAUIN BIMSHHE HAHOYACTHUI[ OJIOBa HA pacrpeiesieHue
IUIOTHOCTH 3JIEKTPOHHBIX cocTosiHui. B a-C:H nnenkax ymensiienue Py IPUBOIUT K YMEHBILIEHUIO
Eq B nuanasone ot 1.5 1o 1.0 3B, T.e. oT amopdHOIl anmmMa3010100HON CTPYKTYphI 10 aMOppHOI
rpaUTONOI0GHO C BHICOKOI CTEIEHBIO COepKaHmst SP° y3710B. Jl0GaBIIeHIe HAHOYACTHII OJIOBA
IPUBOAUT K YyBEIUYEHUI0 Ey ¢ yBennueHMeM KOHLEHTpALMU SN U yMEHbLIEHHEM YIEIbHOU
morroctr DC paspsina. IIpu kouuenTpammn Sn ~ 1.21 at.% u Pe= 2.0 Br/em® - Eg=2.78 5B, uro
XapakTepu3yeT MNOIuMepornogooHyo crpykrypy a-C:H<Sn> mnenku. Takum oOpa3om, MOXKHO
3aKJIIOUUTh, YTO HAHOYACTHUIIBI 0JIOBA HE TOJBKO BIMSIIOT HAa CTPYKTYPY, HO U Ha SHEPreTUUYECKHIA
CHEKTpP AJIEKTPOHOB U IUIOTHOCTH 3JIEKTPOHHBIX COCTOSIHMM W KakK CIEACTBHE Ha DJIEKTPOHHBIE
CBOMCTBa aMOP(HBIX TUAPOTCHU3UPOBAHHBIX YTIICPOIHBIX MJICHOK.

Paboma ewvinonnena 6 pamkax epanmogoeo ¢unancuposanus 3219/['®@ xomumema Hayku
MOH PK.
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HNCCJIEJOBAHUE BJIMSHUA IIOJMMEPHBIX TOBABOK HA KHHETHUKY
TEPMOXUMHNYECKOU JECTPYKIIUU U KATAJIUTUYECKOU 'MIPOTEHU3ALIUN
OPTAHMYECKOM MACCHI YIJISL.

H.M. PaxoBa, III.E. I'abapamosa, /l. baiiceiitoB, /I. Emmm6eroBa, A. Omaposa, K.

Tanacoa M.U. Tyaenos, 3.A. Mancypos
2. Anmamor KazHY um. ano-@apabu, Uncmumym npobnem 2openus, tulepov@rambler.ru

K HacrosimeMy BpeMeHU HaKOIUIEH 3HAUMTENbHbIN SKCTIEpUMEHTANIbHBIN MaTepuan B 00J1acTH
KaTaJIUTHYECKON JIeNoJIMMEpHU3alui yIiisl B KUAKUE YIIeBOJAOPOJHble cMmecH. OnTumuzanus
PEKMMOB THAPOTEHU3AlMN YIS C y4e€TOM BBOJA KaTajlu3aTOpPOB B PEAKLUMOHHYIO Cpely Ha
IpUMepe HW3Y4YEHUsS peaklUuid TUIPUPOBAHUS OPraHWYeCKUX COEAMHEHUH, MOJEIHPYIOMUX
(GbparMeHTbl CTPYKTYphl YIJIs, YCTAaHOBJIEHO, YTO KHCIOTHbIE KaTalu3aTOpbl YCKOPSIOT
MIPEUMYIECTBEHHO pa3pblB C-C- cBs3el, a TMAPUPYIOIIHE KaTaau3aTtopsl - pa3peiB C-O- cBs3en.
Ocy1ecTBieH NOAOOp KaTaau3aTOpoB, OOECHEUYMBAIOIIMX CHU)KEHHE JaBICHHMsS BOJOpOJa B
nporecce TuapupoBanus yrias go  10-15 MIla. HauGonpmmidi TpakTHYECKUH HWHTEPEC
NPEJCTABIAIOT JICIIEBbIE KaTalu3aToOpbl Ha OCHOBE JKeje3a (HampuMmep, COJIM  JKenesa,
KeNe30coJepiKaliie pyasl U KOHLEHTpaTbl). VX mNpuMeHeHHe MO03BOJIeT OTKa3aTbCs OT
JOPOTOCTOSAIIEH CTaJuU M3BJIEUEHUS KaTalu3aTopa M3 TBEPAOIo ILulama Ipolecca THIPUPOBAHUS
yrst [1-2].

Heo0xoauMpIM yciioBHEM ISl HU3KOTEMIIEPATYpHOIO aKTUBUPOBAHMS BOJOPOJA SIBIISETCS
IIPUMEHEHHE IacTooOpa3oBareisi — JOHOpa BOJOPOJA, COAEPIKAILEro HACBIICHHbIE COEMHEHUS C
MOJIBWKHBIM aTOMOM BoJiopoJa. CoearHeHus MOA0OHOT0 THUIlA MPU HarpeBaHUU B CMECH C yIJIEM
JEerKo  JETHAPUPYIOTCS € BBIJEIEHHWEM  aTOMapHOIo  BOAOPOJAA, KOTOPBIH  CHOCOOEH
B3aMMO/JICHCTBOBATH C YIJIEM U MPOJYKTaMH €ro JecTpyKuuu [3-4].

Co3nanue yciioBUHM A HU3KOTEMIIEPATypHOIO aKTHMBHUPOBAHMS BOJOPOJA IPU HEBBICOKOM
JIABJIEHUH BOJIOPOJIAa JOCTUraeTcs IMyTeM MPUMEHEHUs BBICOKOAKTUBHOIO KaTajau3aTropa, YTo CTallo
BO3MO’KHBIM OJ1aroziaps pa3pabOTKe METOJIOB aKTHBUPOBAHUS KaTalau3aropa.

[IpenoTBpaiienue peKOMOMHALMU MPOJAYKTOB JECTPYKLUMHU YIJIi IIyTeM BBEJICHHS B
PEaKIMOHHYI0 CMECh HHTHOMTHUPOB pPAIUKAIBHOM IOJMMEpU3allMk, B YaCTHOCTH COEIMHEHMH
apoMaTHYeCKOI0 XapakTepa.

HeaxTuBHpOBaHHBIE KeJI€30pyIHbIE KaTaTU3aTOPbl IPOSBIIAIOT HEBBICOKYIO KaTAIUTUYECKYIO
aKTUBHOCTh B mporecce ruaporenusanuu yras npu T = 430 °C, Puu(H2)=6,0 MIla B
nacrooOpa3oBartene, cocrosieM Ha 30 % u3 ryapoHa 1 pe3suHOBON Kpouku koHBepcus yris 30 %
(pucyHok 1).

MakcuManbHas cTeneHb KoHBepcuu yris (45 Bec. %) HaOmoganmach A KaTajlum3aropa
banxamckoro konunenrpara (bK-1), conmepxaiiero B cBoeM cOCTaBe B OCHOBHOM TeéMaTuT MU
XapaKTEPU3YIOIIETOCS MaKCUMaJIbHOM yIENbHOM IOBEPXHOCTBIO B HCXOJHOM COCTOSIHUU.
KonBepcust yrisi B SKclepuMeHTe Oe3 ydacTHsl KaTajlM3aTopa  COCTaBJI€T B aHAJIOTHYHBIX
ycnoBusx 25 Bec. %.
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[IpocnexuBaercss HEKOTOpas KOPpEeALUS MEXAY BEITUYMHOW YACTbHOM MOBEPXHOCTU
PYAHOTO KaTalu3aTopa M €ro axKTUBHOCTBIO B THIpOTEHM3anuu yris. MexaHoOpaboTka
rpyOOIUCTIEPCHBIX KAaTAJIM3aTOPOB YBEIMYMBAET B HECKOJIBKO Pa3 UX YACIbHYIO MOBEPXHOCTH U
NPUBOAUT K POCTY CTENEHHM KOHBEPCHUHU YIVIA B MpoIlecce THAPOTeHHM3aluu. B To ke Bpems
JUIUTENIbHAsT MexaHoOpaboTka katanmszatopa BK-1, cocrosiiero B HCXOAHOM COCTOSIHUU U3
JOCTAaTOYHO MEJKHX YacTHUIl, COMPOBOXKIAETCS CHIDKEHHEM €ro MOBEPXHOCTU M BBIXOJA KUIKHX
MPOYKTOB THAPOTCHNU3ALNH YTJISL.

Bbut0 ycTaHOBIIEHO, YTO BENMYMHA KATAIUTUYECKOH AKTHMBHOCTH PYIHBIX KaTalH3aTOPOB
3aBHCUT HE TOJBKO OT TEKCTYPHBIX XapaKTEPUCTHK, HO M OT WX XMMHYECKOTO cocTaBa. Tak,
aKTUBHOCTh MOAM(DUIIMPOBAHHBIX KaTAIM3aTOPOB, COAEpKaIINX Oobiiee komndectBo cepbl bK -3,
BbIIle, YeM KaTtanmu3atopa BK-2, comepkamiero B CBOE€M COCTaBe B OCHOBHOM MAarHeTUT, U
reMaTuToBOro katanuszaropa bK-1, HecMoTps Ha GoJiee BBICOKYIO JUCIIEPCHOCTD MOCIIETHETO.
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Pucynox 1 - 3aBHCMMOCTb BETMYMHBI CTEIIEHN KOHBEPCHH YIJIS M BBIXOZA MIPOAYKTOB B IPOILIECCE TMAPOTreHU3alNH
yris ipu 430 °C u gaBnennu 6,0 MlIla npu pa3TUUHBIX cOCTaBaX KaTaln3aTOPOB.

KIT — sxxuaxue npoayktsl, TO — TBepablii octaTok, K- konBepcusi, HK — HeakTuBupOBaHHbIN
karanuzatop, bK-1 — banxamickuii KOHIIEHTpaT ¢ OOJIBIIMM cojepkaHueM remartuta, bK -2 -
banxamickuii koHIIEHTpaT ¢ OonbpIKM cofep:kanuem MarHetuta u bK-3 banxamickuii KoHLIeHTpaT
¢ OOJBIIUM coJiepykaHueM cepbl 10 15%

[ToBeimienHoe conepxxkanue cepel (15 %) B kartanmusaropax bK -3 yBenmumBaroT ux
aKTUBHOCTH B THJIPOTEHHU3ALIMU YIJIs, IpUUeM HabmtogaemMblid 3 pekT ObLT BbIIIEe MPU COBMECTHOM
MEXaHOXMUMHUYECKON 00paboTke pyIaHbIX 00pasioB c yriaem. OQHOW W3 MPUYMH BO3pPACTaHHS
AKTUBHOCTH SIBJISIETCS MIPEBpAlEHUE OKCUJIOB JKele3a B MENKOIUCIIEPCHBIN MUPPOTUT B YCIOBUAX
rpoliiecca ruIporeHru3aum

[TonmyueHHbsle pe3ynbTaThl TOBOPAT O Oo0Jee BBICOKOM KATAIUTUYECKON aKTUBHOCTU
MUPPOTUTOB MO CPAaBHEHUIO C OKCHIAMU XKeje3a B mpolecce rufporeHusanuu yria. Kpome toro,
HaOt0JaeMO€e yBETTMYEHNE CTETIEHU KOHBEPCUU YISl B IPUCYTCTBUU CEPBI U3 KOHIIEHTPATa MOXKET
OBITh CBSI3aHO ¢ OOpa3oBaHMEM CEPOBOJOPOJAa B Xoje mpolecca. Kak HM3BECTHO, MOCIEAHHIA
CHOCOOCTBYET YBEIMYCHHIO BBIXOJA KUJIKUX MPOIYKTOB U3 YISl B MIPOIIECCE €r0 TUAPOTeHU3aINH.
B TO Xe Bpems KaranuTHuYecKas aKTHBHOCTh MOXKET BO3pacTaTh M BCJEICTBHUE OOpa3oBaHUS B
Mpolecce MEXaHOOOpaOOTKHM KaTamu3aTropa «CBeXei», He OKHUCICHHOW MOBEpXHOCTHU. JlaHHOE
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NPEUIOKEHNE  TOATBEPIKIAETCS dakTOM  CYIIECTBEHHOTO CHIDKCHHS  aKTUBHOCTH
MOAM(UIIMPOBAHHOTO MexaHOoOpaboTkol KatanmzaTopa BK-3 mocne ero BbIIEpKKH Ha BO3AyXe B
teueHuu 10 cyTok.

W3BecTHO, 4TO MexaHHyecKass 0O0pabOTKa pyIHBIX MaTepUajOB B MEJbHUIAX-aKTHUBATOpax
COIIPOBOKAACTCA HE TOJIBKO YMCHBIICHUCM qacCTuIj
U3MEJIbYaeMOIo Marepuajgia, HO W HWX HWHTCHCHBHBIM arperupoBaHucCM C 06p330BaHI/IeM
arJoMepaToB, MMEIOUIMX CIIOXHYIO CTpyKTypy. [lpm no0GaBieHMHM Takux MarepuaisoB K
erIGM&CJIHHHOﬁ nacre¢ IMnpu MHWHTCHCHUBHOM IICPCMCIIMBAHUN Pa3spymICHUEC arjioMeparoB HC
IMPOUCXOJUT, qTo CYHICCTBECHHO CHHMXKACT 3(1)(1)€KTI/IBHOCTI) HCIIOJIb30BaHUA HOI[O6HI)IX
KaTAINTHYECKUX CHCTEM. PaspylieHue arjioMepaTtoB MOXKET OBITh JOCTUTHYTO 00paboTKOM
OpPraHu4€CKUMHU PACTBOPUTCIIAMU B OIIPCACIICHHBIX YCJIOBUAX U B CPEAC BOABI.

[IpeasaputenbHO [IPOBEIACHHBIE HCCIIENOBAHUS IIOKa3aiy, 4TO
OCHOBHBIE ITOKAa3aTeNM IPOIEecca TUAPOTEHU3AIMH YIJis CYIIECTBEHHBIM 0O0pa3oM 3aBHCAT OT
crocoba BBeleHHUs KaTanu3aropa B cbipbe (Tabnmuuma 2). bbulo mnokasaHo, 4ro Haubosee
3(1)(1)GKTI/IBHBIM cocooom BBCACHHA AKTHBHUPOBAHHBIX KaTaJIMW3aTOPOB B ChIPLE, IMO3BOJAIOIIUC
JOCTUYb MAaKCUMaJIbHOM TIJIyOMHBI TpEeBpallleHusl YIuisd, SBISETCS JUCIEpTrUpOBaHUE B
YIIIEMaCISIHYI0 TIACTy CYCIICH3HMH, MOJYYeHHOW MpH MEXaHOOpaOOTKe Karajam3aTopoB B Boje. B
9TOM CiTydae JOCTUTAETCs CTETIEHh KOHBEpPCUU yris 55 % Bec, uTo Oojee, 4eM B 2 pasa MpeBhIIIaeT
AHAJIOTUYHBIN TIOKa3aTe b HeKaTAIMTHYECKOTO Mpoliecca ruaporenn3amn (25 %).

Tabnuna 2 - Bnusaue cnocoOoB BBeIeHUS MOAUDUIIMPOBAHHBIX KaTAJIM3aTOPOB B ChIPhE U
MOKa3aTenun mporecca THJIPOTEHU3 AN VTSt pu 430 °c 51 JIaBJICHAU
6,0 MIla (mactoo6pazoBarens coctout Ha 30 % u3 rynpona u Ha 70 % yrias)

Karamus Crioco0 CreneHp Berxon nponykTos, % Bec
aTop BBEJICHUS KOHBEPCHU ra3 TBepabiii (dpakuust ¢bpakuus bpaxuus
yras, Bec. % OCTATOK <180°C | 180-350°C >350 °C
b/x 25 11,7 85 6,4 7,2 10.2
HK HOPOIIIOK 30 10,9 64 6,7 8,3 42,3
BK-1 HOPOIIIOK 40 10,1 58 75 11,4 50,2
CYCIICH3UsI 45 10,8 56 7,4 21,5 44,8
BK-2 MOPOIIIOK 45 9,2 60 8,4 17,4 442
CYCIICH3UsI 50 9,8 50 9,2 20,3 49,6
BK-3 MOPOIIIOK 50 12,0 48 8,2 16,5 31,5
CYCIICH3UsI 55 13,6 45 9,0 19,2 39,3

Takum o06pazom, B HacTosuleil paboTe pa3paboTaH U MOJTOTOBJIEH K ONBITHOW MpPOBEpPKE
MPOLIECC OXKMKEHHs Yris A IPOU3BOJICTBA KOTEJIBHOTO TOIUIMBA U XMMHMUYECKUX MPOAYKTOB.
OTnuuuTenbHONM 0COOEGHHOCTBIO pa3pabOTaHHOrO TMpolecca SBIAETCS TIYOOKOE OKMKEHHE
OpraHMYeCcKOM Macchl yrjsl TpPUd HEBBICOKOM JIaBIEHHWH BOAOpPOJAa C  HEOOJbIIMMHU
ra3o00pa3oBaHUEM U PACXOJOM BOJOPO/IA.

Jlureparypa:
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HNCCIEAOBAHUMSA BO3SMOKHOCTU TIPUMEHEHUA 'NAPOPOBHBIX
HOJIMYPETAHOBBIX I'YBOK JIUIsA OYUCTKHU BOJAbI OT HE®@TU U
HE®TEINIPOAYKTOB

Cyaranos ®@.P., bakboaar b., Mancypos 3.A.
Hucmumym npobaem eopenus, Kazaxcman, Anmamer
Kazaxcruii nayuonanvholil ynueepcumem umenu anv-@apabu, Kasaxcman, Anmamor

*fail 23@bk.ru

Bruta pa3paborana Hemoporass METOAWMKA MONY4YCHHs CyHepruapodoOHBIX T'yOOK IyTeM MpeoOpa3oBaHus
CTaHIAPTHBIX KOMMEPUYECKH JOCTYIHBIX MOJUYPETAaHOBBIX TIyO0OK B TuaApodoOHyro. I[lomyueHnbie ruapodoOHbBIC
CIIOHYKHM aKTUBHO COPOHPYIOT OPTraHUYIECKUE SKUIKOCTH, 00JIaIal0T OTIUYHBIMUA MEXaHUYCCKUM CBOHCTBAMHU.

C pocroM [00bldM HEPTH U TPOU3BOACTBA HEPTENPOAYKTOB, a TakkKe IMpH UX
TPaHCIMOPTHPOBKE, TMOTEHIMAIBHBI PUCK BO3HUKHOBEHHS HE(MTSHBIX pPAa3JIMBOB CTaHOBHTCS
cuibHee. UHIMAEHTHI, Takue kak pa3inuB HedTu "Exxon Valdez" y moOepexbs ANSICKU WU PA3JIUB
"BP Deepwater Horizon" B MeKCHKaHCKOM 3aiuBe, MPUBOJAT BHHUMAaHHE K TOMY (akTy, YTO
MPAKTUYECKH BCE BHUJIBI SHEPTHH CBSI3aHBI C PHCKOM JUIS OKpYKalomiel cpeapl. B 3aBuCHMOCTH OT
0OCTOSITENILCTB, YCHIIUS TIO OYHCTKE PAa3IMBOB HEPTH W HEPTENPOIYKTOB MOTYT YMEHBIIHUTH HIIH
yBeNUUYUTH yiiep6. B Buxy 3Toro, cymecTByer siBHass HEOOXOIUMOCTb B TIOUCKE HOBBIX OYHCTHBIX
MaTepuagoB s cOopa W pasfeseHus OOJIbIIUX KOJIMYECTB OPraHUYECKUX COECIUHEHHUH C
MTOBEPXHOCTHU BOJIBI 32 KOPOTKOE BPEMs, UTO SIBJISIETCS AKOJIOTUYECKUI BBIr0AHBIM. [10 cpaBHEHUIO C
JIPYTMMU METOJIaMU OYHUCTKH, TAaKMMHM KaK TOpPEHUE WM CMEIIMBAHUSA C JUCHEPTUPYIONIUMU
areHTaMy, HUCIOJIb30BaHUWE  THAPOPOOHBIX M 0JICOQMIBHBIX  MaTepHalioB,  SBISETCS
MIPENNOYTUTEIbHBIM.

Bo3MOXHOCTh TIpHUMEHEHHUS YyXKe TOTOBOIO Kapkaca ¢ ONpelesieHHON Mopdoiorueit
MOBEPXHOCTHU U  MOPHUCTOCTbIO, CTEHKM KOTOPOTO  MOKHO  HOKpBITH  YIJIEPOJHBIMU
HaHOMAaTepHallaMy, SIBJISIETCSI MHTEPECHBIM U IEPCIEeKTHBHBIM HalpaBieHHeM. Bo-mepBbIX, 3TO
MO3BOJISIET 3HAYUTENIHO CHU3UTHh CTOMMOCTH KOHEYHOTO MPOAYKTa B BHJY CHHKEHHUS pacxoia
UCIOJIb3YEMBIX YTIIEPOJHBIX HAHOMATEPHAIOB, BO-BTOPHIX 3HAYUTEIHLHO CHIXKAETCS TPYJOEMKOCTh
mpouecca IMOJy4YeHHUs] JaHHBIX COPOEHTOB M, B-TPETbHX, MOSBISAETCS BO3MOXKHOCTH OBICTPOIrO
MIPOU3BOJICTBA JAHHBIX COPOCHTOB.

B xome pabotel Oblia pa3paboTaHa Heaoporas METOAMKA «TIyOOKOTO MHOKphITUS» («dip-
coating» method, cxemMaTH4YHO TMpeACTaBICHHBIH Ha pUCYHKE 1) KOMMeEpYeCKH JOCTYIHBIX
MOJINYPETaHOBBIX T'yOOK yriepoanbiMu HaHoTpyOkamu (YHT) mis coznanus cynepruapodoOHbIX U
IIPH 3TOM AaKTHBHO COPOMPYIOIIMX OPraHWYecKue >KUIKOCTH CHOHKeW. Bpicokas copOmuoHHas
€MKOCTh TaKUX CIOH)KEW MO3BOJIAET €Il MOriomarh, XPaHUTh W BBIMYCKAaTh COPOMPOBAHHYIO
KHUAKOCTb TMOCpeNCTBOM jAedopmanuu-omkuma. [IpeaBapuTenbHO OYMINEHHBIA MOCPEICTBOM
yIbTPa3BYKOBOM 00paboTku crioHx nomernaics B qucnepcuto YHT B aTunanerare, BelIepKUBaICST
B HEH OIpe/eIeHHOEe KOJMYECTBO BPEMEHH, IOCJIE 4Yero BBHIHUMAJICS M BBICYIIMBAJICS JI0
MOCTOSIHHOM Macchl. Tak Kak CHOHX caM 1o cebe JIMO(GMIbHBINA, T.e. aKTUBHO COpOMpYeT Kak
OpraHu4ecKue S>KUIKOCTH, TaK U BOJY, [0 Mepe BNMThIBaHUs HSTwianerara, YHT Ttak xe
OCaX/JAINCh W HAKaIUIMBAJIUCh B €ro CTpykTrype. JlaHHOe pAelcTBHE MpPOBOAMIOCH N-HOE
KOJIMYECTBO Pa3 C MOCTOSIHHBIM 3aMEPOM MacChl BBICYLIEHHOTO 00paslia JJisi ONpe/ieIeHUs! CTeTIeH!
sarpy3ku YHT B cTpykTypy cnioHxka.
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Pucynok 1 — Cxema mporiecca rirybokoro mokpeitus (dip-coating)

JlJ15 MHOTOKpPaTHOTO MCIOJIB30BaHUS JaHHBIX CIIOHXKEH B cdepe pas3ieneHus: opraHuuecKux
XKUAKOCTEN U BOJIbI, HEOOXOAUMBIM SIBIIsI€TCS MTpoyHOe 3akperuienne YHT Ha moBepXHOCTU CTEHOK
ryoku. [l 3TOro B KayecTBE «IEMEHTHPYIOIIEro» areHTa MCMOJIb30BaJICAd BOJOHEPACTBOPUMBIN
nomumep - mnonuaumeruiacwiokcadn (ITJAMC), B opraHuyeckuili pacTBOp KOTOPOTO MOTPYKaJICS
ruApopOOHBIN CIIOHXK, MOCIE Yero Mpy TEPMUUYECKOM HarpeBe B MHEPTHOM Cpelie MPOUCXOAUIa ero
MOJMMEPHU3alMsl Ha CTEHKaX CHOH)Xa - 3aKpeIuIeHWE YIJEepOJHBIX HAHOMATEpHUaJOB Ha
MMOBEPXHOCTU CTEHOK I'yOKH.

Ha pucynke 2 npeacraBieH NOJIMYPETaHOBBIA CIIOHX JI0 U MOCIE MOKPBITHS €ro cTeHoK YHT
¢ nocnenyomei nonmumepusanuerd [[/IMC nHa ero moBepxHoctH. M3 pUCyHKa BUAHO, 4TO NpH
MTOKPBITUH CTEHOK crioHka YHT, ero nser n3MeHwIcs Ha YEpHBIN.

clieBa - 10 00paboTKH;
CIpaBa - [ocje NOKPBITHs ero cTeHok YHT

Pucynok 2 - @ororpadus momrnypeTaHOBOTO CIIOHXKa

HccnenoBanne MeXaHMYECKUX CBOWCTB IIOJyYCHHBIX CIHOH)KEH II0Ka3aJlo, 4YTO CHOHXK,
HOKPBITHI  YTJIEPOJHBIMA HAHOTPYOKAMHU TIPEJICTABISIET COOOH TPEXMEpPHYIO CTPYKTYpY C
OTIIMYHBIMM MEXaHUYECKHMMHU CBOHCTBaMH (CHOCOOHOCTBIO K CXKAaTHUIO M BOCCTAaHOBJICHHIO CBOECH
NepBOHAYAIBHON (POPMBI MHOTOKPAaTHOE KOJIMYECTBO pa3). /laHHbIE CBOWCTBA 00yCIaBIMBAET caM
CIIOHX, KOTOPBI MOXET C)KUMATbCs U pa3KMMaTbCsl MHOTOKpAaTHO. BbUIO yCcTaHOBJIEHO, YTO MpH
MEXaHMYECKOM CXKaTHM CHOHXa HE MPOMCXOIUT OTAEICHUE YIIEepOAHbIX HAaHOMATEpHAJIOB OT €ro
MOBEPXHOCTH, YTO TOBOPUT O TOJHOM NOJMMEpH3alMU  NOJIMIUMETWICHIOKCAHA W,
COOTBETCTBEHHO, «LIEMEHTHPOBAHUM» YIJIEPOJHBIX HAHOMATEPUAJIOB HA TOBEPXHOCTH CTEHOK
I'yOKH.

CopOuroHHast eMKOCTh HOJYYEHHBIX CyNepruapopoOHbIX CIOHXeH Oblia n3ydyeHa MeTOJIOM
MOTPY>KEHUsI TPEIBAPUTEIBHO B3BEUICHHOTO CIIOHXAa B OPraHMYECKYIO XKHJKOCTh JIO MOJHOTO €ro
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HACBIIICHUSA, IMOCJIC YCro CIIOHXX BbIHUMAJIM, BCTPAXHUBAJIW W B3BCUHIMBAJIN. IIo pasHune Macce
OTIPEICIISITN KOJIMYECTBO aIcOPOMPOBAaHHOM opranndeckoi xxuakoctu (Tadbmumal).
O6nagast OTIMYHBIMM MEXaHUYECKUMH CBOKMCTBAMH,

CHOCOOHOCTBIO  BOCCTAHABJIMBATh
MEPBOHAYAIBHYIO (HOpMy TMOCIIe CKaTHsl, CHOHXH OTIUYHO PETeHEpUPYIOTCS OTKUMOM. llpm
OTXKHMME, BbIIEIIETCs O0JIbIIast 4acTh acCOPOMPOBAHHON OPraHUIECKOH KUAKOCTH, 10 92%. [Tocne
OTKHUMa, I[aHHBIfI CIIOHK CII0cOOeH MMPUMCHATHCA ITIOBTOPHO.

Tabmuna 1 — CopOunoHHast eMKOCTh MOJIMYPETAaHOBOTO CHOHXa, MOKPHITEIX YHT mnst psanma
OpraHMYECKUX KUIKOCTEH (B mepecyere Ha | I crioHxa)

Opranunyeckast :KMJIKOCTb CpenHee KOINYECTBO COPONPOBAHHOI OPraHNYecKoi
JKUJIKOCTH, T
Aneron 65,2
Bensun 99,3
Kepocun 91,5
MoropHoe Maciio 90,8
Xyopodopm 115,2
Hedrts MecTopoxnenust « TeHrnzy» 93,2

st pa3paboTKu TEXHOJOTUM cOOpa HE(DTAHBIX Pa3nuBOB Oosiee I(H(HEKTUBHBIM SIBIISCTCS
WCTIOJIh30BaHNE JJAHHBIX MaTEpUAIOB HE KaK COPOEHTOB, a Kak (HIBTPOB, KOTOPbIE NIPU CO3JIAaHUN

pPa3HOCTH JaBJICHHU CIOCOOHBI TPOITYCKAaTh CKBO3b CE0Sl OpraHWYeCKHe JKHIKOCTH, TPU ITOM
oTTasikuBas Boay (Pucynox 3).

a — ¢oTorpadus mpouecca cOOpa OKpPAIEHHOT0 KEPOCHHA € TIOBEPXHOCTH BOABL, O — OKOHYaHHE mporiecca coopa
OKpAIIEHHOTO KEPOCHHA C MOBEPXHOCTH BOJBI; B — IMHAMHKA HEMPEPHIBHOTO COOpa OKPAIICHHOT0 KEPOCHHA C
TIOBEPXHOCTH BOJIBI

Pucynok 3 — ®ortorpadun nporecca HEMPEPHIBHOTO cO0pa OKPAIICHHOT0 KEPOCHHA C TOBEPXHOCTH BOJIBI C TIOMOIIBIO
(¢UIBTPa HAa OCHOBE MOJIMYPETAHOBOTO CIIOHXKA, HOKPHITOTO YIIEPOAHBIMU HAHOTPYOKaMH
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[Tomy4yennsie cynepruapodoOHbIe CIIOHXH Ha OCHOBE IMOJUYPETAaHOBOM T'YOKH, TOKPBITON
VHT, sBisitoTCS OTIMYHBIMU (PUIABTPAMH JJIsl HEMPEPHIBHOTO Pa3ieiCHUs] BOJBI U OPraHMYECKHX
KHUIKOCTeH. [Ipyrumu cioBamu, IAaHHBIM CIHOHX CIIOCOOCH pa3leNiTh OTPOMHBIE KOJMYECTBA
OopraHMuyeckux xuakocred — B cpegHeM B 23000 mpeBblmaromuidi cBo COOCTBEHHBIH BeC — C
MOBEPXHOCTH BOJBI, YTO JE€JNAaeT WX MEPCHEKTUBHBIMU KaHIWIATAMH B KadecTBE (HIBTPOB,
MPUMEHSEMBIX B cepe JIMKBUIAIMHA HEPTIHBIX Pa3IHBOB.

MOJYYEHUE T'PA®EH W3 PUCOBOM IIEJTYXHA

1,2 < 1,2 2
“CeiiT:kanoBa M.A. *, “"“MancyposB 3.A., “Tanupoeprenosa C.K.
' Kazaxcruii nayuonansnoni ynusepcumem um. Ano-Dapabu

2HHcmumym npobnem 2openus
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AHHOTAIUA

B Hacrosiieii paboTe mpemIoxeH crmocod monydenus rpadenHa u3 pucooi menyxu (PII). IToaydeHubIe
00pasiibl HCCITEMOBATUCEH C MTOMOIIBIO PAMaHOBCKOM CITEKTPOCKOMHUH. [oydeHHbIe MUKH XapaKTePU3YIOT PUCYTCTBUE
rpadUTOBBIX U Ipad)eHOBBIX IJICHOK B COCTaBe oOpasiia.

BBenenue

B mnocnennue roapl rpadeH CTaHOBUTCS Bce Oosiee MOMYJISPHBIM CPEeOu HHXKEHEPOB U
uccienoBaTeNiel M3-3a €ro HEOOBIYHBIX MEXaHHMYECKHUX, TEPMUYECKUX, OJICKTPUUECKUX U
onThYecKux cBOMCTB. K HacTosimieMy BpeMeHH METoJaMu €ro pocTa rpadeHa sBIsioTCs TJIaBHBIM
00pa3oM KaTaTUTHYECKOE XUMHUECKOE OCaXKICHUE U3 TTapoBOH (pa3wl, Tepmudeckas oopadortka SiC
U BOCCTaHOBJIEHHE OKcuaa rpadeHa. TeM He MeHee, BCE €Ile €CTh MECTO JJIsi METOJIOB, KOTOPbIE
SIBJISIIOTCSL 00JIee TIPOCTHIMU, SKOHOMUYECKH () ()EKTUBHBIMU U MacITaOHBIMU. B 3TOM MaTepuaie
MBI PaCCMOTPHUM CHHTE3 M XapaKTEpUCTUKY rpadeHa U3 CelbCKOXO35WCTBEHHBIX OTXOOB, TaKUX
Kak pucoBas menyxa. ['padeH, momyuyeHHBI H3 PHUCOBOM IIeNyxH, OONaJaeT YHUKAIbHOMN
CTPYKTYpOl C YHCTBIMH KPOMKAaMM, HAHOPAa3MEpPHBIMH OTBEPCTHSIMU U TOMOJOTHYECKHUMU
nedeKTaMu B YIJIEPOJIHON PEIIETKE, YTO MOYKET BbI3BaTh HOBBIE (DU3UKO-XUMHUYECKHE CBOMCTRA [1].
[Ipenmonaraercs, uyto rpadeH M3 PHUCOBOM IIENYXH OTKPHIBAET BO3MOXKHOCTH pa3pabOTKu
Pa3IMYHBIX IPUIIOKEHUH 3a CUET €ro HeJI0POroro, MpoCTOro U MaciTabupyeMoro Npou3BOICTBA.

MarepuaJjbl 1 METOAbI

B kawyecTtBe MCXOIHOro MaTepuaja Mbl HCHOJb30BaIM pucoByro menyxy (PI), xoropas
MPEACTABISIET COOON OTXOJBI CEIbCKOX03sICTBEHHBIX 0TX0/0B 1 KOH. B nmannoi# pabore KOH
UCIOJb3YyeTCs B Ka4eCTBE TUIIMYHOIO XMMHUYECKOTO peareHTa sl MHIYLIUPOBAHUS MOPUCTOCTH B
YIJIEpOJHBIX MaTepuaax, BKIIIOYas yriaepo Hble HAHOTPYOKH, rpad)eH U yriepoiHble BOJIOKHA, YTO
yIaydllaeT UX 3JIEeKTpOXUMHUYEcKHe Xapakrepuctuku [2-3]. Ilomyuenue cioeB rpadeHa
npoBomiIack cienyromum odpaszom: PII BeicymmBanu 12 yacos npu 115°C u 3aTeM cMeIMBaiy C
n3menpueHHbIM KOH B pasHbix cooTHomeHusX. CMech IpeccoBaad B OTHEYNOPHOM THUIJIE U
MOKPBIBAJIM KEPaMUYECKOH BAaTOW W YIrIepOAHBIM MOPOILIKOM, YTOOBI MPEJOTBPATUTh OKUCIIEHUE
BO3/yXa IIPU BBICOKOH TeMrieparype. Tureiab HarpeBaiu B MyQeabHOU rneuyu 1o Temnepatypsl 1123
K u aktuBupoBaiu B TeyeHue 2 yacoB. OOpa3ibl HECKOJIBKO Pa3 MPOMBIBATIHM JTUCTUIUIUPOBAHHOM
Bo0} 1 cymmiu npu 373 K B Teuenue 24 yacos (puc.l). Berxoa nmpoaykra coctaBui ~ 10 mac.%.
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)

Pucynok 1 — M300paxeHre UCXOIHON pUCOBOM TIeTyXH () U momydeHHOro rpadena (0)

Jlnst ompeneneHus ONTHMAJIbHON TeMIepaTyphl sl MoydeHue rpadeHa, Mbl B3sUIM TPU
o0pasiia pucoBOM MICIYXH M MTOMECTUIIN UX B MydenpHYI0 Tleub npu Temneparypax 650°C, 750°C,
850°C 06e3 nobasnenuss KOH (o6pa3upr Nel-3). U3 3Tux 00pa3uioB Mbl OOHApYKWUJIH, YTO IMPHU
temmneparype 650°C u 750°C pucoBas mienyxa ImpeBpaTHIach B O€NbIM I[BET, YTO MO CYIIECTBY
03HayaeT, 4To yris Tam HeT. B To Bpems mpu Temneparype 850°C xapOaHM30BaHHas pucOBast
menyxa Oputa depHO# (puc.l), Mcxoas W3 3TOro, Mbl KapOOHWU3MPOBAIU PHCOBYIO IIEIYXYy C
nobasnenneMm KOH B cootHomenun 4:1 (o6pazen Ne 4) u 1,5:1 (o6pazerr Ne 5) mpu temmneparype
850°C.

KapbonnsoBanHas pucoBas Iieayxa oOONaJaeT CIO0XHOW CTPYKTYpOH, OJIHAKO HMEET
XapaKTepHYI0 MaKpOCTPYKTYpPY M TEKCTYpy MOBEpXHOCTH. Ha pucyHke 2 mpencTaBiIeHbl CHUMKH
COM 06pa3ioB kapOOHN30BaHHOM PUCOBOM MIETYXH.

Pucynok 2 — SEM-u300pakenust oopasua Ned (a) mpu 200 Mxm 1 yBenuueHnoM Buze 10 pas (0)

Hcronb30BaHHbIE METOJMKH B ILIEJIOM HE BIMSIOT Ha MaKpOCTPYKTYpPY 0OpasiioB, OJHAKO
KapOOHHU3AIHMs YBEJIMYHBACT YACIbHYIO MOBEPXHOCTh, KaK 3TO OBLIO MOKA3aHO B MPEIbLIYIIMX
uccaenoBanusx [4].

Pe3yabTaTsl M 00Ccy:KIeHHE

BeicTphIii U TOYHBIN cIOCOO OMpeneNneHus KOJMYecTBa cioeB TpadeHa umeeT OoJbIIOe
3HAQUE€HHE [UISl YCKOPEHHUs HCCIENOBAaHUSA STOr0 Marepuana. XOTs METOJ aTOMHO-CHIJIOBOM
Mukpockonru (ACM) sBrsieTcss Hanboliee MOHITHBIM CIIOCOOOM OIpENeIeHHs] KOJINYECTBa CIIOEB
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rpadeHa, HO OH TpeOyeT MHOro BpeMeHH. PamaHOBCKasi CHEKTPOCKONUS (pamMaHOBCKas
CIIEKTPOCKOMUS) B HACTOsIIEe BpeMs sABIsieTCS Haubosee 3pPeKTUBHBIM CIOCOOOM OMpEeeHHS
KOJIMYECTBa CJI0eB rpadeHa 0e3 pa3pylIeHus: ero KpUCTAUNIMIECKON PeIIeTKH.

PesynbTaTthl CreKTpOB KOMOWHAIIMOHHOTO pAacCestHUs OBUIM TOJMYYEeHBI YCTAaHOBKOW TMOJ
naszBanuem Solver Spectrum (NT-MDT) na ¢usuueckom ¢akyiabrere KasHY um anp-®Papadw.
PamaHoBcKHe CrIeKTpBI OBUIM TOTYyYEHBI TPU BO30YXJACHUN CHHUM JIa3€POM C JJTHHOW BOJHBI 473
HM, BpeMsi HakorieHus curHaia coctaBistl 30 cexkyHa. CHeKTpalbHOE pa3pellieHre PpelIeTKH
cocraBisier 4 cm ™.

PamanoBckue cnekTpbl 00pasnoB, moiaydeHHBIX Oe3 mobaBnenns KOH mokasano, 4yro B
MOJTyYeHHBIX 00pasliax He MOKa3aHbl JaHHBIE, COOTBETCTBYIOIINE TpadeHam.

KapGonusupoBannas pucoBas menyxa ¢ nooasienuemM KOH B cootnHomenun 1,5:1 mpu
temmepatype 850°C nmeer spko Beipaxkennsie muaku (G u 2D) npu mapamerpax 1580 cv™ i 2680
cm™ (puc. 3).
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Pucynok 3 - PamanoBckue criekTpel oOpasma Ne 5

BriBoa

Takum o0Opa3oM, MbI MPOJAEMOHCTPUPOBAIHM TMPOCTOW, SKOHOMUYECKH O(HPEKTUBHBIA H
MacIITabupyeMbIi METOJ MOJydeHus rpadeHa co CTaOMJIBHBIMA W aTOMapHO TJIAJIKUMHU KpasMu
nocpeactBoMm aktuBaruu PIII ¢ KOH. JletanpHoe HaOMIOACHHE PaMaHOBCKOW CIIEKTPOCKOIIUH
MOKa3ajo, YTO IMOJIydeHHble o0Opa3lbpl CcOCTOSUIM U3 rpadeHa ¢ KpaeBOW CTPYKTYpoud U
MOHOCJIOWHOTO To(pupoBaHHOTO rpadeHa ¢ JoOMEHAMH B HECKOJIBKO HAHOMETPOB B JIOTIOJIHECHHE K
TOIOJIOTHYECKUM Jie(heKTaM U HaHOpa3MEpHBIM nopaM. Harm BIBOABI TOATBEPAUIUCH, UTO U3 PIII
MOXXHO MOJIY4UTh TpadeH C BBICOKOH CTOMMOCTBIO OBICTPBIM, HAJEKHBIM, MAcIITAOUPyEeMbIM U
sKoHOMHUECKU 3 dexTuBHBIM ciocoboM. Kpome TOro, mpucyTcTBUE YUCTHIX U CTAOMIIBHBIX KPaeB
B HameMm Plll-nomydyeHHoMm rpadeHe wuMeeTcs YHUKalIbHble (PU3UKO-XMMHYECKHE CBOWCTBA,
KOTOpBIE JAENAlT WX MNPUTOJHBIMHU [UIsl HU3TOTOBJIEHHUS BBICOKOIIPOM3BOAUTENIBHBIX YCTPOWCTB
HaKOIUICHHsI U TpeoOpa3oBaHusl YHEPTHH HA YTIEPOTHONW OCHOBE (HAMpUMep, CYNEPKOHIEHCATOPOB
U CHCTEM XpaHEeHHsI BOJOPOJa), U CIEAYIOLIEro MOKOJIEHUS (GPUIBTPHI JUISI BOJABI M Pa3IMyYHBIC
HAHOKOMITO3HUTEHI.
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AHHOTANUSA

B nanHO#t pabore mpeicTaBieHbl pe3ynbTaThl MO CO3JaHHI0 TUAPOGOOHOr0 MaTepuasa 00Jaarolero
cynepruapoGoOHbIM CBOHCTBOM Ha OCHOBE MaTepuala IOIYYeHHOTO YTHWIIM3aluedl OTXOHOB TBEPABIX CHUIIMKOHOBBIX
n3nenuil. McenenoBaHo ee yCTOMYMBOCTb K Pa3HbIM TEMIEPATypHbIM pEXUMaM U BO3ACHCTBMs BOJABI C TEUEHHEM
BpPEMEHH.

BBenenue

Marepuansl ¢ THAPOGOOHHIMH CBOMCTBAMH B Hallle BpeMsl HAIUIO OYEHb IMIUPOKOE
npuMeHeHrne. B ocHOBHOM ruipodoOHbIe MaTepHasbl IPUMEHSOT IS THIPOU3OIISIIHH.

B ormuume oT ruapodoOHBIX MaTepHaoB, HMMEIONIUMH Bjaro3amumiaonid 3P QeKT,
cynepruapodoOHbIe MaTepualbl HMMEIOT BOAOOTTANKUBaOMMK 3¢dekr. CynepruapodoOHbIi
a¢hdexT HazpIBaeMbIl «3(PPEKTOM JIOTOCA», KOTOPBIM OCHOBBIBACTCS THAPOPOOHON MOBEPXHOCTHIO
CO CJIOKHBIM PeTbe(oM.

JKCNePUMEHTAIbHAS YaCTh

[Ipu cropaHum CUJIMKOHOBBIX M3JENHI, OCTAETCS 30Ja, COCTOSAIIAss B OCHOBHOM M3 YaCTHI]
MHKPOHHBIX Pa3MepOB AMOKCHAA KpeMmHusA. [Ipu BBICOKMX TeMIiiepaTypax CropaHusi MOJIy4YeHHas
30712 TepseT Tuapo(oOHbIE CBOWMCTBA, 32 CYET MpOIlecca BBHIMAPUBAHMS U3 COCTaBa 30JIbI KPEMHHUS
npuaaroiero emy ruapodo6usiii sddexr. Jnst Toro 94ToObl NMPH TOPEHUHU COXPAHATH OCTATOYHOE
KOJIMYECTBO KPEMHHUS B COCTaBE 30JIbI HEOOXOAMMO KOHTPOJIMPOBATH TEMIIEPATypy TOpEHUs
CHWJIMKOHOBBIX OTXOA0B. /IJIs1 3TOT0 CUIIMKOHOBBIE OTXO/bl U3MEIBYAINCH A0 ~SMM U MOIKUTAJIHCh
TOpPEJIKOW [0 cXBaTblBaHMA IUIaMeHHM. OcTaBIIMECs IIOCJIE CropaHMs 30J1a MCIOJIb30BAJIOCH B
KadyecTBe THApO(OOH3UPYIOLIETO areHTa.

B kauecTBe chlllyyero matepuaia, ObUl BBIOpaH CTPOUTENBHBIN MECOK ¢ aucnepcHocTbhio 0,1 -
0,5MMm. Jlanee mnpeaBapuUTENbHO OTCESHHBIM M BbICymIEHHBIH 10 0,05% BiaxkHOCTH mECOK
cmemmuBaics ¢ ruapodoOHsiM arenToM (I'A) B cootHomenusx I'A : mecok: 1:100; 1,5:100; 2:100 B
MenbHuUIe. Bpemst 06paboTKH 3aBHUCENO OT IUCIEPCHOCTH MECKa U COOTHOILIEHUM BEIIECTB.
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Omnpenenenne TUAPO(POOHOTO CBOMCTBA TOMYYEHHOTO THAPO(POOHOrO TMECKa MPOBOIMIICS
METOJIOM «IEXKallel KaIlUin», CyTh KOTOPOTO 3aKJIF0YaeTcsl B M3MEPCHUM yrila CMayMBaHUS Ha
muaun pasznena das. [Iposogmnocs mpubopom KRUSS (pucynox 1). Ilpu stom ruapodoOHOCT
ompenenseMasi YyrioM CMadyuBaHWA, NMpH cieayommx cootHomenusx (I'A:mecok) 1:100; 1,5:100;
2:100; 3:100 cocrasisuio 157,8% 162,4% 161.5°% 160.9°.

Mamepenne: War: 1

KugrocTa:
Temneparypa: 200 % water (Air)

exaluankanis
Haznaune $aina: 100-1pg

PucyHnok 1 — M3mepeHue yria cMauuBaHus ¢ nomosio npuoopa KRUSS

[Tomyuennsie 00pasubl rugpodoOHOTO MecKa HCCIeNOBalM Ha AJIEKTPOHHOM MHKPOCKOIE
(COM). Ha pucynke 2 moka3aH CHUMOK THApopoOHOTO Tecka. 3 aHanmm3a moydeHHBIX JTaHHBIX
BHJIHO, YTO YAaCTHUYKH THUIPO(POOHON 30761 pazHON (GOPMBI, 3aKPEIUISIIOTCS Ha IOBEPXHOCTH
TIeCYNHOK MOKPBIBAs BCIO €€ TUIOIIa/Ib, U MPUAAIOT TEeCKY THAPOGOOHBIN A DEKT.

Pucynok 2 — COM uzobpaxkerns TuapodoOHOro mecka

FI/I,[[pO(I)O6HHC CBOIMCTBA MECKa COXPAHAIOTCH IIPU €T0 HAXOXKICHUHN 101 BOJOM U IIpu XoJioae

-24°C B TeueHue Mecslia.
I'uapooOHBI  MECOK HCCIENOBAICA € TIOMOIIBIO PEHTreHO(A30BOr0  aHaumM3a, Ui

ONPpCACIICHUA THUIIA KpHCTaHHquCKOﬁ PCHICTKH, pPUCYHOK 3.
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Pucynok 3 — CriekTpbl peHTreHo(ha30Boro aHanm3a

HccnenoBanus mMmokasajgo, YTO THUI KPUCTAJUIMUECKOM pemeTKu TruApopoOHOro areHTa
SIBJISLTACH TaJlo, KOTOPOE MoKa3bkiBaeT aMmopdHyto (da3y.

3akiir0ueHue

[Tony4yeHHBIN TakuM 00pa3oM Mecok 00yamaeT THAPOGOOHBIM CBONCTBOM M COXPAHSIET CBOU
CBOICTBa MIpU HU3KUX TemnepaTypax. He cmaunBaeTcss BOJOM, U YCTOMYUB K €€ BO3JACHUCTBUIO TIPU
JUTUTETbHBIX CPOKAX.

CHUHTE3 YIVIEPOJHbBIX HAHOTPYBOK METOJOM XUMHUYECKOI'O
ITAPO®A3HOI'O OCAKAEHHUSA B PEAKTOPE K IICEBAOKHUITAIINUM CJIOEM
KATAJIM3ATOPA

I'.'T. Cmaryaosa, H.b. Ec6os10B, H.B. TeprokasioBa, 3.H. Kyp6anosa, 3.A. Mancypos
Kazaxckuii HartmoHaBHBIN YHIUBEpCUTET M. anb-Dapadu, mp. Anp-Dapadu 71, AnmaTel Kazaxcran
WuctutyTt npobiem ropenwus, yi. boren6aii 6ateipa 172, Anmater, Kazaxcran
smagulova.gauhar @inbox.ru

B Hamm 1HM TEXHONOTWs AOCTHUIJIA TAKOTO YPOBHS COBEPLIECHCTBA, YTO MHUKPOKOMIIOHEHTHI
CTAHOBATCA BCE MEHEE HCIOIb3YEMBbIMHM B COBPEMEHHON TEXHHMKE, U HAYUHAIOT IIOCTEIIEHHO
BBITECHATHCSI HAHOKOMIIOHEHTaMU. YriepoaHbie HaHOTpYOkH (YHT) Obutn OTKPBITHI OTHOCUTEIHHO
HeZaBHO, B 1991 r. BosMoxxHO, uTo Ha ocHOBe YHT M0XHO npuyMaTh 4TO-TO HOBOE, U YIYYIIUTh
MHOX>ECTBO BELIEH, KOTOPBIE HCIOJB3YIOTCS B ITOBCEIHEBHOW XM3HU. Ha ceroaHsmiHuii neHb,
oxunanusg or YHT oudeHp BeicOKH. Yke cerogHs YHT cuHTE3UpPYrOTCS B IOJIYIIPOMBIIIIEHHOM
MaciTabe M HCHOJB3YIOTCS Ha TMpakTHKe Ul CO3JaHUS HOBBIX MaTEpUANOB C YIy4IIEHHBIMU
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CBOMCTBMM, HO HECMOTpA Ha 3TO, €l Jaleko A0 MomeHTa, koraa YHT cranyr MouiHeim
WHCTPYMEHTOM B pyKax 4eJoBeKa.

B nameit padore cunres YHT mpoBoamics metonom xumudeckoro ocaxkaeHus: (Chemical
Vapor Deposition). Cxema CVD ¢ BepTHKaIbHBIM PEAKTOPOM IIPEJCTaBICHA Ha pUCYHKE 1.
CrpykTypa JaHHOM yCTaHOBKM aHajormyHa crpykrype CVD ycTaHOBKM € TOpU30HTAJIbHBIM
peaxkTopom, OTJINYHE JUIIH B pacoIoKEHUU MeYKU c KBapIIeBOI
TpyOKoi (paboueil kamepbl) U B HAJMYMU KEPAMHUYECKHX IOPUCTHIX TaOJIETOK BHYTPHU paboueit
KaMmepbl, KOTOpbIe (DUKCUPYIOT OO0JacTh ICEBAO-KUIEHUS TMOJBIKHOTO cios. Kak BugHO U3
pucyaka 1, CVD peakTtop COCTOMT W3 BEPTUKAIBHO pacrosoxeHHoW mnedku (1) um kBapieBoit
TpyOKu (2) BIOJL €€ OCH, CTPCIIKaMH YyKa3aHO HalpaBJICHHE ITOTOKA TPAHCIOPTHBIX TIa30B
BOJIOpOJa, a3oTra W aretwieHa (3). BHyTpu KBapieBod TpyOKH pacroiOKEeHBl KepaMUUYECKHe
MMOPUCTBIC TIEPErOpoaKH (4), KOTOpbIE KOHTPOJUPYIOT IICEBJIO-KUISIIAN TIOJIBYKHBIA CIIOW. B
00J1aCTH N30TEPMHUYECKOM 30HBI U TTAHEIh YIPABICHUS TPAHCIIOPTHBIMU Ta3aMU POTaMeTpHI (5).

&6

- o =
| 870« s #

5

Pucynok 1 — Cxema ycranoBku CVD peakTopa ¢ ICEBIOKUIISIINM CIIOEM KaTaau3aTopa

W

Cunte3 YHT peanusyercs IpoCThIM IPOMYCKAaHUEM YIIIEBOJAOPOAOB Yallle BCErO alleTUIICHA B
MOTOKE aproHa IMpU BBICOKOW TeMIepaType C HCIOJb30BAHUEM KaTalu3aTopoB DPA3IMYHON
npuposl. B manHOM paboTe ObLT MCIOIB30BaH MOPOIIKOBBIN KaTanu3arop (Ni, cpemHuil tuaMeTp
gactuil 50 nm). Temneparypa cuatesa 780 °C, BpeMsi cuHTe3a - 20 MUHYT.

Tabmuma 1 — MaccoBsiii Beixoq YHT B peakTope ¢ ICEBIOKUIISIINM CIIOEM KaTaan3aTtopa

Pacxon a3ora, Pacxon anerunen, | Karammsatop macca T, T, °C Beixon YHT,

Ne cM®/MuH cM®/MuH (kat), r MUH r

1 946 95 Ni, 3,86 10 780- 0,6
50 nm 817

2 946 95 Ni, 3,9 20 780- 1,1
50 nm 817

3 946 95 Ni, 3,50 20 780- 0,86
50 nm 816

4 946 95 Ni, 3,4 20 780- 0,8
50 nm 816

5 946 95 Ni, 2,32 20 790- 0,64
50 nm 816

B Ttabmuue 1 mnpencrtaBieHbl AaHHble TOo MaccoBomy Bbixony YHT. Kak BumHo wus
MOJYYEHHBIX JaHBIX ONTUMAJIbHBIM BpEMEHEM CUHTe3a siBisercs 20 MHUH, a CpeAHHIl MacCOBBIN
BbIX0J cocTaBisieT 0,8 r. B maHHBIX 9KcriepuMeHTax ObLT HCIIOIB30BaH OJHMH U TOT ke KaTallnu3arop,
KaK BUIHO M3 JAHHBIX MOCIE 5-TO CHHTe3a 3(PQPEKTUBHOCTHh KaTallM3aToOpa CHIKAETCS M BBIXO]I
VHT cocraBmser 0,64 1.
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BJIUAHUE KUCJTOPOIHOI'O BAJIAHCA HA CKOPOCTBb I'OPEHUSA
I'A3OI'EHEPATOPHOI'O COCTABA

C. Typcoinbek, 1. A. BaiiceiitoB, Bucenosa A., 10.B. Kazakos, M.W.TyJienos,
3.A. MancypoB

Kasaxcruii Hayuonanvuoii Ynueepcumem umenu anv-papadbu, Anmamer, Kazaxcman
E- mail: chem_sabyt.777@mail.ru

AHHOTAIUSA
N3yueHo BiIMsSHUE KHCIOPOIHOr0 OalaHca Ha CKOPOCTh FTOPEHHUS ra30reHepaTOpHOro COCTaRa.

BBenenune

Ha cerogusimiauii JeHb MPEACTABISAIOT HHTEPEC Ta30T€HEPAaTOPHBIE COCTaBbI HAa OCHOBE
nutpata ammoHus [1,2]. Hurpar ammonust — HauboJiee JAEMIEBBIA W M3TOTABISEMbIH B MACCOBBIX
Macmtabax. Ilpu pasnoxxeHun HUTpaTa aMMOHHS B 3aBUCHMOCTH OT YCJIOBUM, B KOTOPBIX
MIPOTEKAET MPOIIECC, MOTYYAIOTCs pa3IndHbIe ra3000pa3Hbie MPOayKTHI [3]:

NH4sNO3;— 0,5N02+2 H20+0,75N2+95K21>K

W
NH4NO3z— No+2H,0+ 0,50,+113 xJIx

B nmanHO# paboTe WCCIeqyloTCsl Ta30reHepaTOPHBIE COCTaBbl HA OCHOBE HUTpATa aMMOHHUSI.
W3yuaercs BIUsIHEE KACIOPOAHOTO OallaHCa Ha CKOPOCTh TOPEHHS Ta30T€HEPATOPHOTO COCTaBa.

JKCNepUMEeHTAJIbHAS YaCTh

MeTo bl OTpeeseHusi CKOPOCTH TOPEHHUsI MUPOCOCTaBOB 0a3UPYIOTCS HAa (PUKCAIUU BPEMEHU
Hayajla M KOHIIAa TOPEHHs] CTOJOMKa cocTaBa OINpeAeiIeHHONW [UIMHBL OTa  ¢ukcanus

OCYILIECTBIISICTCS. BU3YaJlbHO (IIpu  aTMOC(EpHOM JaBIIEHWH), MpPU TOMOIIM TepMmorap,
dboToperucTpa Ui KHHOKaMephbl.

Ompenensii CKOPOCTh TOPEHHs Ta30reHepaTopHbIX cocTaBoB Ha ocHoBe NH4NO3/B. Macca
M3rOTOBIICHHOM cMecH coctaBmia 30 T.
CocTaBbl TOTOBHIUCH C PA3JIMYHBIM COOTHOIIEHUEM KOMIIOHEHTOB:
95 % NH4NOs+ 5% B
90 % NH4;NOs;+ 10% B
93 % NH4NOs+ 7% B
97 % NH4NOs+ 3% B

I'panynupoBannas ammuauyHas cenaurpa (AC), mopomok 6op(amopdusblif). KommoHeHTHI
B3BEILIMBACTCA Ha JIEKTPOHHBIX Becax M TIIATENBHO IepeMernBaeTcs B (apdopoBoil CTymke.
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CocraBbl 3aKaJBIBACTCS B TOJCTOCTEHHYIO TpyOy, ¢ mmamerpom 1,5 cm, ¢ BeicoToir 30 cm.
['opeHre MHULIMUPOBATIOCH C BEPXHEH YacTu TpyObl ¢ MHUIUHpPYIOIUM cocTaBoB (50 % Mg+50 %
0e3IbIMHBIN TIOpPOX). Bpemst cropanusi cocTtaBoB (UKCHPYIOTCS CeKyHIOMETpoM. CKOpOCTb
TOPEHHUsSI COCTABOB OTIPE/ICISIETCSl JICJIEHUEM BBICOTHI TPYOBI Ha BPEMSI CTOPAaHHUsI COCTaBOB.

2 I0en

Pucynok 1- Meraminueckas TpyOa AJisl ©3BMEPEHUsI CKOPOCTH TOPEHHMS

Pe3yabTaTsl M 00Cy:KICHUS

ITo cootnomennro 95 % AC: 5 % B . Bpems ropenust cocraBa cocraBuia 15 cexyn, gaiee
pacCuuTbIBACM CKOPOCTb TOPCHUS:

30

U=—;u=2 MmMm/cek
15

Pacyer kucimopoaHOTro OajaHca MUPOTEXHUIESCKOTO COCTABa:
Cocras: NH;NO3 95%: B 5%.

Pacuetsl BegyTces ucxons uz maccel BB paBHoii 1 kr.
Torma umeeM ciaeayronMid COCTaB ra30reHepaTopa:

M(NH,NO, ) =802/ monw
M(B)=112/ mom
950 50

P NH,NO, +>B
80 11

OnpenenﬂeM MOJIBHBIC JOJIM KOMIIOHCHTOB I'a30I€HEPATOpPA, IIYTEM ACJICHUS BECOBOM YacTH
KOMIIOHCHTA Ha €ro MOJICKYJISIDHYIO MACCy. B PE3YIbTATC YCTO MOJIYUYUIIN CICAYIOMICC BbIPAKCHHUC!

11,88- NH,NO, +4.5-B.

HO,[[CLII/ITLIBaeM YHUCJIO MOJIb KaXXA0T'0 2JIEMEHTAa B CMECH..
B,, =45-1=45
H,, =1188-4=4752
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0,, =1188-3=3564
N, =1188-2=2376

By, =a ,Hy, =6,0,,,=c, Ng,, =d.

PaccunTthiBaeM KUCIOPOAHBIN OallaHC MUPOTEXHUYECKOTO COCTaBa Mo Gopmyiie:

lc—(2-a+6/2)]-16-100 _ [35,64—(2-4,5+47,52/2)]-16-100

Ko6= =4,6%
M, 1000
Tabnuma 1 — kucaopoHbIM OaaHC U CKOPOCTh TOPEHUs B Pa3HbIX cOOTHOIIEHUAX AC
MaccoBoe cooTHomenue AC, % Kucnoponnsiit 6ananc, % CKOpOCTh TOpEeHHs, MM/C

97 10,77 2,3
95 4,6 2
94 1,2 1,8
93 -1,76 0,9

o

KHCIIOPOTHBIN
oanauc %

CKOPOCTb TOPEHHUS, MM/C

Pucynoxk 2- 3aBUCHMOCTB CKOPOCTH FOPEHHs OT KHCIOPOAHOTo OanaHca

Ha ocHoBaHMM MOJTY4YE€HHBIX TaHHBIX MOXHO CJINaTh BBIBOJ O TOM, YTO 3TH Ia30T€HEPATOPhI
rOpsIT CTA0MIIBHO U UMEIOT SK30TEPMHUUECKYIO CIIOCOOHOCTH C BBIJICIICHUEM OO0JIBIIOT0 KOJIMYECTBA
sHepruu. B xommuectBe wmenbmie 94 % AC kucinopogHblii OalaHc M CKOPOCTh TOpPEHHS
YMEHBIIIAETCSI OJTHOBPEMEHHO.

3akiaroueHue

B xonme wuccienoBatenbckoii pabOThl OBLIM MPOBEACHBI 3KCICPUMEHTHI M pacueThl. Ilo
pe3yibTataM TpPOBEACHHOIO HCCICIOBaHUS OBUIO TOKa3aHO TO, 4YTO CKOPOCTh TOPCHHUS
ra3oreHepaTopHOro COCTaBa 3aBHCHUT OT MHOTHX (PAaKTOPOB, B TOM YHCIE M OT KHCJIOPOIHOIO
OaslaHca BRIOPAaHHOTO COCTaBa.
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PABPABOTKA KOMIIO3UTOB HA OCHOBE YIJIEPOJHBIX HAHOMATEPHUAJIOB
1A CO3JAHUSA SJEKTPOAOB JIEKTPOXUMHUYECKUX NHCTOYHUKOB
SHEPI'MM

Temupranuena T.C.l, Haxunksi3bl M.l, Cyrypy H.?
'Kaszaxcxuii Hayuonanonoui Yuusepcumem umenu anv-®Papabu, Ane-Papabu 71, Anmame, Kazaxcman
2Vuusepcumem Baceda, 3-4-1 Oky6o, Tokuo, Anonus
tolganay.ol@mail.ru

AHHOTAIIUSA

B nanHOii paboTe mpeACTaBICHBI PE3yIbTaThl HCCIACIOBAHMM 3JICKTPOJOB HA OCHOBE AaKTHBHPOBAHHBIX
YIJIEPOJOB TONYYCHHBIC W3 PHCOBOM INEITYXH, aOpPUKOCOBOM KOCTOYKH, KOKOCOBOH CKOPJIYIBI W YIJIEPOIHBIX
HaHOTPYOOK.

BBenenue

HccnenoBanust B 0071aCTH 3IEKTPOXUMHUYECKUX HMCTOYHHKOB DHEPTUU B HACTOSIIIEE BPEMS
SBIISIIOTCSL HanOoJiee JMHAMUYHO DPAa3BUBAIOIIMMICS HAINPABICHUSMH aBTOHOMHOW JHEPTETHKH.
OHM HaAILIM MIMPOKOE MPHUMEHEHWE B PA3IIMYHBIX PAaTUOIIEKTPOHHBIX YCTPOWCTBAX, almaparype
CBSI3W, OIOBEUICHWS W W3MEPEHWUs, UIS SHEProlHTaHHsS OOBEKTOB aBHAIMOHHOHN, MOPCKOM,
KOCMUYECKOW M METUIIMHCKOM TeXHUKHU. Cpelu CYIIEeCTBYIOUIUX UCTOYHMKOB 3HEPruu Hauboliee
COBEPIICHHBIMU U TEPCIEKTUBHBIMU SIBIISIOTCS JIMTUEBBIE, KOTOPbIE MMEIOT BBICOKHE YAETbHBIC
SHEepreTHYecKue TMapaMeTpbl U MPEACTaBISIOT HWHTEpEC JUId SHEProcHaOXeHUs caMbIX
pa3zHoo0pa3HbIX 0OBEKTOB SHEPrONMUTAHNUS, a TAKXKE, CYNEPKOHIEHCATOPBI.

[TockonbKy XpaHEHHE JJIEKTPUYECKOTO 3apsiia B DSJICKTPOXHUMHUYECKUX KOHAEHCATOpPax
OCYILIECTBIISIETCS] HE TOJIBKO HA MOBEPXHOCTH JIEKTPOJIOB, HO U B MEXKAJIEKTPOJHOM MPOCTPAHCTBE,
OHHM XapakTepu3yloTcs Oojiee HU3KMMHU 3HAUYEHUSMU IUJIOTHOCTEH SHEPrud IO CPABHEHHUIO C
Oarapesimu. C Jpyroil CTOPOHBI, IOCKOJbKY NPOTEKAHUE PEAKIUU 3apsIKU-Pa3psAIKd He
OTPAaHWYEHO HOHHOW MPOBOAMMOCTHIO (Auddy3ueii) B 00beM 3JIEKTPOAA, IICKTPOXHUMHUYCCKHE
KOHJICHCATOPbI MOTYT PabOTaTh C BHICOKUMHU CKOPOCTSIMH, /1aBasi BHICOKYIO YAEIbHYIO MOIIHOCTD.
Kpome TOro, nsiekrpoaHble MaTepuanbl KOHACHCATOPOB HE BCTYMAIOT B OKHUCIUTEIBHO-
BOCCTaHOBUTEJIbHBIE DPEaKIMH, oOecreyrBas HE3HAUUTENbHBIA H3HOC 3JIEKTPOJOB U COXpaHssI
XOpOoIIKe MOoKa3aTeln B MPOIecce IKCIUTyaTall|H.

CornacHo auarpamme Paiirona otpaxatoieil pabourie XapakTepUCTUKU 3JIEKTPOXUMHUECKUX
CUCTEM, KOHJCHCATOPbI XapaKTepU3YIOTCsl 00Jiee BHICOKUM 3HAYCHHSIMH MJIOTHOCTH MOIIHOCTH IO
CpPaBHEHHUIO ¢ OaTapesiMu, HO 3HAUUTENBHO YCTYNMAOT UM B 3HAYEHHUHU MJIOTHOCTU SHepruu. MHTepec
K  OJEKTPOXMMHUYECKHM  KOHJEHcaTopaM oOOyCIOBJIEH MX  CHOCOOHOCThIO  MTHOBEHHO
aKKyMyJIUPOBATh OOJBIIMX MOIHOCTEH, 4TO HEeMoABNAcTHO Li-nonnbmM 6arapesim [1].

B pabotax [2] Opuia paspaboTaHa METOAMKA CO3MaHUS TMOPUIHBIX SJIEKTPOJOB Ha OCHOBE
akTuBHpoBaHHbIX yriepogoB u FWCNT (Few wall carbon nanotubes), 6e3 moGaBnenwust
CBSI3YIOLIETO MaTepuaia. AKTUBHPOBAHHBIA yriepol (AY) sIeKTpoJ NpUMEHseTCS B KadecTBe
3JIEKTPOJHOI0 MaTepuana Oaroaapsi BHICOKOHM yaelIbHOM MOBEPXHOCTH M HU3KOH ce0ecTOMMOCTH.
Bricokas ynenpHasg noBepxHocts AY okosio 1000-3500 M2/ 1 ero MIOPHUCTAsI CTPYKTYpPA MO3BOJISAET
HAKOIUICHHIO 3aps/I0B Ha MOBEPXHOCTHU AJIEKTPOI/IMEKTPOIHUT [3].
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JKcNnepuMeHTAIbHAsl YaCTh

[Ipy M3rOTOBJIEHUHU OHIIEKTPOJAHOTO KOMIIO3UTHOTO MaTepuaja sl CyNEpKOHICHCATOPOB
MCIOJIb30BAJI aKTUBUPOBaHHbIE yraepoabl (AY) nomydennsie B Macturyre [Ipobaem [openus u3
abpukocoBoii koctouku (AS-FWCNT) u pucosoit menyxu (RH-FWCNT) u aktuBHpoBaHHBIH
yraepon mapku YP-80F (Kuraray Chemical Co., Ocaka, SlnoHus) mojy4eHHBIH W3 KOKOCOBOM
ckopuymnbl, a Takoke FWCNT (Few wall carbon nanotubes) [4].

s mpurotosnenuss AY-FWCNT anekrponos, 4,5 Mr aktuBupoBaHHoro yriaeponaa (AS, RH,
YP-80F) pasmemmuBanu ¢ 0,5 mr FWCNT B coorHomennu 9:1. 3aTeM B THOJIYY4EHHYIO CMECH
N00aBISIM ATUJIOBBIA crupT W B TedeHne 20 MUH oOpabareiBaiu yinbTpasBykom.  [locme
MIPOBEACHUS IPOIIECCOB (PHIIBTPALIUH M CYLIKH OBIJIO TOJY4eHO TMOKUHN, YIbTpalerKuid THOPHIHBINA
anektpon (Pucynok 1).

Pucynok 1. ®ororpadust rubpuaHOro 3eKkrpona
Ha OCHOBE aKTHBHPOBAaHHOI'O YIJIEPOJA U YIIIEPOIHBIX HAHOTPYOOK

Mopdonoruueckre, CTpyKTypHbIEe XapaKTEpPUCTUKH MOJYyYEHHOTO MaTepuana HCCIeAoBaIu
CkaHUpYIOIIUM  3JEKTpOHHBIM  MHKpockormom (SEM, Hitachi  S-4800, Tokyo, Japan).
DNEKTPOXUMHUECKHUE XapaKTEPUCTUKU YIIIEPOIHBIX JIEKTPOJAOB U3MEPSUIA METOJOM LUKINYECKOMN
BOJIbTaMIIEpOMETpHH. J[Is1 u3MepeHust coOupanu Tpex OJIEKTPOAHYIO sUelKy, B KauecTBe
AJIEKTPOJIUTA IPUMEHSIIIN HEOPraHUIECKHI BOTHBIN 1eKTposuT 1M NaSO,.

Pe3yabTaThl M 00Cy:KICHUS
Ha pucynke 2 mnpeacraBiensi COM u3o0paxeHHs THOPUIHBIX SJEKTPOJOB HA OCHOBE
AKTUBHUPOBAHHBIX YIJIEPOJOB U YIIIEPOIHBIX HAHOTPYOOK.

R o A o TR |

‘§4800 7 SRV, x100°SE(M) L « 500tm

Pucynok 2. COM uzo6paxenns RH-FWCNT anekrpona
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Kak BUIHO U3 pHCYHKa 2, YTaepoHble HAHOTPYOKH 00pa30Baiy IJICHKY M MOKPBUIA YaCTHUIIBI
aKTUBUPOBAHHOTO YIJIEPOJIa, YTO CIIOCOOCTBYET MOJYYECHUIO THOKOTO JIEKTPO/Ia.

[lo pe3ynpraTaM HCCIEIOBAHUU 3JEKTPOXMMHYECKHX XapaKTEPUCTUK HW3TOTOBICHHBIX
AIIEKTPOJIOB HA OCHOBE YIVIEPOJIHBIX MarepuaioB, TuOpuanbiid s1ekTpon AS-FWCNT mokasana
BBICOKYIO yhenbHyto emkocTh 4dem, RH-FWCNT, YP-80F-FWCNT. MakcumanbsHas yaenbHas
emkocTh AS-FWCNT cocrasisia 130 @/r, Toraa kak, yaenbHas eMKOCTh CTAaHJAPTHOTO JIEKTPOIa
YP-80F-FWCNT u RH-FWCNT 65112 paBaa 106 O/r.

3aki0ueHue

B pe3ynbrare mNpoBeNEHHBIX HCCIEIOBAaHUM Obula pa3paboTaHa TEXHOJIOTUS CO3JaHUS
TUOPUAHBIX 3JIEKTPOJOB Ha OCHOBE aKTHBMPOBAHHBIX YIJIEPOJIOB U YIJIEPOAHBIX HaHOTpYOOK. Ilo
pe3yibTaTaM HCCIEAOBAHMM AJIEKTPOXMMUYECKUX XapaKTEPUCTUK D3JEKTPOJOB Ha OCHOBE
YIJIEPOIHBIX MarepuanoB, THOpuaHbil snekTpon AS-FWCNT mnokaszana BBICOKYIO YAETHHYIO
emkocth yeM RH-FWCNT, YP-80F-FWCNT snexktpossl.

Jlureparypa
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KOMITIO3UIIUOHHBIE YIVIEPOJHBIE HAHOTPYBKH
A1 CYIIEPKOHAEHCATOPOB

YuykaHb A.C.l’z, Iy3p1HMH A.B.l, Yecuoxos B.B.>!, Ucmarnios 3.P.12
YUnemumym yenexumuu u xumuuecrkozo mamepuanosedenus UL YVX CO PAH, 2. Kemeposo
Hucmumym kamanuza um. I K. Bopeckosa CO PAH, 2. Hosocubupck

zinferl@mail.ru

AHHOTaUA

B pesynprate 00paboOTKM OIHOCIOWHBIX yriepogHblx HaHOTpyOok (OYHT) B cmecm 40%NH;—C,H, mpum
temnepatypax 600 m 700 °C momydeHBl KOMIO3HUTHI «a30Tcofepikamasi yraeponHas «uryoan-OYHT». M3mepenst
YIeNbHBIE €MKOCTH HCXOAHOTO M (YHKIMOHAIM3HPOBAHHBIX YIIIEPOIHBIX HaHOTPYOOk. IlokasaHo, 4To 3HayeHHe
ynenbHO# emkoctr (200 ®/r) s obpazua N-OYHT 700°C npumepHo B jiBa pasa Bbiiie, 4eM st ucxoaubix OYHT.

CymnepKoHIeHCaTOphl COUYETAOT B cebe OBICTPYIO 3apsAAKy U BBICOKYK) €MKOCTb XpaHEHUs
sHepruu. Bo BHEAPEHHBIX CyNEpKOHAEHCcATOpax Ha 0a3e aKTUBUPOBAHHBIX YIJIEH IJIOTHOCTh
SHEpruu paBHa 4-5 BT-u/Kkr, Toraa Kak B CBUHIIOBO-KUCIOTHBIX aKKyMYJIsiTOpax B MHTepBaje 26-34
Br-uw/kr [1], mosToMy 3ahaya yBeTMUYEHHUsS IUIOTHOCTH SHEPIMM NPU COXPAHEHUH KOJIMYECTBA
IIUKJIOB M BBICOKOW MOIIHOCTHU SIBJII€TCS akTyanbHOH. OAHOCIOWHBIE YriepoJHbleé HaHOTPYOKH
SIBJIIFOTCSL TIEPCIIEKTUBHBIM MaTEpUaoM JUIs CO3JaHUs CYNEpKOHAEHCATOPOB, TaK Kak 00JaJaroT
BBICOKOM y/1€IbHON MOBEPXHOCTHIO U XOPOIIEH CTaOMIIBHOCTBIO B pa3IMYHbIX cpeaax. Kpome toro,
CYIIECTBYET BO3MOXHOCTh NOBBICUTH yaenbHyr eMkocTb OVYHT 3a cuer moauduuumpoBaHus
YIJIIEpOAHON IOBEPXHOCTH aTOMaMU a30Ta.
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B Hacrosiieit pabore ieKTpo bl cynepkoHaeHcaropa rorouian u3 80% mace. OYHT u 20%
Macc. aleTUICHOBOW Caku (RJIEKTPOHOIPOBOAAIIas o0aBka). Jlajgee B MOITyYEHHBIH MOPOIIOK
N00aBIJISJIM  HECKOJIbKO Kareidb BogHoro pactBopa HySO, (IM) u momemnianu MmoJydeHHYIO
CYCIICH3UIO B SYCHKY cynepkoHaeHcaTopa [3].

YCTaHOBJIEHO, YTO 3HAYCHHWE YICTbHOW EMKOCTHM ISl  YIVIEPOJHBIX  HAHOTPYOOK,
nonupoBaHHbiXx a3otoM (N-OYHT), yBenuuuBaercsi ¢ yBEeJIMYCHHEM TEMIIEpaTypbl 00pabOTKH B
cmecu 40%NH3-1%CoHo-CoHa. D10 cBsizaHO ¢ TeMm, 49To BKiIam (apageeBCKUX IPOIECCOB,
OTBEYAIOIIME 32 ICEBIOEMKOCTh YBEIMYMBACTCS C YBEIMYCHHEM COJEPKaHHS a30TCOAEpKaIlnuX
GyHKIMOHATBHBIX TpyNIl. 3HaueHue yaenbHou emkoctu (200 @/r) mis obpasna N-OYHT 700°C
IIPUMEPHO B JIBa pa3a Bblle, yeM s ucxoaubix OYHT.

HccnemoBanue BBITIOTHEHO 3a cyeT rpanTta Poccuiickoro HayuHoro ¢onma (mpoekt Ne 15-13-
10043).

Jluteparypa:

1. Pat. 5856262 USA (1999)

2 Zhang J.-R., Chen B., Li W.-K., Zhu J.-J., Jiang L.-P. Electrochemical behavior of
amorphous hydrous ruthenium oxide/active carbon composite electrodes for super-capacitor. //
International Journal of Modern Physics B. 2002. V.16. Ne28-29. P. 4479-4483.

3. Mateyshina Y., Ulihin A., Samarov A., Barnakov C., Uvarov N. Nanoporous carbon-based
electrode materials for supercapacitors. // Solid State lonics 2013. V.251. P. 59-61.

HNCCIEAOBAHMUME BJIMAHUA KHHETUKHA IMTPOIECCA BOCCTAHOBJIEHUSA
SiO; 1 UIBYYEHHUE CTPYKTYPbBI BOJIHbI TOPEHU S

I'osnoBuenko H.1O., baiipakosa O.C., I'osoBuenko O.10., Akna3zapos C.X.
KaszHY, Uucturyt npoGiem ropeHus

Jlnist ucceiOBaHUs KHHETUKU BOCCTAHOBIJICHUS BOJIHBI TOPEHUSI CUCTEMBI THOKCHU KPEMHUS
— amoMuHui  (SiO2-Al) CTEXMOMETPUYECKOTO COCTaBa IIOCJAE MEXAHOAKTHUBAIIMM M C
WCIIOJb30BAHUEM TOJIOTPEBAlONICH J00aBKM OBUIM  IOJIYYEHBI TEMIIEpaTypHbIC TMPOQHIN
TEPMOTIAPHBIM CIIOCOOOM.
PacmmdpoBka TepMOrpaMmbl ¢ UCTOJIB30BAHUEM KaTHMOPOBOYHOM KPHUBOHW IS  BOJb(ppaM-
penueBoii (W-Re) Tepmonapsr:
- ompeeNieHbl BUABI Mpoduiis s Becex oOpas3nos. [1o Buay npoduiis Bce MOTYYCHHBIC
BOJIHBI TOPEHUS OTHOCATCS K TUMY "a" (IpocToil mpoduib)
- OTIpeZIeTICHa TeMIIepaTypa BO3ropaHus Ui BceX 00pasioB:
1) o6pasel] B CTEXHOMETPUIECKOM COOTHOIICHNH, 6e3 06paboTox — 950 °C;
2) axtuBupoBanHsIii 10 MunyT — 770 °C; aktiBupoBanHsIii 20 MunyT - 700°C;
3) axTiBHpoBaHHKIT 30 MuHyT — 600 °C TemmepaTypa BoCIIIAMEHEHHUS;
4) obpaser ¢ mogorpesaroeii fo6askoii — 400 °C.
MakcuManbHas TemrnepaTypa ropeHusi 00pas3lioB CUCTEMBl TUOKCH]T KPEMHUS —aTFOMUHUN
(SiO2-Al) - 6e3 o6paboTin — 1650 °C, ¢ 06paboTkoii 10 MuryT — 1500 °C, 20 munyT — 1530 °C, 30
munyT — 1550 °C, ¢ mogorpesarormeii fo6askoii - 2280 — 2300 °C.
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[Ipu mpoBeneHUH SKCIEPUMEHTOB U3 TPeX MOJ0OPaHHBIX BUAOB CHIPhS (KBapll, KBapIEBBIN
MECOK M KBApIIMT), TaK KaK OHU COJEPKaT B cBoeM (ha30BOM cocTaBe AuOKcHa kpemHus (SiO»),
HamM# OBUIM HCIIOJIb30BaHBI KBapll (MUHEpasl) M KBApLEBBIH MECOK, TaK KaK OHU YAOBJIECTBOPSIOT
TpeOOBAaHUSAM, TPEABSIBISIEMBIM K CBHIPBIO Uil TIOJMYYEHHUS TEXHHUYECKOro KpemHus (Si) 1o
MOJIy4CHHBIM JIAHHBIM IPOBEACHHOTO BXOJHOTO aHAJIM3a HCIIOJIBb3YeMOro Chipbs. B Tabmume 1
MPE/ICTABIICHBI XapaKTEPUCTHKU CTPYKTYPbI BOJHBI TopeHust kBapiia (SiOy).

Tabmuua 1 — BnusHMe npeaBapUTENBPHON MEXaHOAKTHBAIMKA HAa XapaKTEPUCTUKUA CTPYKTYPHI

BOJIHBI TOPCHUS CUCTEMBbI KBapi-amromMuHuii (Si0z-Al)

Ciopocts | 1eMI€Pa- Bpewms
p Typa Temne- | Bug | OOGmas P Bpems
pacmpoct- TOpeHUs
Kaapii- paHCHuS BOCII- patypa | mpo- | JuuHA BelIeCTEa peaxuu
pi- JaMeHe- | ropeHus | QWIS | BOJHBI B BOJIHE
ATFOMUHHAMN ¢dbponTa st B BOJIHE
V, cm/c T, K T, K o ty, ceK t,, cex
’ (£100) (+£100) (£20%) " P
Heaxrnnposar 0,25 1175 | 1975 | a | 575 3,7 0,19
HBIH
AKTHBUPOBaHH
BIi 0,21 875 1825 a 5,09 3,9 0,20
10 mun
AKTHBUPOBaHH
13171 0,20 855 1775 a 4,89 3,21 0,4
30 muH

MaxkcumanbHasi TemIeparypa ropeHus oOpas3loB IMpH ONPEeIEHUH KUHETHKHU Ipoliecca
BOCCTaHOBIICHHS auokcuaa Kpemuus (SiO;) mociae MexaHW4ecKol 0OpabOTKH CHIDKAETCS, HO HE
3HAYUTENIbHO, [0 CPaBHEHUIO C HEaKTUBHUPOBAHHBIM 00pasnoM. CKOpOCTH TOpEHHs IMOocie
aKTUBALMU TaKKe OJM3KU K CKOPOCTSM HEaKTUBHUPOBAHHOM CHUCTEMBL. J[JIs1 CTEXHOMETPHUYECKOTO
COCTaBa MaccoBas CKOpPOCTb TOPEHHS HEaKTUBHUPOBAHHOTO oOpa3ua coctaBuser 1,2 1/c, a
obpabotanHoro B Teuenue 10 munyT — 1,1 1/C.

OpnuMm u3 (HakTOpoB, BIUSIONIMX HA CKOPOCTh TOPEHHSI CMECH IUOKCHJI KPEMHHUS —
amomuauil (Si02- Al) B pexkume camMopacnpoOCTpaHSIOIIErocs BBICOKOTEMIIEPAaTypHOTO CHHTE3a
(CBC) siBnsieTcst onpeesieHue BIUSHUS KPYITHOCTH KOMIIOHEHTOB LIMXThI HA CKOPOCTh FOPEHUSI.
[Ipu mpoBeneHUU 3KCIEPUMEHTOB MO BIMSHUIO KPYITHOCTH IIMXTOBBIX MAaTE€pPHAIOB Ha CKOPOCTh
TOPEHUS] CUCTEMBI HCIOJIb3yeMble MOPOIIKU (KBapll U aJFOMUHUN) pacCeUBAIKNCh MO (HpaKIUsIM.
Pa3mepsl yactuil kBapia jexar B npeaenax ot 0,12 no 0,056 mkwm, amtomunusg — 0,71-0,315 mxm.
Bbua u3MepeHa MaccoBasi CKOPOCTh TOPEHHST CUCTEMBI TUOKCH KpeMHHs — amomMunuil (SiOz-Al).
Jly1s ipoBeieHus! HIKCIEPUMEHTOB 00pa3iibl TOTOBIIUCH OJJUHAKOBOM MAaCCHI.

B Tabmuie 2 mpuBeneHBI pe3yibTaThl O BIMSHUM KPYIMHOCTH IIUXTOBBIX MaTEepPHajoOB Ha
BPEMs TOPCHHUS CUCTEMbI JTHOKCHUI KpeMHHust — amoMunuii (SiO2-Al).
Tabnuma 2 — 3aBHCUMOCTh BPEMEHHU TOpeHHUs CUCTeMbl KBapi-amoMuHui (SiOz-Al) oT crenenu
W3MeNbYCHHS

KpymHocTs Bpewms ropenus, cex
KBADILA, MKM KpynHocTh aJItoOMUHUS, MKM
’ 0,08 0,162 0,315 0,630
0,08 37,0 48 68 105
0,120 39 62 84 120
0,63 40 81 110 -
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Jns ompeneneHus BIUSHUS (UIIOCYIOIIUX J100aBOK ((IIOCHI) Ha CKOPOCTh TOPEHUS
WCIOJIb30BAJIUCh CaMble PACIIPOCTPAHEHHBIE B METALIOTEPMUU (IFOCH - okcun Kanbius (CaO) u
miaBukoBelid mmar (CaFz). CkopocTh ropeHus: u3Mepsuiach TEPMOIAPHBIM CIIOCOO0M XPOMEIb-
QIIOMUHUEBBIMU ~ TepMolapamMu. Pe3ynbraThl NPOBEICHHBIX HOKCIEPUMEHTOB O  BIMSHUU
¢drocyromux 100aBOK Ha CKOPOCTh TOPEHUS IPUBEICHBI B TaOIHUIIE 3.

Tabmuua 3 — Bausgnue ¢mrocyromux 106aBOK Ha CKOPOCTh TOPEHHS

Kownm.okcnmaa Maccosas IT;maBUKOBEIHM Maccopas
KaJIbLUA mrmmar (propu
(u3Becth, CaO) rgg;f;:T; c kanenusd, Caky), mc;;fgfi/c

% ’ % :
0 0,5 0 0,5

5 0,2 5 0,58
10 0,15 10 0,72
15 0,06 15 0,81
20 - 20 0,61
oc - 25 0,38

[Ipumenenne usBectu (CaO) B kauecTBe (hIrOCa CHUXKACT CKOPOCTh TOpeHUs MUXThL. C
YBETUYCHUEM KOHIICHTpAIlMU M3BECTH B muxTe 15% W BBINIE MPUBOAUT K 3aTYXaHHUIO IpoIecca
ropenus. [IpuunHol sBIsSeTCs BhICOKas TeMmeparypa miasieHus okcuaa kanpuus (Ca0) 2853 K 3a
CYET Yero MPOUCXOUT TMOTJIOMICHHSI TeTJIa PeaKI[Uu, U KaK CJICJICTBUE, CHUKEHUE TEMIIEPaTyphl 1
CKOPOCTH Tpoliecca.

W3 npoBeeHHBIX 3KCTIIEPUMEHTOB ObLIO YCTaHOBJIEHO, YTO MPU BOCCTAHOBJICHUH TUOKCHUA
kpemuus (Si0;) amomuHNEM (Al) y KOMIIOHETOB MIMXTHI HAaMOOJEE MPEANMOUYTUTEIHLHON SIBISICTCS
OJIMHAKOBAash KPYMHOCTh YacTHIl U BocctaHoBuTens (Al), m BoccraHaBiamBaemoro okcuaa (SiO»).
OmnpeneneHo BIUsSHUE (QUIIOCYIOMIMX A00aBOK HAa CKOPOCTh BOCCTAHOBJIEHUS TUOKCHA KPEMHUS U
BBISIBJICHO, YTO HauOoJiee BBICOKas CKOPOCTh TOpeHHsl HaOJio[anach MPH BBEIEHUU B COCTaB
muxThl T1aBukoBoro mmara (CaFs), ckopocts ropenus cocrasisiia 0,8-1,6 r/c ¢ KoHIIEHTpaIuen
15-18 % CaF; ot konuyecTBa amomMuHus. VccnenoBano BIMsSHUE MEXaHOAKTHUBAIIMUA HA CKOPOCTh
ATIOMHUHOTEPMHYECKOTO BOCCTAaHOBIEHUS Juokcuna kpemuus (SiOz). YcraHoBiIeHa 3aBUCHMOCTD
CKOPOCTH TOpPEHHS OT KOJIMYeCTBa BOCCTAHOBUTENS — MaKCHUMallbHAas CKOPOCTh TOPEHUsl Mpu
CTEXHUOMETPUUYECKOM COOTHOIICHHMH KOMIIOHEHTOB coctaBisieT 0,8 r/c miam 31,4 cm/c; KpymHOCTH
okcuaa M BocctaHoBuTenss — npu kpynHoctd 0,120 MkM u 0,63 MKM CKOPOCTh TOpPEHUS
MakCUMajbHa. YCTaHOBJEHO, YTO CKOPOCTH TOpEHHUs OO0paslioB IOC/ie aKTUBALMKM OJM3KH K
CKOPOCTSIM TOpPEHHMs] HEaKTUBHUPOBAHHOM cHcTeMbl. [l CTEXMOMETPUYECKOrO0  COCTaBa
HEaKTUBHPOBAHHOTO oOpa3iia MaccoBasi ckopocTh ropenus — 0,8 r/c, a o6padoTtanHoii B Teuenue 10
munyT — 0,78 r/c. OmpeneneHa cKOpocTb TOpeHHs] KBapua (MuHepan, coiepxamwuii SiOp) B
3aBUCHMOCTH OT KOJIMYEeCTBa MojorpeBaromieil nodasku (cemutpa). [Ipu mobaBieHun cenuTpbl B
KoHIeHTpamuu oT 25 10 50 % ot koysmyecTBa nuokcuaa kpemHus (SiO;) CKOpPOCTh mpolecca
nexuT B ipeaenax 7,1 mo 12,5 r/c.
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MN3YYEHUE BJIMAHUSA KPYITHOCTHU HHIUXTOBBIX MATEPUAJIOB HA CTEIIEHb
BbBIXOJA METAVIMMECKOI'O KPEMHUA U BJIIMAHUA OJIIOCYIOHIUX
JOBABOK HA IMNPOIECC BOCCTAHOBJIEHUSA KPEMHUSA

Axnazapos C.X., Baiipakosa O.C., I'oi1oBuenko O.10., I'onosuenko H.IO.
KasHY, UuctutyT npobiieeM ropHeust

N3y4eHo BIUSHUS KPYIMHOCTH IMIMXTOBBIX MATEPUAIOB HA CTEICHb BBHIXOJA METaUIMYECKOTO
kpemuus. MccnenoBano BiusiHEE (UIFOCYIONIMX T00ABOK Ha MPOIECC BOCCTAHOBJICHHUS KPEMHHSL.
[Tomo6pan duroc. [IpousBeneHa KOPPEKTUPOBKA cocTaBa MUXTHL. [TomydeH KpeMHHIA.

[Ipn mpoBeNeHWH BOCCTAHOBHTEIBHOW TIUIABKH C HCIIOJIb30BAHWEM BOCCTAHOBHTEIIS
Pa3IUYIHON KPYIMTHOCTH MOKET U3MEHSATHCS HE TOJIBKO CKOPOCTh MPOTUIABJICHUS IIIMXTHI, HO U BBIXO]I
MeTaa.

JIyis ompenieNieHnsT BIUSHUS KPYITHOCTH Ha BBIXOJ] KPEMHHUS TPOBEJEHBI IKCIEPHUMEHTHI C
WCMOJIb30BAHUEM BOCCTaHOBHUTENS pa3Hou kpymHocTtu: 0,08; 0,162; 0,315; 0,630 mm. bsuio
YCTaHOBJIEHO: MAaKCHMAJIbHOE M3BJIEYEHUE KpeMHUs Ipu KpynHocTy amomuuus 0,120-0,630 mMm.
Kpynnoctu kBapua 0,08; 0,120; 0,63 mm.

Ha BeIxon MeramioB u criaBoB W (ha30BO€ pa3felieHHEe MeTalyla M IIUTaKa 3aBUCHUT OT
BSI3KOCTH OOpasyromierocst nuiaka. J{ias CHHKEHUs! BSI3KOCTH IIJIaKa B LIUXTY BBOJSTCS (DIIIOCHI:
okcun kanmeius (CaO) u dropun kameiusa (CaFp, mmaBukoBbeid mmat). MccnenoBanock BIUSHHE
okcuna kaneius (CaO) u maBukoBoro mimara (CaF; ,propun kampims).

Ompeneneno BmussHUe okcupa kamblusg (CaO) Ha BbeIxoa KpeMHus. KommdecTBo
dbmocyromux 100aBOK I okcuaa Kaielus Opanock oT 10 mo 50 % oT konmuecTBa OKCHIA
KPEMHHMS, XJIOPUCTOro HaTpus oT 5 10 30% OT KoaudyecTBa OKCUAQA, IUIABUKOBOTO IIIATA OT 6
1o 24% ot xonuyecTBa aloMHHHS. Bo Bcex sKcrepMMeHTax Bec KBaplia, KPYMHOCTh KBapua U
KpPYIHOCTh QJIIOMHHHSI OJMHAKOBBI. [laBka MpoBOMIACH B OJMHAKOBBIX YCIOBHUSX B UYT'YHHOM
TUTJIE.

YcranoBneHno, uro gobaBka okcuaa Kanblus (CaO) cHMKaeT CKOPOCTh Ipolecca U He
crocoOcTByeT (azopa3AesCHUIO U BHIXOAY KpeMHUs. DII0OPUT CHIKAET TEMIIEPaTypy BO3TOPaHUs
muxthl. Jlo6aBka 1utaBukoBoro mmarta (CaFa, drTopua Kanablius) B IIUXTY CIIOCOOCTBYET
YBEJIIMYEHHUIO CKOPOCTHU MPOTIABICHUS JI0 OMPEIeICHHON KOHIEHTPALUU B IIUXTY U CIIOCOOCTBYET
yaydiieHuro ¢pazopa3aeneHus U BbIX0Ly KPEMHUSI.

B kauecTtBe ¢uroca Mmpu BBIIABKE TEXHUYECKOTO KPEMHHMsI BBIOpaH IUIABHKOBBINA IIIMAT
(CaF,, propua kanmpius).

[IpoBeneHbl SKCHEPUMEHTHI 10 MOJIY4EeHUI0 KpeMHHsS. KOMIIOHEHTHI MIMXThHI B3BELINBAIUCH,
THIATENILHO TEPEMEIIMBAINCh U 3aChINANNCh B YyT'YHHBIA TUrenb, 00beMoM 500 rpamm, muxra
ymoTHsu1ack. CBepxy pasmemianics 3anai. [Tocne mpoxoxaeHus mporecca U OCThIBAHUS, TPOYKThI
peaxiuu BeIrpyxanuchk. CIUTOK OTAEISUICS OT IITaKa U B3BEIIMBAJICS.

B tabnuie 1 mpuBeaeHbI pe3ynbTaThl SKCIIEPUMEHTOB MO BIUSHUIO KPYITHOCTH KPEMHUS U
CKOPOCTb MpoIiecca.

KBapii coctosin uz cmecu ¢pakuuit peakiuu 0,63, 0,120 u 0,08 Mxm.
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Tabmuua 1 — 3aBHCHMOCTB BBIXO]a KDEMHHSI OT KPYITHOCTH BOCCTaHOBHUTEIIS

Opaxust IInxTa CkopocTb
BOCCTaH BI)IXOH T PvaeT BI)IXOH K rOpeHI/ISI
s MKM" KOMITOHEHT BeC, T > BBIXOJ, T pacuer, % oeK i
KBapI[ 150
0,08 ceip 1273 , 43,38 48,04 91,33 143
CaF, 20
KBapIl 150
0,630 ceip 1273 , 45,94 48,04 95,63 103
CaF, 20
KBapI[ 150
0,120 conmpa 1273 , 45,4 48,04 945 13,0
CaF, 20
KBapI[ 150
0,06 ceipa 1273 , 4333 48,04 90.2 151
CaF, 20
KBapI[ 150
0,90 ceimpa 1273 , 40 48,04 833 9.1
CaF, 20
KBapI[ 150
1,25 conmpa 1273 , 378 48,04 78,68 8.4
CaF, 20

HccnenoBano BiusHrUE MacITaOHOTO (haKTOpa Ha BBIXOJ] CIJIaBa. Y CTAHOBJIEHA 3aBUCUMOCTh
BBIXOJIa KPEMHHS OT KOJIMYECTBA IIUXTOBBIX MaTepuayioB (muxThl). Yem Oosbiie oObeM
pearupyromei MIMXThl, TEM HIKE TEIJIOBbIE MOTEPU W BBIIIE SHEPreTUYHOCTH IIUXTHI, YTO
crocoOcTBYeT 60J1e€ BEICOKOMY BBIXOTY IIEJIEBOTO JIeMeHTa (Si, KpEMHH ).

[IpoBenena KOpPPEKTUPOBKA COCTaBa LIMXTHI: COJAEPKAHUE KOMIIOHEHTOB, %: KpeMHe3eM
(kBap) — 41,85; mogorpeBatomas nqo6aska (cenurpa) — 16,72; amromunnii — 33,49; ¢uroc (CaF;
(bTopua KaIbIHMsI, INIABUKOBBIN mimat) — 7,94.

Ha ocHoBanuu pe3ynbTaToB NPOBEACHHBIX YCTAHOBJIEH ONTUMANbHBI COCTaB HIMXTHI U
napaMmeTpsl mpoiecca. OmnpeneneHo, YTO MAaKCHUMAaJbHBIM BBIXOJ KPEMHHUS COCTaBIISIET IMpU
KpynHocTtd kBapua 0,36 MM u nipu kpynHoctu amoMudus 0,5-0,4 mM. MakcuMmanbHOE pa3BUTHE
peakiuii HaOMIOJaeTCs MPU OJWHAKOBON KPYMHOCTH BOCCTAHOBUTENS M BOCCTaHABIMBAEMOIO
okcuaa. CHUKEH pacxo] MoAOTrpeBaromield J00aBKU M COOTBETCTBEHHO, KOJUYECTBO aTIOMUHUSL.
OmnpeneneHo onTUManbHOE KolndecTBO BBoguMmoro duroca (CaFy dropun kambius, MIaBUKOBBIN
mmnar, GIIOPUT) B COCTaB HIMXTHI, 0OECTIEUBAIOIee MaKCUMAabHBIM BbIX0A KpemHHs. J[0O6aBka
¢mnroca (CaF, ¢Topua kambius, MIABUKOBBIN MINAT) B MUXTY cocTaBiuseT 18-20 % oT koauvecTBa
okcupa. [IpousBenen pacuer MarepualibHOro OanaHca rmiaaBku. [IpoBeneHbI MIaBKU C IIUXTON 3TOTO
COCTaBa TMOJYYEHHBIN CIJIaB aHaJU3WpOBAJICS Ha DJIIEeMEHTHoe cojepxkaHue wmerogoM PCA.
DNeMEeHTHBI COCTaB MOMYyYeHHOTo KpeMHus, %: kpemuuit (Si) - 95,60; amomunmii (Al) - 1,3;
xene3o (Fe) - 0,34; xanpuwmii (Ca) - 0,23; mapranen (Mn) - 0,05; tutan (Ti) - 0,0057; mens (Cu) -
0,02; xucnopon (O) - 2,37. [lomydeHHBIH KpeMHHUI COOTBETCTBYET MO COCTaBY KPEMHHUIO MapKH
Kp3.
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UHTEHCUDUKALUSA MTPOLHECCA BOCCTAHOBJIEHUSA KPEMHUA

BaiipakoBa O.C., I'osioBuenko H.1O., I'onoBuenko O.10., Akna3zapos C.X.
KasHY, UuctutyT npobiem ropeHust

MexaHnyeckasi akTUBalUsl UCXOJHBIX CMEced — caMmblii IPOCTON CrocoO MHTEHCU(PHUKAIUU
XMUMHUYECKUX peakuuil. lMccrmenoBaHo BiMsHHE MEXaHOAKTHMBALlMM Ha MPOTEKaHHME Ipoliecca
BOCCTaHOBJIEHUS KpeMHe3ema B pexxume CBC.

[IpoBeneHa MexaHOAKTHBALMs  KBapLEBOTO IecKa, KOTOpas MPOBOAMJIACH  Ha
nByxOapabaHHOW TUTaHETapHOU IeHTpoOekHOM MenbHuIle «I[lynbBepu3erTe», CKOPOCTh BpAIEHUS
onopHoro aucka 380 o6/muH. Mcnonp30BaAIUCh CIEAYIONIUE PEXXUMBI 00pabOTKH: COOTHOIIICHUE
Teepnoe: laper (T:1) =1:10, ctakansl U MemtonIMe Tena (Mapbl) — CTaIbHbIE; BpeMsi 00pabOTKHU:
5,10, 15, 20 munyT.

[IpoBeneH TepMOAMHAMUYECKMI aHAIW3 HEAKTUBHUPOBAHHOM M AKTHMBUPOBAHHOW CMECH,
Macca oopasnos coctarisuia 500 mr; JITA ( muddepeHnmansabid Tepmudecknii ananmms) — 250, TG
( moteps Beca) — 250, ITG — 500, gwyBctBHTEIBHOCTD — 50, Tpmax (MakcHMambHas TeMIIEpaTypa) —
1000 °C, Vyarpesa ( ckopocts Harpesa) — 20°/MuH, Vignrs: ( CKOPOCTB JIEHTBI) — 2,5
MM/MUH.

TepMoauHAMUYECKHIT aHAU3 TPOBEICH JJIA ONPEACIICHUS XUMHYECKUX pEakKuuid |
(bM3UYECKUX MpeBpalleHnud Mpu 0ObEMHOM HarpeBaHUHM CMECH.

[IpoBenen aHanM3 MOJyYEHHBIX TEPMOTpaMM. YCTAHOBIIEHO, YTO IOCJIE MEXaHOAKTHUBAIUU
cMecu 20 wmuHyT. CyIIECTBEHHBIX OTIMYMH Ha TEepMOrpaMM€ COBMECTHO aKTMBHPOBAHHBIX
o0pa3loB OT TepMOrpaMMbl HE AaKTHUBHUPOBAaHHOW cMecH HeT. MakcumanbHasi TemIiieparypa
9Kk303(¢deKkTa He aKTUBUPOBaHHOU cMecHu — 870 °C, aKTUBUPOBaHHOKW—985 oC.

N3 ATA (muddepeHunanbHpIii TEPMHUYESCKUI aHAIU3) BHJIHO, YTO JUISI aKTUBHPOBAHHOTO
oOpa3lia MNpu HarpeBaHUU CAMOPACHPOCTPAHSIOUIUIICS BBICOKOTEMIIEPATYPHBIM CHUHTE3 HE
UHULUUPYETCS.

N3  MexaHOAKTHMBUPOBAHHOTO  KBapIEBOTO  Mecka  TOTOBWJIACh  LIUMXTa  JJIA
ATIOMHUHOTEPMHUYECKOT0  BoccTaHoBiieHuss B pexkume CBC. VYcraHoBneHo: muxta U3
MEXaHOAKTHBUPOBAHHOIO KBapleBOro necka 15 munyr. ['opur ¢ 60see HU3KO# ckopocThio (4 — 4,3
r/C) MO0 CPaBHEHHUIO C HIMXTOM 3TOro K€ COCTaBa HE aKTHBHPOBAHHOM, BBIXOJI L[EJIEBOIO AJIEMEHTa
uuxe. [Ipu aktuBanuu 5-10 munyt. CKOpOCTH MPOTLIABICHHUS MIKUXTHI OJIU3Ka K CKOPOCTH IMpoliecca
JUIS ITUXTHI HE aKTUBUPOBAHHOTO KBAapIIEBOTO TECKa.

[IpoBenena 1IaBKa MIMXTHI M3 COBMECTHO AaKTHMBHPOBAHHOTO KBapIEBOTO IIeCKa C
amomuHueM. [Ipy ropeHnu COBMECTHO aKTUBUPOBAHHBIX KBAPIIEBOTO MECKa U alTlOMUHUA 15 MUHYT
CKOPOCTh TOpPEHHUSl CHHM3WJIACh, OOpa30BaBIIMICS KOPOJIEK HE pACIIaBUIICS U HE pacTeKcs, a
ocTascs B BUJE CTosiuel «karu» (pucyHok 1). HacTh KOpOJIbKOB OcTajgach B pacIuiaBe.

IIpoBenen ¢a3oBbIil aHannM3 00pa3lOB KOPOJBKOB TOJYYEHHBIX U3 aKTUBHUPOBAHHOTO
KPEMHHS ¥ CMECH, a TaKKe aHanu3 maka. CoaepkaHue KpEeMHHS B TMOJIYYEHHBIX KOPOJIbKax
cocraBisger: 70-71%, ocTampHOE aTIOMHHUN M HE3HAYMTEIbHOE cojlepxaHue ¢assl FeAlSi. B
nutake Oonbinas nons a3 SiOz (okcuaa kpeMHus) U Si (KpeMHHIA).

[IpoBenena MexaHoakTUBaIMs cMecH amiOMUHUS (Al) U KBapIeBOro mMecka Mpu pekuMax
oOpabotku: Bpems 5, 10, 15, 20 munyt; TBepnoe: [Hapsr (T:1)=1:10. Pe3ynbraTsl NpoBeIeHHBIX
HKCTIIEPUMEHTOB MpeCTaBIeHbl B Tabnuue 1.

WHCcTUTYT Npo6JsieM ropeHus

178



IX XAJIBIKAPAJIBIK, CUMIIO3UYMbI «KAHY KOHE II/IA3MAJIbIK XUMHA»
IX MEXX/JJYHAPO/JHBIH CUMIIO3UYM «OPEHHUE U ITJIASBMOXUMHS1»
IX INTERNATIONAL SYMPOSIUM « COMBUSTION AND PLASMOCHEMISTRY»

Pucynok 1 — Koponek, nonydeHHsli nocne 15-TH MUHYTHOH MeXaHOAKTUBAUK (KBapLIEBbIH MECOK +
ATTFOMHHUI)

Tabmuma 1 — 3aBHCUMOCTD CKOPOCTH TOPEHHUS IIIMXTH OT BpEMEHU MEXaHOAKTHUBAITIH
N Bpewms aktuBanuu, |  CKOpOCTh TOpEHUS, Brixog
CocTaB aKTUBUPOBAHHOM ITUXTHI
MUH r/cex KPEeMHHUSI, T
5 4,42 38,7
KBaprueBbIii mecok 10 4.0 39,0
15 3,3-4,02 37,0
5 4,75 36,5
KBap1ieBbIii IECOK ¢ aTFOMUHUEM 10 3,24 35,9
15 2,97 35,6
HeaxtuBupoBaHHas IIUXTa - 7,5-8,0

[ToHmxkeHHe CKOPOCTH HIMXTHI CBsi3aHO C amopduzanueld moBepxHocTd kBapua. CoriacHo
KaJICHJapHOTO IJlaHa IMPOBEJIEHbl YKPYMHEHHBIE 3KCIIEPUMEHTHI B THUIJSX 00beMOM 3 nuTpa C
HEAKTUBUPOBAHHOMW LIUXTOB U3 KBapIla, BEC KOTOpPOH cocTaBiisul 965r. u 2413r.

TmarenpbHO mMepeMelIaHHble KOMIIOHEHTHI IIHUXTHI 3aChINAIUCh B THUreNlb U YILIOTHSUIKCH,
CBEpXY 3achINajCs 3amaj, Ha KOTOPbI momemanachk HUXpoMmoBas crupaib. llluxra momkuransach
HUXPOMOBOHW CIIUpalbIO AJIEKTPOUMITYJIbCcOM uepe3 aaTp. lluxra m Turemp He NMOJOIPEBAIHCH.
Habmronanack BeICOKasi CKOPOCTh TOPEHUs ¢ HEOOIBIITUM pa30poCcoM paciuiaBa 1Mo CTEHKaM TUTJIA.

CocraB MUXTHI U3 KBAPLEBOTO MECKA /1711 YKPYIHEHHBIX 3KCIIEPUMEHTOB, %o:

Ksapuessiii necok 43,11

Cenutpa 14,23

Amomunnii 34,04

[InaBukoBeIi maak 86,21

[locne mpoBeaeHust mpolecca M OCTBIBAHUS THUIJISI TPOIYKThl IUIABKU BBIFPYKAJIUCHh M
pasnensnuch Ha ¢aspl( NUIaK W CIUiaB). BBIXOA MONy4eHHOTO METaNTMYeCKOTrO0 KPEeMHUS Mpu
MPOBEACHUN YKPYITHEHHBIX 3KCHEPUMEHTOB cocTaBisieT 96 % ot teopermueckoro. CoaepkaHue
KpeMHHUs B CIUIaBe cocTaBiser 95,6-96,0 %.

Ha pucynke 2 u mpeactaBieHbl MOTy4eHHBbIE OOpa3Ilbl MOCIE MPOBEICHUS YKPYIMTHEHHBIX
SKCIIEPUMEHTOB.
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a— CIUIaB M3 IUXTHI 965 I.; 6 — criaB u3 mUXTel 2413 T.

PucyHok 2 — ®oTO mosydeHHbIX 00pa3loB YKPYIHEHHBIX IKCIIEPUMEHTOB

Y CTaHOBIIEHO, YTO COBMECTHAS MEXaHOAKTHBAIMS KBAPIICBOTO TIECKa M AJTIOMUHUS TTPUBENIA K
CHIDKCHHIO CKOPOCTH TpOIlecca M CHIDKSHHUS TEMIIEpPaTypbl TOPEHUS CHCTEMBI, YTO SBIISETCS
MIPUYUHOM HU3KOTO BBIX0J1a KpeMHHUS. [ToTydeHbr 00pa3iibl TEXHUIECKOTO KPEMHHS C COJIePKaHHEeM
kpemuus (Si) - 95,6-96,0 %, 94T0 COOTBETCTBYEeT Mapke TexHHYeckoro kpemuus KP3 mo qaHHbIM
PCA.

PACYET COCTABA IUXTbI U3 UCITOJIB3YEMOI'O CUJIMKATHOT'O CbIPHA U
NCCIEAOBAHME BJIMAHUA KOJTNYECTBA BOCCTAHOBUTEJIA HA TTOJIHOTY
MN3BJIEYEHUSA KPEMHUA

BerukoBuy M./I., I'osioBuenko H.FO., baiipakosa O.C., I'osioBuenko O.10.
Ka3HY, UucturyT npobiemM ropeHust

uxTy I TPOW3BOACTBA TEXHHUUECKOTO KPEMHHS PACCUMTHIBAIOT, UCXOJs W3 YCJIOBHIA:
coaepxanus guokcuna (SiOz) B chIpbe, HEOOXOIUMOTO KOJWYECTBAa BoccTraHoBuTes (Al) ms
peakiuu BOCCTaHOBJICHMs. JIJI1 pacyeTa MIUXThI OOJIBIIOE 3HAYCHHUE HMMEET IPABHIBHOE
KOJIMYECTBEHHOE pACHPECICHUS OKCHIOB W BOCCTAHOBJICHHBIX JJIEMEHTOB MEXIy T'OTOBBIM
MPOJIYKTOM (TEXHUYECKHI KpemHHiI) u mmakoM. OOBIYHO 3TO pachpejeseHre MPUHUMAETCs Ha
OCHOBE 3KCIICPUMEHTAIBHBIX JaHHBIX. XHUMHUYECKHH COCTaB CBIPHEBBIX MAaTEPHAJIOB: KBaplia,
BOCCTaHOBHTENS, (umrocyromieil nodasku (¢uroc, CaF,) npusenen B Tabnuue 1.

Hcxons w3 cocraBa Hcnonib3yeMoro chipbs (Si02) U cocTaBa BOCCTAHOBUTENS (aJIFOMUHUSA,
Al) paccumtan coctaB mHXTh. [Ipy yBenMYeHWH KOIMYECTBAa ATIOMUHHUS B IIMXTE PacTeT
MOBEPXHOCTh COMPUKOCHOBEHMSI PEAreHTOB U CKOPOCTh WX MPOTUIABICHHS, pacxoj Temia Ha
y4yacTHE B TIPOIECCE OMPECICHHOTO H30bITKA BOCCTAHOBUTENS MOXET KOMIIEHCHPOBATHCS
YMEHBIIIEHHEM TEIUIOBBIX MOTEPh BCIEICTBUE COKPAIEHUS BPEMEHU IJIaBKH (a Takke TEeTIOBBIM
3ddeKToM pacTBOpeHHs allOMHUHHUS B TMONlydaeMOM MeTajuie uiau cmiuase). OpHako, mpu
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SHAYUTCIBbHOM IMPCBBIIICHHUU KOJIUYCCTBO AJIOMHHUA MOXKCET Ha6J'IIOI[aTbCSI CHMIXCHUC CKOPOCTHU
MPOIUIAaBJICHUA IIHUXTLI BCJICACTBUC YMCHBIIICHHU A YHCHBHOﬁ TCIJIOTHI 1 TEMIICPATYPLI ITpOoLECCa.

Tabmuna 1 — XuMU4ecKkuil cOCTaB HCXOIHBIX MATEPUATIOB

Mare-
puan

CogepkaHre KOMIIOHEHTOB, %

SiO;

Fe,03

CaO

Al,O3

MgO

TiO;

O,+
N2

CaF,

CaCOs

Al

Si

Fe

Ti

Cu

Kgsapig

98,1

0,91

0,31

0,27

0,4

Kgap-
LIEBEII
MIECOK

98,9

0,043

0,107

0,90

Anrom
I1A-4

99,5

0,3

0,3

0,02

Anrom
AIIB

0,2

0,2

97,2

1,0

1,3

0,1

IInas.
IImaT

3,0

1,8

94,2

1,0

(SiO,). Hmke npuBeieH pacyeT TEIJIOBOTO OalaHca.

Jlns BeIOOpa mojorpeBaromield J100aBKM W €€ KOJMYECTBA INPHBEICH pacyeT TEIIOBOTO
OanmaHca mpouecca. B kauecTBe mojorpenaromieil npo0aBku BblOpaHa HaTpueBast cenutpa. [lpu
pacdere TEIIOBOTO OayaHCca yYHMTBHIBAJICS MPUXOJ TeIula (OKHUCICHUE ATIOMUHHS) M PAcXOJ Teria
(BOCCTaHOBJIGHHWE OKCHIOB), a TaKKe IMOTEPH HAa HArpeB THUTJIS, NEperpeB Ijlaka W MeTaiia,
IUTaBJIeHNe nulaka u gap. s ompeneneHuss HEOOXOAWMOTO yIAETbHOTO TemoBoro 3ddexra
MPOBEJCH NMPHOIN3UTEIBHBIA pacyeT TEIIOBOro OajlaHca IUIaBKU Ha | KT MCIOJIB3yeMOTO CHIPHS

[Ipuxon Tenna:
a) IpU OKUCIICHUU AJTFOMUHMS 110 PEaKIIUN

4/2A1+ 0, = 2/5A1,05
AH = -262200 Kan

Hns amomunns [1A-4

0,504-0,97 (—262200)

Pacxon temna:
a) TI0 peaKInu
Si0,—Si+ 0,
AH = 206500 xan

0,981-0,7 -206500

60,6

0) 1Mo peaxkuu

Si0,—Si0 +1/, 0,

AH = 17283 kan

0,981:0,3 17283

60,6

B) IO PEAKIUU
TiO, —»Ti+ O,
AH = 21900 kan

0,04-0,5 -21900

80

= 83,96 xan

= 0,73 xan

= 3560,686 kai

= 2361,03 kan
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) JJIs1 peakuuu

Fe,O3—2Fe+1 1/2 0O,

AH = 128000 kan

0,091-0,99 -128000

159,7

Bcero na auccounanuio okcuaoB pacxoayetcs 2449,77kkai.

CyMMapHbIi TertoBor A3PQEeKT MpUOIU3UTEITHHO PABEH:

-3560,686 +2449,77=1110,916 kxan

KpoMe mepeuncieHHbIX BBIIIE pPEAKIUH, HAa KOTOPHIE PACXOJyeTcs TeIuio, HeoOXoauma
JOTIOJTHUTEIIbHASL SHEPTHSI:

Ha HarpeB crutaBa a0 2200 °c

0,574-67,5 = 38 kkau;

Ha pacIUIaBJICHHUE CIJIaBa

0,574-67,5 = 38 kkau;

Ha HarpeB CIUIaBa BBIIIE TOYKH TutaBieHus (Ha 50 0C)

0,574-0,13-50 = 3,731 kka;

Ha IUIaBJIEHWE U HAarpeB muiaka o 2230 oc

0,856-500 = 467 xkan (500 TemocoaepkaHue 1IaKka MPU BEICOKUX TEMIIEpaTypax).

Bcero no cratesaM pacxoayercs 638 kkai.

C y4eToM TEIJIOBBIX MOTEPh MO BBINIC MEPEYUCICHHBIM CTAThsIM BEJIMYMHA TEIJIOBOTO
addexTa mporecca Oyer:

1110,916 - 638 = 472,92 kkan.

JIJis IpoBe/IeHUsT Tpoliecca B CaMOIPOM3BOJIBHOM peXuMe He joctaer 756,64 - 4729 =
282,74 xKai.

YcTaHOBIIEHO, YTO TEIUIA BBIAEISEMOTO IPU OKUCIEHUH PACUYETHOTO KOJMYECTBA aTlOMUHUS
Ha BOCCTaHOBJIEHHME OKCHIOB /IO TeMIepaTypbl Ipolecca He aocraTouHo. Hemocraromiee Terio
BBOJUTCSI B CHCTEMY peakIell BOCCTAaHOBIEHHUS CEIUTpPhl C alioMUHUEM. PaccunmrtanHoe
KouecTBO ceauTphl: 220 T. Ha 1 Kr. kpemHe3ema (HCHOJB3yeMOTO ChIphs, coaepskaiiero SiO»).
TouHOe KoNMMUecTBO MOAOrpeBaroIIei J0OaBKU ONpeesieTcs SKCIEPUMEHTAIBHO.

[Ipy nmpUroTOBICHUH MIMXTHI U3 KBApPLIEBOIO MECKa KOJIMYECTBO AIFOMHUHHUS U3MEHSJIOCH OT
90 % no 115 % ot Teopernuecku HeoOxoaumoro. HaBecka kBapueBoro necka cocrasisiia 100rp.
KonudecTBo anOMHHMSI TIPU CTEXMOMETPUYECKOM COOTHOIIEHWH KOMIIOHEHTOB COCTaBIISIET B
muxte, %: Bec muxTel 247,2 r., amomunuii [1A-4:

necok kBapuebiii 40,48

cenutpa 19,4

amoMuHaun 34,06

IUIaBUKOBLIN 1mmat 6,06

B Ttabnuue 2 mpuBeAEHBI pe3ylbTaThl MPOBEIACHHBIX AKCIEPUMEHTOB IO YCTAHOBJICHHIO
BIIUSIHUS KOJIMYECTBA BOCCTAHOBUTEIS B IIIMXTE HA BBIXOJ KPEMHHUSI.

BBenenue anoMuHMS TPUBOAUT K YBEIWYCHHIO CKOPOCTH MPOIJIABICHUS IIUXTHI, XOTS
M30BITOK aNIOMUHUSA HE YY4aCTBYET B BOCCTAHOBHUTENBHBIX MPOLIECCAX U IO CYIIECTBY SIBISETCS
OaJutacTHOM HOOAaBKOM.

[IpousBeneH pacueT cocTaBa MIMXThl M3 HCIOIB3YEMOTO ChIPbS, COAEpXaLIee IUOKCHUL
kpemuusi (Si02). Takke mMpousBeNeHBI pacyeThl COCTaBa IIUXTHI C MOJOTPEBAOIIEH T00ABKOMA.
[IpoBeneHbl IKCIEPUMEHTHI TI0 TONYYSHHIO TEXHUYECKOro KpeMHHs (Si) BHEMEUHBIM CIOCOOOM.
HccnenoBano BiHMSHHE KOJMYECTBA MOJOTPEBAIOIICH M00aBKM Ha BBIXOJ IIENIEBOTO MeTasuia
(xpemuus, Si).

= 72 xan
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Tabnuma 2 — BrusHue KOJIMYeCcTBa alIOMUHUS B IIIMXTE HA BBIXO]] KPEMHHUS

H Conepxxanue CkopocTb Pacuer IIpakr. Brixon KommuaectBo
aUMEHOBaHME KPEMH. 0
KOMIIOHEHTA TOpEHMUs, BBIXOJIa BEC o B IMXTE B %
KOMITOHEHTA B %
HXTHIL, % r/c KPEMHHUS, T KpeM., T OT Teop.
K pacyer.
KBapII.IIECOK 40,48
cenuTpa 19.4 9,24 32,04 30 93,63 100
AITFOMHUHUI 34,06
CaF, 6,06
KBapII.IIECOK 40,32
cenuTpa 20,01 11 32,04 30,9 96,44 101
AITFOMHHHUI 34,37
CaF, 53
KBapII.IIECOK 41,23
cemTpa 18,56 12,0 32,04 29,61 94,1 103,2
ATIOMHUHHUI 35,1
CaF, 511
KBapII.IIECOK 40,98
cemrpa 18,44 7.9 32,04 27,26 85,1 107
AFOMUHUI 36,45
CaF,
KBapIL.IECOK 42,86
cenuTpa 19,29
. 6,86 32,04 25,4 79,27 90
AITFOMHHHUI 2,49
CaF, 5,36

brio onpeneneno ontumanpHoe KoandecTBO cenuTphl (NaNO3), oGecneunBaroiiee BhIX0/1
METaJTNYECKOTo KpeMHUs U3 kBapua 72 % u3 HaBecku mUXTh Maccoi 150 r. (65 r. NaNO3). Beino
YCTaHOBJICHO, YTO OOJIBbIIIEE KOJMYECTBO MPUBOIUT K OypHOMY TEUYCHHIO TMpoliecca W paszdpocy
pacriaBa. Ilpu comepkaHum cemUTphl B IIMXTE MEHbIIE 65 T. mpolecc He obecredynBaeTCs
JOCTAaTOYHBIM KOJHMYECTBOM TEIJIA, YTO NMPHUBOJUT K HEMOJHOMY (a30pa3feiieHHI0O M TOTEPSIMHU
kpeMmHHs (Si) B nutake. AHaIM3 00pa3IioB PEHTICHOCIEKTPAIBHBIM METOJIOM TTOKa3ajl HaJIu4Hhe B
oOpasue kpemuus, xene3a (Fe) B xonuuectse 1,8 %; amomunus (Al) — 1,77 %; xansius (Ca) —
0,14 %; yTo He3HAYUTENbHO MpeBbIIacT 10 xene3y (Fe) u amomunuio (Al) tomycTuMbie HOPMBI.
Copepxanune kanpiug (Ca) 3HaUnTENBHO HIBKE Jomyctumoro (1,3 %).

[Tomyuensr oOpasubl u3 kBapua (MuHepan, Si02) ¢ cogepxanuem kpemuus (Si) 93-94% mo

nanueiM PCA.
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