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Physical and chemical studies of finely-dispersed slurry tailings of the
Donskoy Ore Mining and Processing Plant (DMPP) for chemical
beneficiation to produce chromium concentrate
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Abstract. During the processing of chromium ores, chromite concentrate is obtained for the production of ferrochrome,
and waste is also collected - tailings beneficiation. Fragment and sludge tailings depending on the beneficiation technology.

Finely dispersed sludge tailings of the Donskoy MPP of Kazchrome JSC are stored at the Dubersay and Akzhar tailings,
which are man-made deposits (MMD) or man-made mineral formations (MMF). To develop a technology for processing
sludge tailings, which contain up to 30% chromium oxide, their physical and chemical studies were carried out. According to
the chemical analysis of sludge tailings, it follows that research should be directed to the removal of magnesium and silicon
oxides, thereby increasing the content of chromium oxide to a standard chromium concentrate. A very thin dissemination of
chromite with minerals of host rocks necessitates additional grinding of intermediate products, which are intergrowths of
chromite with waste rock. According to the results of fractional analysis and IR spectroscopy, the content of a large number of
flocculants in the studied sludge tailings and a large number of particles with a particle size of less than 20 pm, which, in heavy
liquid solutions, due to its small size, is in suspension and does not stratify, was revealed. According to the granulometric
composition, it was determined that the sludge minus 0.071 mm must also be classified into 0.04 and 0.02 mm and enriched
each class separately.

It has been established that in order to obtain high technological performance, the traditional gravitational beneficiation
scheme used at the DMPP is technologically cumbersome, because includes operations of flocculant disintegration, classifica-
tion, grinding, beneficiation on concentration tables of each size class, regrinding of intermediate products. The results of the
physicochemical study of chromium sludge tailings showed the need for a combined beneficiation scheme, including chemical
enrichment with finishing of chromium concentrate by gravity beneficiation.

Keywords: slurry tailings, mineralogical analysis, granulometric analysis, fractional analysis, chromium oxide.

1. Introduction These reserves of technogenic mineral formations are
comparable with natural deposits under the content of valuable

At present, the technologies for gravity concentration of fi- components and represent an additional source of useful com-

ne chromium raw materials used in the chrome industry are
not sufficiently effective; therefore, it is required to improve
process flows with the use of new advanced technological
methods.

The long-term development of ore deposits associated with
mining, concentration and smelting results in the accumulation
of large amounts of waste in the form of stockpiled tailings
and metallurgical slags, waste dumps of substandard ores and
host rocks, industrial effluents, forming large-scale waste
dumps and water settling ponds, i.e. technogenic mineral for-
mations (TMF) [1-4].

Donskoy MPP (Kazchrome JSC, Aktobe region) has tail-
ings mineral resources accumulated during its operation and
subject to re-processing in the amount of about 0.4 million
tonnes per year at the slurry tailings processing sites of
Kazchrome JSC. Calculation of tailing mineral resources of
the Donskoy MPP as of January 1, 2018, 2.2 million tons were
considered with a content of 27.65% Cr,Os, which in terms of
Cr,03 is 0.6 million tons [5].

ponents, giving an increase in technical and economic parame-
ters.

The main methods used to process chromite ores are gravi-
ty concentration processes. The Donskoy MPP uses settling
and heavy medium ore minerals concentration processes to
produce lumpy concentrate and beneficiation of fine grades in
screw separators with the concentrate transferred to pelletizers
to produce pellets [6-10].

Currently, poor chromite ores from different parts of the
deposit and technogenic waste dumps are involved in pro-
cessing; these ores can serve as additional sources of raw ma-
terials. The processing of slurry tailings from the Dubersay
and Akzhar tailings storage facility is not sufficiently efficient,
since the processing scheme includes a sequential classifica-
tion scheme and beneficiation on screw separators, slurry
concentration tables are used in the end of the scheme, and the
flotation method of beneficiation is also experienced. The
existing tailings concentration scheme is complex and does not
consider the main principles of gravity concentration [11-19].
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The main area of chromium and ferrochromium applica-
tion is the smelting of alloyed steels, chromium bronzes and
cast irons of special alloys. Corrosion-resistant steels and al-
loys can contain up to 30-40% Cr. The addition of up to 3% Cr
to conventional carbon steels significantly improves their
mechanical properties [20-22]. Steels containing 5-6% Cr are
characterized by increased corrosion resistance. Steels under-
take high corrosion resistance at 10% chromium content. Ac-
cording to a report from the U.S. Geological Survey, the
world's chromium resources are concentrated in Kazakhstan,
South Africa and India, which produce the bulk of the world's
ferrochromium. The analysis of prices for ferrochrome sug-
gests that all grades of ferrochromium are in demand and their
prices are growing at a fairly high rate.

In this regard, it became necessary to perform study on the
physical and chemical properties of fine sludge tailings for
more efficient concentration and recovery of chromium oxide
Cr,0s.

2. Materials and methods

2.1 Materials

Three process samples of slurry tailings from the Donskoy
MPP were tested to study the chemical composition:

+ Dubersai slurry tailings (big bag 1);

« Dubersai slurry tailings (big bag 2)

* Akzhar slurry tailings (big bag 3)

Samples No. 1 and No. 2 were represented by fine material
in the form of slurry sands with a maximum particle size of
2 mm; Sample No. 3 included several pieces of 10 mm in the
slurry material scooped up with the soil during sampling from
the tailing’s storage facility. Therefore, large grades of +1 mm
were discarded prior to study as their presence reduced the
Cr,03 content in the original sample. The weight of each sam-
ple was 500 kg.

2.2 Methods of analysis

Methods of analysis: X-ray experimental data were ob-
tained on a BRUKER D8 ADVANCE of BRUKER AXS
GmbH (Germany) with the use of Cu-K radiation PDF2 Inter-
national Center for Diffraction Data ICDD (USA) at an accel-
erating voltage of 36 kV, current of 25 mA.X-ray fluorescence
analysis was performed on an AxiosPANalytycal wave disper-
sion spectrometer (Holland).

Chemical analysis of the samples was performed on an Op-
tima 8300 DV inductively coupled plasma optical emission
spectrometer (USA, Perkin Elmer Inc.). Mineralogical analysis
was performed with a Leica DM-2500M polarization micro-
scope in reflected light and a binocular magnifying glass with
photography.Infrared spectroscopy was performed on an Ava-
tar 370 Csl FTIR spectrometer.

3. Results and discussion

3.1 Chemical composition of sludge tailings from the
Donskoy MPP

Three process samples of slurry tailings from the Donskoy
MPP were studied. The samples were represented by fine
material in the form of sludge with a maximum particle size of
several pieces of 10 mm. The chemical composition of the
sludge tailings was studied in the course of research.

The results of passport data of chemical analysis of sam-
ples of sludge tailings of the tailings of Dubersay and Akzhar
of the Donskoy MPP are presented in Table 1.

Table 1. Chemical composition of original tailings according
to Data Sheet for Samples

Mass fraction of elements, %
Sample

Cr,03 SiO, AL,O; CaO MgO FeO Sy
Data Sheet for
Sample No. 413  32.34 1820 5.07 0.52 27.17 | 9.11 0.042
Dubersai
Data Sheet for
Sample No. 414  29.26 1898 5.69 047 28.17 9.69 0.031
Akzhar

The results of X-ray fluorescence analysis (elemental
composition, semi-quantitative) are given for three samples
in Table 2.

Table 2. Results of X-ray fluorescence analysis

Content, %

Element
Sample No. 1 Sample No. 2 Sample No. 3

(0] 41.576 45.872 46.996
Na 0.105 0.078 0.094
Mg 17.898 17.182 18.222
Al 1.450 1.379 1.112
Si 11.576 10.879 12.317
P 0.008 0.012 0.005

S 0.054 0.045 0.060
Cl 0.113 0.059 0.071
Ca 0.448 0.380 0.227
Ti 0.096 0.066 0.070
\% 0.020 0.018 0.010
Cr 18.544 17.145 12.613
Fe 6.101 5.425 4,789
Co 0.020 0.014 0.012
Ni 0.241 0.218 0.194
Zn 0.014 0.016 0.009
Cr,0; 27.859 27.108 20.189

The chemical analysis showed chromium oxide content
in original tailings from Dubersai tailings storage facility
(samples No.1 and No.2) at the rate of 29-35%, and chromi-
um oxide content in original tailings from Akzhar tailings
storage facility - 20-23% that is connected with Kempirsai
deposit development year and beneficiation technology of
the Donskoy GOK and as consequence the stockpiling loca-
tion in Dubersai or Akzhar tailings storage facilities.

The average chromium oxide content based on chemical
analysis of accumulated sludge tailings at tailings storage
facilities ranges from 20% to 35%.

According to the chemical composition in the sludge tail-
ings of the Donskoy GOK, waste rock is represented mainly
by silicon oxide 18.20-18.98% and magnesium oxides 27.17-
28.17%. In a smaller amount, iron oxides 9.11-9.69% and
aluminum oxides 5.09-5.69%. The total sulfur content is
negligible.

According to the chemical analysis, it follows that it is
necessary to direct research on the removal of magnesium
and silicon oxides, thereby increasing the content of chromi-
um oxide to a standard chromium concentrate.
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3.2 X-ray phase analysis of slurry tailings

The results of the X-ray phase analysis are shown in Ta-
ble 3, the diffractogram is shown in Figure 1.

Table 3. Results of semi-quantitative X-ray diffraction analysis

Concentration,

Name of the mineral The formula %
Lisardite Mgg(S|205(OH)4 57.4
Magnesiochromite (Mg,Fe)(Cr,Al),0, 33.2
Apophyllite KFCa,Sig0,0(H20)s 7.1
Chlorite (Mg,Fe)gAl(SlgAl)Om(oH)a 2.3
1000 [ Lizardite Mgy(ShO«(OH): 574 %
- 3 Magnesiochromite (Mg,Fe)(Cr,Al)0s 332 %
uApophyIIite KFCa.Siy0,0(H:0) 7,1 %
o |2 Chiorite (Mg,Fe);Al(Si; Al)Os(OH)s 2,3 %
g
o
2
@
c
2 -
£ 4 § o
T ¥
' ¢
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Figure 1. Diffractogram of slurry tailings

3.3 Mineralogical studies

The material composition of the tailings was studied with a
Leica DM-2500M polarisation microscope in indirect light and
with a binocular magnifier and photography. Polished sections
were made by sealing the slurries in epoxy resin and then by
their polishing in order to study the mineral composition of the
ore under the microscope.

The mineralogical composition was studied at two size clas-
ses +0.071 mm and - 0.071+0.0 mm.

Mineralogical description of slurry tailings from Dubersai
tailings storage facilities. Sample 1 (polished section 1/17,
press.) of -0.071+0.0 mm fraction. When it was studied with a
binocular magnifier, it can be seen that the ore is represented
with a fine-grained aggregate consisting of a dusty grayish-
brown mass and resin- black grains (probably chro-
mospinelides) with the size of 0.025-0.071 mm (Figure 2).

Chromospinelide shots of about 10-20% were observed in
the reflected light under a microscope (in the profile of the pol-
ished section, Sample 1). The shape of the grains was irregular,
sharp, sometimes elongated, needle-shaped, with 0.035 to
0.07 mm grain size, in rare cases up to 0.21 mm. The colour in
reflected light was greyish-white, isotropic (Figure 3).

Figure 2. Micrograph of -0.071 mm chromite ore: -0.071+0.0
fraction; bin. magnifier, 1 div. = 0.025 mm; polished section 1/17
(press.)

Figure 3. Micrograph of -0.071 mm chromite ore (Sample No.
1). Chromespinelide grain shots (white) in amorphous non-
metallic mass (polished section 1/17 (press.), magn. 72)

A few grains up to 0.007 mm in size, light yellow, highly
reflective, oval in shape with jagged edges (possibly sul-
phides) were found.

When Sample 2 with +0.071 mm fraction (polished sec-
tion 2/17, press.) was studied under a binocular magnifier, a
non-uniform composition of the sample, along with the main
grain mass of relatively the same size, lumpy formations of
larger size could be observed after sifting from dust particles.
The main ore mass consists of lisardite grains, a layered
silicate of serpentine group, greenish-gray in color, in the
form of hidden crystalline mass or fine-grained aggregates.

The main ore mineral was chrompicotite, a magnesian
variety of chromospinelides, observed as irregular, sharp-
angled grains in the form of spherical segregations - modules
(Figure 4b).

Octahedral crystals were rare. The colour was black to
brownish black. The luster was metallic to greasy. Grains of
apophyllite, a mineral from the group of hydromicas, pale
green to yellowish-brown, were not uncommon. There were
single flake-shrouded grains of yellowish-green chlorite,
calcite, and fluorite (Figure 4a).

Figure 4. Micrograph of +0.072mm chromite ore (Sample No.
2): a - chromite ore of +0.071 fraction; b - hedgehog-like lumps
with inclusions of chrompicotite grains (b) (bin. magnifier, 1 div.
= 0.025mm) c¢ - grains of chrompicotite (white) and chlorite
(brownish-grey); d - hedgehog-like formations of lisardite with
chrompicotite inclusions (white), polished section 2/17 (press.),
magn.72
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Besides the grains of relatively equal size, the ore con-
tains hedgehog-like, semi-oval, greenish-grey formations,
probably composed of a dense, fine-grained lisardite aggre-
gate with brownish-grey chrompicotite inclusions. The size
of these formations ranges from 0.25 to 1.0 mm, sometimes
up to 2.0 mm. Chrompicotite inclusions range from 0.025 to
0.12 mm.

Irregularly shaped chrompicotite grains ranging in size
from 0.07 to 0.24 mm, and chlorite grains, leaf-shaped,
brownish-gray in colour with whitish-green internal reflexes
were observed under the microscope in reflected light.
Hedgehog-like, elongated lysardite formations with 0.2 mm
chromospinelide inclusions were in the lower part of the
polished section. Figure 5b shows a dense lysardite aggre-
gate, 1.6 mm in size, with inclusions of chromopicotite
grains, elongated, rectangular in shape, 0.05 mm in size.

The following conclusions were made based on the anal-
ysis of the original chromite tailings. The mineral composi-
tion of the slurry tailings, according to X-ray diffraction
analysis and mineralogical studies, was represented by the
following minerals: lisardite - 57.4%, magnesiochromite or
chrompicotite - 33.2%, apophyllite - 7.1%, chlorite - 2.3%,
olivine, fluorite.

A very thin dissemination of chrompicotite with minerals
of host rocks necessitates additional grinding of intermediate
products, which are intergrowths of chromite with waste
rock. The regrinding process in the enrichment scheme is the
most energy-consuming and leads to an increase in the cost
of chromium concentrate.

3.4 Fractional analysis of slurry tailings

Fractional analysis by specific gravity was performed ac-
cording to the method specified in paper [23]. Theoretically
possible parameters of gravitational concentration of differ-
ent size classes were determined by their stratification in «M-
45y heavy liquid solutions into fractions with the density of
more than 3.000 kg/m?, less than 3.000 kg/m? and more than
2.850 kg/m?, less than 2.850 kg/m®. The resulting density
fractions were washed from heavy liquid solutions, dried,
weighed, and abraded for chemical analysis sampling. Frac-
tional analysis was performed for particle size classes above
0.071 mm and below 0.071 mm. The coarseness class greater
than 0.071 mm was stratified by a density of 3.000 kg/m?®.
The results of the fractional analysis are shown in Table 4.

Table 4. Fractional composition and distribution of chromium
oxide content

i 0,
D]?nsny Output, % of CrOs  Extract Extract
rac- from .
tions classes ores content, |~ from class Size class
) 0 0 )
kg/m? % ore, % %
+3.000 14.38 349 @ 46.26 5.84 34.72 +0.071
-3.000 85.62 20.76 14.61 11.00 65.28 mm
Total 100.0 2425 19.16 16.84 100.0 class
+2.850 1055 7.99 47.18 13.66 16.43 -0.071
-2.850 89.45 67.76  28.31 69.50 83.57 mm
Total 100.0 75.75 30.30 83.16 100.0 class
Slurry +0.071-
o 100.0  27.60 100.0 0.0 mm
tailings
class

It follows from results of fractional analysis (Table 4) that
it is possible to obtain heavy concentrate fraction in 3.49% of
original raw material with chrome oxide content of 46.26% at

5.84% of original raw material recovery from +0.071 mm size
class.

The heavy concentrate fraction with a chrome oxide con-
tent of 47.18% and recovery of 13.66% of the original raw
material can be obtained from the -0.071 mm coarseness
grade.

The poor technological results of the fractional analysis
can be explained as follows:

- The large amount of flocculation agents in the sludge
studied, i.e. the presence of cohesive chromium minerals and
waste rock particles;

- The large number of particles below 20 um suspended in
heavy liquid solutions due to their small size and not stratified.

In practice, slurry parts of tailings in gravity concentration
create a turbid environment and prevent the separation of
coarse particles, so such feedstock must be divided into narrow
size classes and further concentrated separately in each class.

3.5 Granulometric composition of slurry tailings

The granulometric analysis of DMPP slurry tailings
based on sample data is shown in Table 5. The granulometric
composition of slurry tailings was studied according to the
methods [24-26] before the studies intended to determine
their beneficiation. Due to the fact that the tailings were
represented by fine slurry particles, the particle size distribu-
tion of tailings must be determined by sedimentation analysis
(weeding method based on particles falling velocity in aque-
ous medium into the following size classes 0.071-0.041 mm,
0.041-0.020 mm, 0.020-0.010 mm and less than 0.010 mm).

The chrome slurries received for testing were subject to
wet sieving (washing) on a 0.071 mm (71 micron) sieve.
Table 6 shows the results of washing on a 0.071 mm sieve.

Table 5. Granulometric composition of slurry tailings accord-
ing to Data Sheet for Sample

Sample No. 413 Dubersai Sample No. 414 Akzhar

Size class
' . Cr,0 . Cr,0
mm Yield, % conteznt,s% Yield, % conteznt,s%
+20 0.1 12 - -
-20+16 0.1 1.2 - -
-16+13 0.3 2.1 - -
-13+10 0.3 4.9 - -
-10+5 2.0 2.0 1.0 3.8
-5+3 1.1 6.3 0.6 3.8
-3+2 0.9 10.1 14.2 10.4
-2+1 0.9 10.1 5.4 16.7
-1+0.5 0.6 53
-0.5+0.2 18 17.4 10.5 137
-0.2+0.071 9.0 35.7 24.3 29.6
-0.071+0.040 14.3 43.4 22.2 41.0
-0.40+0.026 10,8 455 9,8 43,0
-0.26 57.5 30.1 21.9 27.0
Total 100.0 32.34 100.0 29.26
Table 6. Results of wet sieving of slurry tailings
Yield, Cr,03 Cr,03 distri-
Name % content, % bution, %
Class + 0.071 mm 24.25 19.10 16.77
Class - 0.071 mm 75.75 30.55 83.23
Total 100.0 27.77 100.0

The results of the slurry tailings classification showed
that the main amount of chromium oxide was concentrated in
the particle size class less than 0.071 mm. The yield of this
particle size class -0.071 mm was 75.75%, with a chromium
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oxide content of 30.55% with a distribution of Cr,03
83.23%.

According to the granulometric composition, it is clear
that the sludge minus 0.071 mm must also be classified into
0.04 and 0.02 mm and enriched each class separately. In
production, it is very difficult to carry out such a fine classi-
fication of sludge. This means that the enrichment of sludge
by standard gravity processes is difficult.

3.6 Flocculation agent disintegration study

When sedimentation analysis was performed for the tail-
ing’s samples, it was determined that the Donskoy MPP
tailings received for research are treated with large amounts
of organic flocculation agents which are very strongly ad-
sorbed on the surface of mineral particles.

Flopam FW 926 flocculation agent which has high set-
tling properties for thickening, is used at the DMPP. This
agent is characterized in Table 7.

A flocculation agent is used for rapid thickening of the
fine chromium slurry fractions in the tailings feeding process
to tailing storage facility [27]. The approved flocculation
agent consumption rate at Donskoy MPP is 0.07 kg per ton
of slurry tailings. But a turbid discharge is formed due to
poor operation of thickeners at slurry tailings and discrepan-
cy between the volume of tailings and the thickening area.
Such discharge is clarified by increased flocculation agent
consumption at the plant. It was adversely affected by the
tests, as the flocculus formed from the chromite grains and
the waste rock prevented their separation.

Three samples were analyzed with IRS for polymers and
organics.

Table 7. Flopam FW 926 flocculation agent characteristic

Parameters
Acrylamide and sodi-
um acrylate copolymer

Name

Chemical compound

Appearance White powder
lonicity Anionic
Molecular weight Medium
Brookfield viscosity, cP

5.0 g/dm? 1,600

2.5 g/dm? 600

1.0 g/dm? 200

Granulometry

% of particles > 10mesh (2mm)

% of particles > 100mesh (0.15mm)
Recommended working concentration,

No more than 2
No more than 6

o/dm?, % 0.05
Maximum concentration, g/dm?, % 0.5
Dissolution time in distilled water at a 90

concentration of 5g/dm? and t=25°C, min

Solution stability in distilled water, days 1

The results of the IRS analysis of the samples:

IR method: Spectra were obtained on an Avatar 370 Csl
FT-IR spectrometer in the spectral range 4.000-400 cm™
from tablet preparations obtained by pressing 2 mg of sample
with 200 mg of KBr. Experiment attachment: Transmission
E.S.P

Sample 1, (Figure 5).

The sample contained a Brugnatellite type compound -
MgeFe(CO3)(OH)13- 4H,0 — 3.687, 3.650, 1.429, 1.077,
1.015, 956, 551, 439 cm™™.

Transmission

4000 3000 2000 1000 500

Wave numbers, (cm )

Figure 5. Infrared spectrum of sample 1

Group [CO3).- -1.484, 1.429, 877, 855 cm'L,

The band with a maximum at wave number 625 cm fell
into the region of Fe®* - O bonding in silicates and car-
bonates.

Valence vibrations v(OH) — 3.445 cm™ and strain vibra-
tions SHOH-1.624 cm* of water molecules.

The absorption bands of the valence vibrations of the
methylene groups v CH2 — 2.927, 2.856 cm'™.,

Sample 2, (Figure 6).

The sample contained Brugnatellite type compound -
MgsFe(COs)(OH)15- 4H,O — 3.684, 3.646, 1.431, 1.078,
1.015, 957, 551, 440 cm™.

2

Transmission
-2 ]

8

4000 3000 2000 1000 500

Wave numbers, (cm )

Figure 6. Infrared spectrum of sample 2

Group [COs].- - 1.473, 1.431, 876, 855 cm™.,

The band with a maximum at wave number 627 cm™ fell
into the region of Fe3+ - O bonding in silicates and car-
bonates.

Valence vibrations v(OH) — 3.438 cm* and strain vibra-
tions SHOH-1.625 cm* of water molecules.

Sample 3, (Figure 7).

The sample contains BRUGNATELLITE type compound
- Mg6Fe(CO3)(OH)13 - 4H20 - 3.687, 3.650, 1.430, 1076,
1016, 955, 557, 440 cm™™.

Group [COs].- - 1.489, 1.430, 876, 855 cm™,

The band with a maximum at wave number 614 cm™ fell
into the region of Fe** - O bonding in silicates and car-
bonates.

Valence vibrations v(OH) — 3.437 cm* and strain vibra-
tions SHOH-1.624 cm* of water molecules [27, 28].

Figure 8 compares the spectra which show the varying
content of carbonate, oxide and possibly silicate phases in
Samples 2, 3 and 4.
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Figure 7. Infrared spectrum of Sample 3
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Figure 8. Infrared spectra in Samples 1,2 and 3

According to IR spectroscopy, the organic part of the
flocculants is identified by absorption bands of stretching
vibrations of methylene groups v CH, - 2927, 2856 cm?,
which indicates the adsorption of flocculants on the surface
of fine particles of tailings. In this regard, tests were per-
formed on various options to repulp slurry tailings in order to
remove flocculation agents from the surface of the test mate-
rial or to destroy existing floccules. The following tests,
shown in Figure 9, were performed.

Sludge sample

Sludge sample

Sludge sample

Pulping in a mechanical
stirrer 750 rpm, - 30 min,
solid mass - 35%

Drying 180 C, - 2 hours

Drying 180 C, 1- 2 hours

)

'

|

Sedimentation analysis

Pulping in a mechanical
stirrer 750 rpm, T- 15 min,
solid mass - 35%

Pulping in a mechanical

stirrer750 rpm, T- 30 min,

solid mass -35%

)

'

Sedimentation analysis

Sedimentation analysis

Figure 9. Preparation of slurry tailings for sedimentation
analysis

Sedimentation analysis was performed after the above-
mentioned repulping types. The results of all tests showed
rapid and simultaneous settling of all solids. Sedimentation
took place within 5-6 seconds with the formation of a clear
drain.

All tests effectively remove the flocculation agent from
the surface of the slurry particles. It is economical to use the
mechanical method in agitator vats or scrubber drums in
production.
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4, Conclusions

Physical and chemical studies of the finely-dispersed
slurry tailings of the Dubersai and Akzhar tailings storage
facility of the Donskoy MPP showed:

1. The mineral composition of the slurry tailings, ac-
cording to X-ray diffraction analysis and mineralogical stud-
ies, is represented by the following minerals: lizardite-
57.4%, magnesiochromite or chrompicotite - 33.2%,
apophyllite - 7.1%, chlorite - 2.3%, olivine, fluorite. Waste
rock minerals have many minerals containing magnesium
which can be isolated by chemical concentration methods.

2. A very thin dissemination of chrompicotite with
minerals of host rocks necessitates additional grinding of
intermediate products, which are intergrowths of chromite
with waste rock. The regrinding process in the enrichment
scheme is the most energy-consuming and leads to an in-
crease in the cost of chromium concentrate.

3. According to the fractional analysis the gravity ex-
traction of chromium oxide from the fine particle size classes
is difficult.

4. Based on the particle size distribution it was found
that chromium oxides are concentrated mainly in the fine
particle size classes. Of the very fine particle classes of slurry
tailings, gravity concentration is not effective on screw sepa-
rators and concentration tables without prior classification of
the tailings.

5. Waste rock minerals (magnesium, aluminium, sili-
con, etc.) are effectively leached from the finely-dispersed
slurry tailings to produce a rich chrome product.

6. Chemical concentration eliminates the operations of
flocculation agent disintegration, the classification of original
tailings into size classes and the grinding of intermediate
products. These operations increase the complexity of the
apparatus chain and lead to an increase in operating and
capital costs.

7. Based on the above studies of chrome slurry tailings
from the Donskoy MPP, the conclusion is that it is necessary
to conduct concentration studies with the use of combined
concentration methods: chemical concentration that leaches
out the waste rock minerals and gravity concentration to
bring the chrome product to conditioned chrome concentrate.
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Anaarna. XpoMm KeHJepi HOHAEY Ke3iHae (HeppoXpoMIIbl eHIIPY YINIH XPOMHUT KOHIIEHTPATHI aJIbIHA/bI, COHBIMEH KaTap
0albITy KaJJBIKTAPHI Makiaa 00y1aapl. balbITy TEXHOJOTHACKIHA OaJIAHBICTHI KECEK KOHE MUTaMIBI KAJIIBIKTAp Taina 60Iamb.

AK "Kazxpom" Jlen KBK-HiH *yKa qucCTepCTi IMIIamMabl KAIIBIKTaphl TEXHOTeHIIK keH opbiHaapsl (TKO) Hemece TexHo-
reaaik MuHepanas! Ty3inimaep (TMT) Oonbin TadbbutaTein [yOepcail sxoHe AKKapKasIbIK KoiiManapblHa sxuHaizansl. Kypa-
mbiHAa 30%-Fa gedin XpoMm okcuil Oap HuIaMIpl KIABIKTapIbl OHAEY TEXHOJOTMSCHIH d3ipiiey YIIH oslapaplH (usnka-
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XUMUSUTBIK 3epTTeyepi xyprizingi. CycneH3us KalIbIKTapblH XUMUSUTBIK TaJlayFa colkec, 3epTTeyJIep/Ii MarHuid MEH KpeM-
HUH OKCHATEPiH KOWFa OarbITTay KepeK, OChUIaiIa XpoM OKCHIIHIH KYpaMblH KOHIUIHSIBIK XpOM KOHIICHTPATHIHA JCHiH
apTTHIPY KepeK. XPOMITUKOTHTTIH Tay JKbIHBICTAPBIHBIH MUHEpaJapbl 6Te ycak 00C Tay >KbIHBICTAphbl ©CiHAlIepiMeH Oaiina-
HBICKaHJBIKTaH, apajJblK OHIMIEP/Al KOChIMIIIA YHTAKTayAbl KaxeT ereai. Opakuusuiblkranaay xoHe X-CIEeKTPOCKONHUS HOTH-
KeJepl OOMBIHINIA 3epPTTENeTiH IUIaMIbl KYHPBIKTapaarsl (UIOKYISTHTTApIbIH KOIIMeJIIepi jxoHe kejeMi 20 MKM-1eH a3 Oed-
HIEKTEP/IiH KOIMOJIIIEp] aHBIKTaJIbl, OJ1 aybIPCYHBIKTHIKTHIH epITIHIUIEpiH/Ie 031HIH IaMallbl MeliepiHe OaiaHbICThl Cyc-
neHsusiia Oosansl koHe KaObIpriakranOaiapl. ['panyigomeTpusuiblk Kypambl OolibiHma mMuHyc 0.071 mMm nutampapasr 0.04
xkoHe (.02 MM-Te KIKTeII, 9p CHIHBIITHI 00JIeK OAUBITY KEPEK CKCHIIIT] aHBIKTAJIIBL.

Korapsr TexHOMOTHSIIBIK KopceTkimrepai anyymin DOH KBK -ta KonmaHpUTaTBIH JoCTYPIIi TPABHTAIMSIIBIK OaWBITY CXe-
Machl TEXHOJOTHSUIBIK TYPFbI/Ia HAYBIPEKCHIr aHBIKTAIIBI, OUTKEHI O (PpIIOKYISTHTTHI BIABIPATY, KIKTEY, YHTAKTay, 9p KiIacc
KOHICHTPAIMSJIBIK YCTeAepinae OaifbITy, apanblk eHIMIEp/ i YHTaKTay onepanusiapbiH KaMTuAbl. Lnmamaer XxpoM KangpIKTa-
PBIH (U3HMKA-XUMUSUIBIK, 3€PTTEY HOTIKEIEPl XPOM KOHIIEHTPATHIH I'PaBUTAIMSUIBIK OalbITY MEH KaKcapTa OTBIPBIN, XUMH-
SITBIK OaWBITYIbI KAMTUTHIH apajiac 0afbITy CXeMachlH KOJaHy KaKeTTUTITiH KOPCETTi.

Hezizzi co3dep: membpana, nuobuil, cymeei emxizeiwmici, Cugepmc 3ayvl, Ounamayus, mepmusibly Kenero Kodgguyu-
enmi, ghazanvix ayvicynap.

DuU3UKO-XUMHYECKHE UCCIETOBAHNUA TOHKOAMCIEPCHBIX HIJIAMOBBIX
xBocTOB Jlonckoro I'OKa nuist onpeaesienust ycji0BMid MX 000raTuMOCTH
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AnHotanus. IIpn nepepaboTke XpOMOBBIX Py ITOJy4ar0oT XPOMHUTOBBIH KOHLIEHTPAT AJS NMPOM3BOACTBAa (eppoxpoma, a
TaKke 00pPa3ylOTCsl OTXOIBI — XBOCTHI OOOTaIieHus. B 3aBHCHMOCTH OT TEXHOJOTHH OOOTaIIEeHHs 00pa3yroTCsi KyCKOBBIC U
IIJIAMOBBIE XBOCTHI.

ToukoaucnepcHsie nuiamoBbie xBocThl JloHckoro I'OKa AO «Ka3xpoMay CKkIaaupyroTcst Ha XBOoCToXpaHmuiaxlyoepcait
1 AxoKap, KOTOpBIE SIBJISIOTCS TEXHOT€HHBIMU MecTOopokaeHussMHI (TM) min TeXHOTeHHBIMH MUHEPaIbHBIMH 00pa30BaHMAM
(TMO). Hns pa3pabOTKH TEXHOJIOTHH NepepabOTKM IIJIAMOBBIX XBOCTOB, B KOTOPBIX coxaepxkutca o 30% oxcuma xpoma,
MPOBEEHBl X (QHU3NKO-XMMHUYECKHe HccienoBaHus. 1o JaHHBIM XMMHYECKOTO aHalW3a ILIAMOBBIX XBOCTOB CIIEAYET, YTO
HCCIIeIOBaHUSA HEOOXOAMMO HAIPaBUTh 110 YAAJICHUIO OKCHJIOB MarHUs M KPEMHUS, TEM CaMbIM IOBBIIIAs COJECpPKaHUE OKCHA
XpoMa JI0 KOHAWIIMOHHOTO XpPOMOBOT'O KOHIIEHTpaTa. BecbMa TOHKasi BKpamjIeHHOCTh XPOMIIMKOTUTA C MHUHEpaJlaMH BMeIla-
IOIMX TIOPOJl 00YCIaBIMBAET HEOOXOJUMOCTh TOM3MENbUCHUS TIPOMEKYTOUHBIX MPOIYKTOB, KOTOPBIE SBISIOTCS CPOCTKAMHU
Xpomura ¢ mycrtoit nopoxnoi. Ilo pesynbraram ¢paknuonsoro anammsa 1 MKC-ciekTpockonuy ObUTO BBISBICHO COJEp)KaHHUE
60JIBIIOr0 KOJMYeCTBa (DIOKYIISTHTOB B HCCJICYEMBIX [IJIAMOBBIX XBOCTaX M OOJIBIIOE KOJIMYECTBO YACTHI] KPYITHOCTBIO MEHEe
20 MKM, KOTOpBIH B pacTBOPaxX TSDKENIOH XMIKOCTH B BHAY CBOETO HE3HAUYMTEIBHOTO pa3Mepa HaXOIUTCS BO B3BEIICHHOM
COCTOSIHMH M He pacciauBaercs. [1o rpaHyioMeTpr4eckoMy cocTaBy OIpesesieHo, uyTo muiambl Muayc 0.071 MM HeoOxonumo
emte kiaccudpunuposath Ha 0.04 1 0.02 MM 1 oborammaTh KaXkablil Kjace OTACIbHO.

YcTaHOBNIEHO, YTO JUIA MOJYYeHHs BBICOKMX TEXHOJOTHYECKHX Mokaszarened ucnosszyemas Ha JII'OKe tpagumnmonHas
TpaBUTALMOHHAS CXeMa O0OTalIeHUs SIBJISETCS TEXHOJOTMYECKH IPOMO3KON, T.K. BKJIFOYAET ONEpaIiy Ae3UHTErpannuu (io-
KYJISIHTa, KJIacCH(UKAIH, U3MENbYCHNs, 000TalleHNnsI Ha KOHIIEHTPAIMOHHBIX CTOJIAX KaXKAOTO Kilacca KPYIHOCTH, TOM3-
MEJTbYECHHUS TPOMEKYTOUHBIX MPOAYKTOB. IlomydeHHbIe pe3yabTaThl (HPU3NKO-XUMHUYECKOTO HCCIIEOBAHMUS IJIAMOBBIX XpPOMO-
BBIX XBOCTOB ITOKa3aJlM O HEOOXOJAWMOCTH NMPUMEHEHUs] KOMOMHUPOBAHHOM CXEMbI 00OTAaIIeH!s, BKIIIOYAIOIMIEH XUMHIECKOe
oboralieHue ¢ JOBOJAKOH XpOMOBOTO KOHILIEHTPATa I'PaBUTAIMOHHBIM 00OTaIlIEHHEM.

Knrwouesvle cnosa: wnamosvle X0Cmbl, MUHEPALOSULECKUT AHANU3, SPAHYIOMEMPUYECKUTI AHANU3, PPAKYUOHHBIL AHATU3,
OKCUO Xpoma.
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Abstract. Large amounts of waste from the enrichment of manganese ores, dispersed iron- and carbon-containing slurries
accumulate at large processing plants, metallurgical plants, plants. Millions of tons of manganese waste have been accumulated
at the Dzhezdinsky GOK. Processing of small and dispersed metal-containing industrial waste cannot be carried out by tradi-
tional technology. The development and implementation of a new technology for processing these wastes into valuable metal
alloys is a very urgent problem.

In this paper, based on a comparative analysis of the theoretical approaches to the production of steel and ferroalloys of tra-
ditional technology and new ideas, the selection and justification of the preparation of the charge is carried out. It is shown that
the theoretical foundations of the adsorption-autocatalytic mechanism can be revised from the point of view of the organization
of metal production from the point of view of solid-phase reactions.

The theoretical foundations of the «Dissociation-adsorption mechanismy are given, where the phenomenological phenome-
non is focused on the fact that the dissociation of chemical compounds, including metal oxides, is inherent in them as well as
their formation from individual elements regardless of external conditions. The influence of external factors, for example,
energy (temperature rise), causes thermal dissociation, which does not so much prove whether dissociation exists or not at all,
as it shows a specific degree of dissociation of the compound for the purposeful restoration of the element or the formation of a
new compound.

It is shown that the dissociation of metal oxides intensifies proportionally to a decrease in particle size and an increase in
temperature. It is established that dispersed oxide materials can be metallized with solid carbon due to the reduction of iron
within the temperature range of 950-1100°C.

Keywords: iron oxide, manganese oxide, hot reducing gases, carbon, solid-phase reactions, dissociation of oxides, temper-
ature, charge, small waste.

1. BBegenue OKYCKOBaHHOW pyZbl NMPAaKTUUECKU HE MpoTekaroT. PeanbHoe
BOCCTAHOBJICHHE METAJUIOB HAYMHAETCS TPH PacIUIaBICHHH
PYZAHOHM YacTH MMXThl. XUMUYECKOE B3aUMOJICHCTBUE MEXKIY
OKCHIaMH ’KeJe3a, MapraHia M XpoMa U YriepoJoM KOKca
MPOUCXOIUT HPHU BBICOKOH TeMIlepaType W MCKIIOUUTEIHHO B
KUIKOM (ase okcumoB. Takas cxema TEXHOJOTHYECKOTO
mporecca Mpon3BOACTBa (eppOCILIABOB PACIIPOCTPAHEHA BO
BCEM MHpE, 1 NPEACTABISET TPAJULUOHHYIO TEXHOJIOTHIO.
OCHOBHBIE ~ CTaThM  pacxofa AJIEKTPOIHEPrUM  Ha
(eppociiaBHOe MIPOU3BOJCTBO 1o TpagULUOHHOM
TEXHOJIOTUH  CKJIQABIBAIOTCS M3  HarpeBa  IIUXTHI,
pacIulaBieHus pPYyAHOW 4YacTH IMUXTHI, SHIOTEPMHUIECKUX
TEIUIOBBIX 3((EKTOB BOCCTAHOBIEHHS KeJe3a, MapraHla,
XpoMa W KPEMHHS TBEPABIM YIJIEPOAOM, W TIIeperpasa
pacmiaBoB nuiaka W ¢eppociuiaBoB.  [lo  AaHHBIM
IIPOMBILIEHHON IIPaKTUKH CyMMapHbII pacxon
9NIEKTPOIHEPIMM  Ha  NPHO3BOACTBO  (heppoMapraHna
konebaercst B mpepenax 5000-6000 kBt-u/T, a deppoxpoma
9000-9500 kBt u/r. Pacxon 3arpykaemMoro Kokca B IIe€4b
Bapeupyercs B npexenax 500-600 kr/t  deppocmasa.
JIOBOIIBHO BBICOKUE IMEPEUHCIICHHBIE PACXOMABl ONPENEISIOT
ce0ECTOMMOCTh M PBIHOYHYIO CTOMMOCTH (heppOCILIaBHOM
npoxykuud. Kpome Toro, mpu Takmx BBICOKHMX 3aTparax
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Texuonorus MIPOU3BOJICTBA (dheppomaprania i
(dbeppoxpoma 0Oazupyercss Ha HCIOIb30BAHMU KYCKOBBIX
MaprafieBbIX W XpPOMOBBIX Py, COCTaBISIONIUX OCHOBY
IIMXTHl IS BOCCTAHOBMTEJIBHOW TIUIaBKM. B kauecTBe
BOCCTAHOBUTEJILHOIO peareéHTa B COCTAaB IIMXTHI BBOAMTCS
METATYpPrudecKuii KokCc u  (umocyroniue Jo0aBKH  UIs
(hopMHPOBaHHUS ONTUMAJIBHOTO COCTABA IIIAKA.

BricokoTemnepaTypHblii  [IpOLECC  BOCCTaHOBHUTEIBHOM
TUIABKK TOJTOTOBJICHHON IIMXTHI OOBIYHO pealu3yeTcs Ha
PYIHO-TEPMUUECKUX 3JIEKTPOILIIABUIILHBIX nevax.
IToaroTOBNEHHAS MMIMXTA, COCTOSINAS M3 KYCKOBBIX PYIHBIX
MaTepualioB, (urroca W KOKca 3arpyaercsl B IMedb CIIOSIMH.
Harper u mnnaBiieHWEe IIUXTHI OCYIISCTBIISIETCS 32 CYET
pacxofia dJIEKTPOIHEPTHU IMyTEM OMYCKaHHUs DIIEKTPOJOB B
cioil mmxThl. [T0CKOIBKY OCHOBHBIE KOMITOHEHTBI HMIMXTHI —
pyla ¥ KOKC, MpEICTaBIISIIOT OKYCKOBaHHbIE MaTepuabl,
MPOLIECChl  BOCCTAHOBJIEHHSI METAJUIOB  YIJIEPOJAOM  KOKca
HAUMHAIOTCS B TONOXMMHYECKOM PEXUME Yepe3 KOHTAKTHBIE
MOBEPXHOCTU  COMPUKOCHOBeHUWs. BBumy  toro, u4ro
KOHTAKTHbIE TOBEPXHOCTU BECbMa OIPAaHUYEHBI, MPOLIECCHI
BOCCTAHOBJICHUSI MCTAJUIOB B TBEPIO(A3HOM COCTOSIHUHU W3
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SHEPTUH 1 KOKCa Ha 3JIEKTPOTEPMHUIECCKUX TpoIieccax TUIaBKH,
OOBIYHO TIOTYYarOT BRICOKOYTIIEPOAUCTHIC (PeppOCIUIaBEl. ITO
BJIEUEeT 3a CO0O0H HEOOXOAMMOCTH MPOBENCHUS BTOPUYHOTO
nepexena 1o paduHUpOBaHHIO (EEPOCIUIaBOB C  LIEIBIO
CHIDKCHHUS ~ COJICp)KaHUS  yrjiepoma B HeM.  Takoi
JIByXCTYIEHYATHIN TMepenen CBs3aH C 3aBeIOMO 3aJ0KEHHBIM
U30BITOYHBIM PACXOJIOM KOKCAa B TIEPBHYHOM MPOU3BOJICTBE
¢deppocmiaBa. Ha  mpakTHke — OTCYTCTBYeT — MEXaHU3M
PETYIHPOBaHUS  CTEXHMOMETPHUYECKHM  PAacXoJoM  KOKcCa,
HEOOXOANMBIM 11 BOCCTAHOBJICHHSI METAIIOB. DTO CBSI3aHO C
TEM, YTO KOKC B TPAIHUIIHOHHON TEXHOJOTHU OIHOBPEMEHHO
HCTIONB3YIOT, KaK B KA4eCTBE BOCCTAHOBHTENS, TaK U B BHJE
HACaJKH JJISI IpeHaka pacIbIaBICHHOTO MaTepHaa.

B MapraHueBpIX ¥ XpOMOBBIX pyJax MapraHell U XpoM
MPE/ICTaBIEHbl B BUJE OKCHJOB, C KOTOPHIMH BCErJa COIYT-
CTBYET OIpE/IeNICHHOE COJIep’KaHue OKCHUIA xkKele3a. DTo Ipef-
ompezenseT MOAXOA K OpraHM3alMy Mpolecca H3BICYECHHS
METaJUIOB U3 pyA HAa OCHOBE BOCCTAHOBHTEJIBHBIX PEAKIIMH.
Jnst peanmzanmy Takoro Ipoliecca, Mpeskae BCero, HeoOXoIu-
Ma MOATOTOBKA MIMXTH M BOCCTAHOBHTEIIHHBIX PEareHTOB.

[Ipu MaccoBOM MPOM3BOACTBE METAILIA IO TPAIUIIMOHHON
TEXHOJIOTUH BEIOOP BOCCTAHOBHUTENBHBIX PEarcHTOB MajacT Ha
razooOpasneie peareatsl CO, H> u TBEpmBIit yrmepon. s
BOCIIOJTHEHHS TOTPEOHOCTEH B ATUX peareHTaxX HCIOJb3YeTCs
MPUPOTHOE YTIIEBOJOPOIHOE CHIPhE — MIPUPOIHBII Ta3 U yroJb
[1, 2, 3]. YkazaHHBIE BOCCTAaHOBUTENILHBIE PEAreHThl 00JIaaa-
10T Pa3JINYHBIMU BOCCTAHOBUTEIHHBIMHU MOTEHIIMATIAMH, COOT-
BETCTBEHHO, UMEIOT Pa3JIMYHbIe BO3MOXHOCTH MX IMpPaKTHYe-
CKOT0 HCIojb30Banus. ['a3000pa3ubie BoccTanosutean — CO
u Hp, sBIssCH IBYXaTOMHBIMH T'a3aMH, 00JaJaloT BOCCTaHO-
BUTEJIbHBIMU NOTEHLMAIaMu oJiHoro nopsiaka [4, 5]. Ilpu ux
B3aUMOJICHCTBUH C OKCHIAMH METaJUIOB 00pa3yroTcsl TpEx-
atoMuble ra3sl — CO2 u HO. B xonuuecTBEHHOM OTHOLIEHUU
TIOJTHOTO TIPEBPALICHUS IBYXAaTOMHBIX Ta30B B TPEXaTOMHBIC
HE MpUXOAUTCA OXunath. CTENeHb B3aUMOJCHCTBUS IBYX-
ATOMHOTO Ta3a ¢ OKCHJaMH METAIUIOB Ha MPaKTHKE KOJeOIeT-
cs1 B penenax 0.4-0.5.

OtnenbHass  mpoOieMa  —  HM3bICKAHHME  CIIOCOOOB
nepepaboTKH  MEJIKOJUCIIEPCHBIX OTXOAOB OT OOOTalleHUsI
MapraHieBbIX pyAa, HAKOIIJICHHBIC 00BEMBI KOTOPBIX

ONpEACIAIOT KpI/ITI/I‘IeCKI/Iﬁ YPOBE€Hb UX BJIMAHHA HA T'PYHTO-
BBIE BOJIbI, BOJIHYIO (hJIOPY M OKpY’KaroIyto cpeny [6, 7, 8].

MenKOAUCTIEpCHBIE OTXOJIbI, 0OPA3yIOIIUECs] MMPU MO0~
TOBKE CBIPBSI, COJICPIKAT MOBBIIIEHHBIE COAEPKAHUS Keje3a U
MaprasIia, COIIOCTaBUMEBIC C UX COACPKAHHEM B KOHIUIHOH-
HOM chIpbe. lllupokomacmraOHOE HCIOJIB30BaHUE UX B Tpa-
JIIIMOHHOM TEXHOJOTUU TMPAKTUYSCKH HEBO3MOXHO H OTrpa-
HUYCHO TEXHUYECKUMH YCIOBUAMH HX HCIONb30BaHus. Cero-
JOHA HAKOIIJICHHBIC O6’I)CMBI YKa3aHHBIX OTXOAOB JOCTHUIIIN
TakuX MacmTaboB, YTO BIIOJHE MOTYT pacCMaTpPUBATHCS Kak
BTOPHUYHBIE CBIPBEEBBIE PECYPCHI I JIOBOJIBHO KPYIIHOTO
METaJUTypPriH4eCcKOro IPOM3BOJICTBA.

Merkue 0TX0/Ibl, 00pa3yIoIIUecs: IPH COPTUPOBKE UCXOJI-
HOTO OKYCKOBaHHOTO CBIPbS, HEC MOTYT OBITH BO3pAIlCHBI K
nepepaboTKe TPAAUIIHOHHBIMU TEXHOJOTHYECKHMH TPOIIEC-
camu. [ToArOTOBKA K OKYCKOBAaHHIO MEIKUX OTXOIOB COIPO-
BOJK/IACTCS OTPE/ICIICHHBIMU U3/IepKKaMu. Bo3BparieHue ux B
TPaAMIHOHHBIA TEXHOJIOTUYCCKUA UK BO3MOXHO HOCTOJIb-
Ky, TOCKOJIBKY OHH TTOJIIAI0TCS OKYCKOBAHUIO C MAKCHMAILHO
HU3KAMH H3JEPIKKAMH MOATOTOBKH.

HaubGonee pacnpocTpaHeHHBIN CIIOCOO OKYCKOBaHHUS MeJl-
KUX PYIHBIX MaTepHAIOB, KOHIIEHTPATOB, & TAKIKE MEJIKOIHC-
MEePCHBIX OTXOJ0B OT O0OTAICHHS Py — arioMepalius, KOTo-
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pas peanmzyertcst ipu Temrieparype 1450°C. Menkue 4acTHITbI
TP TaKOH TemIieparype Aaxe OIM3KO HE IMOIXOIAT K COCTOs-
HHUIO Pa3MsIYeHHus, TaK Kak Ipolecc oOecreunBaeTcs IHpH
BBICOKMX Temneparypax — 1600-1700°C [9, 10]. OObrunble
arJioMepanvoHHble MalllMHBI TaKWe TeMIIepaTypsl HE BbLIEp-
skuBatoT. CeroHs arjomeparysi He npejcrabisieTcs dQgek-
THUBHBIM, KaK C TOYKH 3pEHHsI TEXHOJIOTHH, TaK ¥ C SKOJIOTHYe-
CKOH CTOpPOHBL. BTOpPOIi MIMPOKO MCTIOIB3yeMBIH CrIOco0 moJI-
TOTOBKM MENKOJUCIEPCHOTO MarepHana K IepepaboTke —
OKYCKOBaHHE ITyT€M OpTaHH3aIlli{ IPOU3BOJCTBA OKATHILICH.
IMporiecc TpeOyeT 3HAYUTENBHBIX H3AEPKEK: H3MEITBUCHUS
MEJIKHX OTXOJOB /IO JWCIIEPCHOTO COCTOSIHHMS, PACXOH CBSI3Y-
IOIIUX MAaTEepPHaJiOB, HCIOJIb30BAHUE MOMOIHUTENHFHOIO 000-
pynoBanus [11].

B Hacrosmee Bpems Ha OnM3NeXalUX TEPPUTOPHIX
KPYIHOTO  METaJUIypru4eckoro KoMmOHMHaTa  «Apcenop-
MurtTam» HaKOIUIEHBl MIJITMOHBI TOHH JKEJIe30COJeprKaIluX
nutaMoB U 1utakoB. Ha Teppuropun lonckoro I'OKa u J{xes-
muackoro 'OKa nakorieHs! ~ 15 MIIH. TOHH MEJIKHX OTXOI0B
0T 00OTalIeHusI XPOMOBBIX W MapraHueBbix pyx [12]. Beumy
OTCYTCTBHS pallMOHAIBHOM TEXHOJIOTUH UX NepepabOTKH, OHU
MPOOJDKAIOT HAKAIUIUBATHCS B TEOMETPUYECKOH MPOTPECCHH.
OTO TPEACTABIACT yXKe KPUTHUYECKYIO IKOJOTHUYECKYIO IpO-
Omemy.

[TpoGiema nepepaboTKH MEJIKUX W IUCHEPCHBIX OTXOJ0B
OCTaeTcsl aKTyaJlbHOH M TpeOyeT pa3pabOTKh aibTepHATUB-
HBIX HOBBIX TEXHOJIOTHH, KOTOpBIE oOecrednBagy Obl KOM-
TUIEKCHOE pellieHHne MpoOJieMbl UX NMepepaboTKU KaK C TeX-
HOJIOTUYECKOM, TaK U 3KOJOTMYECKOU TOYKH 3peHus. B atom
OTHOIIGHHM CaM MeXaHH3M OOpa30BaHUsl MEJKHX M JIUC-
MEPCHBIX OTXOIOB, MOXKHO CKa3aTh, MOATOTOBMJI YacTh pe-
meHne mnpoOsembl. Tak, HAa TPaKTHKE HCIIONb3YeTCs BO3-
MOXHOCTh MPUTOTOBIICHUS! PYAOYTOJBHBIX OKaThIIIEH W
OpHKETOB Ha OCHOBE IHMCIIEPCHBIX MAaTepHajoB C IaJIbHEH-
el X BOCCTAHOBHTENHHOM IUIABKOW B IIAXTHBIX U DJIEK-
TPOTEPMHUUECKHX IIe4ax. ITO CBHIETEIBCTBYET O TOM, UYTO
TEXHOJIOTHH TPOU3BOJICTBA (EPPOCIIIABOB MOTYT 0a3zupo-
BaThCSl HE Ha OKYCKOBAHHHU CBIPbsS, a HA00OPOT Ha UX H3-
MeNbYeHHH. B naHHOM ciydae Menkue OTXOAbI MapraHIle-
BBIX M XPOMOBBIX PYA MOTYT NPHOOPECTH MIMPOKOE MpPHUMeE-
HEHHE U TO3BOJIAIOT PEIINTh MPOoOJIeMy MX MeTajulyprude-
CKOH mepepaboTKH.

Henb3s 000iTH BHUMaHMEM M TONBITKH HCIIOIb30BAHUS
PYZOYTONBHOM CcMeCH I M3BJICYCHHS METAUIOB W3 Pyl U
KOHLEHTpaToB. OpHAaKo, MpU TakOM HOAXOJIE BOCCTAHOBH-
TeNbHAsl IJIaBKa CMECH TpHBeJIa K MOJTyYSHHUIO HAyTJIEPOXKEH-
Horo Metamna. IlomyueHne KOHIULIMOHHOIO METaliaa Mo Co-
JIEp>KaHHUIO yTJIepoja MPH HCHOIb30BaHUU YIIEPOACOAEpIKa-
IIETO BOCCTAHOBHTENSI TAaKXKe OKazanach HMPOOJIIEMHOW 3aja-
Yeu.

3a mocrnenHee NeCATHIETHE OMyOIMKOBAaHBI HOBBIE TEOpe-
THUeckue nonoxkenus [13, 14, 15], xotopsie Mornu Ol OBITH
MIOJIO’KEHBI B OCHOBY pa3pabOTKH HOBOW TEXHOJOTHH Iepepa-
OOTKM MEIKOANCIIEPCHBIX OTXOOB, COJEPXKAIINX OKCHIBI
Maprasma. V3BecTHO, YTO HU3IIME OKCHIBI Maprasiia, ooia-
Jiasi BBICOKON XMMUUYECKON NMPOYHOCTHIO, BOCCTAHABIMBAIOTCS
TBEPBIM YIJIEPOJOM HpU BBICOKUMX TeMmmeparypax 1200-
1400°C. CormacHO npencTaBiIeHHSM aBTOPOB pabOTHI [15]
OKCHJIBI JKeJle3a, MapraHiia 1 XpoMa B JIMCIIEPCHOM COCTOSTHHH
MPHOOPETAIOT BBICOKYIO aKTUBHOCTH B3aUMOJICHCTBUSI C TBEP-
JBIM YTJIEPOJOM IIPH HU3KUX TEMIEpaTypax, 4eM B >KHIKO-
(dazHOi cucTeMe, UCTIOIB3yeMOW B TPAJHIIMOHHON TEXHOJIO-
THH.
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B mHacrosmelr pabore Ha OCHOBaHHMH CpPaBHHUTEIHHOTO
aHaM3a TEOPUH U MPAKTHKH OCYIICCTBICHUS TPaIUIIHOHHON
TEXHOJIOTHH TOJYYEHHUS METaNIOB M3 JKeNE30COAePKAIINX
Pyl ¥ HOBBIX MPEICTABICHUA 0OOCHOBBIBACTCS BBIOOP METO-
JIUKA TOATOTOBKHM IIUXThI, MPUMEHUTEIBHO K MEJIKOIMC-
MEPCHBIM OTXOJaM OT OOOTAICHUS MApraHIEBBIX U XPOMO-
BBIX Py, 00CCIICYMBAIOUICH MOTYYCHHE COOTBETCTBYIOIIMX
METaJIJIOB (CIUIABOB) BHICOKOT'O KayecTBa.

2. Anajan3 TEOPETHIECCKUX OCHOB BOCCTAHOBJICHUSA OKCH-
JA0B ME€TaJ1JI0B

Kak m3BecTHO, METO/IMKA BOCCTAaHOBIICHHS JKeJle3a OCHO-
BaHa Ha IUIABKE OKYCKOBAHHOTO J>KEJIC30PYAHOTO CHIPhS B
[IAXTHOHM TI€YH U TPOAYBKE Yepe3 IUIOTHBIC CIIOW IIHUXTHI TO-
psiaero BoccraHoButensHOro rasa (I'BIN). Komnonentsr I'BI™ —
CO u H», uMeroT orpaHn4eHHbI BOCCTAHOBUTENBHBIA TIOTEH-
muan. Ilpu Temmeparype BeneHMs Mpoliecca MEXaHHU3M HX
B3aUMO/ICHCTBUS ¢ OKCHUIAMH JKelle3a, COTrJIaCHO IpecTaBiie-
HusM A.A. balikoBa onuchIBaeTCsl IPOTEKaHUEM PEAKIIUK:

FeO + CO = FeMe + CO;
FeO + H2 = FeMe + H,0

@
@

B cooTBeTCTBHM C BHIIBUHYTHIM MEXaHH3MOM, IPOTEKa-
HUIO XMMHYECKOH pEaKIWU TPEIIISCTBYeT ITHUCCOLUAIINS
OKCHIIOB ¥ ra3oB. Peakmmu (1) u (2) HaumHAIOTCS B 00JIaCcTH
temrepatypsl  800-900°C. HarpeB cucTeMbl IEeWCTByeT Ha
Jucconuanuio okeunos xene3a u CO2, u HoO. Ecnu npu ogu-
HaKOBO TeMmreparype crerneHb auccouuanuu FeO, onenupa-
emast ynpyrocteio aucconuanuu (IgP0y), 3HauuTensHO mpe-
BhIIIaeT creneHs auccormanuu CO2 u HoO, To peakmus npo-
TEeKaeT ClieBa HarpaBo. ECiM ke cTereHp AMCCOLHalMU UX T10
BEJIMYMHE MPUOJMKAIOTCS WM CTAHOBATCS COIMOCTABHUMBIM,
TO peaKuys 3aMeIIeTCS W, B KOHCYHOM CUeTe, YCTAaHABJIMBA-
eTCsl PaBHOBECHOE COCTOSHHE MEXIy IMpsSMOW W 00paTHOU
peakiuen.

B o6mactr 900-1000°C peakuwu (1) u (2) mocTuraroT pas-
HOBECHs, TIPHU KOTOPOM Uil peakiwn (1) CTeneHp HCIONB30-
Banms raza CO cocraBmster 0.25-0.3, a mns peakmm (2) —
CTeleHb ucronb30Banus Hy mocturaer 3uauyenums 0.28-0.32.
DTo 03HauaeT, uyTo A mpoTekanus peakmuit (1) u (2) B cTo-
pOHY 00pa3oBaHUSl METAJUTUYECKOTO JKeje3a, HeO0OXOoIauM
omnpenenenHblii n30biTok CO n Ho. Tem He Menee, pomyckast
BbIcOKui pacxon I'BI' Ha eauHuiy BOCCTaHaBJIMBaEMOIO
’Keesa, MoJyYaroT METaUIM3UPOBAHHbBIN MPOAYKT CO CTere-
HBIO BoccTaHOBIeHUS kene3a 0.95-0.98.

BoccraHoBIieHHE OKCHIOB MapraHIla U XpoMa C UCIIONB30-
BanueM ['BI', aHamormyHo eie3y, HEBO3MOXKHO, B CHITYy HH3-
KUX 3HadeHui ympyroctu auccormaimii MnO n Cr20s, mo
CPaBHEHUIO C yNpyroctbio nucconuanuu razo CO2 u HO.
Jucconuanus razos CO2 u H,O npu noBsliIeHNH TeMIepary-
PBI POUCXOAMT PaHBIIIC, YeM AUCCOIMaIms okcuaoB MnO u
Cry03. TIpu 3TOM rasoBas (aza 1m0 OTHOIICHHIO K OKCHIAM
MapraHiia ¥ Xpoma Co3aeT He BOCCTAHOBHUTEJIbHYIO, & OKHC-
mutenbHyI0 atMocdepy B cucteme. [loaromy I'BI' mo otHO-
IICHUIO K OKCH/IaM MapraHiia i Xxpoma He o0Ja/iaeT 10CTaTou-
HBIM BOCCTAHOBHUTEJIBHBIM MOTCHIIUATIOM, JUII UX BOCCTaHOB-
JCHUS 10 MeTauia. OTO TpeOyeT HCIOJIb30BAHUSI JPYTOro,
0oJiee CHIBHOTO BOCCTAHOBHTEIFHOTO PEarcHTa ¢ BBICOKHM
PEaKIMOHHBIM MOTCHIIUAJIOM. us HPUPOHO-
PACIIPOCTPaHCHHBIX BOCCTAHOBUTENCH K TAaKOMYy pPEarcHTy
MOYKHO OTHECTH TBEPJIBINA YTIEPOM, KOTOPBIA 008 JaeT BBICO-
KAM BOCCTaHOBHTENIFHBIM MTOTEHIMATIOM. B paccMaTpuBaemMoMm
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pakypce BBIOOp yriieposa B Ka4eCTBE OCHOBHOTO BOCCTaHOBH-
TEJIFHOTO PearcHTa BIIOJIHE OTIPAaBIaH.

[ITupokoe HCIONB30BaHKE YIiepoja B TBepAOo]a3HbIX CH-
cTeMax CIEp)KUBAETCsl YCTOSABIIMMCS TEOPETUYECKHM II0JIO-
JKEHHEM 00 «AJCOpPOIIMOHHO-aBTOKATAIMTHYECKOM MEXaHH3-
Me» (AAKM) BoccTaHOBUTENBHBIX MporeccoB. CoriaacHo
JIAHHOM TeopuHu TBEpAO(a3Hble pPEaklu B3aUMOJICHCTBUS
yriiepojia ¢ OKCHIaMH METaJUIOB MPOTEKAIOT MO TaK Ha3blBac-
MOMY KOHTaKTHO-IU(PPy3noHHOMY MexaHm3My. [lo momosxke-
HUSIM BBIIBUHYTOH TEOpHMH Tra3000pa3HBIM peareHTaM ObLI
TPUIHCAaH TPHOPUTET B BOCCTAHOBHTEIHLHOM IIpoIiecce HE
CTOJIBKO C HAYYHBIX TO3UIHI, CKONBKO C JOTWYECKUX IPe-
CTaBJICHUI paccMaTpHBaeMbIX sBIICHHH. BceoOriee mpuzHa-
HHE 3THX «HAYYHBIX MOJIOKEHUIT» B JAJIbHEHIIIEM ONPEenIIo
TEXHUYECKYIO MOJUTUKY B OONAcTH METaJulypruu, KOTOpas
3aKJII0Yaach B CIEAYIOIIEM.

XKeneszo, xoTopoe mpeacTaBisieT coO00l OCHOBY cTaiu, U
OCHOBHBIC JICTUPYIOMIUC MCTaJUIbl — MapraHen, XpoM, BaHa-
Ui, KpEMHUHM B MCXOJHOM ChIpbE — PYZIE M KOHIEHTpaTax
HAXOJIATCS B BHIC BBICIIUX M HU3MHX OKCUIOB. CTPYyKTypa H
pa3sMepsl KPUCTAIUTMYECKAX PEHIETOK OKCHIOB Pa3IHIalOTCS
HE TOJBKO 110 POAY METAJIIOB, HO U TI0 aTOMHOMY OTHOIICHHUIO
kucnopona xk Metamry: O/Me. JKenezo, Mapraneny 1 Xpom B
3aBUCHMOCTH OT oTHomIeHus O/Me, MPUCYTCTBYIOT B UCXOJ-
HOHM MIMXTE B BHIE BBICIINX W HU3IIUX OKCHIOB. J{JIs jkernesa,
3HaueHus otHoureHus O/Me moryt coctaBisite: 1.5; 1.33; 1.0;
st mapranna — 2.0; 1.5; 1.33; 1.0; mns xpoma — 1.5; 1.33; 1.0.
IIpo4HOCTE XUMHMYECKON CBA3H aTOMa KHCIOPOAA C METAJLIIOM
BO3pacTacT ¢ YMCHBIICHUEM X ATOMHOT'O OTHOLICHUA.

BoccranoBneHne MeTaina U3 €ro BBICIIETO OKCHIA MPOTe-
KaeT TMOCJICAOBATENHFHO, COTJIACHO (DAa30BBIM INPEBPALICHUSIM:
OT BBICIIETO OKCHIA K Hm3meMy. B 3Tom psgy Hambomee
SHEPro3aTpaTHOW  SBIACTCS  TOCISAHAS  CTaaus
BOCCTAHOBJICHHE HUBIIETO OKCHIA METAJUIOB JIO METalia IO
cxeme: MeO—Me. MMeHHO uCXOAs U3 STHUX ITOJIOKEHUI
TpPaIWIHOHHAS TEXHOJOTHS TIPOU3BOJCTBA JICTMPOBAHHBIX
KOHCTPYKIIMOHHBIX CTaneil Oasupyercs, Npexae BCero, Ha
BOCCTAHOBUTECJIILHOM M BOCCTAHOBUTECJIbHO-TIJIABUJILHOM IIPO-
reccax. Peanmzariust 3TUX MPOLECCOB HA MPAKTHUKE OCYIIECTB-
JISIETCSI 10 CJIEAYIONIeH cxeme: 1) BOCCTAaHOBJICHHE M IUIaBIIe-
HUE B JIOMEHHBIX Teuax jKene3a W3 PyAbl; 2) OKWCIEHHE B
CTAJICIUIAaBUIIBHBIX arperarax yrjiepoia, KpeMHHs, MapraHiia,
¢docdopa, ynareHue cepsl ¢ MOIyYCHHEM H3 YyTyHA MeTajlia
3aJaHHOTO COCTaBa; 3) BHIMUIaBKa (peppocIuiaBoB; 4) Jerupo-
BaHHe MeTauia (peppocIuiaBaMu sl TOTyYEeHUsI CTalld 3a/1aH-
HOT'O XMMHUYECKOT'0 COCTaBa.

BBICOKOTIPOM3BOIUTENBHBIE arperaTbl W3BECTHBIX KOH-
CTPYKLMIi, TaKHe KaK JOMEHHEIE MY, 00beMoM 4-5 Thic.MS,
kouBepTepsl eMkocThio 300-350 1, 200-300 TOHHBIC XYyrOBBIC
JNIEKTPOIICYH, MMEIOT HACTONBKO BBICOKYIO IPOM3BOANUTEIH-
HOCTPH Ha CYIIECTBYIOIIEM PYIHOM CBIPBE, UTO JIPyTHE arpera-
TBI ¥ CTIOCOOBI CTAJIETIIABUIILHOTO TIpoIiecca He MOTYT C HUMH
KOHKYpPHPOBATh. OHHaKO, €CJIN Y4E€CTh, YTO KAa4€CTBO ICPBUY-
HOTO CBHIPbS C KaX[IBIM T'OZIOM CHIDKAeTCsl, TO HETPYAHO BH-
JIETh OTpEAEIEHHBIE MPOOJIEMBI, CTOSIINE MEpel] CYIIECTBY-
FOIIMM TPAJUIUOHHBIM CTAJICIUIABIIIBHBIM IIPOU3BOICTBOM.

ITockosbKy TpH MaccoBOM IIPOM3BOJICTBE MeTajula I10
TPAIUIUOHHON TEXHOJIOTHUH BEIOOP BOCCTAHOBHUTEIBHBIX pea-
TEHTOB MaJaeT Ha razoo0pasuble peareHTsl CO, Ho 1 TBEpIbIit
YIIIEPOJ, TPUPOJIHOE YTIIEBOJOPOJHOE CHIPHE — TMPHUPOIHBII
ra3 W yrojib, UCIONB3YIOTCA KaK pa3 I BOCIIONHEHUS II0-
TpeOHOCTEH B ATHX peareHTax. [Ipu 3TOM HEOOXOAMMO UMETh
BBHUJIY, YTO NIEPEUUCIICHHBIC BBIIIIE BOCCTAHOBHUTEIIN 00JIaJaf0T
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Pa3IMYHBIMHA BOCCTAHOBUTEIILHBIMHU OTEHIMATIAMH, COOTBET-
CTBEHHO, NIMEIOT PA3IMYHBIE BOZMOXKHOCTH JUIS UX MPaKTHYe-
CKOro ucronb3oBaHus. ['a3000pa3nsie BoccranoBurenn — CO
u Hj, 00nanator BOCCTaHOBUTENBHBIMU MOTEHIMANIAMH OJIHO-
ro nopsnaka. OHu, Tpekae BCero, IBYXaTOMHBIE Ta3bl U NPU
BOCCTAaHOBUTENBHBIX MpoOLIECCaX, B pe3yiabTaTe B3aUMOJCH-
CTBUSI C OKCHAAMH, MOT'YT 00pa30BbIBaTh TPEXATOMHBIE Ta3bl —
CO2 u H>O. B xomnuecTBEHHOM OTHOIIEHHU IOJHOTO IIpe-
BPAILCHUS JBYXaTOMHBIX Ta30B B TPEXaTOMHBIC HE TIPUXOIHUT-
cst oxupath. CTeneHb B3aUMOJACHCTBHS ABYXaTOMHOTO Ta3a C
OKCHJIAMH METAJUIOB B TPEXaTOMHBIE Ha MPAKTUKE KOJIEOIeTCs
B mpenenax 0.4-0.5. HecmoTps Ha 310, Onaronaps ¢pusndaeckon
TIOABIDKHOCTH ¥ aJicOpPOUPYEeMOCTH Tra3000pa3HBIX peareHTOB
B CBOE BpeMsi OblIa BBIIBHHYTA TEOPHs, OCHOBaHHAsI Ha «al-
COpOIMOHHO-aBTOKATATUTHYCCKOM Mexanusme» (AAKM).

He ocranaBnuBasch Ha TEXHHYECKHX HEJOCTaTKaX TPaju-
IIHOHHOW TEXHOJIOTUH, MOXXHO OTMETHTh CIIeyIOIINe KPUTH-
YeCKHe HEeNOCTaTKU, KacaTelbHO TEOPETUYECKONH OCHOBBHI
«aACcOpOLIMOHHO-aBTOKATAIUTHYECKOTO MEXaHHU3Ma», KOTO-
PBIi, HAa HaII B3I TPEOYeT CepPhe3HOro ero MepecMoTpa U
PacIIMPEHUs TPAHMI] €r0 UCIOIB30BAHMS:

- IOPAZOK NPOTEKAHUsI PEAKIM BOCCTAHOBIICHHUS OKCHIOB
METaJUIOB yriieponoM ¢ oOpasoBanumeM CO, He HMMeeT Iof
co0oii pyHIaMEHTAIBPHOH OCHOBBI, TTOATBEPKAEHHON pe3yIlb-
TaTaMH TIPAMBIX OSKCIepUMEHTOB. [IpuBeICHHBIE 1OBOJBI
BBITEKAIOT W3 MEXaHWYECKOro IpPEACTaBICHUS B3aUMOJEii-
CTBYIOIIMX YAaCTHIl HA YPOBHE MOJIEKYJI, MOPSAIOK B3aUMOIeii-
CTBMS KOTOPBIX HE MOATBEP)KICH HU BU3YaJIbHO, HU C UCIIOJb-
30BaHUEM COBPEMEHHOM anmnapaTrypoi;

- IPU PacKPBITMH MEXaHH3Ma IIpoliecca BOCCTAHOBIICHUS
METaJUIOB M3 UX OKCHJIOB COOTHOIICHHE XMMHYECKON TPOYHO-
CTH, KaK OKCHJIOB METaJUIOB, TaK M IPOHM3BOJCTBEHHBIX Ia3o-
00pa3HBIX OKCHJIOB, HE pacCMaTPHBAETCS;

- mo3uIysl 00 00s3aTEILHOCTH HETIOCPE/ICTBEHHOTO B3au-
MoJeHCTBHs azcopOupoBaHHBIX Mosekyn rasza (CO u Hp) ¢
oxcumamMu MeO He moJKperuieHa TepMOIMHAMUYECKHM aHa-
mm3oM. Ecnm ydyecTs, 94TO NMPOYHOCTH XUMHMYECKOH CBSA3U B
MeO moxet ObITh Oogble, yeM B CO-CO; min Ho-H2O, T0
MPOTEKaHWEe PEaKLMK MEXTy HUMH MOXET CTaTh B IPUHIIUIIE
HEBO3MOXHBIM. B 3TOM ciy4ae TeOopeTHUecKHe NPUHIIUIIBI
AAKM MOXHO HMpeACTaBIATh KaK YaCTHBIM Ciydail, OTHOCS-
IIAHACS TONBKO K BBICIINM OKCHIAM;

- TBEPJIBI YIIIEpO]] pacCMaTPUBAETCS MEXAHMUYECKH C TOU-
KH 3pEHHS «IIapHKa, CIIOCOOHOTO TOJIBKO TU((YHIUPOBATE.
Bo BHHMaHHE He NPUHMAIOTCS €0 CTPYKTypa U CBOICTBa,
CIOCOOCTBYIOIIME B3aUMOJICHCTBHIO C OKCHIAMH HE TOJIBKO B
KOHTaKTe, HO M B IIPOCTPAHCTBEHHO Pa300IIEHHOM COCTOS-
HUY;

- HE NMPUHAT BO BHUMAaHHE BCEOOIIMI MEXaHM3M B3anMO-
JEWCTBHSA MEXAY aTOMaMH M MOJEKYJIaMH 4epe3 3JIeKTPOH-
HBI OOMEH M B3aUMOJIEHCTBHE JIEKTPOHHBIX OpOUTAJICH, T.€.
yepe3 JTOHOPHO-aKIENTOPHBI MEXaHU3M, COTTIACHO KOTOPOMY
BOCCTaHOBUTEJIHHBIE PEAareHTHl BOOOIIE, W YIIIepO, B YaCTHO-
CTH, SIBIISIETCSI BCErAa AOHOPOM, a KUCIOPOJA OKCHUAOB — aK-
LENTOPOM;

- HEe pacCMaTpPHUBAETCS MEXaHW3M B3aMMOJAEHCTBHS MEXKIY
OKCHJIAMH METAJUIOB W aJICOPOMPOBAHHBIMH MOJIEKYJIaMH
ra3oB, KOTOPBIH IPOMCXOJHUT Ha YPOBHE 3JIEKTPOHHOTO 0OMe-
Ha. [Ipenmy1ecTBO aacOpOMPOBAHHBIX TA30B Nepe]] TBEPIBIM
YTJIEpOAOM, B JAHHOM Cilydae, 3aKII04acTcsl JHIIb B Ooiee
OIM3KOM MX PACIONOKEHUHM K KPHUCTANIMYECKOH CTPYKType
oxcunoB. OfHAKO aTOMBI YIepoja MOTYT KOMIICHCHPOBAThH
3TOT HEJJOCTAaTOK KOHTAKTa C OKCHIAMH 00JIe€ MOIIHBIM 3JEK-
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TPOHHBIM TTOTOKOM, HAIlPaBJIIEMBIM K KPUCTAJUIMYECKOH pe-
IIETKE OKCHIIOB.

[TpakTuka HCIONB30BaHMUS T'a30BOTO IMOTOKA IpUBENA K
MPOTHBOPEYHIO TeopeTHYecKux rnonoxeHnii AAKM c oxwuna-
eMbIM pe3ynbTaToM. Heo0X0qMMOCTh OKYCKOBAaHUS CHIPbS 110
yeaousiM peanmmzaiui AAKM mpakTrdecku CBOJHUT Ha HET
oxumaeMeiii 3dext ancopoumu raza. AncopOMpOBaHHBIA Ha
MOBEPXHOCTH KYCKOB PYZHOTO CBHIPbSI I'a3 pealbHO B3aHMO-
JIEHCTBYET TOJIBKO C MEPBBIM MOJIEKYIIAPHBIM CIOEM OKCHJIOB.
Janee oOpazoBaHHBII TOHKHI clol TBEPIO(A3HOTO IPOIYKTA
peakIyy, HampuMep, CIOW MeTaa, MPaKTHIECKH OTPaHUYIH-
BacT JOCTYN Ta30BOT0 IMOTOKA BIIyOb KyCKa M HCKIOYAaeT
JATBPHEHIITYI0 afCcoOpOIMIO Ta3a Ha PEaKIIOHHOW ITOBEPXHO-
ctu. Ilponecc B 00BbEME KycKa peann3yercsl HCKIFOUUTEIEHO
TONOXUMUYECKHM XapakKTepoM pEeakluil, T.e. MPOTEKaeT B
i dysnonHol obnactu. Ilpu stom, auddy3noHHbIIT Mexa-
HHU3M, OT KOTOPOTo OTKa3zanuch cropoHHukn AAKM, Ha npu-
Mepe HCIOJIb30BaHUA YIJIeposa, O0EpHYJICS €ro K€ JIMMHUTH-
pyroieit cranueit B mporecce. [Ipaktika paboThl TOMEHHBIX U
IIAXTHBIX TI€4el MOKa3bIBACT IPOJOIKUTEIHHOCTD METAIIN-
3aruM  arjioMepara W okarteimmed ¢pakomm 10-20 MM Ha
ypoBHe 5-6 4acoB, T.€. BECbMa HHU3KYIO CKOPOCTh NPOTEKAHHMS
peakimu. Kak BuaHO, 0knjaeMble KHHETHIECKHE PE3YIIbTAThI
AAKM 3neck HE JOCTHUTAIOTCSI.

CerofiHsl TUTAaHTCKHE Pa3Mepbl MACCOBOTO IIPOHM3BOJCTBA
METAJUIOB 10 TPAJULIMOHHOM TEXHOJIOTUH, HApsy ¢ €€ TEXHU-
YECKUMM HENOCTaTKaMH, YK€ JEMOHCTPUPYET OOJbIIyIO
YIPO3y YXYALIEHHsSI SKOJIOTHUECKOTo OaaHca. DTO MOPOXKIAeT
HEOOXOIUMOCTh Pa3pabOTKU IHEProcOEperaroIux, KOJIOTHU-
YECKH YMCTBIX TEXHOJIOTHH, OCHOBaHHBIX Ha HOBBIX TEOPETH-
YECKHUX IMPE/ICTABICHUSIX.

3. HoBble moaxoabl K MOATOTOBKE MIMXTHI 1JIS1 MOTy4e-
HUS METAJLJIOB

VYcnoBus opranu3anyy JBIKEHHS Fa30BOro MOTOKA B Tpa-
JULAOHHON METAJLTYprUy ONPENENSIOT NOATOTOBKY IINXTHI U
JIATbHEHIITYI0 METAUTyPIUUeCKyIo ee IepepaboTKy 110 cXeMe:
OKYCKOBaHME KOHIIEHTPATOB M MEJIKOH Pyl — MPOM3BOACTBO
arjiomepara, oKaTbllIel U KOKca; TOMEHHBIN MpOLEecC — Mpo-
W3BOJICTBO YYTyHA; KHCJIOPOJHO-KOHBEPTEPHBIH IpoIecc —
MPOU3BOJICTBO CTaJH. Takoe MpeACTaBICHUE MPUBETO K Opra-
HU3aIMM ¥ Pa3BUTHI0O  TEOPUHM  BOCCTAHOBHUTEIIHHO-
TUIaBWIBHBIX TPOLECCOB MNPOW3BOACTBa (heppoMapraHua M
(eppoxpoMa, KOTOpBIE OCYIIECTBIISIOTCS MCKIIOYUTENHEHO B
KUIKO(Da3HON chcTeMeE.

B pynHOTepMuYeckux Imedax pacIUIaBI€HHas OKCHIHAsS
pyza o0TeKaeT CJIOM METAJUTypPrHYecKOro KOKCa IpH BBICOKOM
temneparype (1500-2000°C). IIpu aToM pa3BUBaeTCs peakiy-
OHHasl HOBEPXHOCTh U NMPOUCXOJUT BOCCTAHOBIICHUE OKCHJIOB
TBepAbIM yriieponoM. Ilpu BcéM 3TOM, poib TBEPIAOrO yrie-
poIa B BOCCTAHOBUTEILHOM IIPOIIECCE, HECMOTPSI Ha €ro BHI-
COKMH HOTEHIMAT, CHJIFHO OTpaHWYEHA 3a CUEeT MPUMEHEHHS
TaK Ha3bIBAEMOTO JBYXCTAJAUHHOTO MEXaHW3Ma BOCCTAHOBIIE-
HUSI OKCHIOB METAJIJIOB!

MeO+CO=Me+CO; (3)
C+C0O,=2CO 4)
MeO+C=Me+CO (5)

HpeI[CTaBJ'IeHI/Ie MEXaHHu3Ma B3aHMOH€ﬁCTBMﬁ TBEPAOTO
yriepoaa C OKCHIaMu MECTAJIJIOB 10 KOHTAaKTHO-

1 PY3MOHHOMY MEXaHU3MY CY)KaeT T'PaHHLBl TeOpeTHYE-
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CKHUX TIOJIOXKEHHH, 9TO CBA3aHO C HEJOOLICHKOH CTPYKTYPHBIX
1 (PU3UKO-XMMHUYECKHUX TIPEBPALICHUI B YaCTHIAX TBEPIOTO
yriepoja 1o Mepe HarpeBa CUCTEMBI.

CymmupoBanue peakimid (3) u (4) co3gaér nuue BUAU-
MOCTb NPSIMOTO BOCCTAHOBJIEHUSI METaJlla, HEMOCPEACTBEHHO
yrneponoM. Takoe TeopeTHdeckoe MpPEACTaBICHHUE T'OCIOJ-
CTBYET B HAy4YHOH W NPAKTUYECKOH cpelie yxe Ooiee Beka, B
COOTBETCTBUM C KOTOPOH MeTalIypruiecKue MpoLecchl opra-
HU30BaHbI Ha FCIOJIG30BAHMH T'a30BBIX IIOTOKOB Ha BCEX MOJ-
pa3IeneHnsX, KaKk MBI YK€ Ha3bIBaeM, TPAIUIMOHHON MeTall-
Jypruei.

MexaHn3M BOCCTAHOBJICHHS OKCHIOB METAJUIOB IO CXEMe
(3)-(5) B HayuHO# cpene mMoOpoaMia TPEACTABICHHE, YTO B
MHPOMETAILTYPTUH BOCCTAHOBHUTEJIBHBIX IPOIIECCOB TBEP.IBII
yIIepos B3aUMOJAEHCTBYET C OKCHJIAMM METaIOB TONBKO C
obpasopanueM CO. OjHaKO, MaHHBIN 3aKOH MM 3aKOHOMEp-
HOCTB HE IUKTYET, a JIMIIb 0TOOpaxxaeT (PeHOMEHOJIOTHYECKUE
napaMeTpbl KOHKPETHOIO Tpoliecca U HE OTPHULIAET BO3MOXK-
HOCTh B3aUMOJEHCTBUS TBEPJOrO yriepoaa C OKCHJIAMU Me-
TayuIoB ¢ obpazoBanueM kak CO, tak u CO». Kak BuaHoO, pac-
XOJ yriiepoa Ha ra3u(UKAIHIo0 KICIOpo/Ia MIUXTHL ¢ 00pa3o-
BarneM CO; kpaTHO MeHbIIe, yeM ¢ oOpa3oBanmeM CO. [Ipu
UCTIONB30BaHMU cXeMBI (3)-(5) ecTeCTBEHHO MOMYCKAaroTCs
OonpIme ommOKY B pe3yibraTtax Oamanca. Kpome Toro, Takue
npounbie okcupl kak MnO, Cr,03, SiO; He MoryT ObITH BOC-
CTaHOBJIEHB! PEKJIAMUPYEMBIMHU ra3oBbMU peareHTamu CO u
H> n3-3a HEIOCTATOUHOCTH UX BOCCTAHOBUTEIBHOI'O OTEHIH-
ajla K TUM OKCHJIaM.

VHTepecHbIM MpPEACTABISIOTCS TEOPETUYECKHUE OCHOBBI
«IucconmannonHo-aacopOIMoHHoro  Mexanuszmay (JAM),
npeasioKeHHbIe B padote [15]. ABTOpBI UCXOmST U3 PeHoMe-
HOJIOTHYECKOTO SBIICHHS O TOM, YTO JUCCOIMAIMS XAMHUYeE-
CKUX COCAMHCHHH, B TOM YHCIIC U OKCHIOB METAILIOB, TIPHCY-
I1a UM TaK ke, Kak 00pa30BaHUE WX U3 OTACIBHBIX JIEMEHTOB
HE3aBHCHMO OT BHEIIHUX YCIOBUH. Bo3meiicTBre BHEMIHUX
(haxTOpOB, HampuMep, SHEPTUH (TIOBBIIICHHE TEMIICPATypHI),
BBI3BIBAET TEPMUYECKYIO IMCCOIHAINIO, KOTOpas HE CTOJBKO
JIOKa3bIBAeT, CYIIECTBYET WM HET IHUCCOIMAINS BOOOIIE,
CKOJIBKO TIOKa3bIBaeT KOHKPETHYIO CTENEeHb JHMCCOIMAINU
COGAMHEHUS ISl LIEJICHANPABIEHHOTO BOCCTAHOBJICHUS DJie-
MEHTa WK 00pa30BaHMS HOBOTO COCIMHEHHS.

Juccoumanysi OKCHIOB METAUIOB MHTEHCH(HLIUPYETCS
MPOTTOPIIMOHANIEHO YMCHBIICHHIO Pa3MEpOB YACTHUI] U ITOBHI-
IICHUIO TeMNeparyphl. JlucrepcHble OKCHIHBIC MaTepHalbl
MOT'YT OBITh METAJUIM3MPOBAHBI TBEPABIM YIIIEPOJIOM 3a CUET
BOCCTaHOBJIEHMsI JKeJie3a B IMpenenax Temreparypsl 950-
1100°C 3a HECKOIBKO AECATKOB MUHYT.

B3aumoneiicTBue OKcuzia MeTanIa ¢ BOCCTAHOBHUTEIBHBIM
peareHTOM COIIPOBOXKIAETCSI 00pa30BaHUEM MeTajula MM ero
HU3IIETO OKCHJA W Ta3000pa3HbIX MPOJYKTOB peakinuii. Mac-
COBO€ COOTHOIIEHHE MX 3aBHCHUT OT XUMHYECKOW MPOYHOCTU
TeX WM MHBIX OKCHJIOB WJIM, UHAUe TOBOPS, YIPYrocteil ux
JIFICCOIIMALINY TIPH JaHHOM TeMmIepaType, Thia aTMochepsl u
JIaBJICHUS] CUCTEMBI.

OcoGenHocTh JIAM 3akiro4aeTcsi B TOM, YTO OH YYUTHIBA-
€T UMEHHO 3TO COOTHONIEHHE BO BCEM HMHTepBase (a3oBBIX
NPEBPAIIEHUH OKCHIOB METAIOB M 00pa3oBaHMUs IPOHM3BO/I-
HBIX OKcHIoB. OOpa3oBaHuE MOCIETHUX B XOZE BOCCTAHOBH-
TEJIBHBIX PEAKLUUH MOXET IPEBOCXOANUTH IIOCTONBKY, IIO-
CKOJIBKY YIPYTOCTh WX IUCCOLMAINN MEHBIIEC YIPYrOCTH
JFICCOIMALINA OKCHIOB METAIDIOB. JTOW 3aKOHOMEPHOCTH
MOTYUHAETCS W COOTHOIICHHE 00Pa3yIONIMXCS Ta3000pa3HbIX
okcunioB — COz u CO, KOTOpBIE UMEIOT pa3Hble XUMUYECKHE

17

npouHocTd. DHeprus auccormamui CO kpaTHO OoJIbIe, YeM
sreprus auccormarmu COz. Ilo Mepe MOHMKEHHST yIPYTOCTH
JICCOLINALIUN MeTaa
(MeO2—Mex03—Me3z04—MeO—Me) konuentpamus CO B
NPOAYKTaX PEaKklWH MOBBILAETCS 32 CUET MOHIKEHHS KOH-
LEHTPaLUK MEeHee MPOYHOTo Mponu3BoHoro okcuaa COs.

YcraHoBieHHas 3akoHOMepHocTh 1o JIAM pacnpoctpa-
HsIE€TCS HE TOJBKO K IOCIIEIOBATENIbHO (pa3oBOMY, HO M IIpe-
BpaIIeHUIO BHYTpH ofHOU (ha3el. Hampumep, B rematnTe Mac-
coBas JI0J1A ra3u(UIUPYEeMOro KHCIOpoa Ha EANHHMILY XKele-
3a COCTaBJISICT 0.4285, KOTOpast 1o ¢dazam
Fe:0O3—Fe30s—FeO—Fe pacmpenensercs, coOTBETCTBEHHO,
kak: 0.111; 0.222; 0.667 (momu emuHWIBI). MakcHManbHas
YIIPYroCTh IMCCOIMAINK TeMaTHTa COOTBETCTBYET HadallbHO-
My HepHoJy ra3udukauu Kuciaopozaa, pasuoi gone 0.111 ot
obmieit monu koiaudecTBa kuciopona (0.4285), 1.e. mpu 3Haue-
wun Ha ypoHe 0.001-0.01. ITo Mepe mpuOMMKEHHS IOTA
razuduupoBanHoro kuciopona k 0.111 ynpyrocts nucconm-
alyy reMatuTta CHMKACTCSA 10 YPOBHA YyHNPYroctu aucconua-
in MarHetuta. CooTBETCTBEHHO, KOHIeHTparus raza CO2 B
ra3oBoH (paze CHIKACTCS. AHAIOTHYHBIM IyTEM IIPOUCXOANUT
W3MEHEHHS YIpyrocTed mucconuanun okcuaos FesOs u FeO,
u yMmeHbIeHrne koHneHtpamuu COz B ra3oBoil ¢ase 3a cuér
yBenmmaeHust pomu CO, KOTOpBIN sBIsieTcss Hamboiee Mpod-
HBIM OKCHJIOM.

TBEpaplil yriiepos, KOTOPBIM HENOCPEICTBEHHO B3aUMO-
JIEUCTBYET ¢ OKCHJIaMU METaJIIOB, HE TO/BEpraeTcs IUCCOLH-
anuyu, MmodToMy OOJIBIIMHCTBO METAJIJIOB M3 CaMbIX TIPOYHBIX
OKCHJIOB OyIyT BOCCTaHABIMBATHCS UCKIIOYUTEIBHO HM.

Bei6op TBEpOro yriepoja Kak yYHHBEpPCAIbHOTO BOCCTa-
HOBHUTENILHOTO peareHTa OCHOBAaH Ha IOBBIIICHUH €r0 aKTHB-
HOCTH TI0 OTHOIICHHIO K OKCHJIaM METAaJUIOB C ITOBBIIICHHEM
TeMIeparypel. JTO CBOMCTBO YIiepoja, Kak OJHOATOMHOTO
pearenra, OTJIIMYAET €ro OT JIByXaTOMHBIX BOCCTAHOBHTEIb-
HBIX PEareHTOB, KOTOPhIE B COOTBETCTBUM ¢ (pyHIAaMeHTab-
HBIM 3aKOHOM, MOJBEP’KEHbI JANCCOIHAIMN. YTIEepOJ JHIICH
BO3MO>KHOCTH JAUCCOIIMAIINH.

KommnexcHeie HCCIICAOBAaHUA TI0 H3YUYCHUIO U3MCHCHUS
CTPYKTYPBI U COCTOAHUA TBEPJAbIX YaCTHUIL YIJIEpO/J1a MoKa3aiu,
YTO MPH HArpeBe B YACTHUIIAX TBEPJIOTO yTriieposia HabmoaaeT-
csl TIpoliecC IEKTPOHHOI SMHUCCHH: pacIieIUIeHHe KPHUCTai-
JIMYECKOM PeIeTKH, KaK B IIOCKOCTH, TAK M B MEXKIUIOCKOCT-
HBIX PACCTOSIHUSX C CHJIBHBIM BBIICJICHUEM TTOTOKOB 3JIEKTPO-
Ha. [Ipn B3auMOJeHCTBUM C OKCHIaMH METaJUIOB BBIICIISIEMBIit
TIOTOK 3JIEKTPOHOB OXBAaTHIBAET HE TOUKY, a BCIO IIOBEPXHOCTh
CMEXKHO-PACIIOJIOKEHHBIX TBEPABIX YacTHI[ OKCHJIOB U OTpPHU-
LAaTeNIbHO 3apsDKaeT Tasu(UIMPYEeMblil KHCIOpPOA OKCHIOB,
KOTOPBI TIPU HarpeBe TAKKe HAaXOAUTCS B BO30YXKICHHOM
COCTOSIHUM. DTO SIBIIIETCS HA4YaJIoOM HeO6paTI/IMI)IX XUMHU4eC-
CKHX peakiuii. Takoe mpeacTaBlIieHUEe TECHO CBs3aHO ¢ (QyH-
JTAMEHTAJIbHOW OCHOBOH BCEX MAacCOOOMEHHBIX IPOILIECCOB —
JOHOPHO-aKIECTOPHBIM MEXaHU3MOM. MOHeKyHBI rops4ero
BoccTaHoBuTeabHOTO Taza — CO u Hp, sBiIsAoTCS ClabbiM
9JIEKTPOHHBIM JIOHOPOM, HO3TOMY 00JIaJIaf0T OTrpaHUYEHHBIM
BOCCTaHOBHTEJBHBIM MOTEHIIMANOM. TBepabIi yriepon, obia-
Jlasi CWIIbHBIM JJIEKTPOHHBIM ITOTEHIMAIOM, SIBIISIETCS aKTHB-
HBIM 3JIEKTPOHHBIM JIOHOPOM, CJIe[JOBaTelIbHO, OH 00JiajaeT
Oosiee BBHICOKMM BOCCTAHOBHUTEIBHBIM MNOTeHIMaioM. C mo-
BBIIICHUEM TEMIIEPATyphl YIJIEPOJ MOKET TOJBKO YBEIHYH-
BaTh HMHUCCHIO 3JIEKTPOHOB, YTO BECHMa IIOJIE3HO YCKOPSET
B3aMMOJICHCTBHE €T0 C OKCHAAMH METAIJIOB.

[TprHUMas BO BHIMaHHUE MEPEUNCICHHBIC BBIIC YHUKAb-
HbIE CBOMCTBa TBEPAOTO YIJepoja, AJis MOCIeayIoueil opra-
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HH3alUH W NPOBEIEHHS IKCIEPUMEHTAIBHBIX HCCIIEIOBAHUH
0 TIepepaboTKe MapraHIeBBIX OTXOJO0B OT O0OTAIeHHs Map-
ranneBblx pyn Jxesauackoro 'OKa Hamu BhIOpaHa HOBas
METOMKA IIPEABAPUTEIIHOTO MPUTOTOBICHUS LIMXTHI C HC-
MOJIB30BAaHUEM TBEPJOT0 YIiiepojia B KayeCTBE BOCCTAHOBHU-
TEJILHOTO peareHTa.

(I)I/IHaHCI/lI)OBaHPIe

HccnenoBanusi MpoBOJWINCH B paMKax T'PaHTOBOTO (M-
HaHcupoBaHuss Komurera Haykun MUHHCTEPCTBA HAyKH U
BhICIIEro oOpasoBanms PecryOmmkn Kazaxcran Ha 2023-2025
ro/ibl 10 NPHOPUTETHOMY HampasieHHio «I'eonorus, n00bua
U nepepaboTka MHHEPATbHOTO U YIJIEBOAOPOAHOIO CHIPHS,
HOBBIC MaTepHUalIbl, TEXHOJIOTUH, OE30MACHBIE M3EHs U KOH-
cTpykuum» npoekra AP19576391 «Pa3paboTka MHHOBAIHOH-
HOI TEXHOJIOTHH ITOJTy4YEHHUS HOBBIX CIUIABOB M3 HAKOIUICHHBIX
HEKOHIMIIMOHHBIX MHOTOKOMIIOHEHTHBIX XpOM-, MapraHel|
COJIepIKAIINX OTXO/IOB ¢ MprUMeHeHueM Big Datay.
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Kenai 0aiibITy1aH Mapranen KaJablKTapbl Heri3iHae UXTA
NAWbIHAAYIbI TAHAAY KIHE Heri3aey

E.E. Xonpgac6aiil, E.B. Taxues!”, A.O. Apreint, A.B. Kamnan?, I'.M. Koimmnal, H.K. JJocmyxamenos!

1Satbayev University, Azvamor, Kazaxcman
2Arvak JKILK, Pexosom, H3pauns
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Anaarna. MeTamTyprusuiblKk KOMOMHATTapAbIH ipi OalbITy adpukamapelHa, 3ayBITTapia MapraHeln KeHAepiH OalbITyjan
aNbIHFaH YJIKEH KeJIeMJAET1 KaJIbIKTap, AWCHEpPCTi Temip-, kemipreri Oap mmampap skuHakramyxa. JDxesmun KBK-temma
MIUIMOH/IaFaH TOHHA MapraHell KaJAbIKTapbl XMHaKTajdraH. KypamblHma MeTamn Oap ycak >KoHE JUCIEPCTI ©HEPKACINTIK
KaJIIBIKTap/Ibl OHJIEY JASCTYpPJl TEXHOJOTMAMEH JKy3ere achlpblla alMaipl. ATanfaH KaJAbIKTapAsl Oaranbl MeTanl
KOpBITIIaNapblHA KalTa OHIeyliH KaHa TeXHOJIOTHSCHIH 93ipJiey XKaHe eHJIIpY 0Te 03eKTi Macese OOJIBbI TaOblIa bl

Byn xymbicta Oonat neH QeppoKopsITHANapAsl OHIIPY/iH TEOPHSJIBIK TICLIAEpiHE CalbICTHIpMAaibl Tajjay HeTi3iHze
JIOCTYPIIl TEXHOJIOTHS MEH JXKaHa Wjesulap Heri3iHJe IMXTa JaibIHaayAbl TaHAAY JKOHE HEri3ley JKYpri3uimi. AJncopOuunsuIbIK-
ABTOKATAINTHKAJIBIK MEXaHU3MHIH TEOPMSUIBIK HEri3/iepiH KarTbl (a3asiblK peakuMsuiap TYPFBICBIHAH METall OHIIpIiCiH
YHBIMIACTBIPY TYPFBICBIHAH KaiiTa Kapayra O0NaThIH/IbIFbI KOPCETIIIeH.

«lncconmanusubIK-aCOPOIIMSUTBIK, - MEXaHU3MHIH» TEOPHSUIBIK HETi3Aepi KeNTipureH, MyHAa (EHOMEHOIOTHSIIBIK
KYOBUIBIC XHMUSUIBIK KOCBUIBICTAP/IbIH, COHBIH ILIIHJAE METaul OKCHATEPIHIH IUCCOLMALMSUIAHYBl CBHIPTKbI JKaFaaiiapra
KapaMacTaH OJIapAbIH XKEKe AJIEMEHTTEpJCH TY3UTyl CHSIKTBI OJlapFa TOH eKeHAiriHe OarbITTanraH. CBHIPTKBI (pakTOpIapAbIH
acepi, MbIcajibl, SHEPrusi (TeMIepaTypaHblH JKOFapbUIaybl) TEPMHUSUIBIK AMCCOLMALMSHBI TYABIPAIbl, Oy TUCCOLUALUSHBIH
0ap-)KOFBIH JoJIeNieMelli, OfTKeHI OJ1 DJIEMEHTTIH MakKcaTTbl TYpJe TOTHIKCHI3ZaHYbl HEMeCe XaHa KOCBUIBICTHIH Maiina
00JTyBI YIIIH KOCBIIBICTBIH TUCCOLMALMSUIAHYBIHBIH Oeirii Oip JopexeciH KopceTesi.
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Metanmn  OKCHUATEPIHIH JHCCOIMANMACH  OONIIEKTEePAiH KINIpeliHe KoHe TeMIIepaTypaHblH >KOFapblUlayblHA
MIPOTIOPIMOHAIIBI TYPAE KapKBIHABUIBIFE KepceTinreH. ucmeperi okenari matepuangap 950-1100°C temneparypana temipai
TOTBIKCBHI3JIAHABIPY apKbLIbI KATTH KOMIPTETIMEH METaJIaHIbIPbUTYbl MYMKIH €KSH/IIl aHBIKTAJIIBI.

Hezizzi co30ep: memip okcuoi, mapeaney OKCUOI, bICHbIK MOMbIKCHI30AHObIPbIUL 2A30ap, KOMIPMEK, Kammyl (Qa3anvik
peakyusiap, okcuomepoiy OUCCOYUaAyUsACyl, MeMnepamypa, Wuxma, ycax Kaioblkmap.

Bb100p 1 000cHOBaHME NMOATOTOBKH INUXThHI HA 0CHOBE MapraHleBbIX
OTXO0/10B OT 000TrameHust pya

E.E. Xonpac6aii!, E.B. Taxues!", A.O. Apreint, A.B. Karnan?, I'.M. Koitmunal, H.K. lTocmyxamenos?

1Satbayev University, Anmamot, Kazaxcman
2000 Arvak, Pexosom, Hzpauis
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AnHotanusi. Ha KpynHbIX oboratuTenbHbIX (paOpHKax METaUTyprHYecKHX KOMOWHATaX, 3aBOAAX HaKallJIHBaIOTCA OOJIb-
mue 00beMbl 0TXOJ0B OT 00OTallleHUs] MapraHLEBBIX Py, AUCIICPCHBIC JKeIe30-, yriepoacoaepskamue nuaMsl. Ha Jhxe3nun-
ckoM ['OKe HakomeHbl MUJJTHOHBI TOHH MapraHIEBbIX 0TX0A0B. [lepepaboTka MENKUX U AUCHEPCHBIX METAJUICOIEpKallUuX
MPOMBIIIJICHHBIX OTXOJOB HE MOXET OBITh OCYIIECTBICHA TPAAUIMOHHON TexHonorueil. Pa3paboTka u peanusanus HOBOI
TEXHOJIOTHH TI0 NepepaboTKe NMepeYrCIeHHBIX OTX0I0B B IICHHBIE METAJUINYECKUE CIUIaBBI MPECTABISIOT BEChbMa aKTYaJIbHYIO
npobiemy.

B Hacrodmeil paboTe Ha OCHOBaHUM CPAaBHUTEJILHOTO aHAIIN3a K TEOPETHYECKUM IIOX0aM IIPOU3BOJCTBA CTaNH U (eppo-
CIUIaBOB TPAAWIMOHHOW TEXHOJIOTHH M HOBBIX IPEJCTABICHHUH NMPOBEIEH BEIOOP M 000CHOBaHME MOATOTOBKH IIMXTHI. [Toka-
3aHO, YTO TEOPETHYECKHE OCHOBBI aJCOPOIMOHHO-aBTOKATAINTHIECKOTO MEXaHHW3Ma MOTYT OBITH MEPECMOTPEHBI C TOYKH
3pEHHUS OpraHU3alNH IPOU3BOICTBA METAJIOB C TOUKHU 3PCHMS TBEPIO(a3HBIX PEaKIHii.

[IpuBeneHbl TeOpeTHUECKHE OCHOBBI «/IMCCOIMAIIMOHHO-aICOPOIIIOHHOT0 MEXaHU3May, Iie (CHOMEHOIIOTHIECKOE SBIIC-
HHE C(POKYCHPOBAHO HA TOM, YTO JUCCOLIUALNS XUMUIECKIX COCMHEHNH, B TOM YHCIIC U OKCHIOB METAJIJIOB, IIPUCYINA UM TaK
e, Kak 00pa3oBaHME MX M3 OTJEIbHBIX AJIEMEHTOB HE3aBHCHMO OT BHEUIHHX ycioBuil. BosnelicTBne BHemrHnmx (akTopos,
HanpuMep, SHepruy (TMOBBIIICHNE TeMIEepaTyphl), BBI3BIBACT TEPMUYECKYIO JIHUCCOIHAIINIO, KOTOpasi HE CTOJBKO JOKA3bIBAeT,
CYIIECTBYET MJIM HET JUCCOLUANUS BOOOIIE, CKOJIBKO MOKA3bIBAET KOHKPETHYIO CTENEHb JUCCOLUALNN COCIUHEHUS AT Lieie-
HAaIpaBJIEHHOT'O BOCCTAHOBIIEHUS 3JIEMEHTA WK 00pa30BaHUsI HOBOTO COEANHEHHUS.

IToxaszaHo, 4TO AUCCOIMAIUS OKCHIOB METAJUIOB HHTEHCH(DHUINPYETCA MPONOPIIMOHATIHFHO YMEHBIIEHUIO Pa3MEPOB YacTHUI]
Y TIOBBIIICHUIO TEMIIEPaTypsl. Y CTAaHOBIEHO, YTO AWCIIEPCHBIE OKCHUIHBIE MAaTEpHabl MOTYT OBITh METAIIM3HUPOBAHBI TBEP-
JIbIM YTJIEPOAOM 3a CUET BOCCTAHOBJIEHUS JKeJle3a B npezenax remmeparypst 950-1100°C.

Knrwouegvie cnosa: oxcuo sceneza, okcud mapeanyd, opadue 60CCMAHOBUMENbHblE 2a3bl, Yenepoo, meepoogasnvie peax-
yuu, ouccoyuayus OKCUO08, memnepamypa, Wuxma, MeiKue omxooul.

Received: 05 January 2023

Accepted: 14 April 2023
Available online: 30 April 2023

19



Engineering Journal of Satbayev University

SATBAYEV
UNIVERSITY Volume 145 (2023), Issue 2, 20-24

https://doi.org/10.51301/ejsu.2023.i2.03

Study of the Fe-Si-Al-Ba system using the thermodynamic-
diagrammatic analyses method

B.S. Kelamanov'", O.V. Zayakin?, D.A. Yessengaliev?, Ye. Kobegen?, R.A. Adaybayeva!, A.Zh. Temirbekov?

tAktobe regional university named after K. Zhubanov, Axtobe, Kazakhstan
2Institute of Metallurgy, Ural Branch of the Russian Academy of Sciences, Yekaterinburg, Russia

*Corresponding author: Kelamanov-b@mail.ru

Abstract. The article presents the results of a study of the thermodynamic-diagram analysis of the Fe-Si-Al-Ba multicompo-
nent system, where, on the basis of thermodynamic data, the boundary ternary systems of the basic four-component Fe-Si-Al-Ba
system are constructed. As a result, it was determined that the system consists of 12 elementary tetrahedra. For each of the tetra-
hedra, analytical equations are determined, with the help of which it is possible to establish the location in the factor space of the
general system of the compositions of various metal melts with the calculation of their normative phase compositions. The cor-
rectness of the breakdown into elementary tetrahedra can be seen due to the volumes of the same tetrahedra, where the sum of
these volumes is equal to one (1.00000). The quasi-volumes in the system Fe-Si-Al-Ba, simulating the compositions of the
resulting metal products during the smelting of an alloy of ferrosilicoaluminum with barium in the process of reduction, have
been established. As a result, it turned out that the Fe-Si-Al-Ba system does not include ternary and quaternary compounds,
with the exception of interstitial solid solutions containing Fe-Si and Fe-Al phases doped with barium, as well as silicon-
barium-aluminum containing eutectic. In this case, the region of the composition of the alloy with a barium content of 8-10%
will be the most optimal. Further, with an increase in the concentration of barium in the alloy above 10%, it leads to the loss of
barium with atmospheric oxygen, and also leads to a violation of the melting process.

Keywords: barium, ferrosilicoaluminum, four-component system, thermodynamic-diagram analysis, quasi-volume, tetra-

hedra.

1. Introduction

The state diagrams of various systems contain valuable
information about the composition and structure of the pro-
posed smelting products and serve to obtain melts as close as
possible to the specified compositions and a certain tempera-
ture zone of the process, thereby predicting their properties
and methods of technological modes of production.

In modern scientific and applied metallurgy, an important
place is occupied by the study of the structure of liquid melts
obtained by pyrometallurgical processing of various raw
materials. As a rule, the initial raw material, whether it is an
ore or a concentrate, contains in its composition compounds
that are not stable in a liquid state, i.e. decaying into stable
constituent parts after overcoming their liquidus temperature.
The generally accepted thermodynamic studies of processes
in multicomponent systems are quite complex and require
the use of extensive mathematical calculations and are direct-
ly related to the need to determine the thermodynamic func-
tions of a large number of independent reactions. In many
ways, some data on the properties of substances necessary to
determine the Gibbs free energy of reactions are limited or
absent, which in such cases excludes the applicability of
thermodynamic analysis to study multicomponent systems.

Designed and developed in KhMI im. Zh. Abisheva,
thermodynamic diagram analysis (TDA) of complex sys-
tems, has established itself as the simplest and at the same
time accurate method for studying phase patterns in compari-

son with classical thermodynamic studies of metallurgy pro-
cesses. The effectiveness of the method, as an application to
metallurgical technology, is the ability to reveal the features
of the phase structure of the resulting melts in the process of
metallurgical processing of various raw materials. Based on
the results of such studies, phase composition diagrams are
constructed that allow one to trace phase metamorphism and
predict the final state of a single system that simulates the
composition of the melt under study.

2. Materials and methods

To study the production technology of ferrosilicoaluminum
with barium, as well as during deoxidation and partial alloying
of steel, it is necessary to know the thermodynamic parameters
of the components and the properties of the Fe-Si-Al-Ba system.

This article discusses the possibility of constructing a phase
structure diagram for the Ba-Fe-Al-Si system, simulating the
compositions of barium-based alloys using thermodynamic
diagram analysis. To carry out triangulation or breakdown of a
metallic system into phase triangles of coexisting phases, it is
necessary to determine the values of the Gibbs energy (AGags) of
all compounds formed between the components of the system.
Reference data on AGggg for some compounds of the system are
taken from [1-3]. However, AGags values are not available for
almost many compounds. The value of the standard Gibbs ener-
gy of any compound at any temperature can be determined

© 2023. B.S. Kelamanov, O.V. Zayakin, D.A. Yessengaliev, Ye. Kobegen, R.A. Adaybayeva, A.Zh. Temirbekov

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/4.0/
http://zhubanov.edu.kz/en
mailto:Kelamanov-b@mail.ru
https://vestnik.satbayev.university/index.php/journal/article/view/1134

B. Kelamanov et al. (2023). Engineering Journal of Satbayev University, 145(2), 20-24

using the well-known Gibbs-Helmholtz equation with known
and (the index T indicates the temperature dependence) [5]:
AG? = AH? —TAS? 1)

Since for many compounds of the system not only the val-
ues are not available, but also information about their heat
capacity in both solid and liquid states, the article posed the
problem of constructing a diagram of the phase structure of the
Fe-Si-Al-Ba system only at standard temperature (298 TO).
This also makes it possible to simulate the direction of reac-
tions for various combinations of components and compounds
in the Fe-Si-Al-Ba system.

The Hertz method was used to determine the S°s values
for compounds for which there are no data in reference books
[5, 6]. This method is based on the empirical formula estab-
lished by Hertz for elements and inorganic compounds:

Sggs =K, '(M/Cp,ZQS)Va -m @)

where, Kg - Hertz constant (20.5); M - molecular weight;
Cp,208 - molar heat capacity at 298 K; m is the number of atoms
in the compound.

Due to the fact that the Hertz method with a fixed value of
Kg = 20.5 does not allow obtaining high accuracy, the authors
of [5] improved it and found that there is a good relationship
between the average values of the Hertz constant (Kg) and the
molar mass (Ma) of the element, which is the role of the anion
in the compound:

2
x“-e*

(e -1)°
where, x - 42.4 [ Ma.

The calculation of the heat capacity of solids was carried out
according to the Debye theory. The method is based on quantum

K,=335- ®)

Table 2. Values of the Debye heat capacity, J/mol K

Ne n/e Qo/T C, Ne n/e Qo/T
1 2 3 4 5
1 0 24.94 26 25
2 0.1 24.94 27 26
3 0.2 24.89 28 2.7
4 0.3 24.85 29 28
5 04 24.77 30 29
6 05 24.64 31 3.0
7 0.6 24.52 32 3.1
8 0.7 24.35 33 3.2
9 0.8 24.18 34 3.3
10 0.9 24.02 35 3.4
11 1.0 23.76 36 35
12 1.1 23.51 37 3.6
13 1.2 23.22 38 3.7
14 1.3 22.97 39 3.8
15 14 22.68 40 3.9
16 15 22.38 41 4.0
17 1.6 22.05 42 41
18 1.7 21.71 43 4.2
19 1.8 21.34 44 4.3
20 1.9 20.96 45 44
21 2.0 20.58 46 45
22 21 20.21 47 4.6
23 2.2 19.83 48 4.7
24 2.3 19.46 49 4.8
25 24 19.04 50 4.9
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concepts of atomic vibrations in the crystal lattice of a solid. The
method provides a fairly accurate calculation of the heat capaci-
ty of simple solids. Its capabilities as applied to solid com-
pounds have hardly been studied, although the method for cal-
culating Cp of complex substances is well known [7].

The initial calculation data are the characteristic (Debye)
temperatures of the elements forming the compounds, as well as
the melting temperatures of the elements and compounds (Table
1). The characteristic temperatures of the QD elements are cur-
rently determined experimentally, so there is no need to calcu-
late them using the Lindemann formula. It is only necessary to
correct them for the test compound using the Koref formula:

Qb = Qo Tret / T

/
where, Tm and T are the melting points of the com-

pound and the element, respectively.

(4)

Table 1. Melting points (Tm) and characteristic temperatures
(QD) of substances in the crystalline state

Ne n/e Element Tm K Qo K
1. Ba 1000 424
2. Fe 1808 373
3. Al 933 390
4, Si 1700 689

Next, we calculate the argument of the Debye function
using the following formula:

C,=Qu/T ®)

After that, using the Debye function table, we find the
isobaric heat capacity of the elements (Table 2) and summing
them up according to the Neumann-Kop rule, determining
the isochoric heat capacity of the compound.

C, Ne n/e Qo/T Cy
6 7 8 9
18.58 51 5,0 9.20
18.16 52 5,2 8.62
17.74 53 54 8.12
17.32 54 5,6 7.61
16.90 55 5,8 7.11
16.51 56 6,0 6.61
16.07 57 6,2 6.19
15.65 58 6,4 5.77
15.27 59 6,6 5.44
14.85 60 6,8 5.10
14.43 61 7,0 4761
14.06 62 75 4.05
13.68 63 8,0 3.477
13.30 64 9,0 2.665
12.93 65 10 1.887
12.56 66 12 1.117
12.18 67 14 0.703
11.84 68 16 0.473
11.51 69 18 0.330
11.17 70 20 0.243
10.84 71 22 0.181
10.50 72 24 0.140
10.17 73 26 0.1096
9.83 74 28 0.0883
9.50 75 30 0.0720
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The next step is to convert the isochoric to isobaric heat
capacity, which can be done using the semi-empirical

Nernst-Lindemann formula:
C,=C,+0,0051-T ~C§/Tne, (6)

All the thermodynamic parameters of the compounds in
the Fe-Si-Al-Ba system obtained as a result of the calculation
are shown in Table 3.

Table 3. Results of calculation of thermodynamic parameters

Ne - AGggs AS;e8 Cpass
nle Connections kJ/mol J/mol
1 FeAl -53.333 65.98 47.41
2 Fe,Als -203.912 206.37 197.76
3 FeAls -114.51 121.57 100.14
4 FeAl, -78.2408 - -
5 FesAl -98.7 - -
6 FeSi -76.5798 46.024 48.53
7 FesSi -84.59 - -
8 FesSis -197.6396 209.62 199.6
9 FeSi, -73.2911 55.23 66.11
10 Fe,Si -82.887 104.01 72.06
11 BaSi -242.38 - -
12 BaSi, -258.68
13 BaAl -62.7

. Results and discussion

Diagram of the phase structure of the Fe-Si-Al system. The
Fe-Si-Al system (Figure 1) consists of three binary systems
Fe-Al, Fe-Si and Si-Al. There are 5 double compounds in the
Fe-Al system - FesAl, FesAls, FeAl, FeAly, FeAls. The Fe-Si
system also contains 5 binary compounds - FesSi, Fe;Si,
FesSis, FeSi, FeSiy, of which only FeSi is stable in the liquid
state. There are no double compounds in the Si-Al system.

Si
100

Fe T

2

FeAl; 70 FeAls 80

Figure 1. Fe-Si-Al system

In general, the Fe-Si-Al ternary system consists of three
simple elements and 10 double compounds. Triangulation of
the Fe-Si-Al system was carried out using the Hess law:

AGp =Y con - Y sou, (7

At a positive value of the Gibbs energy of the reaction,
the points corresponding to the initial compounds were con-
nected on the state diagram. At a negative value of the Gibbs
energy of the reaction, the reaction products were combined.
In this way, the triple system is divided into stable triangles
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of coexisting phases. Using this method, the Fe-Si-Al system
was divided into 11 stable triangles. Moreover, all compo-
nents of a single stable triangle do not interact with each
other. The areas of interest to us for the composition of the
FSA alloy with barium in relation to the Fe-Si-Al system will
be in the Si-FeAls-FeSi, and FeSi,-FeAls-FeSi phase regions.
This indicates that when the composition of the alloy falls
into the range of these compositions, the alloy will contain
free silicon.

Diagram of the phase structure of the Ba-Fe-Si system.
When triangulating the Ba-Fe-Si subsystem, 8 thermodynami-
cally stable triangles of coexisting phases were formed (Figure
2). In the Ba-Si binary system, the most stable compound is
BaSi, with a melting point of 1180°C. It is reported in [8, 9,
10] that the BaSi, compound has a rhombic lattice with the
following parameters: a =8.92 A; b =6.80 A; c = 11.58 A.

Si
100

a4

Figure 2. Ba-Fe-Si system

Thus, the Ba-Si system undoubtedly contains BaSi, com-
pounds (congruent melting Tm=1180°C - barium disilicide
and BaSi (incongruent melting Tm = 840°C - barium silicide.
The melting point of barium, according to sources [4] is
710°C, and sources - 725°C. The melting point of silicon (a -
quartz) Tmelt = 1690K, 1688K and 1685K.

Ba
100

Fe T T 1 T T T
40 FeAl 50 AL

Als

U
20 Feat!

T
30
Fey

Figure 3. Fe-Al-Ba system



B. Kelamanov et al. (2023). Engineering Journal of Satbayev University, 145(2), 20-24

Phase structure diagram of the Fe-Al-Ba system (Figure
3). This system contains three elements and 7 binary com-
pounds, and in the Fe-Al binary system, 5 double compounds
are known - FesAl, Fe,Als, FeAl, FeAl, and FeAls, and in the
Ba-Al binary system there are two compounds BaAl and
BaAl..

As a result of triangulation, the Fe-Al-Ba system was di-
vided into 8 stable coexisting phase triangles. On the Al-Ba
side, the most stable compound is BaAya.

Figure 4. Al-Si-Ba system

Diagram of the phase structure of the Al-Si-Ba system
(Figure 4). The system contains four double compounds -
BaSi, BaSi;, BaAl, BaA, there are no ternary compounds in
the system. This system is interesting from the standpoint of
determining the composition of the alloy at a constant iron
content of around 20%. Then, in the section at 20% iron,
when converted to the content of barium, aluminum and
silicon, an alloy with a content of 68% Si, 22% Al and 10%
Ba will be formed. This composition is in the Al-Si-BaSi;
region, which implies the precipitation of a free silicon phase
during crystallization. Aluminum will be in the composition
of the alloy in the form of a free phase, but possibly alloyed
with iron. This assumption was refined during the study of
the microcomponent composition of FSA and FSA alloys
with barium by the method of imprinting with a diamond
pyramid.

4, Conclusions

Thus, no ternary and quaternary compounds were found in
the Fe-Si-Al-Ba system, with the exception of interstitial solid

solutions containing Fe-Si and Fe-Al phases doped with bari-
um, as well as silicon-barium-aluminum containing eutectic.

In general, the macrostructure of the FSA alloy with bari-
um is represented by a highly porous surface. The main matrix
of the alloy is silicon, which is released in free form during
crystallization.

The most optimal is the region of the composition of the
alloy with a content of 8-10% barium. Exceeding the content
of barium over 10% will lead to its increased losses in the
form of oxidation by atmospheric oxygen - the pyroelectric
effect increases. In addition, the technological parameters of
the smelting of the FSA alloy with barium, when 10% of bari-
um in the alloy is exceeded, somewhat decrease. This is due to
an increase in the number of slag-forming compounds coming
together with barite ore and the possible transition of the
smelting process to the so-called slag mode, which disrupts
the normal operation of the furnace.
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JKYWECiHIH MIeKapaJiblK YINTIiK JKy#denepi canmbiHFaH. HoTmxkecinae xyiie 12 KapamalbM TeTpadapleH TYPaTBHIHIBIFBI
aHBIKTaNIBl. TeTpadaprepaid opKalChIChl YIUiH aHAJMTHKABIK TeHACYJIep aHbIKTalla b, OJIapIbIH KOMETiMEH dpTYpPJIi MeTal
OaJKpIMaJIapbIHBIH KYpaMIapbIHbIH KaJIlbl XKYHeCiHIH (aKTOPIBIK KEHICTIKTE OpHalacybIH, OJaplblH HOPMATHBTIK (ha3aliblk
KypaMJapblH eCenTey apKbUIbl OpHaTyFa 00J1a bl

KapanaiibiM TeTpasapiepre OeiyliH AYPHICTBHIFBIH COJI TETPAdPIIEPIiH KejeMiHe OailaHbICThl Kepyre Ooiaabl, MyHna
ochl keeMaepAiH KocbHabIck (1.00000) Oipiikke TeH.

ToTbIKCBI3AaHy YpaiciHAe (eppOCHINKOATIOMUHUN KOPBITIIACHIH OapuiiMeH OaJIKbITy Ke3iHAe TY3UIETiH MeTal
eHIMJepiHiH KypamblH MojaeipaciTiH Fe-Si-Al-Ba xyiiecinme kBasu keiemuep opHatburraH. Hortmxkecinme Fe-Si-Al-Ba
Kytieci Oapuitmen neripmenreH Fe-Si sxone Fe-Al ¢asamapel Gap KaTTel €HTi3y epiTiHAUIEpiH, COHIAW-aK KypambIHIA
IBTEKTHKA Oap KpeMHHU-Oapwii-aFOMUHHUHI KOCTIaFaHIa, YII JKOHE TOPT KOCBUIBICTApIbI KAMTHIMAUTHIHBI aHBIKTAIIBL. By
xKarmaiina Gapmii Memmepi §-10% OonaThIH KOPBITHAHBIH KYpPaMbl €H OHTAaWIBI Oosaabl. ©Opi Kapal, KOpbITHagarsl Oapuit
KOHICHTpauACHIHBbIH 10%-Fa >KoFapbUlaybIMEH ayaHbIH OTTETiMEH OapHiIiH KXOFalyblHAa, COHBIMEH KaTap OalKbITyIbIH
TEXHOJIOTHSIIBIK YPIICiHIH OY3bUTYBIHA OKETE .

Heezizei co30ep: bapuii, GeppocunukoamioMunull, mepm KOMNOHEHMMI JHCyle, MePMOOUHAMUKALBIK-OUASDAMMAIIbIK
manoay, Keasuvem, mempa’opayusi.
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AHHOTanus. B cTatee nmpuBeaeHs! pe3yabTaThl UCCICIOBAHUS TCPMOANHAMHYECKH-INArPaMMHOTO aHAJIN3a MHOTOKOMIIO-
HeHTHOH cucteMbl Fe-Si-Al-Ba, rie Ha 0CHOBE TepMOAWHAMHYECKHX JAHHBIX MOCTPOCHBI IPAHUYHBIC TPOWHBIC CHCTEMBI 0a-
30BOM YETHIPEXKOMITOHEHTHOU crcTeMbl Fe-Si-Al-Ba. B pe3ynbrare onpeaenuium, 4To CUCTEMa COCTOUT U3 12 31eMeHTapHbIX
TeTpa’ipoB. [l KaxI0ro U3 TeTPasApOB ONpEeICHbl aHATUTUYECKUE YPAaBHEHHS, C TOMOIIBI0 KOTOPBIX MOKHO YCTAHOBHUTH
MECTOPACIOI0KEeHNE B (PaKTOPHOM IIPOCTPAHCTBE OOIIEH CHCTEMBI COCTABbI PA3IMYHBIX METAIIIMYECKUX PACIIABOB C BBIUHMC-
JICHUEM MX HOPMATHBHBIX (Da30BBIX COCTABOB.

IIpaBHIBbHOCTH Pa30MBKU Ha 3JIEMEHTApHBIE TETPAdAPHI, MOXKHO YBUIETh 3a CUET 00BEMOB 3THX K€ TEeTPa’ApoB, IIe CyMMa
aTHX 00beMOB pasHa exunuie (1.00000).

VYcraHoBiIeHb! KBa3noObeMbl B cucteMe Fe-Si-Al-Ba, Monenupyromine coctaBbl 00pasyroIHUXCcsl METANIHYSCKUAX TIPOIYK-
TOB TIpH BHIIUIABKE CIUIaBa (peppOCHIMKOAIIOMHUHUS ¢ OapueM B Ipoliecce BOCCTAHOBJIEHHs. B pesymbrare BBISICHHIOCH, YTO
cuctema Fe-Si-Al-Ba He BKJIrOYaeT TpOWHbBIC W YETBEPHBIC COCAWHEHHMS, 38 MCKIIIOUYCHUEM TBEPIbIX PACTBOPOB BHEIPEHHS,
conepxamux ¢a3sl Fe-Si u Fe-Al nerupoBaHHBIX OapueM, a Takke KPeMHHUN-0apHii-aIFOMUHINA COJIEPKAITYIO ABTEKTHKY. [1pn
3TOM HauboJjee ONTHMAILHBIM OYAET SIBISTHCS 00J1acTh COCTaBa cIulaBa ¢ cojepxkanueM Oapus 8-10%. [lanee ¢ yBennueHreM
KOHIEHTpauy Gapust B cruiae cBbime 10% NpUBOAMT K HOTepe Oapus ¢ KMCIOPOJOM BO3/lyXa, a TAaKXKe IMPUBOIUT HapyIle-
HHIO TEXHOJIOTHYECKOTO IIpoIiecca IIaBKH.
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Abstract. This article provides information on the stability of the natural dam of Lake Kaiyndy in the study area. Lake
Kaiyndy is located in the middle part of the basin and is fed by melted snow and rainwater. The flow of water from the lake is
carried out by the surface. The lake belongs to the high category of mudflow hazard. During the technogenic development of
this territory, one should consider the negative impact of the additional load on the stability of the sides of the canyon and not
expand the development of the territory towards the river. In the event of a lake outburst, the road bridge of the village of
Zhalanash - the village of Saty, residential buildings and farmland of the village of Algabas and Zhanatalap of the Kegen dis-
trict, the village of Shelek, the village of Masak, the village of Baiseit, the village of Malybay, with. Zhanasharua of the
Enbekshikazakh district and the Bartogay reservoir of the Almaty region, road bridges, power lines. The total number of peo-
ple in the risk zone is more than 2-3 thousand people. Also, the Kuldzhinsky Trakt highways, the Western China-Western
Europe auto-ban, irrigation systems, the waterworks of the Kunaev BAC and other linear communications fall into the zone of
influence. Lake Kaiyndy is a place of mass visits by tourists and vacationers. In summer, the number of people at risk can
reach several hundred.

Keywords: stability, dam, melt water, wedging out, mudflow, emptying, channel, landslide, dammed lake, alluvial mudflow,

soils.

1. BBenenue

Ozepo KaifbiHael pacnoiiokeH Ha TpaBoil cTOpoHe Oac-
ceitna peku Illemexk Ha BeicoTe 1850 M (mmmHa-420 M, cp.
mmpuHa-110 m). O3epo muTaeTcs 3a CUET TasiHUS CHETOB M
MOCTYIJICHUS TAJIBIX CHETOBBIX BOJ. CTOK BOIBI IIPOM3BOAUT-
csl MOBepXHOCTHBIM myTeM. Potorpaduu o3epo KaibrHs!
MOKa3aHO Ha pUCyHKax 1.

B 1983 r. B pe3ynbTate KatacTpopuIecKOro OMopOoKHEHHUS
3aBaJbHOTO 03epa KalbIHIpl mpormén HaHOCOBOJHBINA Cellb,
KOTOPOW HAaHEC 3HAYMTENBbHBIH yHmepO XO3sHCTBEHHBIM 00b-
exTam [14].

B cityqae npopsiBa 03epa B 30Hy CEJIEBOTO PUCKA MMONAJAI0T
aBTOOPOXKHBIA MocT c.Kamanamr - c.Cartel, >XWible JoMa U
cenmbxo3yronus cena Anradac n Xanartaman Kerenckoro paiio-
Ha, c.lllemek, c.Macak, c. baiicent, c.Mansibaii, c.)Kanamapya
Enbexmmukazaxckoro paiiona u baproraiickoe BOIOXpaHIIIHIIE
AnMaTHHCKOH 007acTH, aBTOIOPOXKHBIE MOCTBI, JIMHUS 3JIEK-
Tporepenad. OOIee KOIMYECTBO HACENECHHS B 30HE PHCKA
Gonee 2-3 ThIcAY denoBeK. Taxke, B 30HY BO3IEHCTBHS IOTa-
JatoT aBToopory «KyibHKUHCKHIN TpakT, aBTOOaH 3aratHbIH
Kurait — 3anagnas EBpona, uppuraliioHHbIE CUCTEMBI, THIPO-
y3en bAKa um.KynaeBa u npyrue niHelHble KOMMYHUKALAH.

Bacceiin pexu lllenexk 3aHMMaeT IOro-BOCTOYHYIO 4acCTh
xpebra Nne Anatay M ceBepo-BOCTOYHYIO 4acTh XpeOra
Kynreit Anaray. Pexa umeer mnuny 245 kM, miomans Oac-
ceitna 4980 xm?. KimmMar 31ech pe3ko KOHTHHEHTAJBHBIN ¢

© 2023. M.M. Zapparov, M.K. Kasenov, E.S. Auelkhan, M.M. Alzhigitova, D.T. Turapbai

OOJIBIIMMH CYTOYHBIMHM M T'OJOBBIMH aMIUIUTYAaMH TeMIIe-
paTypsI BO3yXa.

Pexka Illenex GepeT cBoe Havaso y jenHuKa JKaHrapsik B
npenenax abcomoTHo otMeTkn 4300 M. BHU3 1o TeueHUIo
MPUHUMAET PsAJ MPUTOKOB. Pyciio peku yMepeHHO W3BUIIH-
CTOE, CI0KEHO BAIyHHBIMHM U TaJICYHUKOBBIMH T'PYHTaMH C
MecUyaHO-TPAaBUUHBIM 3aIlOJTHUTENEM. 37ech HaOII0AaroTCs
caMble 3HaYUTENIbHBIC OMACHBIC TCOJIOTHYECKHE TPOIECCH B
CpaBHEHHUH C 0JIN3 pacroioKEeHHBIMU OacceifHaMu pex.

Katactpoduaeckue 3emnerpsicenns 1887, 1 mroms 1889
(10 6amnoB, Ymmmkckoe) u 1911 TomoB ocTaBWiIM CBOM I'paH-
JIMO3HBIE CIIEbl B BUJE T'POMAJHBIX OINOJI3HEH M O0OBaJIOB.
Kotopsle co3nanu kpacuBeiiiue 3aBajlbHbIE 03€pa, IPErpaanB
ropHsle pexu. Ha Teppuropun ucciieryeMoro ygacTka B KOHIIE
XIX Beka IMpOM30LUIN psifi KPYNHBIX 3€MIIETPACEHUH, I0CIIE
KOTOPHIX Ha JaHHOH TEPPUTOPHH MOSBUINCH ONACHBIE 30HBI C
MOTEHIIHAJIBHBIM PUCKOM Pa3BUTHS OIIOJI3HEBBIX IPOIECCOB.

OCHOBHBIE TTApaMETPHI 3eMJICTPSICCHUS: SMUICHTPATIbHAS
30Ha 3eMJIETPSCEHHS OXBATHIBAET BOCTOYHBIE YAaCTH XpeOTOB
Wne u Kynreit Anatay u mpoctupaercs oT peku Mmu no
CeBEepO-BOCTOYHOTO Iodepexbst o3epa Mccwik-Kynb. [locne
3eMJICTpSICEHHSI 00pa30BAIUCH TPEUIMHBI, MHOI'O I'POMaJIHBIX
OCHITIeH 1 00BaJIOB B ropax M ymenbsix. 21 nions 1938 r. na
ycrbe pexu bonbmoit Kemun npounsomno Kemuno-Uyilickoe
KaTacTpo(uyeckoe 3eMJIETpSICEHHE B IOr0-3aMaJHBIX pano-
Hax 00JIaCTH OHO HPOSIBIISLIACE C CHIION 7-8 GayioB (B Anma-
THI 6 6AJUTOB).
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Pucynox 1. ®omomamepuanst 3a6a16H020 03epa «Kaitvinoory
Tocyoapcmeennozo  Hayuonanvbhozo  npupoonozo  napka
«Konwvcaiickue 03épan Anmamunckoit oonacmu (I, 1)

B nepuon 1o 1970 roma mocne 3TOro 3eMIeTpsCEHUs B
AMaTUHCKON 30HE HACTYMWIO CEHCMHYECKOE 3aTHIIbE, U C
1970 r. BHOBb aKkTUBU3UpOBanach AnmaTruHcKas 30Ha: Ca-
prikambrckoe 5 urons 1970 r. (B Kerenckom paiione — 1o
6 OamnoB), Topaiireipckoe 12 ¢espans 1975 r. (B Ywnnnk-
CKOM paiioHe - 110 6 0aIoB) U s APYTUX OLIYTHMBIX MOJI-
3eMHBIX TOTYKOB. 25 mMapTa 1978 . ¢ snuIeHTpoM B paiioHe
BOCTOYHOTO morpyxenust xpebra KyHreit Anaray npowuso-
muto JKanmanamickoe 3emuerpsicenue. [locine Kemuuckoit
katactpoder 1911 . aT0 KpynHeiimee B 31oi 30He. Cuia
cotpsicenus: B KereHckoMm paiioHe jpocturana 8 0aios, mpu-
HeCIIMH OrPOMHBIH MaTepHaIbHBIN yIepo.

12 HOs6pst 1990 T. 3amKcupoBaHO OYEpesHOE CHIIBHOE
3emileTpsiceHre B AIIMAaTUHCKOM 30HE - baiicopyHckoe 3eM-
nerpsicenue. Ero cuma B KerenckoM pailoHe nocturia 8
0ayoB. OTHUM 3eMIIETPSICEHHEM 3aBEpIIWIICS OYepeaHON
JTan aKTHBHU3ALUU CEHCMHUYECKON NEATEIbHOCTH Ha TeppH-
TOpUM AJIMATHHCKOW 30HBI. 30HBI PACTIPOCTPAHEHHS 3EMIIC-
TpsiceHUs] TIOKa3aHa Ha pucyHke 2. Ha yka3zaHHOH Kaprte
MOJKHO 3aMETUTh, YTO B IEPHOJ BbINICYKA3aHHOW BPEMEHHU
ceiicMuUeckasi akTHBHOCTB 0sin3 o3epa Kounbcail cocrasisiia
8-9 6amnoB. B cBs3u ¢ 3TMM, 00Pa30BAKCH OMOJ3HU U ITO-
TEHLUAJIbHBIE YIaCTKH 00BAJIOB U ONOJI3HEBBIX MPOIIECCOB.

O3zepo KaifbiHab! siBIsSIeTCS MECTOM MacCOBOTO TOcelle-
HUS TyPUCTOB U OTABIXAIOIIMX. B neTHee BpeMs 4ucio mro-
JIell B 30HE PUCKA MOXKET JOCTUraTh HECKOIBKO COTEH.

Pexa Kaiibinael siBasieTcst mpaBbIM IpuTokoM pexu Ille-
nek. JlmmHa peku coctaBmser 21 km. Ilmomans Gacceiina
OpMEHTHPOBOYHO 55 kMm% JleanukoB B OacceiiHe peku
Kalibinae! Her.
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Pucynok 2. Kapma-cxema cunbnolx 3emiempscenuil ¢ An-
MamuHcKoll oonacmu

Osepo KaifbiHABI pacroyiokeHO B cpeiHeil yactu Oac-
ceifHa u B 12 kM oT Mecta Bnagenus B pexy lllenek. [lo mpo-
prIBa o3epa 1983 roxa mapaMeTpsl 03epa COCTABIIIIN: JIMHA
720 metpoB, mupuna 150 MeTpoB, MakcUManbHas TiTyOuHA
31.6 metpa. O3epo mHUTaeTCs 3a CYCT MOCTYIUICHHUS TaJIbIX
CHETOBBIX U JOXKIEBHIX BoJ. CTOK BOABI M3 03€pa OCYIIECTB-
JSIeTCSl TOBEPXHOCTHBIM MyTeM. Pacxox BOABI HA MOMEHT
o0crenoBanus cocTaBisl opueHtupoouno 0.5-0.6 m%/c.
Temmepatypa Bo3myxa cocrasisuia 12°C [5].

Ilo pesynpraTam m3ydeHus: (HOHIOBOU JHUTEPATypHl U Jie-
MU(PPUPOBAHUS COBPEMEHHBIX KOCMOCHHMKOB YCTaHOBJICHO,
4yro Jgam0a, chopMupoBaBIIas 03€po, HMEET 3aBajbHO-
TEKTOHHYECKOE ITPOUCXOXKICHHE.

Pycno pexku ObLIO 3aBajieHO TPYHTaMH Teja OIOJ3HS-
MOTOKA (OMOJ3HA TEYEHHUS), aKTUBU3AIMIO KOTOPOTO CIPOBO-
nupoBasio Kemuuckoe 3emnetpsicenne cuiot 10...11 6amos,
nponsomenniee 11 suBaps 1911 r. Marantyzna 3emmuerpsce-
HUSI COCTaBMIIA ~ 8.

Omnos3HeBBIE MacChl COPBAIUCH C IIPU BOJOPA3AEIBHOM
JIMHUHX TTPaBOOEPEKHOTO MpHUTOKa peku KalbiHabl, nmeperopo-
JWJIM HE TOJNBKO pyciio pekn KaWbIHIBI, HO W CBOMM (ppoH-
TaJIbHBIM BaJIOM 3aKpPBUIN YCTHEBYIO YacTh pycia JIEBOOEpexk-
Horo npurtoka peku KaifsiHasl. B npenenax 30HbI epeKpBITHA
B IPUTOYHOM YIrelibe chopMHUPOBaIOCh emié aBa o3epa (Ma-
nbete Kaiisiampr) MeHbIiero macmraba (pucysku 3-4).

[ToBepXHOCTHOTO CTOKa W3 HWXKEIEKAaIIero o3epa Her.
Bona ¢uibTpyercs depe3 IpyHTHl €CTECTBEHHOTO 3aBana U
MO/I3EMHBIN CTOK (OPMHUPYETCsl B IOJIMHY peku KaibHpl.
OtmeyeH (akT, 4TO BIOJIL JIEBOrO OOpTa JOJMHBI DPEKH
Kaiibazpl, B peenax mpoJoJDKeHNsT OCEBOM JIMHUM TajlbBera
9TOr0 NPHUTOKA, 30H BHIKJIMHUBAHUS POJHUKOB HE BBIIBIIEHO,
TO €CTh (PHIIBTPYIOMIASICS BOJIa IUTAET HO/IPYCIIOBOM ITOTOK.

CoBpeMeHHbIE TpaBUTAMOHHBIE oOpasoBaHus (grQlV),
chopmupoBasiine 1am0y o3zepa KaibIHIbI, JTUTOIOTUYECKH
MPe/ICTaBICHBI TIPEUMMYIIECTBEHHO 1e0CHUCTHIMU TPYHTAMH
C MeCYaHO-CyIeCUaHbIM, PeXKe, CYTJIMHUCTHIM 3aIl0JHUTEIeM
B npezieniax ot 3.5 1o 35.6%, npu cpeanem 3Hadenun 15.9%.
Conepxanue b0 (ppakipu > 200 MM) M3MEHSETCS B Ipe-
nenax 0.6...28.9%, npu cpenaem 3HadeHnn 9.4%, npu 3ToM,
conepxanne TIbI0 pasmepom 300...500 MM u3MeHseTCs B
npegenax 0.6...15.2%, npu cpeanem 3HaueHuu 3.8%. Pa3-
MeleHre TIbI0 B 0011eil Macce TPYHTOB XaOTHYECKOE, 3aKO0-
HOMEPHOTI'0 paclpe/ieICHHs] HE BBISBICHO.
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Teno ononsua

Osepa Ha nesom
nowroxe

Pucynox 3. Ononzenv-nomok no npagomy 6opmy p. Kaitvinowt
Ha yuacmke pabom

Teno ononsu
O3epa na nesom

A

Pucynok 4. O3épa Manvie Kaitbtnovt no nesomy 6opmy pexu
Kaiivtnowvt na yuacmxke padom

I'pyHTHl moTHHBI 00BoAHEHHI ¢ riyouHbl 11 M. Koag-
¢unueHTsl GUIBTPALUK TPYHTOB (IO AaHHBIM HECKOJIBKUX
HaJMBOB M  OTKAa4YKM) M3MEHSIOTCA B Ipenenax
101...243 m/cyTku, pu cpenHeM 3HadeHun 147.7 M/CyTKH.

Bonnslif notok pexu KalibIHab! npy BEITEKaHUU U3 03€pa
HMeEeT JOBOJIBHO CIIOKOMHBIN XapakTep. YKIOH pycia 3/1eCh,
Ha TPOTSDKCHWH TIEPBBIX JECSATKOB METPOB, COCTaBISIET HE
6osiee 2...3° (wmm 0.039). B Hmxnem Obede (3a memexon-
HBIM MOCTOM) YKJIOH BO3pacTaeT 1o 5...7° U BOJHBII MMOTOK
npuobperaeT TypOyJIEHTHBIN XapakTep.

Pycno peku B mpenenax HEpBBIX JECSITKOB METPOB OT
03epa UMeeT LIMPHUHY OKOJIO 5...6 M, Ipu riryOuHe BOIHOTO
notoka B mpexaenax 0.1...0.3 M. B pycie peku ciioxuiachk
CaMOOTMOCTKa (BBICTHJIAHHME pycClia PeKH Haubosiee KPYIHbI-
MU (QpakusIMH JOHHBIX OTJIOKEHHH IIOA BO3AEHCTBHEM
TEYEHUs), COCTOAMIAas W3 CIA00OKATAaHHBIX TIBIO, MICOHS,
JIPECBBI U KPYITHOTO TTECKa.

Bopra ymensst Hibke 1aMOBI CIO0XKEHBI IIEOEHUCTHIMHA |
JPECBSIHBIMHU TPYHTaMH C BKJIIOYEHHEM TJbI0 10 25% u cy-
MeCYaHO-CYTJIMHUCTBIM 3allojIHUTeNeM B rpenenax 5...35%
(teno omom3HA-oTOKa, grQIV). KpyTHsHa 0TKOCOB M3MEHs-
ercs B mpenenax 20...75° mpu 3TOM TpaBbIii OOPT yIIENbs
Ha 2/3 BBICOTHI MEPEKPHIT OCHIISIMH, JIMTOJIOTHYECKHU Ipe]-
CTAaBICHHBIMU TAKXKE IIPEUMYIIECTBEHHO IMIEOEHUCTHIMU
TPYHTaMH C BKJIFOYEHHEM TTIBIO U C CyNEeCUYaHbIM 3aIIOJIHHUTE-
aem (puUCyHKH 5-6). Boublmas 4acTe OCHIIEH HAXOMWUTCS B
aKTHBHOW (ha3ze (OpPMHUpPOBaHMS M JMIIb OTHAENbHBIE (par-
MEHTBI TIOBEPXHOCTH OCHINEH MOKPHITHl TPaBIHUCTOW pacTH-
TENBHOCTBIO M MEJIKUM KyCTapHHKOM.

Opranuzanus TYpPUCTHYECKOTO Kilactepa BeaeTcs 0e3
ydyeTa OIOJ3HEBOH ONACHOCTH M PUCKAa CXO/a OMNOJ3HEH H
00BaJIOB, C TMO/PE3KOI CKIIOHOB, a Takke 0e3 ydyera 3HA4YM-
TENBHOM Harpy3KH U NMEPErpy3Ku CKIOHOB.

O3zepo sABISAECTCA TOYEUHBIM TYPUCTHUECKHM OOBEKTOM
BEChbMa YSI3BHMOIO XapakTepa Al KOTOPBIX HeoOxoauma
paccunTaHHas ¥ JO3UPOBAaHHAS HATPY3Ka.
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Pucynox 6. Jlegvtit 6opm ywienva ¢ nudicnem oveghe oamon

Teppuropusi 3acTpauBarOTCs XaOTUYHO, HAIJBIB TypHU-
CTOB OTPOMEH, OCOOEHHO B JIETHUH MEPHOA 3IECh COOPYyKa-
I0TCS COTHH IOPT WM IIATPOB, HE CUUTAsl YK€ BO3BEICHHBIX
KalUTaJIbHBIX COOPY)KEHHH, YTO HETaTHBHO CKAa3bIBACTCS HA
9KOJIOTUYECKOE COCTOSTHIE OOBEKTOB.

JIyisl IpaBHIIBHOTO HKOJIOTHYECKOTro Oe30macHoro (yHK-
IIMOHMpPOBaHUs 00bekTa o3epa KalbIHabl HEOOXOAMMO pa3-
paboTKa AeTasbHOM NporpaMmbl (pyHKIMOHHPOBAHMS STHX
00BEKTOB C NPUBJICUYCHHEM IIMPOKOTO KPYyra CHElHaIHCTOB
IO TEOJIOTHH, THIIPOTEOIOTHH, SKOJIOTHH, OHOJIOTHH, KIINMa-
TOJIOTHH U JIp.

2. MeToabl 1 MaTepHAaJIbI

O3epo OTHOCUTCSI K BBICOKOW KaTeTOpWUH CENeBOM omac-
Hoctu. IlepBblii TPOpPBIB  0O3€pa NPOM3OIIET B TOJ
oOpa3oBaHms 03epa c(HOPMHUPOBAB TPSI3EKAMEHHBIA CEIEBOM
MOTOK. YPOBeHb 03epa moHu3mwicsa Ha 28-30 meTpoB, 00beM

celst COCTaBIIUI OKOJIO 2.5 MitH. M2,
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16 wrons 1983 roma B pesynbraTe KatacTpopuueckoro
OTIOPO’KHEHHS 3aBaTBHOTO o3epa KaibsiHasl chopmupoBaics
HAHOCOBOJIHBIN CEllb, KOTOPBIM HAHEC 3HAYUTEIBHBIN yIIepO
XO3SIMCTBEHHBIM 00BeKTam [14].

YpoBeHb BOJBI B 03epe MOHU3MWICS Ha 9.8 MeTpoB, ObLIO
cpaboTaHO OPHEHTUPOBOYHO 640 ThiC.M> BOIKL

ITocne 1983 roga ypoBeHb MaKCHUMaJbHOTO HAMOJIHEHHUS
cocrtaBu oTMeTKy 185540 M. JluHUS MaKCUMAaIbHOTO
HAIIOJTHEHHSI OTYETIMBO 3a(UKCHPOBAHA HA CKAIBHBIX 00-
Ha)KEHHAX JIEBOTO Oepera o3epa B BepXHEH (FOXKHOH) ero
YacTH M Ha CTBOJIAX 3aTOIUICHHBIX JepeBheB. OTMETKa TOU
JTUHAN OBLTa ONpeneleHa B IPOIecce TOMOTpapUIeCKIX
n3bIcKaHu# B HOsIOpe 2021 rona.

CornacHo nanubIM [eorpadudaeckoro Obmectsa PK mo
pexe Kaiipiaas! B 2015 rogy nponuiy HaHOCOBOAHBIE CENHU, B
pe3yibTaTe KOTOPHIX OBLIA YaCTHYHO pa3pylicHa 3aBajbHAs
MepeMBbIYKa 03epa, ¥ er0 yPOBEHb OHU3WICS IIPUMEPHO Ha 2
MeTpa.

ITo pe3ynbrataM O0aTUMETPUYCCKON U TOHOTrpadhUUECKOM
CcheMOK Ha Host0pb mecsn 2021 roga o3epo KaibHIEI iMeeT
CIIEIYIOIINE TapaMeTPHI:

- oTMeTKa ypoBHs Boasl — 1853.40 m BC;

- IJI0MIaah 3epKaia — 46.6 TBIC.M?;

- 00peM o3epa — 496.0 TBHIC.MS;

- mmHa (¢ rora Ha ceep) — 400 wm;

- MakcuMasipHas mupuHa — 115 wm;

- MakcuMalibHas Ti1youHa — 20.5 m.

CornacHo maunbiM ['HIIIT «Kencaii kennepi» koneGanust
YPOBHS 03epa B IOCJIAHUE TOJbl OYEHh HE3HAYUTEILHO U HE
MPEBBIIIAIOT 32 CM.

[loBTOpHEIE pa3pylIeHUs 3aBajJbHOW MEPEMBIYKU C (POp-
MHPOBaHHEM CEJICBOTO IIOTOKA WM ITaBOJKa BO3MOXHEI B
CITydasix CHJIBHOTO 3eMJIETPSICEHHUs, 00Baja rpyHTa ¢ OOpTOB
Bpe3a, Cy(h(hO3MOHHBIX TPOILECCOB, a TAKXKE B pe3yibTare
MPOXOXK/ICHNSI BBICOKUX IMABOJKOB, MO PYCIY C OTCYTCTBYIO-
el eCTeCTBEHHOH CaMOOTMOCTKH ISl MPOITYCKa ITOBBIIICH-
HBIX PAcX0JI0B BOJIbI C MOMSATHON 3p03UeH.

YuuThiBasi BBICOKYIO CEHCMHUYECKYI0 M CEJIEBYIO OIlac-
HOCTh TeppuTopuu o3epa KalbeiHasl u amst obecrieueHus 6e3-
OMACHOCTH HACEJICHUS, OTIBIXAIOIINX W TYPUCTOB, XO3sii-
CTBYIOIIMX OOBEKTOB M JKMIIBIX JIOMOB, CUHTAaeM HEOOXOH-
MBIM CTPOHTENBCTBO 3AIIUTHOTO COOPYXXEHHS B 03epe
KalbIHmp1 0T IpOphIBa U TIEpeNTUBa BOJBI H3 03€pa.

HeoOxoamMo TipoBeCTH WH)XEHEPHO-TEOJIOTHYCCKUE U
THIPOTCOIOTHYCCKUE H3BICKAHUS Ul pa3pabOTKH IMPOCKTa
BOCCTaHOBJIEHUE O3€pa JO ECTECTBEHHBIX OTMETOK, CyIIe-
CTBOBaBIIMX IIOCJIE TPOXOXKACHUS celsi U mnaBogkoB 1983
roja.

CTpouTenhCTBO Ha 3aBajibHBbIC TIEpEMBbIUKE AaMOBI (TLI0-
THHBI) U3 TPYHTOBBIX MAaTEPHAIOB C HEOOXOIHUMBIM KOM-
TUIEKCOM COOPY>KEHUH W MEpONpHATHH, 00eCTeUHBAIOIINX
COBpPEMEHHBIE HOPMATHBHBIE TEXHHYECKUE, IKCILTyaTalllOH-
HBIE ¥ TPUPOIOOXPAHHbBIE XapaKTEpUCTHKH oObekTa. [locme
CTPOMTENIECTBA MPOCKTUPYEMOI TaMOBI Ha 3aBaJbHOM IIepe-
MBIYKE TI0 HAIIUM pacderaMm OylIeThb HMETh CIICAYIOIIHE
OCHOBHEIC ITAPaMETPHI:

- HITY — 1855.40 m BC;

- IIoIAb 3epKaia o3epa — 55.82 Teic.M?

- 06beM BoabI B 03epe — 600 03 Thic.M3;

- mrHa o3epa (¢ rora Ha ceep) — 495 m;

- MaKcUMaJlbHas mupuHa — 122 Mm;

- MaKcuMaJibHas riryonna — 22.5 wm;
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3. Pe3yabTaThl U 00Cy:KIeHHE

CoOcTBeHHO Teno AaMOBl HAXOIUTCSA B YCTOWYHBOM CO-
ctostHuu. IIpenBapuTenbHble pacyEThl 10 HECKONIBKUM XapaK-
TEpHBIM IOTIEpPEYHHKaM (B HI)KHEM U BEpXHEM Obede 1aMObI)
MOKa3ajiM, YTO KOI(PPHIHMEHT YCTOHYMBOCTH HM3MEHSETCS B
npenenax 1.16...1.65 (maxe 11 TPyHTOB B BOJIOHACHIIIICHHOM
cocrossHuM). TONBKO HAa OJHOM IIONEpEYHUKE (JIEBBIH OOPT
Bpe3a pyclia PeKH BBIIIE CTBOPA MPOSKTUPYEMO TUIOTHHBI Ha
12 wm, ucrox) ko3h¢ummeHT ycrorunBoctu okasaics 0.78 (u
TOJBKO /IS TPYHTA B BOJOHACHIIICHHOM COCTOSHHN).

YdauTeiBas BBICOTY OTKOCOB Ha 3TOM IIONEPEYHHKE
(3...7 M) 1 ypoBeHB MMOI3EMHBIX BOJ (BO/A U3 PeKH (PUiIbTpy-
eTcsl KPyTO BHH3 IO pa3pe3y Ha TiryouHy o 11 m), peanpHOM
OMACHOCTU BOJOHACHILICHUS TPYHTA HE Mpenronaraercs, a B
MPUPOJHOM CIIOKEHHH OTKOC MMEET KOI((PHIMEHT yCTOHYH-
BocTH 1.55.

BhIKITHHMBAHMS TIOA3EMHOTO MMOTOKA B HIDKHEM Obede He
BBIBIICHO HH B HU30BOM OTKOCE, HH B pyciie peku. O4eBUaHO,
MO/3EMHBIA TMOTOK C(OpPMUPOBANT (QHUIBTPALUOHHBIN YT
HIDKE pyCJia PeKH — IO/IPYCIIOBOI OTOK.

IToBepxHOCTH TaMOBI 33€PHOBaHA M MOKpPHITA KyCTapHHU-
KOBOW M JPEBECHOI PAaCTHTEIBHOCTBIO, UTO OJArONPHATHO
CKa3bIBaeTCs Ha €€ YCTOWYMBOCTH B HACTOSIIINI MOMEHT.

IMonsATHOM NOHHON 3PO3UM MO PYCIy PEKH HE BBISBIICHO.
YKIJIOHBI TI0 PyCITy PeKH Aake Ha Mepernde ero Hinke 1amObl
He mpeBbImaioT 5...7°. CaMO PYCIIO CIOKEHO BaTyHHBIMU
TPYHTaMH C TI€CYaHBIM 3aIlOJHUTENIEM, TO €CTh JOCTATOYHO
YCTOHYMBO K pa3MbIBY OOBIYHBIM IIOTOKOM.

BbIBOMIBI 10 YCTOMYMBOCTH JIEBOTO OOpTa JOJHHBI PEKH
KaiibiHas! HIDKE 03€epa.

1. Breicota oTKOCOB 3HaunTENBHA — 50 U O0JIee METPOB.

2. bopTa onMHbI peku CII0XKEHBI MIeOSHUCTHIMU U, PEXe,
IIBI00BBIME M JIPECBSHBIMH TPYHTaMH C  CYyIIE€CYaHO-
CYIJIMHHCTBIM 3arojHuTesieM. OTI0XKEHHS BBIIIEe 3PO3HOHHO-
ro Bpe3a peku KalibiHpl, He 0OBOJHEHBI 10 000MM GopTam.
OnHaKo y4YHTHIBAsK KPYTH3HY TIOBEPXHOCTH H BHICOTY OTKOCOB,
CKJIOHBI CYUMTAIOTCS HeycroitunBbiMU. Koadduimenrt ycroi-
9MBOCTH B cpegHeM coctaiger 0.805 B HmkHEH gacti Oop-
TOB.

3. IToBepxHOCTH TeJa APEBHETO OMNOJI3HSI MHTEHCUBHO 3a-
JieceHa 1o 00ouM O6opTaM JIOJMHBI PEKH C PAa3BUTHIM MOYBEH-
HO-PaCTUTEIBHBIM CJIOEM.

4. ITocTostHHAs TEXHOT€HHAS! HAarpy3Ka BBISIBJICHA TOJBKO B
paiiore 03&p Manbie KaibiHIBI (MIPEUMYIECTBEHHO aBTO-
TPAHCIIOPT), HO MPOSIBISIETCS OHA HA 3HAUUTEILHOM pPaccTos-
HHUHM OT y4acTKa MCCIJICJJOBaHUH (M OT IUIOTHHBI, U OT OPOBKH
GopTa ymienss, BEIPaOOTAaHHOTO B TeJe ONo3Hs peku Kaiibia-
1p1 — 6onee 100 m). OpHako, B MepCHEKTHBE, NP TEXHOTCH-
HOM OCBOCHHH 3TOW TEPPUTOPHH CIEAYET YIEeCTh HEraTHBHOE
BJIMSHHUE IOTOJHUTENFHONH HAarpy3KW Ha yCTOWYHBOCTH OOp-
TOB KaHBOHA M HE PACIIMPSATH OOYCTPOHCTBO TEPPUTOPUH B
CTOPOHY PEKH.

Pexomenmanuu:

1. HeoOxomuMo mpoBeneHHe WHXEHEPHO-TEOIOTrHIecKUe
W TUZPOTeO0JIOrnuecKre, reou3nyecKie ChbeMKH C MpUMEeHe-
HHEM Te0pafapoB Ul ONpeeeHHs YCTOWUYMBOCTH O3EpHOM
MIEPEMBIUKHY;

2. TlpoBomuTh peryispHble O0OCIEIOBAHHS COCTOSHUS
03€pHOM MepeMBIYKH, B TOM YHCJIE€ U KOMUCCHOHHBIE C IpH-
BJICYCHUEM CIICIIUATINCTOB M UCIIOIHUTEIBHBIX OPTaHOB.

3. OpraHu3oBaTh TPOIBI UL MEMIMX W KOHHBIX MapIupy-
TOB C yKa3zaTemsimMu. HenomyckaTs X0XkIeHNE 1 €31y Ha JIOIIa-
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JSIX BHE YCTaHOBJIEHHBIX MecT W Tpom. Jli1a cobmonenus ca-
HUTApHBIX HOPM M TIPaBWJI, BMECTO YOOPHBIX M CENTHKOB
OpraHU30BaTh BOJOIPOBOAHBIE U BOJOCTOUYHBIE CETH;

4. TIpoBecTn Hay4HO-HCCIIENOBATENBCKHE PAOOTHI 1O TIpe-
JOYTIPEXICHUIO IPOPHIBA 03€Pa U ONPEACIICHUIO CTEIEHH BO3-
JICHCTBUSI YEJIOBEUECKOH JICSITEIbHOCTH Ha 3KOCHUCTEMY 03€pa
KaliblHABI M MOHHMTOPUHIOBBIE PAOOTBI JUISI COCTABJICHHUS
TeHEepaJIbHOTO IUIaHa Pa3BUTHS TYPUCTHYECKOTO KilacTepa;

5. OpraHm3oBHIBaTE CE30HHBIC JIaTepHBIC THUMOMIAHHTH
TOJIBKO B BECEHHE-JIETHUI nepuos Huke ozepa KalblHIBI B
paiioHe Oepe30BOii porT.

7. BricTaBuTh WHPOPMANMOHHBIC ITUTHI IO COOTIOICHHUIO
TpeOOBaHUI MO TeXHHWKE OE30IIaCHOCTH W O Mepax IOBeJe-
HHS B TOPHOHM MECTHOCTH M Ha aKBaTOPHH 03€pa;

8. BricTaBuTh NpeaynpeKAaroye IIUThI Ha OMACHBIX
yyacTkax.

4. BLIBOADI

O3zepo KailbiHABI SIBISETCS MECTOM MacCOBOTO TOCelle-
HHSI MECTHBIX M 3apyOeXHBIX TYpHCTOB M OTIbIXaromux. B
JIETHEe BpeMs YUCIIO JIFOJICH B 30HE PHCKAa MOXET TOCTUTATh
HECKOJIBKHX THICSIY YETOBEK.

JI1 paBUIIBHOTO 3KOJOTHYECKOTO 0E30MacHOro (yHK-
UOHUPOBAaHHUS O0BekTa 03epo «KaWbHIB» HEOOXOIUMO
pa3paboTka JeTalmbHOM TPOTrpaMMBI  (PYHKIIOHHUPOBAHUS
STHX OOBEKTOB C NPHUBICYCHHUEM IIMPOKOTO KpyTa CIIeIra-
JIMCTOB II0 T€0JIOTHHU, THAPOT€OJIOTHH, YKOJIOTUH, OUOJIOTHH,
KJIIMMATOJIOT'UU U Jp.

[MTocne pa3paboOTKH JEeTaNbHON MPOrpaMMbl HEOOXOAUMO
NPE/UIOKUTh PAlMOHATBHBIA TpaduK MocelieHnss 00bEKTOB
TYPUCTUYCCKUMU TrpynrnaMd MU OTACIbHBIMU TypUCTaMU B
9KOJIOTHYECKH TO3UPOBAHHOM (hopmare.

JoctaBKky Ha o3epa CIEIHUANBHBIM TPAaHCIIOPTOM JIJIS
MPOBENCHU SKCKYPCHUH PEKOMEHAyeMasi JHEBHAs Harpyska
Ha MOCEeLeHUe 03ep He AO0KHA mnpesbimath 250-300 vemno-
BEK B CYTKH.

B cmygae mpopsiBa o3epa B 30HY CEJIEBOTO PHCKa MOIa-
JIAIOT aBTOJOPOXHBINM MocT c.)Kamanam - c.CaTbl, >KHUIIbIE
JIoMa U CeNbX03yronps, cena Anradac u XXanaraman Keren-
ckoro paiiona, c.lllenek, c.Macak, c.baiiceut, c.Manbibaii,
c.)Kanamapya EnGeximka3axckoro paioHa, a Takxe bapro-
raiickoe BOJOXpaHWIHIIE AJMaTHHCKON o0jacTu, aBTOIO-
POXKHBIE MOCTBI, JIMHUM 3JeKTponepenad. OOuiee konnye-

CTBO HACeJICHHs B 30HE pUcKa Ooyiee 2-3 THICSY YEJIOBEK.
Takke, B 30Hy BO3AEHCTBHA NONAAa0T aBToHOporu «Kyib-
JOKUHCKHH TpakT», aBToOaH «3amannbiii Kutait — 3anangnas
EBpoma», wuppuranuonHsle cuctembl, ruuapoysen baKa
nMm.KyHaeBa u 1pyrue nnHelHble KOMMYHUKAIIHH.
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KalbIHABI KOJIHEH anaTThl Cy arbi3yFa apHaJjraH KaubIHabl KeJti
O0accelHiHIH THAPOreo0JIOTUsIIbIK, MHKEHEPJIIK-Te0JOTHSJIbIK KOHE
TUIPOJIOTHSJIBIK PEKUMIH 3epPTTey

M.M. 3ammapos?, M.K. Kacenos?, E.C. Ayenxan!, M.M. Anpxurutosa®”, JI.T. Typan6aii*

1Satbayev University, Anmamol, Kazaxcman
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Anparna. by makanana 3eprrenetin yyackeneri KaibIHabI kelliHiH TaOUFU 0OTreTiHIH TYPAKTBUIBIFBI TYPAIbl MAIIIMETTEP
kenripinred. KaiibiHasl keuti OacceiiHHIH OpTaHFBl OONIriHIE OPHANACKAH JKOHE €pireH Kap MEH jKaHOBIP CyJIapbIHBIH TYCYiHE
OaiinanpIcThl KOpekTeHeal. KemieH cy aFbIHBI JKep YCTi apKbUIBI XKY3ere achlpbliajpl. Keu cen KayinTi >Korapbl caHaThIHA JKa-
Tajbl. Byl aymMakThl TeXHOTEHIK Urepy Ke3iHje KOChIMINA KYKTeMEHIH KaHbOH OYHipiepiHiH TYpaKThUIBIFbIHA TEPIC 9cepiH
€CKepill, ayMaKThl ©3¢Hre Kapai »aiinacTeIpyasl KeHelrney kepek. Ken arburraH xarnmaiina cen Kaymi aiimarbina JKananai-
Catbl aybUIbl apachIHIarbl aBTOXXO0J Keripi, Keren aynanel Anrabac sxoHe JKanatanan aybuinapbinblH, 1llenex aybUIbIHBIH,
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Macak aybUIBIHBIH, balicediT aybuTbiHBIH, Manbsi0aii aybuTeIHBIH, AMMaThl 00bIckl EHOCKITIKa3ak aynansl JKaHamapya aybl-
JIBIHBIH TYPFBIH YHIEpi )KoHE aybul MapyanlbUIbIK aJKaTapsl )koHe bapTorail cy KoiMachl, aneKTp skemiiepi Tycexni. Toyeken
afiMarbIHAAFbl XaJIBIKTBIH JKalIbl caHbl 2-3 MbIHHAH acaabl. CoHnal-ak, Kayin aiiMarbiHa «Kyika TpakTici» aBTOKOJIApH,
Batsic KpiTaii-batsic Eypona aBTobansl, cyapy xyitenepi, [I.Konaes areinaarst BAK cy TopaObl jkoHe Oacka ek KOMMY-
HUKanusuiap Kiperi. KalblHIbBI KeJli TypucTep MeH JeMalyllbUIapAblH jkamnmail OapaTblH opHBI Ooybln TaObutansl. JKasznma
KayinTi aiiMakTarsl aqaMaap caHbl OipHeIIe Xy3re KeTyl MYMKIH.

Hezizzi co30ep: mypaxmuinvik, 6ozem, epicen cy, wioy, ceil, agvl3y, apHd, KOWKiH, 6ozemmenzen Ko, dalmosuanobl cel,
monwvipak.

N3ydyeHue rugporeos0rn4eCKOro, HH:;KEHEPHO-re0JIOru4ecKoro u
THAPOJIOTHYECKOro pe:kuMa dacceiina 03epo KalbIHABI 1J151 aBapUITHOTO
BogocOpoca ¢ o3epa KailbIHABI
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AnHoTauus. B 1aHHO cTaThe MPUBOANTCS CBEACHUS 0 YCTOMYMBOCTH €CTECTBEHHON AaMOBI 03epbl KallbIHIBI Ha Mccie-
nyemoM ydactke. O3epo KaltbIHABI pacnonoxkeHo B cpeqHel yacTu OacceliHa M MUTAeTCs 3a CYET IMOCTYIUICHHUS TalbIX CHEro-
BBIX M JOXKAEBHIX BOJ. CTOK BOXIBI U3 03€pa OCYIIECTBISIETCS MTOBEPXHOCTHBIM ITyTeM. O3epo OTHOCHUTCS K BEICOKOW KaTerOpUH
CEJIeBO OMacHOCTH. [Ipn TEXHOTEHHOM OCBOCHHH STOW TEPPUTOPHH CIIEAYET yUeCTh HETATHBHOE BIUSHHE JOTOITHUTEIBEHON
Harpy3Kd Ha yCTOWIMBOCTH OOPTOB KaHBOHA U HE PaCIIUPATH 00yCTPOHCTBO TEPPUTOPHH B CTOPOHY peKu. B ciaydae mpopriBa
03epa B 30HY CEJICBOTO PHCKa MOMAJal0T aBTOAOPOXKHBIA MocT ¢. XKamanamr - ¢. Catbl, XKUJIble OMa U CEIbX03YTOAUS cella
Aurabac u YKanaranan Kerenckoro pationa, c.lllenek, c. Macak, c. Baiiceur, c. Mansi6aii, ¢. )Kanamapya EnOekiinka3zaxcko-
ro paiiona u baproraiickoe BomoxpaHuiauiie AJMaTHHCKOW oOyiacTh, aBTONOpokHBIE MocThl, JIDII. OOmee Koiau4ecTBo,
HaCeJIeHHsI B 30HE pucka Oojee 2-3 ThICAY 4eloBeK. Taxke, B 30HY BO3JEHCTBHUS MOMAAarOT aBTOAOPOTH «KyibHKHUHCKII
TpakT», aBTo0aH 3amanueiii Kutait — 3anannas EBpomna, uppuranuonusie cuctemsl, ruapoysen bAKa nm.Kynaesa u apyrue
nuHeHble KoMMyHuKanud. O3epo KallbiHabl SBISETCS MECTOM MAacCOBOTO MOCEHIEHHs] TYPUCTOB M OTABIXAOIMUX. B neTHee
BpPEMSI YHCJIIO JTIOICH B 30HE PUCKA MOXKET JJOCTUTATh HECKOJIBKO COTEH.

Knroueevie cnosa: ycmoiiuugocms, niomuna, manvle 800bl, 8bIKIUHUBAHUE, CElb, ONOPOJICHEHUE, PYCI0,0N0I3eHb, 3A68db-
HbllOe 03eP0, HAHOCOBOOHDI Cellb, 2PYHMAbL.
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On the use of the finite element method in the study of the stress-strain
state of the contour of the Annie Cave on Mount Arsia
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Abstract. People who have visited the surface of Mars for the first time cannot survive in conditions of such dangers as ra-
diation, micrometeorites and dust storms. But we offer the caves found on this Mars as a way to use them as a natural refuge
from these environmental hazards. The gravitational field on the surface of Mars is about three times weaker than on Earth,
and the magnetic field is too weak. Therefore, creatures that have left Earth, including humans, can live on the surface of Mars
for only 30-40 seconds. Even the most powerful spacesuit can save a person's life for just a few hours. Martian caves weaken
solar radiation almost three times and do not let it inside. Therefore, the study of Martian caves, conducting scientifically based
research to make them the first habitat, is an urgent problem today. Therefore, it is advantageous to use the mountain caves of
Mars as an underground habitat. Since atmospheric protection is minimal at high altitudes, scientific studies of the strength and
stability of the inner edges to Martian gravity are carried out to turn these caves into living quarters, such as mines, tunnels.
Under the influence of various forces (gravitational, temperature, low-current, tectonic, etc.) of such structures on Mars, a

mechanical and mathematical model is being developed to study the strength of cave dwellings, habitats.
Keywords: Mars, rover, cave, soil, threshold element method, deformed state under stress.

1. BBenenue

Mpu1 3HAacM, 4YTO HallW NEPBLIC NPECAKH IMOABUINCH Ha
3eMile JIBa MIJIJIMOHA JIET Ha3aj. VccienoBaHue apXeosioroB
MOKA3aJI0, YTO APEBHHUE JIFOIM YKPHIBAINCH B rnemepax. On-
HAaKo TIelIepa UCIIOIb30BAJIACh HE TOJIBKO ISl YKPBITUS, HO U
JUISL 3alUTHl OT BHEIIHEH Cpeabl, B YaCTHOCTH, OT BETPa,
JOX[Sl M CHETa, a TaKkXkKe IMPH HEOOXOANMOCTH ISl YKPBITHSA
OT XUIIHUKOB 1 Bparos.

IlomuTuka OCBOEHUS W HPAMOM KoJoHu3auuu Mapca
HacuuThiBaeT Oosiee 10 ser. ['aBoil HeOOJBIION yacTHOM
TOJUTaHJICKOH opranm3anuu Mars One, BRICTYNUBIIEH ¢ uaeel
ocBoeHHUsI Mapca, B3sBIIeH Ha cebd peanuzammio, cran bac
Jlancnopn. Cornacuo mmany Mars One, TOpOXKHBIN OUTIET Jyist
TeX, KTo coOupaercsi Ha Mapc, OyJeT IpojaBaThesl TOJIBKO B
OJJTHOM HallpaBJICHUH. buiieT Ha BO3BpalleHne Ha 3eMITIO TIOKa
He npeaycMoTpeH. Tem He MeHee, KOJIMYECTBO IOCETUTEINCH
npesbiciiio 2000 uenoBek. Ognako 15 auBaps 2019 rona stor
HPOEKT ObUT IPHOCTAHOBJICH B CBSI3H C NPHHITHEM pPEILCHUS
cyza 0 GaHKpOTCTBE KOMMEPUYECKOI KOMIIaHHH.

B nacrosmee Bpems HaJ 3TUM MIPOEKTOM pabOTaeT pyKo-
BOAWTENh YaCTHOM KOCcMHUYeckod kommaHuu SpaceX Wion
Mack. IlooGemaB 1ocTaBUTh MEPBBIX XKHUTENeH Ha Mapc K
2030 roay, OH MOJENWICS IUIAHOM CTPOHUTEIHCTBA IEPBOTO
MapcuaHcKoro ropoja. KommdecTBO NepBHIX ITOCEUNICHHH
cocrasisieT 200 uenosek. buner Toabko B 0JHY CTOPOHY.

Ha noBepxHocT Mapca HEBO3MOXHO BBDKUTB B YCIIOBH-
X TaKUX OIACHOCTEH, KaK pajuanus, MHKPOMETEOPUTHI U
nbulbHBIE Oypu. Ho Temeps mnemeps, oOHapy)XeHHbIE Ha
Mapce, miaHupyeTcsi HCIOJIB30BaTh B KauyecTBE E€CTECTBEH-
HOTO yOEXHIIla OT 3THX 3KOJIOTHYECKHX OonacHocTel. I 'paBu-

© 2023. R.B. Baymakhan, A.N. Muta, A. Tileikhan, K.C. Kozhogulov

TAI[OHHOE T10JIe Ha IOBEpPXHOCTH Mapca NpUMEpHO B TpHU
pa3a ciabee, yeM Ha 3emiie, & MarHUTHOE IOJIE CIMIIKOM
cinaboe. CyIiecTBa, MOKMHYBIIHE 3€MIII0, B TOM YHCIIE JFOJIH,
MOT'YT >KMTh Ha noBepxHocTH Mapca Bcero 30-40 cexyHn.
Jlaxxe camblii MOIIHBIA cKadaHApP MOXKET CIACTH JKHU3HB
4eJIoBeKa BCEr0 Ha HECKOJIBKO 4acoB. MapchaHCKue neniepsl
MOYTH BTPOE OCJIAOJAIOT COJMHEYHYIO PaJMalvio U HE IIPo-
MyCKAaIOT €€ BHYTPb. M3y4eHne MapCcHaHCKUX Teliep, IpoBe-
JIEHUE Hay4YHO OOOCHOBAHHBIX HCCJEIOBaHUM, YTOOBI Cle-
JaTh MX TEepBOM cperoil OOWTaHUS, SBISIETCS aKTyaJbHOU
npobaemoii ceromns [1].

2. Mapcoxoabl 1 mocajgouHbie MoayJim Ha Mapce

Ha Mapce B Hactosiiiee Bpems paboTaroT 3 Mapcoxoja:
Curiosity, Perseverance u Zhurong (prucyHko la, B, r). KpacHas
TUIaHeTa MPUBJIEKATENbHA 10 MHOTUM NPHYMHAM: €€ HCTOPHUS
MOX0’Ka Ha UCTOPUIO 3eMIIM: TpaBUTalUs Ha Mapce cocTaBiis-
et 38% 3eMiH, YTO TOCTATOYHO JUIS aJalTal|H JI0AeH U HMe-
T 3alUTHYIO aTMOoc(epy, axe eCII OHa TOHKasL.

IIpexne yem oTnpaBuThCs HA Mapc, Mbl TOJIKHBI 3HATh,
9TO HYXXHO, YTOOBI pa3OUTh JIareph M MPOXKHUTH TaM JOJITOe
BpeMs. UToOBI coOpaTh 3Ty HMH(GPOPMANHIO, aCTPOHOMBI OT-
MPaBUIM MapCOXOIBI, MOCAAKN U OPOHUTHI, KOTOPHIE CKaHH-
pytoT atmochepy Mapca. OHM COOMpPAIOT U aHATM3UPYIOT
MOBEPXHOCTHBI MaTepuan Mapca, 9ToO0bl O0BEIUHUTH €ro
MPOILLIOE, a TAKIKE €ro NOTEHIMAN JUIs )KU3HU U BBDKUBAHMUSL.

Iockonbky cBs3b Mexxay Mapcom u 3emiieil 3aHuMaeT oT
4 no 20 MHMHYT, Y4€HBIM NPHIUIOCH BHEJIPUTH MCKYCCTBEH-
HBIIl MHTEJJIEKT B ATUX POOOTOB, YTOOBI 4yBCTBOBATH IIpe-
MATCTBUSA U MJIABHO NEPEMENIATHCS 110 MECTHOCTH.

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



http://creativecommons.org/licenses/by/4.0/
mailto:mutita@mail.ru
https://vestnik.satbayev.university/index.php/journal/article/view/1189

R. Baymakhan et al. (2023). Engineering Journal of Satbayev University, 145(2), 31-36

1.
Xyooscecmeennan konuenyusn Curiosity, Komopas cmpensaem

Pucynok a) Mapcoxoo HACA  Curiosity, 0)
nazepom 6 mapcuanckuit Kamems, 6) Mapcoxoo HACA
Perseverance, 2) Mapcoxoo Zhurong c nocadounvim mooynem.
Hcemounux:https://www.nasa.gov/mission_pages/msl/images/index.

html

Jagaiite yriyOumcsi B TEKyLIMe€ MHUCCUU IO HCCIENO0Ba-
HHUIO Mapca, a Taoke B IpeAbLAYIIHe MapCOXOAbI, KOTOPBIE
npu3eMininch Ha KpacHoit nanere.

Curiosity - 310 Mapcoxon pa3MepoM ¢ aBTOMOOWIIb, KO-
TOpBIi Ob1T 3amymieH co craHimu BBC na mbice KanaBepan
26 Hos0pst 2011 roma m mpmuzemsmiicst Ha Mapce 6 aBrycra
2012 rona.

OcHoBHO# npuunHO# otnpasku Curiosity Ha Mapc 05110
MOHMMaHWe TMOTeHIMajda MUKpPOOHO# xu3Hu Mapca. C mo-
BEpXHOCTH Mapca ObLIM OTHpaBIICHbl PHIXJbIE MOYBHI U
Oypu, MapcHaHCKHE MOPOJHBI, IS aHalu3a UX CTPYKTYPHI U
cocraBa. IIpsimoyrosbHasi «rojioBa» Curiosity-sto masep
Curiosity, KOTOpbIN OH HAYYHUIICS HCIIOJIH30BATH ABTOHOMHO.
Cam BbIOUpaET KaMeHb, CTPEIISIET OCTPHIM JIa3epOM M aHaIH-
3MpYeT NOJIy4eHHbIH nap (pucyHok 10).

Curiosity oOHapyxwmi, uTo 3.5 MHUIIHapna JieT Haszaj B
Kkparepe ['eiiyia Mora cymiecTBoBaTh )XHU3Hb, Koraa Ha Kpac-
HOH TutaHeTe ObuIa OoJiee IUIOTHAst aTMocdepa, YeM CEerOIHs.
Mapcoxo]1 Takke 0OHApy>KHJI, YTO OCTATKH JPEBHETO 03epa,
M3BECTHOTO Kak Memioynaiid-boii, He GbUIM CITMIIKOM KHC-
JIBIMH WJTH CITUIIIKOM COJIEHBIMH [2].

Uro Curiosity eiie He 00HAPYKHWII, TAK 3TO OOHIINE MeTa-
Ha. Ho Mapcoxon mepexui mbuIbHYyI0 Oypro, KOTOpast 0XBa-
THJIa BCIO TUIAHETy W yYMEHBINMIA KOJMYECTBO COJHEYHOIO
cBeta Ha 97%, mMO3TOMYy eCTh emle OONbIINe HaIeKIbl Ha
MHOXECTBO OTKPBITUH.

Iocnennum mapcoxogom HACA B MapcuaHcKOM MHpe
sBisieTcss Mapcoxon Perseverance, 3amymieHHbllt 30 uroiis
2020 ronma u npusemimBLIMiics Ha Mapc 18 ¢espans 2021
roja.

ITouck mpu3HakoB NpoULION >KU3HU Ha Mapce, a Takxke
ckaHupoBaHue KpacHoil niuaHeTsl Ha MpeaMeT NPUTOAHOCTU
JUTS JKW3HU JIIoAel OBIITM OCHOBHOM IENBI0O MHCCHH Mapco-
xona. lng mocTmxeHus 3Toi nenu Perseverance tectupyer
CBOIO CIIOCOOHOCTH JOOBIBATH KHCIOPOI W3 MapCHaHCKOMH
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aTMoc(epbl ¥ HaXOJWUTh MOTEHIHAIbHBIC OOJIACTH TOJ3EM-
HBIX BOJ [UIs OyJyIINX YEI0BEUECKUX SKCIIECTUIIHH.

XoTsi BaXHBIX HAy4YHBIX OTKPBITHH  Mapcoxoja
Perseverance eme HeT, Mapcoxoj] 3amucan 16-MUHYTHBIN
3BYK ABIKeHHS Mapca.

22 mas 2021 roga Mapcoxoj «Zhurong» mpu3eMimics Ha
noBepxHocTd Mapca (paBHMHAa YTomus). JTO mepBas
ycnemHass muccuss Kutas Ha Mape. Mapcoxonl ocHalleH
KOMIUIEKTOM OOOpYZOBAaHUS UL M3YYEHHS COCTaBa MOBEPX-
Hoctu KpacHoil minaHeTsl, €€ MarHUTHOIO IOJIs, F€0JOruye-
CKHX OCOOCHHOCTEH, a TAaK)Ke paclpeleNeHus JIeASTHOW BO-
nmel. Kopoue roBops, mapcoxon Zhurong meITaeTcs y3HATh
Oonpme o TOM, Kak Mapc BEITIIAAEN pasbmie. Zhurong
OCHAIICH J1a3epOM, KOTOPBIH CXKHraeT OJHM3JeKaliie KaMHH
JUIS OLIEHKU XUMHUYECKOr0 COCTaBa.

B T0 Bpems kak mpeablnylye Muccuu Ha Mapc nzydanu
0COOCHHOCTH IOBEPXHOCTH Mapca, MOCaJo4YHbIi MOIYJNb
HACA Insight npoBen «epBoe TIaTeIbHOE 00CIeI0BAHHE)»
C MOMEHTa €ro MosBICHHs Ha IulaHeTe (PHCYHOK 2). 3amy-
meHHbd 5 Mas 2018 roga u npusemnuBImiicss Ha Mapce 26
HOS0ps TOTO ke roaa, InSight He MpoaHamM3upoBan 0OpasIBl
TpyHTa, a BHUMATEJIFHO MOCMOTpeN Ha Mapc — ero kopy,
SOPO U MAaHTHIO.

Pucynox 2. Ilocadounwiii moodyns
nosepxnocmu Mapca. Hemounux: https://mars.nasa.gov/insight/

HACA InSight na

InSight Taxxe OTCIIEXHMBaN TEKTOHUYECKYIO aKTHBHOCTH
Ha Mapce, 4T00BI OOHAPYXKHUTH «MApCHAHCKHE 3eMIIETpsCe-
HUS» U YAapHl METCOPUTOB.

Ienb InSight cocTosiia B TOM, 4TOOBI IOHATH, KaK CKaJU-
cThie HeOCeCHbIC Tela, Takhe Kak 4 BHYTPEHHHE IUIAHETHI
Hameil COTHEYHOM CHUCTEMBI, SBOIOIIMOHUPOBAIIA C MOMEH-
Ta ux o0pa3oBaHus, U3ydas "KU3HEHHBbIC TIPU3HAKU" TIIaHE-
TBI, TAKHE KaK CEHCMOJIOTHS U TeMIIepaTypa.

B nepssiit rog InSight oOHapyxwui okono 450 mapcuan-
ckux 3emietpsacenuil. [lockonbky Ha KpacHoll miaHere HeT
TEKTOHUYECKHX IUTUT, KaK Ha 3emiie, YYCHbIC CUMTAIH, YTO
OHH BBI3BAaHBI BYJIKAHUYECKHA aKTUBHBIMH PETHOHAMH.

Xots marauTHOE Tojie Mapca, KOTopoe Korma-to ObLIo
CWIILHBIM, CETOJHS He cylecTByeT, InSight oOHapyxwiI, 94TO
MarHuTHOe moiie B 10 pa3 cuimpHEe, YeM OXHIAIOCh, B
HaMarHMYEHHBIX MMOBEPXHOCTHBIX TMOPOJaX C MOMEHTa PaH-
Hel ucropun Mapca.

3. XapakTep MapCHAHCKUX FOPHBIX Meliep U Moa3eMHbIX
MeCTOOOMTaAHMIT

Ha KpacHoii mianeTte camplif BEICOKHH BynkaH CoTHEIHON
cucremsl - Bymkan Onmmn (pucysok 3a). Ero BricoTa cocras-
nsteT 26 kM. Haunnast ¢ Muccun kocmudeckoro xopabist «Ma-
punep-9» B 1972 roay, yueHble 3HaNIW, YTO BYJIKAHWYECKHE


https://www.nasa.gov/mission_pages/msl/images/index.html
https://www.nasa.gov/mission_pages/msl/images/index.html
https://mars.nasa.gov/insight/
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YaCTUILBI penbeda MOKPHIBAIOT 3HAUUTENIBHYIO YacTh MOBEPX-
HOCTH Mapca. DTH 9acTHIBl BKIIOYAIOT KPYITHOMACIITaOHbIE
TIOTOKH JIaBbl, OOIIMPHBIE JaBOBBIE PABHUHBI U CaMble 0O0JIb-
IIMEe M3 BCEX M3BECTHBIX BYJIKaHOB COJIHEYHOW CHCTEMBI.
Bynkanmnueckomy Bo3zpacty Mapca okosno 3.7 Muuap/a jer.
Kpome Toro, B BylIKaHHYECKHX 3eMHBIX palOHaX 4acTo BCTpe-
YaloTCsl MOA3EMHBIE MOJIOCTH — KYIoJa U TPYOKH, BBIXOJS-
IMe W3 JaBbl. B OTNIMYME OT KapCTOBBIX Ieliep, KOTOPHIM
TBICSTIH WJTH MUJUTHOHBI JIET, BYJIKAHHYECKHE TeIepsl 00pa3o-
BaJICh OYEHb OBICTPO BO BpPEMs M3BEP)KCHHH M aKTHUBHBIX
pas3IuBOB NaBHI [3].

I'pymma y4eHbIX, u3ydarommx (ororpapur KOCMHISCKUX
Kopabneid, oOHapyxmia Ha Mapce Temepsl ByJIKaHHIECKOTO
TIPOUCXO’K/ICHHUS, JTaBOBbIE TPYOKH, KOTOpbIE TaKXKe BCTpeda-
toTcst Ha 3emuie. Yuensle HACA wm3yuwnm wm300pakeHus,
crenaHHple ammapatoM Mape Opnuicceld, W BBIIEIHIN CEMb
CTPYKTYp, KOTOpbIE MOTYT OBITH HElIepaMu 10 OOKaM ByJIKaHa
Apcus. Hlupuna Bxona coctapisier ot 100 no 250 metpos;
CYMTAJIOCh, YTO MIyOMHA HocTUraeT He MeHee 73-96 M (pucy-
HOK 30, B, T, 1, ¢). HeodumnmansHo ObiTi 0OHApYKeHHI JleHa,
Xuos, Beamu, Ouan, D66u 1 Huxky, XKanHa. [Tockonbky cBeT
HE JIOCTHTaeT JHa OOJBIIMHCTBA IEIIEp, UX INIyOMHAa MOXET
MPEeBBIMIATh TPUBEICHHBIC BBIMIE ONEHKH. J[HO Tema ObLIO
OoTMedeHO TIyOouHOH okoio 130 M. B pesymerate moBTOpHOTO
N3y4deHHs] N300paKeHUH OBUTH OOHApYKEHBI HOBBIE «KOJOJI-
ey [4].

r)

Pucynok 3. a - ¢ynkan Onumn; 6, 6, 2, 0, e - 2OpHble newjepul
Mapca, naiidennsie ¢ gynkane Onumn u Opyeux cepxewvlCOKUX
eopax  Apcus k  w2y om  3Ikeamopa. HcmouHuk:
https://www.jpl.nasa.gov/images/pia09930-temperature-behavior-
of-possible-cave-skylight-on-mars

HOCKOHBKy HalIu TVIAHETHhI TTOXO0XKH, KHU3Hb Ha 3eMne )5
Mapce Taxke BO3HUKJIA B OAHOM CLIEHApUH, a 5TO O3HAUaeT,
YTO JKMBblEe OpraHu3Mbl Ha 3emiie 1 Mapce Takke IOJKHBI
OBITH MOXOXKU JAPYT HA JAPYra U UMETh OJWHAKOBBIC YCIIOBHS
xu3an. Eciu 061 3eMutst moTepsijia MarHUTHOE IToJie, kKak Mapc,
HUKTO HE BBDKWII OBI, a 3TO O3HAYaeT, YTO KOCMHYECKUE pa-
JFOAKTUBHBIC JIy4H YHHYTOXWIN ObI Bce. I 'OpHBIE Iemeps
Mapca-niocnenssis HajekKaa Ha HACTOSIIMM MOMEHT. ToHKas
atMoc(epa KpacHoil mraHeTsl HE MOXKET 3alIUTUTH OT U3ITy-
yenus. [loBepxHocTh Mapca mnoaBepraeTcsi BO3AECUCTBUIO
ynsTpaduoneroBoro m3nydeHus ConHima M OoMOapmupyercs
KOCMHUYECKHUMH 3apsKCHHBIMH YacCTHUIIAMH, MTOATOMY MajloBe-

33

POSITHO, YTO B BEPXHUX CJIOSIX TPYHTa €CTh MUKPOOHAs KHU3Hb
WIN JaXE CIOXHBIE OPraHMYECKHE COEAWHEHHS. | OpHbIC
nenepsl Mapca 3alyiaT OT TAKUX aryOHBIX BO3/ICHCTBUI,
MOATOMY INAHCHI HAWTU 31€Ch XOTs Obl JKMBOTO YEJIOBEKa
PE3KO BO3pacTyT [5].

MapcuaHckasi TbUIb 00JTydanach TBHICSYM JIET, U JIaKe B
OyHkepe OT Hee OyJeT TPYIHO CIHPSTAThCs, MOTOMY YTO €€
MeJbYaiIIie YacTUIIbI JIETKO NPOHHUKAIOT B JIFOOYIO TPELIKHY.
Bo Bpems mbIIeBEIX Oyph OH MOMAJAET B MEMIEPHI U YHOCHT C
c000¥1 par0aKTHBHBIC YaCTHUIIEI B TIOI3¢MHEIH MHp [6].

Utax, Ha Mapce ecTb HECKOJIIBKO PEKOMEHIYEMBIX TUIIOB
CTPOUTENBHBIX TEXHOJOTHH, KOTOPBIE MOAXOAAT YIS OJTO-
CPOYHOM XM3HU. PaccMaTpuBaroTCsl JBa OCHOBHBIX THIIA:
noji3eMHas cpena ooutaHuss Mapca U HOBEpXHOCTHAsI cpelia
obutanus Mapca (tabnuna 1).

Taénuya 1. Cpagnenue nonamuii cpeovl 00umanus

HenpocraTox
IIpupoaHbie nemepsl
JIOCTYIIHBIE PaJUALIMIOHHBIE
3aImTa
PACKOIIKU HE HYXXHBI

ITpeumyuecTa

OnpeaCICHHOE MECTO

OTpaHUYCHHE 110 TUIOLIA 1 TTOCATKH
OrpaHHYeHIe MOOUIBHOCTH U
JIOCTyIIa K Ha3eMHBIM pecypcaM
(bukcHpoBaHHBIH BXOH
Tpebyercs npeiBapUTeIIbHAs
MHCCHSI

JIETKUiA, OBICTPBII AN3aitH
CTPYKTYpHasi CTAOMJIbHOCTh

Hay4HbII TPy

PACIIUPSCTCS B CETH IeLiep
JOCTYII K TOJ3EMHBIM
pecypcam
BO3MOKHOCTB IIyOOKOTO
OypeHus
HOCTOSIHHAs TEMIIepaTypa
OKpY’KaloIien cpesbl
ByHkepbl py4Hoii padoThI
MOTPEOHOCTH B TOJICTOM
peronuTe/OepHiLIHe, KOTOPBIH
TPYIHO 3aILUTHTB OT PaHALHN
TPYAOEMKOCTb
oIepary BEICOKOTO pHCKa
yrpo3a pa3pyIueHust Cpeibl
0OHTaHNS H3-3a CHIDKEHHUS
JIaBIICHUS
BBICOKHE 3aTPaThl U3-3a OOJIBIION
MacChl

THOKOCTH TIO3UITUOHUPOBAHUA

JIETKO pacuIupsieTcs
JIeTKast KOHCTPYKIHS

MOJYJIBHBIC CEKIIUH

Jns cpaBHeHHS 37€Ch paccMaTpUBAIOTCS OYHKEPHI, U3r0-
TOBJICHHBIC M3 OeprlIest I paJHalMoOHHON 3alIUThl Ha3eM-
HBIX MecTooOuTaHuil. Ho 3TO TpebyeT OOJBIIHMX CPEHICTB.
OueBHAHO, YTO W3-32 JIOPOTOCTOSIIEr0 MPOEKTa 3TO 3alMeT
roael. [103TOMY BBITOJJHO HCIIOJIB30BATH TOPHBIE TIEIIEPHI
Mapca B kauecTBe MOJ3EMHOM cpenbl ooutanus. M3-3a Hus-
KOW armoc(epHOH 3amuThl HA OOJBIINX BHICOTaX BEILYTCS
Hay4yHbIE HCCJIEAOBAaHHsS MPOYHOCTH M YCTOMYMBOCTH BHYT-
PEHHUX KpaeB 3THX Tellep K MapCHaHCKOH TpaBUTALUH, YTO-
OBl MpEeBpaTUTh UX B XKHIYIO CPEAy, TAKYIO KaK IlaxTa, TyH-
Henb. Byner paspa®oraHa MeXaHUKO - MaTeMaTH4yeckas Mo-
JIeTb UCCJICAOBAaHMs MPOYHOCTH MELIEPHBIX KHIIMIL, MECTO-
OOHTaHUA TIOJ BIMSHHEM Pa3IMYHbIX CHJ (IPaBUTAL[MOHHBIX,
TEeMIEPaTYPHBIX, XOTSI U CIIa0BbIX TEKTOHMYECKHX M JIp.) TAKUX
coopy»xeHui [7].

OTO HCClieloBaHNE TOKa3bIBAET, YTO BIIOJHE BO3MOXKHO
UCIIONIb30BaTh €CTECTBEHHBIE IICIIEPHI JJISI MEPBOTO MapCH-
aHckoro nocesieHust. MccnenoBanust Mapca moasMu 1 po6o-
TaMHM, KaK ISl )KWIBIX, TaK W AJsl HAYYHBIX LeJeH, UrparoT
OonbIIyIo pojb B Ielepax. HeckombKko THIIOB TOPHBIX Ie-
mep Mapca, OOJBIIMHCTBO U3 KOTOPBIX SBIISIOTCS JOCTYII-


https://www.jpl.nasa.gov/images/pia09930-temperature-behavior-of-possible-cave-skylight-on-mars
https://www.jpl.nasa.gov/images/pia09930-temperature-behavior-of-possible-cave-skylight-on-mars
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HBIM BapHaHTOM Ul JKMJIBIX HoMelieHuil. OH Taxke obec-
NEeYMBAeT JOCTATOYHBI OOBEM Ul Pa3MEIUCHUS CpeIbl
oOHTaHMs, U3BECTHBIC CBOMCTBA, MOHSITHBIE W3 HCCIEIOBA-
HHS, TPOCTYIO CTPYKTYpY, TEPMHUYECKYIO0 CTaOMJIBHOCTD,
JOCTYIHOCTb U IPEJCKa3yeMOe MECTOMNOI0KCHUE.

[TpenMymiecTBa HCIOJIB30BAHUSI MapCHaHCKUX TOPHBIX
neniep BKJIIOYAIOT 3alUTy OT paJualliiM, MbUIBHBIX Oyph U
MOBEPXHOCTHBIX OMACHOCTEH KPOIICYHBIX METEOPHUTOB IPU
3aceJIeHUH NepBbIX smozeil. ClenoBaTelIbHO, BOSMOXKHO HC-
HOJIL30BaHUE TOHKOCTEHHBIX M JISTKUX KOHCTPYKLHH Cpenbl
OOWMTaHMA, TaKMX KaK HaJyBHbIC KOHCTPYKLHH, a TaKXke
OoJee MMUPOKHUN JOCTYI K CHCTEMaM, TPEOYIOIINM JOTOTHH-
TEJBHOMN 3aIUTHI Ha IIOBEPXHOCTH.

4. O0 HCN0/IL30BAHNH METOAA KOHEYHBIX 3JIEMEHTOB NPH
H3y4YeHHMH HaNPS:KeHHO-1e()opMHUPOBAHHOIO COCTOAHUS
KOHTYpa neuepbl JHHH HA rope Apcusi

Psimom ¢ ropoii Apcusi, OZHUM K3 CaMbIX OOJIBILIMX BYJIKa-
HOB Ha Iuanete Mapc, ObUTH 0OHApYKEHBI TelIephbl C OTBEp-
ctusimu mupuHoit ot 100 10 250 MeTpoB. DTH TOpHBIE TElIe-
pel Ha Mapce MOTyT cTaTh cpenoil OOWTaHUS IS TEPBBIX
JFOZIeH MM MOTYT OBITH €IUHCTBEHHON CTPYKTYpOH, KOTOpas
XpaHHAT CBHUICTENECTBA MHUKPOOHOW JKM3HM MPOILIOTO HIIH
HACTOSIIIETO.

Jlromu, BIepBBIE TTOCEMIAIOIINE Mapc, MPU3EMILTIOTCS BO3-
Jie 3KBaTOpa. DTO MOTOMY, YTO TEMIIEpaTypa TaM KOJeOIeTcs
ot +20 aaem u 10 -60 Houkt0. B ocTansubIX MecTax ot -100, a
B okpecTHOCTAX OxHoro m CesepHoro mnomocoB a0 -180.
JKuth nipu Takoil Temmepatype, haHTa3upoBaTh 0 paboTEe-3TO
camo 1o ce0e U3NHUIIHE.

B 10 BpeMs kak B CeBEpHOM MOTYIIApUHU BOTU3U IKBATOPA
HaxozsTcs ropsl OmuMIL, camasi BEICOKasi ropa Bo Bceit Col-
HeuHO# cucteme, B HOKHOM TONyIIapuyd HaXOISTCS TOPHI
Apcusi ¥ TOpHBIE CHCTEMBI, KOTOPBIE B IIOJITOpa pa3a BHIIIC
OBepcra ['mManaeB, coBceM OMU3KO K 3KBAaTOPY. Y HHX YKe
ObLTO 0OHApYXKEeHO OKOIIo 10 ecTecTBeHHBIX TeMIep, U Jaxe 6
OBLTH Ha3BaHEI.

Brnepsble n3yueHue yCTOMUMBOCTH U CINIOUEHHOCTH IIE-
epbl DHHU Ha 3TOU rope ApCHsi ¢ TOMOIIBI0 COBPEMEHHOTO
MaTeMaTHUKO-MEXaHIMUECKOTO MOICTTUPOBAHUS (PUUKH.

Metoabl U MOJENH PE3yIbTaTOB HAYYHBIX HCCIIEIOBa-
HUH, MOIy4aeMblX Ha IYyTH HCCIEIOBaHUS IMPOYHOCTH U
YCTOWYMBOCTH MapCHAHCKHUX TOPHBIX MEIIep, CPAaBHUBAIOTCS
C pe3yibTaTaMH, ITONYyYCHHBIMH METOJAMH MEXaHHKO-
MaTeMaTHUYECKUX HCCIEIOBaHUI HW3YYEHHBIX MOA3EMHBIX
COOpYXEHHUI Ha MoBepXHOCTU 3eMJid. OCHOBHBIE KIIIOUEBbHIE
OTJIMYMSI 3aKJIIOYAIOTCS B TOM, YTO Ha Mapce BenMyuHa rpa-
BUTalMU B 3.2 pa3a MeHblIe, YeM Ha 3eMJie, TEKTOHUYECKUE
CWJIBI TaK)kK€ HAMHOTO MEHbILE. AJTOPUTMBI, KOTOpBIE CO-
3/1a10TCS KOMIBIOTEPHBIE TPOTPAMMBI TAK)KE TOKA3bIBAIOTCS
MMyTeM MHOTOKPATHOTO TMOJYYEHUsI PEe3yJIbTAaTOB, IMOJNYyYEH-
HBIX Ha 3eMJIe B KaueCTBE TECTOB.

B MopenpHOM TuIaHe TSI M3YYEHUs HANPSIKEHHBIX Je-
(hopMaIMOHHBIX COCTOSTHUM MapCHAaHCKHX TEIIep HCIOJb-
sytorcss mogenu C.I. Jlexnuukoro, XK.C. Xanosa, II.M.
AiitanueBa, XK.K. Macanosa u P.b. baiimaxanoBa, KkoTopble
YCOBEPIICHCTBOBAN O0JIACTh MX HPUMECHEHUS IS JAPYTHX
HanpaBiiecHuil. BHyTpeHHHE momepeyHble W300paXKeHUsS U
MOpTaNbHBIE YaCTH MAPCHAHCKHUX [Elep MOAEIUPYIOTCS
MaTEeMaTUYECKU COBPEMEHHBIM CBEPXMOIIHBIM YHCICHHBIM
METOAOM-METOIOM KOHEUHBIX JIEMEHTOB.
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Jns  wccnenoBaHWS  HANPSHYKEHHO-AE(OPMUPOBAHHOTO
cocrostaus (H/IC) u3 pucynka 3 BerOepeM BapHaHTa ITEIIEpHI
3r, rzie YeTKO MOKa3aHbl MOpTajbHas YacTh MEIIEPhl IUINM-
coiansHOro npoduist (PUCYHOK 4).

Pucynok 4. Konmyp mapcuanckoit neweput

I'nyOunHa 5TOM memiepsl nmoka HewsBecTHO. Ho Bpamm ot
[OpTajla 4Yepe3 HECKOJIbKO METPOB, MOYKHO IIPEAIOJIOXKUT,
YTO JUISl TAKOIO IIJIOCKOIO KOHTYpa BBIIOJIHSAETCS YCJIOBUE
IocKoi nedopmarmu. I1o3ToMy MBI B IEpBOM NPHOIIKE-
Hu# 3agauy onpeznenenus HIAC, MoxeM pewmuTh, Kak IJI0c-
KO 3a1a4n.

[TpuBeneMm B MaTpu4yHOH (POpME M3 OCHOBHOTO ITOPHT-
Ma KOHEYHORJIEMEHTHOI'O pEHIeHHs 3ajadu 1mo pabdote [8].
Ha xOHTyp OTHOCHTENBHO TOPH30HTAIBHON IIOCKOCTH OC-
HOBaHUA: OyAeT AEWCTBOBATH CHJIa TPaBUTALMOHHOIO Beca
F'?, HarpaBIeHHBIN BepTUKAIBFHO BHU3. Tak Kak 3TH Memepsl
HaxXoJATCs B 9KBAaTOPHAIBHON oOsactu Mapca, moka mpeHe-
Operaem TeMmepaTypHBIMH HaNPsHKEHUSIMH.

PaBHOBECHOE COCTOSIHME KOHTYpa U FOPHBIM MACCUB IIE-
IIepHl ONHCHIBACTCS CHUCTEMOM JIMHEHHBIX airedpamyecKux
YPaBHEHHH B KOHEYHORJIEMEHTHOM IPEICTaBICHUH B BUJIE

[RHU}={F?} @)

rae [R] — martpuna xecrkoctu cuctemsl; {U}— BekTop
nepeMeNIeHni  Y3JIOBBIX TOYEK; KOMIIOHEHTHI TEH30pa Jie-
(dopMaIiy BBIYUCIISIOTCA BHYTPU KaXIOTO HM30MapaMeTpH-
YECKOTO 3JIEMEHTA B TayCCOBBIX TOYKAX HHTETPHPOBAHUS 1,
C IIOMOUIBIO CJIEAYIOLUX BBIPAKEHUI.

{e;}=[B], ; U}, ()

Tne {ei} ={ex.e2 v} {Ui} ={uij,vij,...}, [B] — marpuna
6asucHpix (yHkiuu u [D] — Marpuiia ynpyrux XapakTepu-
cruk. i=1,2,3; j=1,2,3 - BHyTpeHHHE TOYKH HHTETPUPOBA-
HUSL.

{ci} =[Dl{ei} ©))

3neck [D]- siBisteTcst MaTpHIel YIPYTHX XapaKTePUCTHK.

Crioco0bI MCTIOJIB30BAHMSA STUX MOJIENEH alIrOpUTMHU3HU-
POBAaHBI, CO3/JAIOTCS KOMITBIOTEPHBIE OPUEHTHPEI.

Hedbopmanust en(ex, €2, Yxz) ¥ HAMPSHKEHUH B Kpasx MoTIe-
pedHoro m3o0OpakeHHs (KOHTypa) Memiepsl JDHHH Ha Tope
Apcua Mapca U B COSIUHSAIOLUXCS MOPOJAX OINPENENsIOT
BENTMYHMHBI On(Ox, Oz Txz) 3aKOHOMEPHOCTH 0Opa3oBaHHs
[Ty4ykoB OmacHBIX HAIPSKEHUH (Gng, Tno, TAC O - MOISAPHBIHA
yroi), KOTOpble MOTYT pa3pymarbea. Ha cnenyromem stame
HCCIIeIOBAHUS 1O NPUBEACHHBIM Bbiiie anroput™am (1) - (3)
CO3/1aI0TCSl KOMIIBIOTEPU3UPOBAHHBIE OPUEHTHUPHI U BBIMOJ-
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HSIOTCS OOIIMpHBIE BHIYUCICHHS [UIS ONPENENICHNS KOHTYpa  HHUS, HPOCTYIO CTPYKTYpPY, TEPMHYECKYIO CTaOHIBHOCTB,
Helepsl W 30H KOHLEHTPALMM HaNpsHKEHHH B MacCHBEe  JIOCTYNHOCTb U IPEACKa3yeMOE MECTOIOJIOKEHHE.
OJIIDKHETO M IAIBHETO 3apyOesKbsl.
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TaKMX KaK HallyBHbIE KOHCTPYKIH, & TAKKe Goree MHpOKHi https:/Avww.jpl.nasa.gov/images/pia09929-seven-possible-cave-

JIOCTYII K CUCTeMaM, TPEeOYIOUNM JONOTHUTEIBHON 3aIUTHI skylights-on-mars

Ha ITOBEPXHOCTH. [5] Ksanfomaliti, L.V. (1997). Parad planet. M.: Nauka. Fizmatlit
OTO HCCIeN0BaHUE MOKA3BIBAET, YTO BIIOJIHE BO3MOXHO [6] Kuz'min, R.O., Galkin, I.N. (1989). Kak ustroen Mars. M.:

HCII0Jb30BaTh €CTECTBEHHBIE MELIEPH IS IIEPBOr0 MapCH- Znanie

aHckoro nocenenns. Vccnenoanus Mapca moasmu u po6o-  [7] Demidov, N.Je., Bazilevskij, AT., Kuzmin, R.O. (2015). Grunt

Marsa: raznovidnosti, struktura, sostav, fizicheskie svojstva,
burimost: i opasnosti dlja  posadochnyh  apparatov.
Astronomicheskij vestnik, 49(4), 243-261

TaMH, KaK JJId KWIbIX, TaK U I HAYyYHBIX ueneﬁ, HUrparoT
6OJ'IBH.IyIO pOJb B memiepax. Heckompko Tuion TOPHBIX TIC-

wep Mapca, GONBIIMHCTBO 13 KOTOPLIX fIBg’HOTCH z[oc%yn- [8] Baimahan, R.B. (2002). Raschet sejsmonaprjazhennogo
HBIM BapHaHTOM UL JKHJIBIX NOMCILCHIH. LH TaloKe 0bec- sostojanija podzemnyh sooruzhenij v neodnorodnoj tolshhe
IIeYuBacT AOCTATOYHBIN O6T)CM IJIA pasMelICHuA CpEAbl metodom konechnyh jelementov' Almaty

00MTaHUs, U3BECTHBIE CBOMCTBA, MOHATHBIE U3 MCCIEIOBA-

Apcus TaybIHAAFbI JHHM YHIipi KOHTYPBIHBIH KEepHeY.JIi
AepopMalMVIAHFAH KYHIH 3epTTeyle HIEeKTi
3JIeMEHTTeP JAICIH KOJIAAHY TypaJbl

P.b. baiimaxan®, A.H. Myra!", A. Tuneiixan®, K.4. Koxorynos?

Kasax ynmmuix Kbi30ap nedazo2uxansik ynueepcumemi, Aimamol, Kazaxcman
2KP ¥FA Ieomexanuxa dicane dcep Kolinayvi uzepy uncmumymol, biwkex, Kvipevizcman

*Koppecnonoenyus ywin asmop: mutita@mail.ru

Anparna. Mapc OeTinzie paaualys, MUKPOMETEOPUTTEP JKOHE IIAHJIbI JaybUIap CUSKTHI KayinTep sKaraaiblH/Ia alFaliKbl
Oapran amampaap emip cype anMaiinel. bipak 613 ockl Mapcta TaObIIFaH YHTIpJIEpAl OCHl SKOJIOTUSIIBIK KayinTepJeH TaOuru
OacnaHa peTiHIe MaijanaHy >XOJIbI PETiHAE YCHIHBIN OTHIPMBI3. Mapc OeriHzeri rpaBuTanMsUIBIK epic JKepre KaparaHzia
IraMaMeH YII ece QJICi3, aj MarHUT epici ThIM aici3. COHABIKTaH XKEepJCH KeTKCH TIPIIUTIK HeJiepi, COHBIH INIHJe agaMaap
Mapc Oeriame 30-40 cexynn kaHa emip cype amaapl. TinTi eH KyarTel ckadaHIp aJaMHBIH ©MIpiH OipHeIle caFaTKa FaHa
cakraii anaznel. Mape yHripiaepi KyH paananusceId yin ece Aepiiik aJicipeTei )koHe OHBI ke Kiprizoeini. Conapikran Mapc
YHTIpJIepiH 3epTTey, OJap/bl alfallKpl TIpIIUIK €Ty OpTachlHA aifHANJBIPY YIIiH FBUIBIMU HETi3/IENIT€H 3epTTeylep XKyprizy
OYTiHTri KYHT1 ©3eKTi Macene 60ibin Tadbu1asl. COHIBIKTAH JKep acThl TIPIIUIIK €Ty opTackl peTiHae MapcThIH Tay YHTipiepiH
naiinanany TuiMai. JKorapel OmiKTiKTe aTMocdepasblK KOpFaHBIC a3 OOJIATBIHABIKTAH, OCHI  YHTIpJepAl IIaxTa, TOHHENb
CeKUII TYpFBIH MEKEH jKaifa aifHaJApIpy YIIIH OHBIH IIIKi XMEKTepiHiH Mapc rpaBHTAIsIChiHA MIbAac Oepyi, OepikTiri
KaJIbl FUIBIMH 3€PTTEY HKYMbBICTAphI XKYPrizijeai. Mapc acThUIBIK OCBIHIAN KYPBUIBICTAPABIH TYPIi KYLITep (TPaBUTALHUSIIBIK,
TEeMIIepaTypajbIK, 9Jci3 6ojca Ja TeKTOHUKAIBIK, T.0.) oCepiHEH YHIIPIIK TYpPFBIH, MEKEH XaWaapAblH OCpiKTITiH 3epTTeyaiH
MEXaHHKa - MaTeMaTHKAaJIbIK MOJIEI JKacasbIHAIbI.

Hezizzi co30ep: Mapc, posep, yneip, Onumn, Apcus mayiapuvl, may HColHbICMApPbL, WieKmi diemenmmep 20ici, KepHeyui
Odehopmayusnanzan Kyil.
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00 uCnoJb30BAHUH METOAA KOHECYHbIX 3JIEMECHTOB MPHU U3yYEeHUH
HANPSIKEHHO-1e()OPMHUPOBAHHOI0 COCTOSTHHUSI KOHTYPA nelepbl JHHU
Ha rope Apcus

P.b. Baiimaxan®, A.H. Myra!”, A. Tuneiixan®, K.4. Koxoryos?

1K asaxckuil HAyUOHANbHBITI HCEHCKUT NeOa202udeckull yHugepcumem, Armamol, Kasaxcman
2Hncmumym 2eomexanuxu u océoenus nedp Hayuonanvnoii axademuu nayx Koipavizckoti Pecnybnuxu, Buwxex, Koipeviscman

*Aemop Ons koppecnondenyuu: mutita@mail.ru

Annoranus. JItoau, KoTopble BIepBble MOOBIBAIN Ha MOBEPXHOCTH Mapca, He MOTYT BBDKHTh B YCIOBHAX TaKUX OMAacHO-
CTeM, KaK pajuaIiys, MUKPOMETCOPUTHI U IbIIbHBIE Oypu. Ho MBI peiaraeM mnemepsl, HailieHHBIE Ha 3TOM Mapce, Kak cIo-
€00 HCIONIB30BaTh UX B KAUECTBE €CTECTBEHHOrO YOEKHIA OT ATHUX DKOJIOTHYECKHX OmMacHOcTeil. ['paBUTallMOHHOE IOJIe Ha
noBepxHocTH Mapca IpUMepHO B TpHU pa3a ciabee, yeM Ha 3emile, a MArHUTHOE TI0Jie cIUIIKoM ciaboe. [losTomy cymecTsa,
MOKHUHYBILINE 3eMJII0, B TOM YHCJIE JIFOAHU, MOTYT JKUTh Ha moBepxHocTH Mapca Bcero 30-40 cexyna. Jlaxke caMblif MOUTHBII
ckadaHIp MOXKET CIIACTH >KU3Hb YeJIOBEKa BCETO Ha HECKOJIBKO 4acoB. MapcHaHCKHe Hellephl IOYTH BTPOE OCNAOMIAIOT COll-
HEYHYIO PaJHaIMIO W HE MIPOIIYCKAIOT €€ BHYTph. [103TOMY H3ydeHHe MapCHAHCKHUX IeIep, IPOBEACHHE HayYHO 0OOCHOBAH-
HBIX MCCIICIOBAaHUM, YTOOBI CIETaTh NX MEPBOH cpenoi 0OUTaHUS, ABISIETCS aKTyadbHOW MPOOIEMON Ha CETONHALIHUI JCHb.
[TosTOMY BBITOZHO MCHONB30BaTh TOPHBIE Neniepsl Mapca B KauecTBE MOA3EMHOM cpebl oonTanus. ITockonbky Ha GOIBIIHX
BBICOTaxX aTMOc(epHas 3aIlUTa MUHUMAJIbHA, U MPEBPAIICHNs ATUX HEUIep B JKHUJIbIC TOMEIIEHHNS, TAKHE KaK IIaXThl, TYHHE-
I, MPOBOJATCS HAyYHBIE UCCIENOBAHMSA MIPOYHOCTU U YCTOWYMBOCTH BHYTPEHHHX KpaeB K MapCHAaHCKOW rpasutanuu. Ilox
BIIMSIHUEM PA3JIMUHBIX CHJI (TPaBUTAIIMOHHBIX, TEMIIEPATYPHBIX, CIA00TOYHBIX, TEKTOHUUECKUX U T.JA.) TAKUX COOPYXEHUH Ha
Mapce pazpabarbiBacTCsi MEXaHUKO - MaTeMaTHuecKas MOJIENb MCCIIEIOBAHUsI MPOYHOCTH MEIEPHBIX KIJIMII, MeCTOOOUTa-
HUH.

Knioueguie cnosa: Mapc, mapcoxoo, newepa, epynm, Memoo KOHeUHbIX dIeMEHIM08, HANPAICEHHO-0epopMuposantoe co-
cmosnue.
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