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ABSTRACT

The use of structures made of titanium and its alloys, which have improved corrosion, physical and mechanical
properties, are in demand in many industries. In this regard, the processes of modifying the surface of metals
are of interest. One of the modern and promising methods of metal surface treatment is plasma electrolytic
oxidation. Currently, there is a problem of widespread use of this process when DC modes are used in the
implementation of the process. This is due to the large consumption of electricity. The purpose of this work
is to study the morphological and corrosion properties of oxide coatings obtained in the pulsed anode-
cathode mode on titanium alloys VT1-0 and VT5 in various electrolyte solutions. Modification of the surface
of titanium alloys was carried out at the duration of the anode current pulse of 250 + 25 microseconds, the
duration of the cathode current pulse of 5 + 0.5 ms, the repetition frequency of the anode and cathode pulses
of 50 £ 0.5 Hz. Alkaline solutions served as electrolytes. Oxide coatings obtained in various electrolytes are
characterized by different porosity and coating thickness. Coatings with a finely porous structure, with an
average pore diameter from 0.09 microns to 0.4 microns, and larger pore sizes of 0.6 — 0.7 microns were
obtained. The porosity of the coatings ranges from 6.12% to 12.2%. According to the data of energy dispersion
analysis, it was found that the structure of oxide coatings includes both components of the processed metal
and components of the electrolyte solution. The main components, in this case, are oxygen and processed
metal, as well as other elements such as boron, phosphorus, aluminium, fluorine, sodium, silicon and others.
Corrosion tests according to GOST 9.308-85 under the influence of neutral salt mist at a temperature of (35
+ 2) °C with 1500 hours in the Ascott CC 450 chamber, it was shown that there was no corrosion damage to
the coatings.

Keywords: oxide coating, electrolyte, plasma-electrolytic oxidation, corrosion tests, coating morphology,
porosity.
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Introduction

Titanium and its alloys are widely used in many
sectors of the manufacturing economy. However, to
create promising and modernize existing products, it
is necessary to give them a set of properties, such as
a combination of corrosion resistance and good
physical and mechanical properties. By introducing
alloying additives, the properties of titanium alloys
are improved [[1], [2]]. Aluminum, vanadium,

molybdenum, silicon, chromium, zirconium and
others can be used as alloying additives. The
introduction of alloying additives during titanium
smelting positively affects its corrosion resistance
and other properties [2]. However, this leads to an
increase in the cost of the product and the weight of
the structure.

Currently, classical materials science is giving
way to methods of modifying the properties of
materials, such as surface treatment, since the
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surface characteristics determine the level of
product properties [[3], [4]]. In addition, surface
modification is more attractive compared to other
methods of changing the characteristics of materials
and products.

Currently, plasma electrolytic oxidation (PEO) is
one of the promising methods for modifying the
surface of titanium [[5], [6], [7]]. This method allows
you to change the surface condition of valve metals
significantly, which makes it possible to replace
traditional materials with inexpensive and non-
scarce materials. At the same time, there is a
significant improvement in the operational
properties of products [[8], [9], [10]].

A distinctive feature of the PEO method is the
participation in the modification process of surface
micro-discharges, which have a significant and
specific effect on the phase and structural properties
of the coating [11]. The obtained oxide coatings by
the PEO method in electrolyte solutions have high
adhesion to the substrate, wear resistance, and heat
resistance [[12], [13]].

The implementation of the PEO process can be
carried out in various modes using stationary and
slowly changing energy influences. In these modes,
the application of the method is not widely used due
to the large consumption of electricity. Recently,
PEO modes based on fast-flowing (pulsed) energy
effects have been used [14]. With a small value of
the duration of the anode current pulse of the order
of 250 microseconds, coatings characterized by low
roughness are formed [15]. The use of these modes
does not require a large consumption of electricity,
and can contribute to a wider application of the PEO
method in production.

It is known that the properties of oxide coatings
are influenced by the composition of electrolyte
solutions [16]. In view of this, it is relevant to study
the corrosion resistance and morphology of coatings
obtained in various electrolytes. This makes it
possible to purposefully form functional coatings
with certain properties.

This work aims to study the properties of
complex oxide coatings, consisting of two or more
elements obtained in the pulsed anode-cathode
mode of PEO in various electrolyte solutions.

Experimental part

Samples from titanium alloys VT1-0 and VT5
were subjected to surface treatment by plasma
electrolytic oxidation. The samples had a rectangular
shape with a thickness of 3 mm and a size of 20 x 40
mm and 15 x 40 mm. The samples were ground

before the PEO process to remove irregularities and
scratches. Further, the surfaces of the samples were
degreased using ethyl alcohol. Drying was carried
out at room temperature. The scheme of the
installation for obtaining oxide coatings by the PEO
method is shown in Figure 1.

4 t

Figure 1 - Installation diagram: 1 - power supply, 2 -
electrochemical bath with water cooling jacket, 3 -
auxiliary electrode (cathode), 4 - coated sample (anode),
5 - water, 6 —air

The research facility consisted of a bath with a
cooling system. Stainless steel was used as the
cathode. The processed samples served as the
anode. A switching power supply "Corundum MQ",
not mass-produced, was used to obtain oxide
coatings. The power supply generates positive and
negative voltage pulses of trapezoidal shape. The
PEO processing of titanium samples took place
under the following conditions: the duration of the
anode current pulse is 250 £ 25 microseconds; the
duration of the cathode current pulse is 5 £ 0.5 ms;
the interval between the anode and cathode current
pulses is 250 + 25 microseconds; the frequency of
the anode and cathode pulses is 50 + 0.5 Hz, the
voltage is within 360-365 V. The current density was
in the range of 109 - 115 A/dm?, and this parameter
depends on the composition of the electrolyte and
the metal alloy. Processing time 600 sec. The
electrolyte temperature was maintained within 20
°C — 25 °C. To obtain coatings, electrolytes were
used, the compositions of which are presented in
Table 1.

Electrolyte solutions were prepared from
chemical substances of the chemically pure grade,
analytical grade. Electrolytes were prepared in
distilled water. The thickness of the oxide coatings
was measured using a NOVOTEST TP-1 thickness
gauge with an NF-2 sensor with a digital indicator
indication. When measuring the thickness of oxide
coatings, 7 measurements were carried out on both
sides of the sample. Next, the arithmetic mean of
the coating thickness was calculated.

— 6
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Table 1 - Compositions of electrolytes

No. electrolyte Name of the component Concentration, g/l

1 Sodium silicate (metasilicate) 9 aqueous 100
NaOH 8
Aluminum oxide (1.1-1.5 microns) powder 20

2 Sodium phosphoric acid 3- substituted, 12 aqueous 70
Aluminium hydroxide (0.6 um) 20

3 Sodium phosphoric acid, two-substituted, 12 aqueous 40
Sodium tetraborate 10 aqueous 30
Boric acid 22
Ammonium fluoride (NH4F) 10
Aluminium oxide 20

Micrographs and energy dispersion analysis of
oxide coatings on titanium alloys were obtained
using a Hitachi TM3030 scanning electron
microscope in SEI mode at an accelerating voltage of
15 kV with an Oxford Instruments energy dispersion
analysis prefix.

When calculating porosity, the number of pores
per surface unit, and evaluating their shapes, the
planimetry method was used by processing
micrographs of the surface of oxide coatings [17]. In
this case, porosity was determined as the ratio of the

sum of the pore areas Fto the total area of the

observation site F,,,: 1] = &100%.
total

The corrosion resistance of samples with oxide
coatings was carried out under the influence of
neutral salt mist at a temperature of (35 + 2) °C for
1000 hours in the Ascott CC 450 chamber according
to GOST 9.308-85. In the Ascott CC 450 chamber, the
distance between the test samples was 20 mm; the
distance from the chamber walls was at least 100
mm, and from the day of the chamber — at least 200
mm. The tests were carried out at a (35 + 2) °C.
According to GOST 9.308-85, a sodium chloride
solution was continuously sprayed in the chamber
(concentration 50 + 5 g / dm3, pH of the solution 6.5
— 7.2). Spraying of salt mist was carried out so that
the condensate volume during the chamber's
operation for 24 hours was maintained within 1.2 -
1.5 cm3/hour. The state of the oxide coatings was
monitored visually through 2, 24, 96, 294, 460, 720,
1000 and 1500 hours of testing. During the control
of coatings, samples were removed from the
chamber, washed with tap water, dried.

The appearance was assessed for the presence
of corrosion damage by the following signs:
discolouration, pitting corrosion, peeling of the
coating, etc.

Results and discussion

As a result of the PEO process, dense oxide
layers are formed on the surface of titanium alloys
VT1-0 and VTS5, the thickness data given in Table 2.
The thickness of the oxide coatings is uniform over
the entire surface of the samples.

Table 2 - Data on the thickness of oxide coatings on
titanium alloys

No. Coating thickness | Coating thickness
electrolyte on VT1-0 alloy, on VT5 alloy,
microns microns
1 5.0 7.5
2 15.0 9.5
3 21.0 19.5

Energy dispersion analysis of the coatings
obtained on titanium alloys showed that the main
elements included in their composition are both
components of the processed material (base) and
the electrolyte solution. The composition of the
coating mainly consists of oxygen and processed
metal. Other elements are boron, phosphorus,
aluminium, fluorine, sodium, silicon, etc. (Tables 3,
4).

In the work of researchers [18], the production
of complex PEO coatings is confirmed. The authors
have shown that the composition of the oxide layers
formed on titanium from the calcium phosphate
electrolyte system contains the elements Ti, P, Ca
and O [18].

It is known that the pores in the PEO are formed
at the place of micro-arc combustion [19]. During
the initial period of the plasma electrolytic oxidation
process, when a positive voltage is applied to the
sample, a porous, thin barrier layer forms on the
surface of the processed material according to the
mechanism of electrochemical oxidation. Micro-
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Table 3 - Composition of coatings on VT1-0 alloys

Electrolytes Content of elements, at. %
0 Ti B P F Na Al Si
1 65.42 15.7 - - - 1.62 0.53 13.2
64.74 31.48 - 2.66 - 0.95 0.17 -
3 63.84 27.47 4.75 2.42 0.5 0.42 0.6 -
Table 4 - Composition of coatings on VT5 alloys
Electrolytes Content of elements, at. %
0 Ti B P F Na Al Si
1 60.45 20.26 - - - 1.55 1.02 16.76
64.39 31.42 - 2.21 - 0.76 1.22 -
3 65.84 20.79 5.61 3.22 1.21 1.63 1.70 -

discharges do not occur when a barrier layer is
formed (Figure 2a). Provided that the electrical
strength of the barrier layer is less than the voltage
at the electrode-solution interface, a breakdown
occurs, a spark discharge occurs (Figure 2b), which,
as the coating thickness increases, turns into a
micro-arc (Figure 2c). High temperatures develop on
the arc axis [[20], [21]].

When using the pulse mode, the burning time of
the micro-arc depends on the duration of the anode
pulse of the anode current pulse. As the coating
thickness increases, the size of the micro-discharges
may increase, and their number may decrease. This
leads to the formation of pores of large diameters.

Morphological studies of the surface of the
oxide coating have shown that as a result of PEO
under pulsed anode-cathode mode in electrolyte
No.1, both on the VT1-0 alloy and the VT5 alloy,
many small pores with an average diameter of 0.09
microns on the VT1-0 alloy, and 0.2 microns on the
VTS alloy are formed (Figure 3 a- b; Table 5). The
porosity of the coatings is 6.12% and 6.25%. The
pores mostly have a rounded shape. Almost under
the same conditions of the PEO process for all

-

ro
(A=

electrolyte solutions, a thinner coating is formed in
this electrolyte. This is due to the formation of a
finely porous coating structure. To obtain coatings
with a more significant value of its thickness, it
requires a further increase in voltage from an
external power source.

A finely porous structure also characterizes the
oxide coatings obtained in electrolyte No.2. The
average pore diameter for the VT1-0 alloy is 0.4
microns, and the porosity is 7.7% (Figure 3c; Table
6). On the VT5 alloy, the average pore diameter is
0.2 microns, and the porosity is 7.7%. (Figure 3d;
Table 6). The pores are evenly distributed over the
entire surface of the sample. It should be noted that
the pore sizes in this electrolyte are larger than on
the coating obtained in the first electrolyte, and,
accordingly, the coating thickness is more
significant. Small pores contribute to the reduction
of mechanical stresses in the coating [22].

Larger pores are formed in electrolyte No.3
(Figure 3 e - f). The average pore diameter is 0.7
microns on the VT1-0 alloy, 0.6 microns on the VT5
alloy. The porosity of the coatings is 11.3% on the
VT1-0 alloy, and 12.2% on the VTS5 alloy (Table 7).

ad

(B

a — barrier layer formation; b - spark discharge stage; ¢ - micro-arc discharge stage; 1 - metal, 2 — an oxide
layer, 3 - electrolyte solution, 4 - plasma formation

— 6
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Figure 2 - Scheme of the development of plasma formations
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Figure 3 - Micrographs of oxide coatings obtained: a —in electrolyte 1 on VT1-0 alloy; b - in electrolyte 1 on VT5 alloy; c
- in electrolyte 2 on VT1-0 alloy; d - in electrolyte 2 on VTS5 alloy; e - in electrolyte 3 on VT1-0 alloy; f - in electrolyte 3
on VT5 alloy

Calculated data on the porosity of oxide coatings
obtained in various electrolytes on titanium alloys
VT1-0 and VTS5 are given in Tables 5-7.

During corrosion tests, the change in the
condition of the coatings was determined by visual
inspection through 2, 24, 96, 294, 460, 720, 1000
and 1500 hours (Table 8).

Thus, at all stages of the test under the influence
of neutral salt mist at a temperature of 35°C for 1500
hours at a solution concentration of 50 g/I of sodium
chloride, the pH of the solution is 6.5 — 7.2, there is
no corrosion damage on samples with oxide
coatings, no traces of corrosion damage are
observed. Oxide coatings have proven to be
corrosion resistant.

Table 5 - Data on porosity of oxide coatings obtained in electrolyte 1

Alloy Porosity AS, % Number of pores per 1 cm? of coating Average pore diameter, microns
VT1-0 6.12 2.2°107 0.09
VT5 6.25 1.3'107 0.2
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Table 6 - Data on porosity of oxide coatings obtained in electrolyte 2

Alloy Porosity AS, % Number of pores per 1 cm? of coating | Average pore diameter, microns
VT1-0 7.7 1.3'107 0.4
VTS5 7.7 1.6'107 0.2

Table 7 - Data on porosity of oxide coatings obtained in electrolyte 3

Alloy Porosity AS, % Number of pores per 1 cm? of coating | Average pore diameter, microns
VT1-0 11.3 7.0°108 0.7
VT5 12.2 7.8'108 0.6

Table 8 - Results of corrosion tests

Te;tosl;cf;ge, The appearance of the samples treated with PEO Appearance of coatings

0 Initial samples

2 Without changes

24 Without changes

96 Without changes
294 Without changes
460 Without changes
720 Without changes
1000 Without changes
1500 Without changes

Conclusions

The process of obtaining oxide coatings on
titanium alloys VT1-0 and VT5 by plasma electrolytic
oxidation has been studied. Uniform porous oxide
coatings were obtained in the pulsed mode of the
PEO process.

It is shown that the porosity of the coatings
depends on the composition and nature of the
electrolyte. In electrolytes containing sodium silicic
acid, sodium hydroxide, aluminium oxide
(electrolyte No.1), as well as sodium phosphoric acid
and aluminium hydroxide (electrolyte No.2), the
coatings are finely porous. The average pore
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diameter of oxide coatings on titanium alloys in
electrolyte No.1 is 0.09 microns and 0.2 microns,
respectively, at VT1-0 and VT5. In electrolyte No.2,
the average pore diameter of oxide coatings is 0.4
microns (alloy VT1-0) and 0.2 microns (alloy VT5). In
electrolyte No.3, pores of a larger size of 0.6 — 0.7
microns are formed.

The coating composition includes both
components of the processed material and

components of the electrolyte solution. Oxide
coatings are corrosion resistant when tested in
accordance with GOST 9.308-85 under the influence
of neutral salt fog at a temperature of (35 + 2) °C for
1500 hours in an Ascott CC 450 chamber.
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UccnepoBaHue CBOCTB OKCUAHDbIX MOKPbITUIA Ha CNaBax TUTAHA,
NONIYYEHHbIX N1Ia3MEHHbIM 3/1eKTPOJIMTUYECKUM OKCUANPOBAHMEM

L2 pamasaHoBa .M., 23amanutguuosa M.T., 3 Kosanenko M.B.

1 Kazaxckuii AepomexHudeckuli YHusepcumem umenu C. CeligpynnuHa, Hyp-Cyaman, Kazaxcmar
2 AO «HayuoHanbHbIl yeHmp Kocmuyeckux uccaedosaHuli u mexHonoauli», Anmamel, KasaxcmaH
3 Espasulickuli HayuoHanbHbIl yHusepcumem um. /1.H. lymuneea, Hyp-CynamaH, Kazaxcmat

AHHOTALMUA

Wcnonb3oBaHue KOHCprKLI,VII‘;I U3 TUTaHa U ero cna1aBoB, KOTOPble MMeKT yny4dleHHble KOPPO3NOHHbIe,
¢M3MKO-M€X3HMH€CKM€ CBOWCTBa, BOCTpeﬁOBaHbI BO MHOMMX OTpacnax npoussoacTBea. B cBA3u c atum
npeacrtaBaAeT nHTepec npoueccsbl MO,D,MCI)MLI,MpOBaHMH noBepxHOCTN meTannos. O4HUM U3 COBPEMEHHbIX
n nepcnekTUBHbIX meToa0B 06p360TKM NnoBepPXHOCTU mMmeTannos ABNAeTCA nnasmeHHoe
3/IEKTPONUTUYECKOE OKCUAUpOBaHUe. B HacToAWwee Bpemsa cywiecrtesyeTt npo6nema LWMPOKOro npumeHeHnA

Moctynuna: 01 HoAbps 2021 [AHHOTO npouecca, Korga npy peannsauun NpoLecca MCNob3yroTCA PEXUMbI Ha MOCTOAHHOM TOKe. 9To
PeueHsnpoBaHue: 07 dekabps 2021 CBA3aHO ¢ 6onblMM noTpebneHnem snekTposHepruu. Lienbto gaHHol paboTbl ABAAeTCA UccnenoBaHue
MpuHATa B nevatb: 31 AHeapa 2022 MOPGONOrMYECKMX U KOPPO3UOHHbBIX CBOWCTB OKCUAHBIX NOKPLITUIA, MONYYEHHbIX B UMMNY/IbCHOM aHOAHO-

KaTOAHOM pexume Ha cnnasax TutaHa BT1-0 mu BT5 B pasnnuHbIXx pacTBoOpax 3N1eKTPONMTOB.
MogandpuumposBaHne NOBEPXHOCTU CNAABOB TUTAHa OCYLLECTBAANOCH NPU NPOAOAKUTENLHOCTA aHOAHOMO
MMnynbca Toka 250 = 25 MKc, Npogo/KMTENbHOCTU KAaTOAHOro Mmnynbca Toka 5 = 0.5 mc, yactote
CcnefoBaHUA aHOAHbLIX W KaToAHbIX MmnynbcoB 50 + 0.5 Mu. InekTponuTamu CAYKUAU LLEeNOoYHble
pacTBopbl. OKCMAHbIE NOKPbLITUA, NONYYEHHbIE B PA3NINYHBIX 3/1EKTPOUTAX, XapPaKTEPU3YHOTCA Pas/IUYHOM
NOPUCTOCTBIO U TONLIMHOW MNOKPbITUA. [MOKPbITUA XapaKTepPU3YHOTCA MENKOMOPUCTON CTPYKTYpOW, CO
cpegHUm amametpom nop ot 0,09 mkm ao 0,4 MKM, Tak U ¢ 6onee KpynHbimu pasmepamu nop 0,6 — 0,7
MKM. MopUCTOCTb NOKPbITUIA cocTansAeT oT 6,12% f0 12,2%. Mo gaHHbIM SHEProAMCcnepCMOHHOTo aHaNN3a
6bI710 YCTAaHOBNEHO, YTO B COCTAaB OKCUAHbIX MOKPbITUIA BKIHOYAIOTCA Kak KOMMOHeHTbl 0bpabaTbiBaemoro
MeTanna, Tak U KOMMOHEHTbI pacTBopa 3/1eKTpoanta. OCHOBHbIMW KOMMOHEHTaMM NPWU 3TOM ABAAIOTCA
Kucnopog, n obpabaTbiBaemblii MeTaNA, a TaKKe Apyrue anemeHTbl Kak 6op, docdop, antomuuunii, ¢top,
HaTpui, KpemHuii u gpyrve. KopposmoHHble ucnbiTaHua cornacHo TOCT 9,308-85 nog BosaeicTenem
HEeMTPanbHOro CONAHOro TymaHa npu Temnepatype (35+2) °C B TeyeHune 1500 yacos B Kamepe Ascott CC
450 NoKasanu, YTO KOPPO3MOHHbIX PA3PYLUEHUI NOKPbLITUIA HET.

Kniouesble cnoBa: oKcMAHOE MOKPbITUE, INEKTPOAUT, NAA3MEHHO-3/IEKTPONUTUYECKOE OKCMANPOBAHME,
KOPPO3UOHHbIE UCMbITaHMA, MOPDONOTUA MOKPBITUI, MOPUCTOCTb.

Uugopmayus o6 aemopax:
Kanoudam xumuueckux Hayk, OouyeHm Kazaxckozo aepomexHuveckoeo yHusepcumema um. C.

Pama3zaHoea *aHam MycaHoeHa CeligpynnuHa, Ha4anbHUK LleHmpa Kocmuyeckozo MoHumopuHea 2. Hyp-CyamaH, AO «HayuoHasnbHbil

yeHmp Kocmuveckux uccnedosaruli u mexHonoauli». E-mail: zh_ram@mail.ru, ORCID ID: 0000-0003-1419-
2886

3amanumduHosa MapuHa

Maaucmp UHGOPMAUYUOHHbLIX CUCMEM, Hay4YHbIl compyOHUK LleHmpa KOCMUYecKo20 MoOHUMOopUHaa 2. Hyp-
CynmaH AO «HayuoHanbHbIG YeHmp KOCMu4yecKux uccnedosaHuli u mexHonoazuli». E-mail:

puzopbesHa

kazncsm@yandex.ru, ORCID ID: 0000-0002-8746-1664

KoeaneHko Mapus BumanoesHa

MaaucmpaHm Eepasulickoeo HayuoHanbHo2o yHusepcumema um. J1.H. [ymuneea, Hyp-CynamaH,
Kazaxcman. E-mail: maria.kovalenko.98@mail.ru, ORCID ID: 0000-0003-1838-6338

(1]

(2]

(3]

References

Duyunova VA, Leonov AA, Molodcov SV. Vklad VIAM v razrabotku legkih splavov i bor'bu s korroziej izdelij raketno-
kosmicheskoj tekhniki [Contribution of the All-Russian Research Institute of Aviation Materials to the development of light
alloys and the fight against corrosion of rocket and space technology products]. Trudy VIAM = Proceedings of the All-
Russian Research Institute of Aviation Materials 2020. 2, (86). (in Russ.). http://dx.doi./10.18557/2307-6046-2020-0-2-22-
30 (in Russ.).

Aleksandrov VM. Materialovedenie i tekhnologiya konstrukcionnyh materialov: uchebnoe posobie. CHast' 1.
Materialovedenie. Standart tret'ego pokoleniya [Materials science and technology of structural materials: textbook. Part 1.
Materials science. Third generation standard]. Arhangel'sk: Severnyj (Arkticheskij) federal'nyj universitet, 2015, 327. (in
Russ.).

Rua JM, Zuleta AA, Ramirez J, Fernandez-Morales P. Micro-arc oxidation coating on porous magnesium foam and its
potential biomedical applications. Surface and Coatings Technology 2019;360(25):213-221.
https://doi.org/10.1016/j.surfcoat.2018.12.106



mailto:maria.kovalenko.98@mail.ru
https://www.sciencedirect.com/science/article/abs/pii/S0257897218314312#!
https://www.sciencedirect.com/science/article/abs/pii/S0257897218314312#!
https://www.sciencedirect.com/science/article/abs/pii/S0257897218314312#!
https://www.sciencedirect.com/science/article/abs/pii/S0257897218314312#!
https://www.sciencedirect.com/science/journal/02578972
file:///C:/Users/admin/AppData/Roaming/Microsoft/Word/360

Kommrercuoe McnonssoBarme Murepansaoro Ceippa. No2 (321), 2022 ISSN-L 2616-6445, ISSN 2224-5243

[4] Kemelzhanova A, Mukasev K, Yar-Mukhamedova G, Lampke Th. Investigation of the anticorrosion properties of nano-CEC
in amine environments. Kompleksnoe Ispol’zovanie Mineral’'nogo Syr'a = Complex Use of Mineral Resources
2020;313(2):52-57. https://doi.org/10.31643/2020/6445.17

[5]1 Mamaeva AA, Kenzhegulov AK, Panichkin AV, Shah A. Obtaining hydroxyapatite coatings by mechanochemical interaction.
Kompleksnoe Ispol’zovanie Mineral'nogo Syr'a = Complex Use of Mineral Resources 2020;314(3):76-83.
https://doi.org/10.31643/2020/6445.29

[6] Ramazanova ZhM, Zamalitdinova MG. Study of the Properties of Oxide Coatings Formed on Titanium by Plasma Electrolytic
Oxidation Method. Eurasian Chemico-Technological Journal 2020;22(1):51-58. https://doi.org/10.18321/ectj930

[71 WeizhanWang, ShunShan Feng, ZhongMing Li, ZhiGang Chen, TaiYong Zhao. Microstructure and properties of micro-arc
oxidation ceramic films on AerMet100 steel. Journal of Materials Research and Technology 2020;9(3):6014-6027.
https://doi.org/10.1016/j.jmrt.2020.04.005

[8] Zhou T, Ding Y, Luo Q, Qin Z, Zhang Q, Shen B, Hu W, Liu L. The Effects of Sodium Tungstate on the Characteristics of
Microarc Oxidation Coating on Ti6Al4V. Journal of Materials Engineering and Performance 2018;27:5489-5499.
http://dx.doi. org/ 10.1007/s11665-018- 3613-2

[9] Ramazanova JM, Zamalitdinova MG. Physical and mechanical properties investigation of oxide coatings on titanium.
Kompleksnoe Ispol’zovanie Mineral'nogo Syr'a = Complex Use of Mineral Resources 2019;2:34-41.
https://doi.org/10.31643/2019/6445.14

[10] Xiaoben Qi, Hailong Shang, Bingyang Ma, Rulin Zhang, Leyang Guo, Bo Su. Microstructure and Wear Properties of Micro
Arc Oxidation Ceramic Coatings. Material (Basel) 2020;13(4):970. https://doi.org/10.3390/ma13040970

[11] Yong Lian, Xianyi Dai, Jin Zhang. Characterization of micro-arc oxidation coatings on Ti6Al4V with addition of SiC particle.
Materials Research Express 2020. 7, 1. https://doi.org/10.1088/2053-1591/ab6c9a

[12] Ramazanova Zh, Zamalitdinova M, Kozlovskiy A, Butyagin P, Arbuzova S. Synthesis and properties of coatings obtained by
plasma electrolytic oxidation of titanium alloys in alkaline solutions. Journal of Advanced Research in Dynamical and Control
Systems 2020;12(06):858-865.

[13] Subbotina VV, Belozerov VV. The effect of electrolysis conditions during microarc oxidation on the phase-structural state,
hardness and corrosion resistance of magnesium alloys. Physics and Chemistry of Solid State 2020;21(3):545-551.
https://doi.org/10.15330/pcss.21.3.545-551.

[14] Mamaev Al, Dolgova YuN, Beletskaya EYu, Mamaeva VA. Synthesis of Nanostructured Nonmetallic Inorganic Coatings at
High Energy Localization in Interfacial Nanolayers. Russian Physics Journal 2021;63(9/2):1605-1014.
https://doi.org/10.1007/s11182-021-02212-w

[15] Ramazanova ZhM, Kirgizbayeva KZh, Akhmedyanov AU, Jaxymbetova MA, Yergaliyev D, Zhakupova A, Abdirashev O.
Influence of the process of microplasma treatment in electrolyte solutions on the oxide coating properties. International
Journal of Mechanical Engineering and Technology 2018;12(9):709-721. http://iaeme.com/Home/jornal/lIMET

[16] Chunyan Du, Hui Zhao, Zhiyong Dai, Zhiyu Tian, Jinchuan Wang, ZhenWang. The preparation and properties of black coating
by  micro arc  oxidation on 2A12  aluminum alloy. Materials Letters  2019;236(1):723-726.
https://doi.org/10.1016/j.matlet.2018.11.019

[17] Saltykov SA. Stereometricheskaya metallografiya [Stereometric metallography]. Moscow: Metallurgiya. 1970, 375. (in
Russ.).

[18] Jingtao Wang, Yaokun Pan, Rui Feng, Hongwei Cui, Benkui Gong, Lei Zhang, Zengli Gao, Xiaoli Cui, Hongbin Zhang, Zhigiang
Jia. Effect of electrolyte composition on the microstructure and bio-corrosion behavior of micro-arc oxidized coatings on
biomedical Ti6Al4V  alloy. Journal of Materials Research and Technology 2020;9(2):1477-1490.
https://doi.org/10.1016/j.jmrt.2019.11.073

[19] Shankar MP, Sokkalingam R, Sivaprasad K, Veerappan Muthupandi. Effect of Electrolyte on Micro Arc Oxidation Coating of
Al-2014 Alloy. Advanced Materials Research 2018;1148:159-164.
https://doi.org/:0rd/10.4028/www.scientific.net/AMR.1148.159

[20] Wang DD, Liu XT, Wu YK, Han HP, Yang Z, Su Y, Zhang XZ, Wu GR, Shen DJ. Evolution Process of the Plasma Electrolytic
Oxidation (PEO) Coating Formed on Aluminum in an Alkaline Sodium Hexametaphosphate ((Napo3)6) Electrolyte. Journal
of Alloys and Compounds 2019;798:129 — 143. https://doi.org/10.1016/j.jallcom.2019.05.253

[21] Guo-rui WU, Dong-dong WANG, Xin-tong LIU, Mingjia WANG, Dong CHEN, Yekang WU, Dejiu Shen. New Formation
Mechanisms of Pores and Cracks in Micro-arc Oxidation Coatings on 6061 Aluminum Alloy with High Temperature Oxide
Prefab Film. Materials Science (MedZiagotyra) 2021;27(1):37-41. http://dx.doi.org/10.5755/j02.ms.24210

[22] Yeshmanova GB, Smagulov DU, Blawert C. Plasma electrolytic oxidation technology for producing protective coatings of
aluminum alloys. Kompleksnoe Ispol’zovanie Mineral’nogo Syr'a = Complex Use of Mineral Resources 2021;317(2):78-93.
https://doi.org/10.31643/2021/6445.21 (in Russ.).



https://doi.org/:ord/10.4028/www.scientific.net/AMR.1148.159

Complex Use of Mineral Resources. 2022; 321(2): 14-21

ISSN-L 2616-6445, ISSN 2224-5243

=
o™ Crossref

@©ESHAMSns

DOI: 10.31643/2022/6445.13

Granular materials based on expanded sands and their production waste
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ABSTRACT

The article presents the results of studies of granular materials obtained by non-firing technology. For the
formation of granules, composite cement and magnesia binders containing waste products of expanded
perlite and expanded clay are proposed. Mechanical activation of composite binders intensifies the
processes of hydration and structure formation, contributes to increasing the strength of materials. The
combination of a binder with a filler in the form of waste from the production of porous aggregates ensures
a decrease in the density of the binder, the formation of a finely dispersed porous structure of the
composite material, the formation of stable hydrates. The porous structure of the granules is provided by
the use of porous sand to form the core of the granules. Studies of the structure of granules by electron
microscopy revealed that the reliable adhesion of particles of porous sand with a composite binder stone
provides high strength of porous granular materials. Cement granules based on expanded perlite sand are
characterized by a density of 300 — 400 kg/m3 and a compressive strength of 1.8 — 2.6 MPa. Magnesia
granules based on expanded clay sand have a density of 450 — 500 kg/m? and compressive strength of 3.5 —
5.7 MPa. The work is aimed at creating effective building materials using resource-saving technology, at the
rational use of production waste.

Keywords: granular material, expanded perlite, expanded clay sand, composite binders, porous structure.
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Introduction

To ensure energy efficiency of construction, we
need materials that provide not only the required
bearing capacity of structures, but also have heat-
shielding properties. These materials include
lightweight concrete. Lightweight concretes are
characterized by low density, the values of which,
as a rule, do not exceed 2000 kg/m?3. Main physical
and mechanical properties of lightweight concrete
are due to a highly developed porous structure,
which is formed using foam and gas formers
(cellular concrete) or due to porous aggregates.

Lightweight concretes based on porous
aggregates, compared to cellular concretes, have
increased strength, lower shrinkage and creep,
which expand the scope of their application [[1],
[2], [3], [4], [5]]. The structure of lightweight
concretes based on porous aggregates is mainly
controlled by the aggregate. Porous aggregates

have been used since ancient times in the form of
volcanic rocks. Modern porous aggregates are
artificial materials made with a variety of raw

materials and manufacturing processes. The
characteristics of lightweight aggregates vary
widely.

In modern technology of lightweight concretes,
expanded clay is the most common. Optimization
of technological process ensures expanded clay
gravel production with a bulk density of 350 — 600
kg/m3; expanded clay concrete is characterized by a
density of 600 — 1200 kg/m3 and strength of 2 — 12
MPa [[6], [7], [8], [9], [10], [11], [12]]. Possibilities
for further improvement of expanded clay
technology are often limited by the state of raw
material base [[13], [14], [15]].

Among the promising porous aggregates is
expanded perlite, which is used to produce
lightweight concrete with a density of 450 — 900
kg/m3 [[16], [17], [18], [19]]. Expanded perlite is
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distributed mainly in regions where aggregates are
produced. When producing porous aggregates,
waste is generated at various stages of
technological process; chemical and disperse
composition of which depends on the conditions of
formation. The problem of rational use of such
waste remains relevant.

Along with porous firing concrete aggregates,
granular materials which are made without the use
of high-temperature technological processes have
become widespread [[20], [21]]. Unfired porous
aggregates favorably differ in reduced cost due to
exclusion of an energy-intensive process. Non-firing
porous aggregates are obtained by hardening
granular raw mixtures, which include a binder and
components that provide pores formation. The
variety of components of the raw mix provides
extensive raw material base for granular materials
production. The growth of requirements for
construction and technical properties of lightweight
concretes necessitates the improvement of porous
aggregates technology and expansion of the raw
material base due to available sources.

The purpose of the work is to study influence
of material composition of the raw mixture on
formation and properties of unfired granules.

Experimental part

To obtain granulated materials, raw mixtures
consisting of a composite binder and porous
particles were used. Composite binders were
prepared on the basis of Portland cement and
production wastes of expanded perlite sand,
caustic magnesite and expanded clay production
wastes. Expanded perlite sand (cement mixes) and
expanded clay sand (magnesia mixes) served as
porous particles for granulated raw mixes.

The main characteristics of Portland cement
CEM 1 42.5N (GOST 31108 — 2016): specific surface
330 + 10 m?/kg, initial setting time is 1 hour and
40 minutes, time of final setting is 3 hours, activity
is 26 MPa at the age of 2 days.

Caustic magnesite PMK — 75 brand contains
75 — 80% of MgO, is characterized by specific
surface of 300 + 10 m?/kg, initial setting time is 25
minutes, time of final setting is 2 hours 10 minutes,
compressive strength at the age of 2 days is 34
MPa, at the age of 28 days — 52 MPa.

Expanded perlite production waste is a
dispersed material with an average particle size of
0.1 - 1.2 mm («Oskolsnab» JSC, Stary Oskol)
Chemical composition of waste, wt. %: SiO, — 75;

A|203 - 12.5; Fezog - 0.7; Ca0 - 1.6,' MgO - 0.6,‘
(K20 + Nay0) — 4.6; others — 5.0.

Wastes of expanded clay production are mainly
represented by particles of 0.2 - 1.0 mm
(Ust-Kamenogorsk expanded clay plant). Chemical
composition of waste, wt.%: SiO, — 67.5; Al,O; —
10.8; Fe,03 — 5.7, Ca0 - 5.4; MgO - 2.3;
(K20 + Nay0) — 4.5; others — 3.8.

Expanded perlite sand is a granular material
with a particle size of up to 5 mm, obtained by
thermal treatment of crushed perlite, a volcanic
rock. The bulk density of expanded perlite sand is
75 — 500 kg/m?3. In this work, expanded perlite sand
with a fraction of 0.16 — 1.25 mm and a bulk density
of 200 * 10 kg/m?> was used.

Expanded clay sand is a granular mass of
particles 0-5 mm in size, obtained by crushing
Keramzite grains. Bulk density is 500 — 650 kg/m?3.
In the experiments, particles of expanded clay sand
with a fraction of 0.16 — 1.25 mm with a bulk
density of 510 + 10 kg/m3 were used.

Composite binders were being obtained by
mechanical activation of a mixture of the original
binder with waste products after porous filler
production in «E-max» activator mill during
30 minutes. The specific surface area of the binders
was evaluated using a photosedimentometer.

Water (cement mixtures) and magnesium
chloride solution with a density of 1230 kg/m?3
(magnesia mixtures) were used to mix the molding
masses.

Granules were molded on a drum-type
laboratory unit. Rotation of the metal drum
ensured pelletization of raw mixtures loaded into
the unit. Presence of a restrictive mechanism
prevented materials from sticking to the walls of
the drum. The method of granules forming as
follows: particles of porous sand with a part of
mixing agent were placed in a pre-installed unit;
then the composite binder was poured. After 2
minutes of rotation of the drum unit, the remaining
amount of mixing agent and composite binder was
added. Rotation of the granulating unit for 10 min
ensured the formation of a dense shell on the
surface of granules.

Raw mixture granulation includes the processes
of wet rolling of a composite binder onto porous
sand grains until raw pellets are formed.

Adjusting the duration allows you to get
spherical granules with a size of 5— 15 mm.

The mode of hardening of raw granules was
settled taking into account the nature of binders
hardening. Cement granules hardened in the
air-humid environment, magnesia granules in air,
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the ambient temperature in both cases was
18 — 22°C. After 28 days of hardening, the granules
were tested for strength by squeezing on a
hydraulic press.

The microstructure of granular materials was
studied by electron microscopy using TESCAN MIRA
3 LMU scanning electron microscope.

Discussion of the results

The working hypothesis of the study is based on
the possibility of obtaining granules from porous
sand and a composite binder, in which the filler has
a composition related to porous particles.
Combination of a binder with filler in the form of
waste products of porous fillers will reduce binder’s
density and form a finely dispersed porous
structure of the composite material. Mechanical
activation of the binder-filler mixture can
accelerate hardening and increase material’s
strength.

Mixes for cement granules.

Analysis of composite cement binders’
properties made it possible to determine the
rational combination of Portland cement with
waste of expanded perlite sand production (Table
1). The content of waste in the composite binder
does not exceed 10%. Introduction of a porous

technogenic component is accompanied by
increase in water demand, reduction in setting time
of the cement paste, decrease in density and
increase in strength of the binder stone.
Mechanical activation of the cement composite
binder contributes to additional amount of the
dispersed phase, which activates hydration
processes, accelerating the setting and structure
formation of the binder.

Granulated material was obtained by applying a
shell of a composite binder to a porous core. The
core of the granules was particles of expanded
perlite sand, held together by a composite binder.

Comparison of the properties of granules of
various fractions obtained from perlite sand
showed that with increase in the size of sand
particles, density of granules increases (Table 2).
Strength characteristics of granules are directly
dependent on their density. Physical and
mechanical properties of granules are largely
determined by shell’s state, thickness of which
increases with transition to large fractions.
Cleavage surface of cement granules was studied
by electron microscopy. The central part of
granules of 1.5 — 2.5 mm in size is formed by scaly
particles bonded with a binder, has surgeless
porosity (Figure 1).

Table 1 - Influence of expanded perlite production waste on the properties of cement composite binder

Content of filler in Normal binder Setting Propertifes of a binder stone at the age of 28 days
binder, % density, % period, min d:;/srl;g, compressive strength, MPa
0 28 120 2185 48
5 32 90 2060 50
10 40 70 2010 59
15 45 40 1815 38

Table 2 — Physical and mechanical characteristics of granular materials based on composite cement

. Granules properties
Granule core fraction, mm - 3 -
density, kg/m Granules properties
1.5-25 30010 1.8
25-50 35010 2.3
5.0-10.0 40010 2.6

Figure 1 — Microstructure of granules from cement mixtures
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Pores of the inner part of granules are
permeated with hydration products of the binder.
Shell thickness of fine fraction granules is 600 um
on average.

Structure of granules is formed with the
participation of dense shells on the surface of
porous sand due to dense fouling with binder
hydration products (calcium hydrosilicates, calcium
hydrosulfoaluminate), concentration of crystalline
hydrates on the sand surface and in the pore space.
Mechanical activation contributes to structural
change of pearlite. As a result, reactivity of perlite
in pozzolanization reactions is increased. According
to X-ray phase analysis, calcite, tobermorite,
gehlenite, and silica were found in the
multicomponent granular material. Identification of
the composition of all products of the pozzolanic
reaction is difficult due to weak crystallization of
most phases.

Shells are a kind of reinforcing element of
composite binder’s stone in the shell of the
granule. Porosity of granules is represented by
voids of perlite sand, which are overlapped by
hydrates and form closed spaces. In this case, a
special role belongs to fibrous calcium
hydrosilicates, which form intergrowths due to the
presence of a silicate technogenic component.

Mixtures for magnesia granules.

Properties of non-firing granules depend on
the binder component that connects filler
particles. Unfired granular aggregates for
lightweight concretes are usually obtained using

cements. Prevalence of cement-based granules is
due to hydraulic properties of this binder.

The use of cements often causes complications
in the molding process and provides relatively high
values for density of granular materials. To develop
porous granules technology, it is necessary to
expand the range of binders.

Magnesia binders are distinguished by intense
hardening, high strength properties, and expressive
adhesion to various materials [[21], [22], [23]].

Composite magnesia binders were obtained by
joint grinding in an activator mill of caustic
magnesite with expanded clay production waste.
Analysis of the test results revealed advantages of
composite binders containing 40 50% of
expanded clay production waste. Mechanical
activation ensures the production of a high-
strength composite binder containing up to 50% of
the technogenic component. Such binders are
distinguished by reduced consumption of salt
grouting fluid - solution of magnesium chloride, of
lower stone density with strength indicators
comparable to caustic magnesite (Table 3).
Introduction of technogenic component increases
water resistance of the binder stone, which is
estimated by the softening coefficient (the ratio of
material’s strength after being in water for 3 days
to material’s strength hardened in air).

Granules based on magnesia binders were
obtained in the manner described above for
cement granules. The core for granules formation
was aggregates of expanded clay sand particles
connected by a magnesian binder.

Table 3 — Influence of expanded clay production waste on the properties of composite magnesia binder

Content of filler No:in;:;tt);nder Setting period, Properties of a bin::’:’;t':r;:i:: the age oi:ft:’;\’/;
in binder, % o min density, kg/m’? strength, MPa factor
0 45 70 1930 52 0.45
10 45 75 1920 53 0.46
20 42 78 1900 54 0.52
30 40 82 1880 58 0.55
40 38 85 1865 62 0.65
50 37 85 1840 67 0.70
60 36 87 1825 46 0.73

Table 4 — Physical and mechanical characteristics of granular materials based on magnesia composite binder

Granules properties

Fraction of granules, mm

density, kg/m?

Granules properties

6.0-8.0 450+10

3.5

8.0-10.0 500+10

5.7

— 17
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Figure 3 — Microstructure of granules from magnesia mixtures

Average size of a granule core was 5.5 — 7.5
mm. Thickness of the shell around the core reached
1.5 - 2.5 mm. Physical and mechanical properties of
magnesia granules are shown in Table 4. Compared
to cement granules (Table 2), magnesia granules
are characterized by higher density, which is due to
the lower porosity of expanded clay sand in
contrast to expanded perlite particles.

Microconglomerate structure of the granular
material is formed on the basis of intergrowth of
crystals of magnesium hydroxide chlorides and
predominantly amorphous sparingly soluble
hydrates with the participation of a technogenic
component. This creates a matrix of gel-crystalline
structure of the stone and ensures its resistance to
shrinkage and water.

High strength of magnesia granules is provided
by crystalline structure of magnesium hydroxide
chlorides, formation of weakly crystallized
hydrosilicates, hydroaluminosilicates, magnesium
hydroferrites (Figure 2), and reliable adhesion of
the binder stone to the surface of expanded clay
particles (Figure 3).

Practicability of magnesia granules obtaining is
determined by low energy intensity of composite
binders’ production, which are half made up of
technogenic filler, and by high strength of the
porous granular material.

Conclusions

To obtain non-firing granular materials,
mechanically  activated  composite  binders
containing porous aggregates production waste are
proposed.

Porous structure of granular materials is
formed with the participation of expanded sand
connected by composite material into the core of
granules.

The use of expanded perlite sand or crushed
expanded clay particles in granules structure
expands the area of rational use of fine-grained
materials with high open porosity.

Granules strength is ensured by reliable
adhesion of components, including due to genetic
similarity of porous sand and technogenic
component of the binder.
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KoncbifaH Kymaap *KaHe on1apAblH OHAIPY KanablKTapbiHbIH HerisiHae
aNblHFaH TYMWipLWIiKTEenreH matepuangap

1 Mupiok 0.A., 23aropogHiok J1.X.

1 PyOHbIl uHOYCMpuUAnbIK uHcmumymel, PyoHsil, KazakcmaH
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TYWIHAEME

MaKanaga KynaipinmewnTiH TexHosnorna 6olblHWA anblHFAH TYMipLWiKTeAreH maTepuangapapl
3epTTey HaTUKenepi KenTipinreH. TyipwikTepAi KanbiNTacTbipy YWiH KypamblHAQ KONCbIFaH NepanTt
NeH KepamsuT eHAIPICiHIH, KanablKTapbl 6ap KOMNO3ULMANBIK LLEMEHTTI }KaHe MarHesnanapl TyTKpIp
3aTTap yCblHbIAaAbl. KOMNO3MUMANBIK TYTKbIP 3aTTapAblH, MEXaHUKaNbIK 6enceHaipinyi rugpatauma

Makana kengi: 09 x¥cenamokcaH 2021 JKOHE KypblibiMAbl KaNbINTacTbipy NPOLECTEepiH KywenTeai, maTepuanaapablit, 6epikTiriH apTTbipyFa
CapantamagaH eTTi: 28 wenmokKcaH 2021 KemekTeceai. KeyekTi arperatrap eHAipiCiHiH, KanablKTapbl TYPiHAEr TYTKbIP 3aTTblH TONTbIPFbILLINEH
Kabbinpanapl: 31 kaHmap 2022 6ipiryi TYyTKbIp 3aTTblH, TbIfbI3AbIFbIHbIH, TEMEHAEYiH, KOMMO3ULMANLIK MaTepuanablH ycak gucnepcri

KeyeKTi Kypbl/bIMbIHbIH, Ka/lbINTacyblH KaHe TypaKTbl rmapatrapAbiH, naiga 6onybiH KamTamachi3
eteai. TyMipwikTepaiH, KeyeKTi KypblabiMbl TYMipWikTepaiH, AA4POCbIH KaibINTacTblpaTbiH KEYeKTi
KYMAbl KONAAHY apKbiabl KamTamacbis eTinedi. TyWipwikTepaid, KypblibIMblH 31EKTPOHAbI
MMUKPOCKONUA  3A4iCIMEH 3epTTey apKblabl KeyeKTi KyM 6esileKTepiHiH,  KOMNO3ULMANBIK
6aiinaHbICTbIPFbIWbIHBIH, TacneH 6epik TyTacybl KeyekTi TYMipWikTi maTepuangapabliH, KofFapsbl
6epiKTiriH KamTamacbl3 eTeTiHAiriH aHbIKkTangpl. KoncbiFaH NepsiuT KymblHa HerisgenreH uemeHT
TYMipWiKTepiHiH, ToiFbi3ablFbl 300 — 400 Kr/m3 XaHe cbiFbiiy Kywi 1,8 — 2,6 MMNa 6onagbl. Kepamsut
KYMbIHA Heri3ge/ireH MarHesus TyRipLikTepiHiH, ToiFbi3gbiFbl 450 — 500 Kr/m3 xaHe 6epikriri 3,5-5,7
MnMa Kypanabl. by }Kymbic pecypc yHeMAENTIH TEXHONOTUAHBI NaliganaHa oTbipbin, TUIMAJ KypblibIC
MaTepuangapblH ¥KacayFa, OHAIPIC KaNAbIKTapbIH YTbIMAbI NaiaanaHyfa barbiTTanfaH.

TyiiH ce3aep: TYMipWiKTi maTepuan, KOMCbIFaH NepPAUT, KEPaM3UT KYMbl, KOMNO3ULMANBIK TYTKbIP
3aT, KeYeKTi Kypbl/ibim.
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FpaHynnpoBaHHble MaTepuanbl HA OCHOBE BCNYy4YeHHbIX NeCKOB
n OoTX040B UX Npon3BoACTBa
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AHHOTALMA

B cTaTbe npuBeaeHbl pesynbTaTbl UCCNEA0BAHMI TPAHY/IMPOBAHHbBIX MATEPUANOB, MONYYEHHBIX MO
6€3065KMroBoi TexHoMorMn. [na GopMUPOBAHMA rPaHyN NPeasioKeHbl KOMMNO3ULMOHHbIE LeMEHTHbIE U
MarHesuanbHble BAXKYyLLME BellecTBa, COAeprKalime OTXOAbl MNPOW3BOACTBA BCMYYEHHOro nepanTa u
KepamsuTa. MexaHuyeckas aKTMBALMA KOMMO3ULMOHHBIX BXKYLWMX MHTEHcMdUUMPYET npoueccs
rmapataumm U CTpyKTypoobpas3oBaHusa, CnocobCTBYET MOBbLILEHWUIO NPOYHOCTM MaTepuanos. CoyeTaHne
BAKYLLEro C HamnojHUTeNemM B BMAE OTXOAOB MPOM3BOACTBA MOPUCTbIX 3anosHuTeneit obecnedvsaer
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Moctynuna: 09 dekabps 2021 CHW)KEHMEe  TMNIOTHOCTU  BAXyLlero, GOPMUPOBAHME  MENKOAMCNEPCHON  MOPUCTOW  CTPYKTYpbI
PeueHsnpoBaHue: 28 dekabps 2021 KOMMO3MUMOHHOrO MaTepuana, obpa3oBaHWe YCTOMUMBBLIX ruMapaToB. [opucTas CTPYKTypa rpaHyn
MpuHATa B nevatb: 31 AHeapAa 2022 obecneunBaeTcd  MCNOMb30BaHWEM MOPU30OBAHHOrO necka 414 o06pasoBaHMA Adpa  rpaHyn.

NccnenoBaHWAMU CTPOEHUA TPaHYN METOAOM SNEKTPOHHON MWMKPOCKONWUW BbIABNEHO, YTO HAAEXHOe
cuenneHWe 4acTul, NMOPM30BAHHOMO Mecka C KaMHemM KOMMO3MLMOHHOTO BAXyllero obecneymsaer
BbICOKYIO MPOYHOCTb MOPMUCTbIX TPaHY/NMPOBaHHbIX MaTepuanos. LiemeHTHble rpaHyabl Ha OCHOBe
BCMYyYEHHOro NEepsIMTOBOrO Mecka XapakTepusytoTca naoTHocTbio 300 — 400 Kr/m3 M MPOYHOCTbIO MpK
ckatum 1,8 — 2,6 MlMa. MarHe3snanbHble rpaHynbl HA OCHOBE KEPaM3UTOBOrO Necka MmetoT NA0THOCTb 450
— 500 Kr/m3 1 npoyHOCTb Mpu cKaTtum 3,5 — 5,7 MMMa. Pabota HanpasneHa Ha co3gaHune 3bPeKTUBHbIX
CTPOUTE/IbHLIX MaTepuanos no pecypcocbeperatoleli TEXHONOMMMU, Ha PaLMOHaNbHOE UCNO/b30BaHME
0TXOA0B NPON3BOACTBA.

KnioueBble cnoBa: rpaHyIMPOBaHHbIA MaTepuasn, BCMNYYEHHbIM MNEPAUT, Kepam3WTOBbIN NECOK,
KOMMO3ULMOHHbIE BAXYLLME, MOPUCTAA CTPYKTypa.
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ABSTRACT

Polygenic stratiform deposits are the largest in the world in terms of barite and manganese reserves, as well
as lead and zinc reserves. In the mineral resource complex of the Republic of Kazakhstan, they are of great
importance and are distinguished as an independent genetic Atasu type. In the article, the deposits of the
Zhailma graben-syncline in a large riftogenic structure are considered as a reference for the Atasu type. The
geological structure of the Bestobe stratiform polymetallic deposit located in the eastern part of the
Zhailma synclinorium is presented. The stratigraphy of ore formations, mineralization features, morphology
of the ore body and the pattern of zoning the distribution of elements in the ore-bearing rocks of the
Bestobe deposit are shown. A feature of the deposit is the combination of layered iron-manganese and
lead-zinc ores and superimposed zinc-lead-barite mineralization; the sharply subordinate role of
hydrothermal-sedimentary ores in the total reserves of lead and zinc; comparative abundance of lead,
copper and silver sulfosalts. The analysis of the materials indicates that mineralization at the Bestobe
deposit is complex. Its main value is polymetallic ores. The role of iron ore mineralization of the deposit is
insignificant. Manganese mineralization is practically absent. Polymetallic ores are conventionally
subdivided into lead-zinc-barite, lead-barite, barite and lead-zinc. Strontium is a constant impurity in
barites. Lead is mainly concentrated in galena; its insignificant amount is found in geocronite, boulangerite,
jamsonite, bournonite, cerussite, anglesite, pyromorphite, plumboyarosite. The bulk of zinc is concentrated
in the form of sphalerite.

Keywords: Atasu type, polymetallic, Zhayilma graben-syncline, lead-zinc-barite deposits.
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Introduction zinc reserves [1]. In terms of paragenetic

associations, the deposits of the Atasu type are

Polygenic stratiform ferromanganese and either complex ferromanganese and barite-
barite-lead-zinc  deposits isolated as an polymetallic ones (Ushkatyn |, Il, Ill, East Zhairem,

independent genetic Atasu type, are of great
importance in the mineral resource complex of the
Republic of Kazakhstan [1]. Polygenic stratiform
deposits are the largest in the world in terms of
barite and manganese reserves, as well as lead and

West Kamys, Arap, Keregetas, South Karazhal), or
(according to the prevalence of Fe, Mn)
ferromanganese ones (West and East Karazhal , Big,
Middle and Small Ktai, Zhomart, Vostochny Kamys,
Yuzhny Klych, Akshagat, Kentobe, Bogach, Tur,
Shoyntas), or by the predominance of Pb, Zn, Ba,
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barite-polymetallic and polymetallic ones
(Bestobe, Western and Far-West Zhairem,
Karagayly , Akzhal, Uzunzhal, Mirgalimsay, Shalkiya,
Achisay), or monobarite ones (Kentobe, Zhumanay,
Zhalair), etc. (Figure 1) [1].

Experimental part

The deposits of the Zhailma graben-syncline
(northwestern part of the Zhailma-Talkuduk rift
zone) are considered as a reference for the Atasu
type (Figure 2). The Zhailma graben-syncline
(trough) is a large riftogenic structure, which is
elongated from northwest to southeast. The rift-
generating structure was formed in the Late
Devonian during the destruction of the
Epicaledonian Central Kazakhstan continental block
[[2], [3], [4], [5], [6]].

The outer frame and the base of the graben-
syncline (Figure 2) are composed of terrigenous-
volcanogenic deposits of the Lower-Middle

Devonian and volcanogenic-terrigenous deposits of
the Daira Formation of the Upper Devonian. The
total thickness of the Famennian and Tournaisian
siliceous-terrigenous-carbonate deposits that make
up the graben-syncline is more than 2500 m.
Rectilinear segments of its contours in the
often

northwestern, latitudinal and less

northeastern and submeridional strike reflect the
tectonic boundaries of the blocks of the rigid
basement (Figure 2) [1].

The main value of the Atasu ore region is
represented by stratiform complex deposits of iron-
manganese, lead-zinc and barite ores of multi-stage
and complex formation identified as an
independent Atasu genetic type, one of which is
the Bestobe deposit (Figure 3).

The Bestobe deposit is located in the eastern
part of the Zhailma synclinorium (Zhairem,
Ushkatyn, Zhumart are in the western part) and
reveals a closer spatial relationship with the
northeastern faults represented by barite, barite-
polymetallic, polymetallic and iron-manganese
deposits [[4], [9], [10], [11]]. Below iron-manganese
ores, there are layered and secant bodies of lead-
zinc-barite ores of the same two main stages of
mineralization. Baritization was manifested in two
stages: the first proceeded before folding, and the
second one after it. Early fine-grained barites
contain relict layered textures, sometimes they
contain conformable interlayers with manganese
mineralization. Late bodies of large-crystalline
barite with sulfide mineralization replace even
silicites, they are affected by shearing and faults
associated with regional movements along the
Uspenskaya mobile zone [8].

TIABIIOJAF @

Figure 1 - Geodynamic position of the fields [[4], [5], [6]]:
1 - riftogenic structures (Ds-C1); 2 - geological complexes of the inland sea basin (Ds-C1); 3—7 - pre-Middle
Devonian continental crust: Precambrian sialic massifs (3), Devonian runway (4), marginal sea basin (S1-D2) (5), passive
continental margin (€-03s) (6), island arcs (€-0z) (7), tectonized ophiolite zones (8); Late Paleozoic runway (9);
deposits: barite-polymetallic (10): Zhairem (2.1), Karagayly (2.3); ferromanganese (11): Ushkatyn (2.2), Kentobe (2.4)
(51, [61, [71]
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Figure 2 - Schematic geological map of the Zhailminsky and Karazhal ore clusters (according to A.A. Rozhnov
etal.) [[3], [4], [5], [9]]
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Figure 3 — Pattern of geological structure of the
Bestobe deposit (acc. to N.S. Bozhukha) [[9], [11]]

As an occurrence of iron, it has been known
since  the late  thirties. Zinc-lead-barite
mineralization was discovered on it in 1952 by I.S.
Syromyatnikov [[9], [11], [12], [13], [14]].

The deposit is composed of Upper Devonian
and Lower Carboniferous sedimentary rocks
containing an admixture of volcanic material [15].

There are distinguished the Daira Formation
(Dsfmidr and Famennian deposits subdivided into
five units: unevenly layered (Dsfmsia), rhythmically
layered (Dsfmib), flyschoid (Dsfmic), gray-colored
(Dsfm,a) and red-colored (Dsfmyb), as well as
Tournaisian rocks: dark gray pack (Citia) (Figure 4).

The features of the deposit are as follows: the
combination of layered iron-manganese and lead-
zinc ores and zinc-lead-barite mineralization
superimposed on them; the sharply subordinate
role of hydrothermal-sedimentary ores in the total
reserves of lead and zinc; comparative abundance
of sulfosalts of lead, copper and silver.

The deposits of the Famennian stage, according
to lithological and petrographic features, are
divided into horizons of terrigenous-carbonate
rocks, black clayey marls, gray and black clayey
silicites, ore, gray-colored and red-colored
limestones (Figure 4).

— 94 ——
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Figure 4 - Stratigraphic column of the Bestobe deposit [9]

Results

The Bestobe section is dominated by calcareous
rocks, there are organogenic limestones;
everywhere there are also horizons of
lithocrystalline tuffs (up to 5 m thick) of liparite-
dacitic composition, subvolcanic bodies of diabase
porphyrites. The age of enclosing rocks, according
to A.M. Sadykov is Upper Famennian [8]. In the
ores of the deposit [9] there are about 60 minerals,
of which the main ones are galena, sphalerite,
pyrite, and barite.

The main reserves of barite-polymetallic ores
of the deposit are confined to two synclinal
structures located in the central part of the ore
field (Figure 3).

The synclinal structures of the First section
have been traced for more than 4 km, have the
width of 150-250 m and the minimum depth of 170
m; the Second section of the deposit is up to 400 m
wide and 350-400 m deep (Figure 5).

Morphologically, the ore bodies of the deposit
are characterized by sheet-like and lenticular forms.
They have the same occurrence elements as their
enclosing rocks. In the First and Second sections,

the ore bodies are elongated in the northeastern
direction along the azimuth of about 45° and dip to
the northwest at the angle of 30 to 90°. Their
length is hundreds meters, the thickness is from a
few to tens meters; in strike and dip they are
unsteady. From the flanks to the central parts of
the ore bodies, the thickness increases.

The internal structure of ore deposits is quite
complex. Thus, alongside with an extremely uneven
distribution of ore types, they also contain barren
interlayers up to 5 m thick. The morphology of
individual ore bodies is complicated by numerous
late faults of various scales.

Lead-zinc-barite, lead-barite, barite and lead-
zinc ores have been identified at the deposit. Lead-
zinc-barite ores are developed in the lower parts of
the ore bodies, lead-barite ores stand out as
independent deposits in the central part and on the
southwestern flank of the deposit, barite ores are
widely developed in the near-surface part of the
ore areas and lead-zinc ores form small lenticular
bodies in the lower part of the ore horizon and in
the upper layer of black clayey silicites. Thus, the
deposit exhibits vertical zonality in the distribution
of mineralization.
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Figure 5 - Schematic geological section [7]
1 - barite-polymetallic ores; 2 — polymetallic ores; 3 — lower boundary of the weathering crust; 4 - tectonic faults;
5 —wells

In the distribution of elements in ore-bearing
rocks, zoning is also observed (Table 1). It is
characterized by different concentrations of
elements above and below the ore bodies. Thus,
the content of all the elements, except for copper,
in the over-ore stratum is usually several times

higher than in the under-ore one. Easily mobile
elements in the under-ore zone are found in small
quantities. In the over-ore stratum, the elements
are dispersed over long distances from the ore
bodies and form high concentrations, for example,
arsenic.

Table 1 — Elements distribution zonality in ore-containing rocks of the Bestobe deposit

Zones Number of | Distance from the ore The elemental composition of the zone
samples body, m Basic Rare Very rare

IV above the | 910 from 150 to 350 Hg Ba, As Ba, As

ore

Il above the | 710 from 50 to 150 Ba, As, Hg Pb, Zn, Cu, | TI, St

ore Sb

Il above the ore | 605 from 10 to 50 Pb, Ba, As, Hg, | Sb, Cd, Tl Mo, V, Ge et al.

Ag, Cu, Zn, St

Above the ore 373 up to 10 Pb, Ba, As, Hg, | Ga, Mo, Bi, | Cr, Co, Zr, Li et
Ag, Cu, Zn, St, | In al.
Cd, Ge, Sb, Tl

Ore Ore body Pb, As, Hg, Ag, | Ga, Mo, Bi, | Cr, Co, Zr, Li et
Cu, Zn, St, Cd, | In al.
Ge, Sb, Tl

| under the ore | 393 up to 5-6 Ba, Pb, As, Hg,

Ag, Cu, Zn, Sb,

ore

Cd
Il under the ore | 252 from 5-6 to 20-30 Ba, Pb, Zn, Cu
Il under the | 379 from 20-30 to 70-100 Ba, Cu
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The zonality in the distribution of elements
around the ore bodies of the First and Second
sections is generally the same. There are clearly
distinguished the internal, intermediate and
external zones. In the internal zones, elevated
contents of those elements that are concentrated
in the ore body are noted. In the intermediate
zone, there are mostly common contents of lead,
zinc, barium and arsenic, mercury. In the outer
zone, significant concentrations of only volatile
elements (mercury, sometimes arsenic) are noted.
The most extensive halos are confined to the First
section, where the enclosing rocks are intensely
dislocated and where the thickest ore bodies have
been identified. Such dimensions of the ore tail can
be related to the superimposed
dynamometamorphic flow.

When moving from one zone to another (in the
direction from the ore bodies), the list of elements
is reduced. So, if the number of elements in the
halo in the first over-ore zone is 11, then in the
second one it is 8, in the third one it is 3, and in the
fourth one it is only one (mercury). The elemental
composition of ores in the first over-ore zone is
similar, i.e., this zone is a natural continuation of
the ore body. There is noticed asymmetric
distribution of moving elements relative to the ore
bodies. If in the under-ore strata they (mercury,
arsenic) form only internal zones, then in the over-
ore stratum they form external ones.

The main components of the ores of the
deposit (Table 1) are lead, zinc and barium, the
content of which ranges from tenths to 98-99 %.
Strontium is a constant impurity in barytes. Lead is
mainly concentrated in galena, its insignificant
amount is found in geocronite, boulangerite,
jamsonite, bournonite, cerussite, anglesite,
pyromorphite, and plumboiarosite. The highest
lead content is found in the upper parts of the ore
deposits, and the lowest content is in the lower
ones.

The bulk of zinc is concentrated in the lower
parts of the ore horizon in the form of sphalerite.
Copper is a constant component of ores present as
chalcopyrite, less commonly as fahlore, bournonite,

enargite, chalcocite, and luconite. Silver is the most
widespread impurity in ores. Its contents range
from 3-109 g/t, the highest concentrations are
found in galena (up to 500 g/t), fahlore and
geocronite.

Cadmium is common in ores. Its high content
was established in the significantly zinc varieties. In
sphalerite, the content of cadmium is the highest; it
is lower by 1-2 orders of magnitude in other
sulfides. Mercury is constantly present in fahlore,
sphalerite, as well as in the form of independent
minerals: cinnabar and schwazite. Thallium was not
detected in ores at the spectral analysis sensitivity
of 0.0001 % [16]. But it is found in almost all the
samples of globular pyrite, in galena and minerals
of the jordanite-geocronite-schulcite series.
Germanium occurs sporadically in zinc-lead-barite
ores. Its own mineral, vanadium-arsenic germanite,
was found at the deposit. In the ores there is
almost absent bismuth, selenium and tellurium,
which sharply distinguishes Bestobe, like other
deposits of the Atasu type, from deposits of other
genetic groups.

Conclusions

The analysis of the materials indicates that
mineralization at the Bestobe deposit is a complex
one, of the Atasu type. Its main value is
polymetallic ores, the role of iron ore
mineralization of the deposit is insignificant,
manganese mineralization is practically absent.

Polymetallic ores are conditionally subdivided
into lead-zinc-barite, lead-barite, barite and lead-
zinc ones. According to the composition and
content of lead minerals, the ores of the deposits
are divided into three grades: sulfide (20 %),
oxidized (60 %), and mixed (2060 %). The main
ore-forming minerals are galena, barite, sphalerite,
the main mineral of the oxidation zone is cerussite.
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TYRIHAEME

MonureHaik ctpatudopmabl KeH opbiHAAPbI 6apuT KaHe mapraHel, KOp/iapbl, COHAAN-aK KOPFacbiH
JKOHEe MbIpbIW  Kopnapbl OGoiblHWa anemaeri eH ipi KeHOpblHAApblHA KaTafbl. KasakcTaH
PecnybavKacbiHbIH, MUHEPanAbIK-LUMKI3aT KelwWeHiHAe O0NapApblH, MaHpi3bl 30p KaHe aepbec
reHeTUKanblkK ATacy TUNiHe KaTKpi3blnfaH. Makanaga ipi pudToreHaiK Kypblibimaassl Haliblama
rpabeH-CMHKAMHANbL KeH OpblHAApbl ATacy TUMIHIH 3TaNoHABIK Typi peTiHAe KapacTbipbliagpl.
KalblnMa CMHKAMHOPUIIHIK, WhiFbic BeniriHae opHanackaH bectebe ctpaTudopmabl noanmeTann
KEH OPHbIHbIH, FE0NIOMMANBIK KYPbIJbIMbI YCbIHbINFaH. KeH Ty3inimaepiHiH, cTpaTurpadumacel, KEHAEHY
epekKLenikTepi, KeH AeHeCiHiH, Mopdonormackl aHe bectebe KEH OPHbIHbIH, KEH CbIMbICTbIPYLLbI
JKbIHbICTAPbIHAAFbI  3NEMEHTTEPAIH, alMaKTblK Tapany cxemacbl KepceTinreH. KeH OpHbIHbIH,
epeKweniri: KabaTranfaH Temip-mapraHel, »3dHe KOPFaCblH-MbIPbIW KeHAEepi MeH onapfa
yCTeMeNeHreH MblpbIW-KOPFacbiH-6apuT KeHAepiHiH, bipiryi; KOpfacblH MeH MbIPbILWTbLIH, Kaanbl
KOpPbIHAAFbl TMAPOTEPMANAbI-WOriHAi KeHAepaiH, KYpT 6afblHbIHKbl Peni; KOPFacbiH, MbIC »KaHe
Kymic cynbdo Ty3AapbiHbIH, CanbiCTbipmanbl KenTiri. MaTepuangapapl Tangay KopbITbIHAbICH!
Bectebe KeH OpHbIHAA KeHAeHy KeweHai 6onbin TabblnatblHbiH - KepceTedi. OHblH, 6HacTbl
KYHAbINbIFbI-NONMMETaNN KeHAepi. KeH OpHbIHbIH Temip KeHAi KeHAeHYiHiH peni wamanbl.
MapraHeuTi KeHAeHy ic Ky3iHAe KOK. [onumeTtann keHAepi WapTTbl TypAe KOPFACbIH-MbIpPbILL-
6apuT, KopfacbiH-6apuT, BapuT KaHe KopfacbiH-mblipbiw 6onbin 6eniHeai. Baputrepae Kocnaga
TYPaKTbl CTpOHUMIA 6onagpl. KopfacbiH HerisiHeH raneHWUTTe WOfFblpaHfaH, OHblH, a3 menwepi
reOKPOHUTTE, ByNaHKepuTTe, AXKEMCOHUTTE, BYPHOHUTTE, LepyccuUTTe, aHrNe3nTTe, MMpoMopouTTe,
naymbosaposutte 6onaabl. MblpbIWTbIH, Herisri 6eniri cpaneput TypiHAe WOoFbIpAaHFaH.

TyiiiH ce3pep: Atacy Tuni, nonumertangap, Kalblima rpabeH-CUMHKAUHANb, KOPFacbiH-MblpbIL-
6apuT KeH OpHbI.
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AHHOTALUMUA

MonureHHble cTPaTUPOPMHbIE MECTOPOXKAEHUA ABAAIOTCA KPYMHeMwmnmMm B myupe no 3anacam 6apura u
MapraHua, TaK¥e Mo 3anacam CBMHLA W LMHKA. B MWHepanbHO-CbipbeBOM Kommiekce Pecnybauku
KasaxctaH OHM MMeloT BakHelllee 3HayeHWe W BblAeNeHbl B CaMOCTOATENbHbIN FeHeTUYeCcKuii
ATacyWckuii Tun. B cTaTbe B KauyecTBe 3TafOHHbIX AAA ATacyicKoro Tuma paccmaTpuBsaloTcs
MeCTopoXKAeHUA  aunbMUHCKOM  rpabeH-CUHKAMHAAW, B KPYMHOM  PUDTOreHHOW  CTPYKTYpbI.
MpeacTtaBneHo reonornyeckoe CTpoeHue CTPAaTMGOPMHOrO MNOAMMETANIMYECKOTO MECTOPOXKAEHUSA

Moctynuna: 20 okmAGps 2021 Bectobe, pacnonoxeHHOe B BOCTOYHOM 4YacTi MauabMUHCKOrO CUHKAMHOpUA. MoKasaHa cTpaTurpadus
PeueHsunposaHue: 23 dexkabps 2021 pyAHbiX 06pa3oBaHMi, 0COBEHHOCTM OpyaeHeHuA, MopdONOrNA PyAHOro Tena M CXemMa 30Ha/IbHOCTU
MpuHATa B nevatb: 31 gHeapsa 2022 pacnpefeneHus 3N1eMeHTOB B PyAOBMELLAIOWMX MOpoAax MectopoxaeHuna bectobe. OcobeHHOCTbIO

MECTOPOKAEHUA ABAAETCA: COBMELLEHUE CIOUCTbIX KEeNe30MapraHLeBbiX ¥ CBUHLOBO-LIMHKOBbIX PyA U
Ha/lO}XEHHOTO Ha HWX LMHKOBO-CBMHLOBO-6apUTOBOrO OpPYAEHEHUs; pPe3Ko NOAYMHEHHas ponb
rMAPOTEPMATbHO-0CAA0UHbIX pPyf B OOLWMX 3anacax CBMHLUA W LUWHKA; CpaBHUTENbHOe obunve
cynbboconei cBuHLA, meam 1 cepebpa. AHann3 maTepuanos CBUAETENILCTBYET O TOM, YTO OpPYAEHeHUe Ha
mectopoaeHun bectobe  ABAAETCA  KOMMAEKCHbIM. [N1aBHYlO  €ro  LEHHOCTb  COCTaB/sAIOT
nosMmeTannnyeckme pyabl. Ponb KenesopyaHOro OpyAEHEeHUs MEeCTOPOXKAEHWUS He3HauuTesbHa.
MapraHuesoe opyAeHeHue, MPaKTUYecKW, OoTcyTcTByeT. [loAumeTannuyeckue pyabl  YCAOBHO
NoAPasfeNATCA Ha CBUHLLOBO-LMHKOBO-6apMTOBbIE, CBMHLOBO-6apuTOBble, HapUTOBbIE U CBUHLLOBO-
LMHKoBble. B 6apuTax NOCTOAHHOW NPUMECHIO ABNAETCA CTPOHLMI. CBMHEL, COCPelOTOYEH, B OCHOBHOM, B
rafeHuTe, HEe3HauYWUTE/IbHOE Eero KOJIMYECTBO HaxOAMTCA B FEOKPOHWTE, GynaHxepuTe, AKEMCOHWTe,
6ypHOHUTE, UepyccuTe, aHrnesute, nupomopduTte, naombosposute. OCHOBHas Macca LUMHKA
CKOHL,EHTPUPOBaHa B Buae chaneputa.

KnioueBble cnoBa: ATacyickuit Tun, nonavmeTannbl, *KaunbMUHCKUIA rpabeH-CMHKAWHANb, CBMHLOBO-
LIMHKOBO-6apUTOBbIE MECTOPOKAEHUS.
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ABSTRACT

A priority direction of ferrous metallurgy development is to increase in output of the high quality metal and
metal products of new assortment. One of the methods to improve a quality of steels is to involve of
complex alloys based on aluminum, silicon, manganese, etc. for their output. They are necessary as
deoxidizing agents and alloying additives. This paper considers the possibility of the thermodynamic
substantiation of the aluminum solubility in the ferrosilicon-aluminum complex alloy (FeSiAl) on the basis of
their phase diagrams using the osmotic coefficient of the Bjerrum-Guggenheim. Methodology used is based
on the theoretical studies of the phase equilibria using the Bjerrum-Guggenheim concept. It includes a set
of computer programs in C# language (C sharp) designed to evaluate a deviation scope of properties of a
real system from the ideal one. Criterion for evaluation is an osmotic coefficient of the Bjerrum-
Guggenheim. The pattern of change in an osmotic coefficient of the Bjerrum-Guggenheim on the ratio of
activity of components in the ideal liquid and solid phases (positive ®i <1 or negative ®i >1) under the
boundary forming conditions of crystallization regions of phases related to the melting ferrosilicon-
aluminum processes is a direct proof of the possibility to use it as a metal reducing agent. The calculated
mathematical dependences of the osmotic coefficient of the Bjerrum-Guggenheim permit us to determine
the crystallization temperature of the ferrosilicon-aluminum alloy. The alloying process with rich aluminum
content is observed at this temperature. The dependence diagrams of an osmotic coefficient of the
Bjerrum-Guggenheim of a crystallizing component on the ratio of its activity in the liquid and solid phases
demonstrated that a temperature rise leads to strong negative deviations in silicon properties, and thus to
its good mixability in the melt with iron and aluminum. Compositions of silicon-aluminum alloys with high
aluminum content in the ferrosilicon-aluminum complex alloy (FeSiAl) were determined on the basis of
their phase diagrams using the osmotic coefficient of the Bjerrum-Guggenheim with iron content of 12-37%,
aluminum 20-25% and silicon 68-38%. The received theoretical results permit to determine conditions
which give the maximum possible aluminum assimilation with the ferrosilicon-aluminum melts supplied
from the high-ash coal in the melting process of this metal in the ore-thermal furnaces. Thus it is a direct
method to develop the output technology of the complex alloys.

Keywords: phase diagrams, Bjerrum-Guggenheim coefficient, crystallization regions of phases, silicon
aluminium alloys, ferrosilicon aluminium, complex alloys.
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Introduction

Today the ferrosilicon-aluminum production
with using the high-ash coal raw materials was only
organized in Kazakhstan. The aluminum content is
regulated by 5 - 15% in Kazakhstan. The basis to
develop the technology was a detailed study of a
reduction process of silicon and aluminum

compounds with using the thermodynamic-diagram
analysis of the Fe-Si-Al-C-O system.

The absence of the thermodynamic information
for a wide range of composition and temperature
makes it impossible to assess the real yield of the
reaction products in the melting process of
ferrosilicon aluminium. It should be pointed out
that for Fe-Si-Al-C system melts the available quite
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extensive  experimental material on the
thermodynamic parameters refers mainly to binary
systems of Fe-C, Fe-Si and Si-Al, and also a small
number of papers on the triple systems [[1], [2],
(311

The analysis of the numerous phrase diagrams
of various systems determined a common pattern
in formation of crystallization regions as a
correlation dependence of an osmotic coefficient of
the crystallizing component on the ratio of its
activity in the liquid and solid phases. The osmotic
coefficient of Bjerrum-Guggenheim is able to be as
a measure of deviation of the energetic properties
of a real system from the ideal one described by Le
Chatelier-Shreder equation.

The received data on crystallization regions of
phases in the studied systems testify the presence
of a regular change in the non-ideality coefficient ®;
(Bjerrum-Guggenheim coefficient) along a line and
crystallization surface of phases and a close
connection of this value with the nature of the
interparticle interaction of components in the melt
and their state.

One of the methods of the technical solutions
for melting of the complex alloys, in particular,
ferrosilicon aluminium with a high aluminum
content of up to 25%, is to conduct the
thermodynamic studies of phase equilibria based
on the Bjerrum-Guggenheim concept for a triple
phase diagram of the Fe-Si-Al system, which will
permit to calculate the rational compositions of
alloys with the thermodynamic method and to
determine areas of existence of an independent
phase of aluminium.

Experimental part

The theoretical studies of the behavior of the
osmotic coefficient of Bjerrum-Guggenheim of a
dissolved substance (e.g. aluminum in iron)
depending on the ratios of components in the melt
can simultaneously have the positive and negative
deviations from ideality. Depending on values of
the osmotic coefficient of Bjerrum-Guggenheim in
the thermodynamic calculations for various Fe:Al
ratios, it will be possible to discuss in which areas of
the melt the aluminum is absorbed very well, and in
which it can be isolated as an independent phase.

The study of the phase diagrams of iron-based
systems was performed according to the well-
known classification of phase diagrams [[4], [5], [6],
[711 and taking into account the possibility of the
analytical description of all types of their solid-
liqguid and solid-solid phase equilibrium diagrams

based on the nature of the change in the value of
the Bjerrum-Guggenheim coefficient near the
singular points.

The principle of our procedure is as follows: to
take data on temperature and composition from a
phase diagram and to find reference data on
temperature and enthalpy of melting of a solvent
and the dissolved substances for Le Chatelier-
Shreder equation. Further our developed program
is used: to process the initial data with finding the
expressions of the osmotic coefficients of Bjerrum-
Guggenheim for the liquid and solid phases, to plot
the dependence diagrams of a osmotic coefficient
of the crystallizing phases (®) on ratio of the
component activities in the ideal liquid and solid
phases and to find a mathematical expression of a
correlation dependence. The mathematical
expressions for the liquidus and solidus lines as a
semi-empirical dependence of the modified
equation of Le Chatelier-Shreder were obtained for
the ideal system and the detected patterns on the
monovariant phase equilibrium lines.

This paper focused on the binary systems of Fe
- Al, Fe - Si and Si — Al [[7], [8]] characterized by the
presence of the extensive areas of the limited solid
ferrite and austenitic solutions and a whole cascade
of the intermediate phases that are important for
the production of ferrosilicon aluminium.

The binary phase diagrams of iron - aluminum
(Fe-Al) and iron - silicon (Fe-Si) are previously
described in full with the mathematical expressions
from the position of the Bjerrum-Guggenheim
concept [9]. Table 1 gives the coefficients of the

dependence of the osmotic coefficient ?, on the
ratio of the activity of the liquid and solid phases
(exponent of the Le Chatelier-Shreder equation)
substituting in equations of (1) or (2), the
correlation dependences will be calculated.

® =(ina’ /e’ J(inx" /x°)=4,+B, -a"Ia’, 0

" - C
O =A+B ala+——
a, —a; la;

L]

()

1)
where ! - concentration of a crystallizing
i)

component at a given temperature; ! -
activity of a crystallizing component for an ideal
solution calculated by Le Chatelier-Shreder

C

(Rt |

equation; - constants determined by the
nature of components and interparticle interaction;
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a..

@i - a value of the ratio of the component
activities at T=T,,, calculated by Le Chatelier-Shreder
equation.

Based on these correlation dependences, the
equation of crystallization of the first or second
component will be calculated, depending on which
component the solvent is. The mathematical
dependence of the composition on temperature is
expressed by equations of (3) or (4).

AH . .
Inx"=—== 1.1 D
R IT, T

m,i

‘ AH,,,_,(l 1}(1 1]
lnxi = — T 'l " |s
R Tmﬁ T (Df (DJ
- (4)

where ®H,,, is the enthalpy of melting of the 1st
and 2nd components at melting point, J/mol; R is a
universal gas constant, 8.3144 J/mol K; T,,, and T -
melting point of the 1st and 2nd components and
crystallization of melts, K; ®i ' - the Bjerrum-
Guggenheim coefficient for the 1+« and 2~
components which permits to find a correlation
dependence and to calculate a mathematical
expression for the ratio of the activities of the i-
component in the liquid and solid phases; ®i" -
the Bjerrum-Guggenheim coefficient for the 1st and
2~ components which permits to find a correlation
dependence and calculate a mathematical
expression for liquidus line of i-component.

These mathematical expressions (3, 4) are the
semi-empirical dependencies as a modified Le
Chatelier-Shreder equation.

So, referring to Table 1, the crystallization
region of a-Fe (Fe-Si system) has two phase
transitions, thus it is described by the equation
from the melting point of iron 1811 K to the first
phase transition:

for crystallization region of a—Fe (5):

@, =187 147 a, | aj, (5)

for region of an ordered phase ofa,—Fe (6):

D, =0,9866-04218 af, /a}, (o

for region of an ordered phase of a—Fe (7):

@y, =0,6349+1,5733-a; /ai, )

The crystallization region of a-Fe (Fe-Al system)
is calculated by equation (8):

@, =1,3606-13319-a;, / a;, (8)

for region of an ordered phase of a,—Fe (9):

D;, =0.5445-03883ap /af, (g

The triple system of Fe-Si-Al is the basis of
silicon aluminum alloys and the silicon
crystallization region in it and the features of
thermodynamics of melts in this area are essential
for the melting process of ferrosilicon aluminum.

Combining of the calculation results of the
osmotic coefficients of ®, for different sections of

the Si-Fe-Al system (Figure 1) and isotherm P, for
the different temperatures (Figure 2) permits to
identify the characteristics of the behavior of
elements in the Fe- Si-Al system. The change in the
crystallization beam of the alloys from the Si-Fe to
Si-Al system shows (Figure 1) that only near with
the Si-Fe system the melts, as noted above, have
the component association and a huge negative

deviation from ideality (CD-“" is much more than
one), (Figure 2) [[9], [10], [11]].

In the Si-Al system, the initial additions of Al
lead to a significant deviation of the energy
characteristics of Si in comparison with values of an
osmotic coefficient of the Si-Fe system. But the rate

of this deviation with a temperature change is

lower, and therefore if the starting is from i 0.8,
the effect of Al will decrease (Figure 1).

The beam with a ratio of 0.19 Fe:0.81 Al (at.)
(Figure 1) is characterized by a linear dependence

of P, caused with a weak development of
association of components in the melt. But if the
starting is from the ratio of 0.49 Fe:0.51 Al (at.), the

bending of D, for the beam can be observed.

As the temperature increases, the negative
deviation of Si properties from ideality (figure 2)
can be intensified and hence its better miscibility
with iron and aluminum in the region of Fe : Al =0.7
: 0.3% (at.), which corresponds to the compositions
of ferrosilicon aluminum (FeSiA) alloys with 12-37%
Fe and 20-25% Al in recalculation by weight
concentrations [9]. The temperature reduction
moves the studied area to the Fe-Si binary system.
This indicates that at low temperatures Al dissolves
better in Fe-Si-rich alloys, and as the temperature
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increases, the alloying process with richer
aluminum content is facilitated.

The received data on behavior of an osmotic

coefficient of Bjerrum-Guggenheim (@"f) for
systems of Si-Al and Si-Fe and also for the two
median beams are approximated by the three-term
expression (1), provided that the associated
complexes are present in the melts (Table 1).

Isotherms of @, (Figure 2) for the entire
crystallization surface can be easily represented as:

where ZFe =X ’/(xFe +xA1)9 (at.);

Zy=Xxy /(xFe +fo)§

Pron generalized equation of CD"‘",
determined by the Scheffé’s method. By the solving
of two linear equations with this value obtained

after substitution in the general expression ...,

the equation of 2, for the two beams of 0.491
Fe:0.501 Al and 0.19 Fe:0.81 Al (at.) and Zi values

@

gen.Si

2
+ ZFe ’ ZAI ’ QDAI.«"Fe’

. . ) ‘
=2y Py p+Zy Py y+Zp 2y Dpyyy +

(10)

was calculated (Table 1).

Table 1 - Parameters of crystallization regions of phases in the phase diagram of the binary systems based on iron

Coefficients of equation of dependence of | Correlation Variance
Phase (¢' or -
System ) (1), (2) coefficient R
A B C
5-Fe(d') 13.38 -12.24 - -0.9978 -
os 5-Fe(d") 1.87 -1.47 - -0.9995 -
eSi
oz-Fe(®') 24.47 -25.42 - -0.9907 -
oz-Fe(d") 0.99 -0.42 - -0.9010 -
ou-Fe(d') 70.07 -81.53 - 0.9905 -
o1-Fe(P") -0.63 1.57 - -0.9801 -
FeSi-Fe FeSi(®') 1.84 -1.59 - -0.9920 -
FeSi-Si FeSi(®') 1.55 -1.24 - -0.9967 -
Si-Fe Si(®d') -0.788 0.3504 -1.358 - 0.0018
a-Fe(d') 3.87 3.17 - -0.9974 -
o-Fe(®'") 0.399 0.05 - 0.9584 -
Fe-Al a-Fe(®') -1.03 2.50 - 0.9991 -
GG ax-Fe(d") -0.57 1.17 - 0.9988 -
(T cale.  —
1584K) g-phase(d') -118.99 154.37 - 0.9820 -
- phase (¢") -3.27 4.48 - 0.9944 -
€- phase (¢') -118.99 154.37 - 0.9820 -
- phase (¢") -3.27 4.48 - 0.9944 -
FesAls(d') 5.99 -5.96 - -0.9998 -
FezAls-Fe
Fe Als(d") 3.21 -3.17 - -0.9988 -
FesAls(d') 1.28 -1.27 - -0.9980 -
FezAls-Al
Fe Als(d") 0.84 -0.83 - -0.9880 -
Crystal. FesAls(d') 0.76 -0.61 - -0.9998 -
region FeAls(d") 0.59 -0.57 - -0.9978 -
FeAls
SiAl Si(®') 1.622 -0.58 0.001 - 0.0014
Si-0.491Fe: .
Si(®') 0.7143 0.3297 -0.352 - 0.0021
0.509Al
Si-0.194Fe: _
Si(®') 1.2279 -0.0445 -0.029 - 0.0016
0.806Al

— 3¢ ——
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Figure 1 - Change of ~ * along silicon crystallization
line in binary systems of Si-Fe and Si-Al

The obtained results for two binary systems of
Si-Fe and Si-Al and two beams with Fe/Al
composition ratio at the special temperatures and
crystallization region demonstrated a good
similarity of the calculated (solid lines) and
experimental (points) composition data (Figure 2).

Conclusions

Based on the behavior of the osmotic
coefficient of Bjerrum-Guggenheim in the melt of
the Fe-Si-Al system using the thermodynamic
method, the compositions of silicon-aluminum
alloys with increased aluminum content were
substantiated. @ The  received  mathematical
dependences of the osmotic coefficient of Bjerrum-
Guggenheim  determined the crystallization
temperature of the ferrosilicon-aluminium alloy,
thus, the process of alloy formation with rich
aluminum content was observed. Referring to the
character of changes in the osmotic coefficient of
Bjerrum-Guggenheim it was determined that the

D 18
1.6
A
14 e AN
~m
& o
m \
._A
12 \
e ®
e Al
10 05 0

z=Fe /Al am.

x—1200°C, A - 1250°C, m - 1300°C, ® - 1350°C

Figure 2 - Isotherms of ~ *' at different temperatures of

Fe: Al =0.7-0.3% (at.) which corresponds to compositions of Fe-
Si-Al alloys with 12-37% Fe and 20-25% Al in recalculation

temperature increase leads to the strong negative
deviations of silicon properties and thus to its
better miscibility in the melt with iron and
aluminum for the compositions of Fe: Al = 0.7 - 0.3
%. The optimum ratios of elements in the
ferrosilicon aluminum complex alloy with the iron
content of 12-37%, aluminum -20-25%, and silicon -
68-38% were defined. This composition
characterizes the area of the alloy in which the
aluminum melt will fully absorb.
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TYAIHAEME

Kapa meTtannypruaHbl AambiTyablH, 6acbiM 6GafbiTbl-KOFapbl cananbl MeTann eHAIPICiH KaHe meTann
6yibIMAAPbIHbIH, }aHa aCCOPTUMEHTIH yNFaiTy. bonaTTapAblH canacblH *KaKcapTyFa KON KETKi3yaiH 6ip
94iCi - onapAbl eHAipyre antoMUHUI, KPEMHUI, MapraHel, XaHe T.6. HerisiHaeri Kypaeni KopbiTnanapabl
TapTy, Onap TOTbIKCbI3AAHABIPFLILITAP MeH Jeripaeywi Kocnanap peTiHae KaxkeT. Makanaga
ANOMUHUNAIH, Kypaeni deppocrankoantoMmHnit KopbITNacbiHAA (FeSiAl) epirilwTiriHin,
TEPMOAMHAMMKANBIK, HETi3Aey MYMKIHAIM, 0NapablH Ky Anarpammanapsl HerisiHae bbeppym-TyrreHreim
OCMOCTbIK,  KOIDPUUMEHTI apKbiabl TankpliaHagpl. KonpaHbinatbiH aaicteme Bbeppym-TyrreHrerim
TYXKblpbIMAAMacbiHa HerisaenreH ¢asanbik Tene-TeHAIKTIH, TEOPUANBIK 3epTTeyNepiHe Heri3AenreH KaHe
HaKTbl YKYMEHiH, KacueTTepiHiH, naeannaH aybiTKy AapexeciH baranayra apHanfaH C# TiniHgeri (Csharp)
KOMMblOTEPANiK bargapnamanap XKUbIHTbIFbIH KamTuabl. baranay KpuTepuiii - Bbeppym-TyrreHreim
OCMOCTbIK,  Ko3ddpuumeHTi. KpuctangaHy epictepiHiH, naiga 6ONYbIHbIH, LWeKapanblK KafaanbiHAd
naeanabl CyMblK KaHe KaTTbl dasanaphafbl KOMNOHeHTTepAiH 6enceHainiri (oH, @i <1 Hemece Tepic @i >1)
KaTblHacbl  6oWblHWA  Bbeppym-TyrreHreliM  OCMOCTbIK — KO3QOUUMEHTIHIH,  e3repy  cunaTbl.
deppocunvkoantomuHuiiai  6ankbiTy  npouecTepiHe — HalnaHbicTbl  dasanap  OHbl  MeTann
TOTbIKCbI3AAHABIPFLIW PEeTiHAE KONZaHy MYMKIHAIriHIH Tikenel ganeni 6onbin Tabblnagpl. bbeppym-
FyrreHreim OCMOCTbIK, K03pDULMEHTIHIH, ecenTtenreH MaTeMaTUKanbIK Tayenainikrepi
$eppocMAMKOaNIOMUHUIA KOPBITNACbIHbIH, KPUCTaNAaHy TemnepaTypacbiH aHblKTayFa MYMKIHAIK Gepai,
6yn Kesge KypamblHA@ antoMUHWII Ken Kocnanap 6ap. KpucTangaHaTblH KOMMOHEHTTIH, Bbeppym-
[yrreHreiiM OCMOTUKaNbIK KO3POULMEHTIHIH, OHbIH, CyMbIK KaHE KaTTbl dasanappafbl 6enceHAiniriHin,
apaKkaTblHacbiHa Tayenainik rpadukTepi TemnepaTypaHblH, KOFapblnaybl KPeMHUIAIH, KacueTTepiHae
KYWTi Tepic ayblTKynapfa SKeNeTiHiH KepceTTi, byn OHbIH, KaKCbl apanacyblH 6ingipesi. Temip koHe
antoMuHuinmeH 6ankbitagbl. Kypaeni deppocunnkoantommHuin KopbitnacbiHaa (FeSiAl) antomuHUAgiH,
KYpPambl  KOfapbinafaH  KPEeMHWI-aloMUHUI  KOPbITMANapbiHbIH,  Kypambl  0napAblH,  KyWAik
OmMarpammanapsl HerisiHae Temip Kypambl 12-37%, antomunHuii 20-25%, KpemHuin 68-38% 6ap bbeppym-
FyrreHreiiM OCMOCTbIK KO3GOUUMEHTI apKbiabl Kypbligbl ONapAplH, Ky Auarpammanapbl HerisiHae
OpHaTbINFaH. ANbIHFAH TEOPUANbIK HaTUXKenep Oyn meTanAbl KeHA-TepMUANbIK NewTepae 6ankbity
KesiHAe KOFapbl KynAi KemipfeH KeneTiH $beppocuanKoantoMuHUiA BankpiManapbiMeH antoMUHUNAIH,
MaKCUManapl MyMKiH aCCUMUAALMACHIH KAMTaMacbI3 eTETIH XKafAalinapAapl aHbIKTayFa MyMKIHAIK 6epegai,
6yN-eHAIPICTIH AaMYbIHbIH, TIKENEN oMbl - KypAeni KopbITnanapabl any TEXHONOTUACHI.

TyiiH ce3pep: Kyt amarpammacsbl, Bbeppym-FyrreHreim KoadpduumenTi, dasanbik KpucTangaHy epicrepi,
KPEMHWI aNtOMUHWUIA KOpbITNanapbl, GepPOCUIMKOANIOMUHWUIA, KELLEHA] KopbITnanap.
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AHHOTALMUA

MpUOPUTETHBIM HanpaBAeHUEM Pa3BUTMA YEPHON METanNyprum ABNAETCA YBE/UYeHUe MPOU3BOACTBA
BbICOKOKQYeCTBEHHOTO MeTa//la M METa//IoNPOAYKLMM HOBOTO copTameHTa. OpHum U3 nyTeit
[OCTUMKEHUA MOBbIWEHWA KayecTBa CTasnel ABNAETCA BOB/AEYeHMe ANA UX NMPOM3BOACTBA KOMMAEKCHbIX
CMAaBOB Ha OCHOBE A/IIOMUHUA, KPEMHWSA, MapraHLua 1 T.4., Tak Heo6X0AMMbIX B KauecTse packucauTenei
1 nervpylowmx Ao6aBok. B cTaTbe paccmMoTpeHa BO3MOXKHOCTb TEPMOAMHAMUYECKOTO OBOCHOBaHWSA
pPacTBOPMMOCTM alOMUHUA B KOMMJIEKCHOM crnase ¢eppocuamnkoantommummn (FeSiAl) Ha ocHose ux
AMarpamMm COCTOAHMA Yepe3 OCMOTUYECKUi KoadbduumeHT Bbeppyma-TyrreHreiima. MpumeHsemas
METOA0/I0r1A OCHOBAHA Ha TEOPETUYECKUX UCCNE0BaHNUAX Ga30BbIX PAaBHOBECUIA HA OCHOBE KOHLIENLUMK
Bbeppyma-TyrreHrelima M BK/IIOYAET KOMMJIEKC KOMIMBIOTEPHbIX Mporpamm Ha nasbike C# (Csharp),
npeaHasHayYeHHbIX A/1A OLEHKWU CTENeHW OTKAOHEHWA CBOMCTB peanbHOW CUCTEMbl OT WAEasbHOM.
Kputeprem OLEHKM ABAAETCA OCMOTUYECKUI KO3bdULMEHT Bbepymma-TyreHreima. Xapaktep
M3MEHEHUA OCMOTUYECKOTrOo KoapduumeHTa bBbeppyma-TyrreHrelima OT OTHOLEHMA aKTUBHOCTU
KOMMOHEHTOB B UAEaNbHOW XuUAKOM U TBepaon dasax (nonoxutensHblt @i <1 uam otpuuatenbHbii Oi
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>1) Npu rpaHUYHbIX YCA0BUAX GOPMMPOBAHMA MONElN KpUcTanamsauum ¢as, OTHOCALMXCA K Npoueccam
BbINAABKN GEPPOCUNIUKOANIOMUHUA ABNAETCA NPAMbIM A0Ka3aTENbCTBOM BO3SMOXKHOCTU MPUMEHEHUA ero
B KayecTBe MeTa/l/IM4ecKoro BOCCTAHOBUTENA. PacuMTaHHble MmaTemaTMyeckue  3aBUCMMOCTM
OCMOTMYECKOro  KoadouumeHTa bBbeppyma-TyrreHreliMa no3BOAMAM  ONpeAenuTb  Temnepatypy
KpUCTanauMsaumMm  cnnasa  GeppoCUNUKOANIOMUHMA,  NPU  KOTOPOW  MPOMCXOAMT  npouecc
cnnasoobpasoBaHua c bonee boraTbiMm cogepkaHMeM aNtoMUHUA. TpadrKM 3aBUCUMOCTU OCMOTUYECKOTO
koadpduumneHta Bbeppyma-TyrreHreiima KpuCTanAM3yloLWErocA KOMMOHEHTa OT OTHOWEHWA ero
AKTUBHOCTU B KWMAKOW M TBepAoil ¢dasax Mokasanu, 4To PoOCT TeMnepaTypbl MPUBOAUT K CUAbHBIM
oTpULATENbHbIM OTKJIOHEHWAM CBOWCTB KPEMHMA, @ 3HAYUT NyyLieli CMewnBaeMocTM ero B pacnaase C
Kenesom W aNloMUHMEM. YCTaHOB/IEHbl COCTaBbl KPeMHeasloMUHUEBBIX CM/aBOB C MOBbILEHHbIM
COAEPKAHMEM aNOMUHMA B KOMMNIEKCHOM cnnase ¢eppocunnkoantommHmnin (FeSiAl) Ha ocHoBe ux
AMarpamMmm COCTOAHMA Yepe3 OCMOTUYECKUI KoadpduumeHT Bbeppyma-lyrreHreiima c cogepskaHuem
kenesa 12-37 %, anomuHua 20-25 %, kpemHua 68-38 %. MonyyeHHble TeopeTUYecKMe pesynbTaThbl
NoO3BONAT ONPeaennTb YCI0BUA, obecneynsatoliue MakCMManbHO BO3MOXHOE YCBOEHWE aNtOMUHUA
pacnnasamu GbeppOCUNINKOANOMUHNA, MOCTYNAOLLETO U3 BbICOKO30/1bHOMO YA B NPOLLecce NAaBKU 3TOrO
MeTanna B PYAHOTEPMMYECKMX Meyax, a 3TO MPAMOM NyTb K pa3paboTKe TeXHONOTUM NONyYeHUA
KOMM/IEKCHbIX CNNaBOB.

Kniouesble cnoBa: anarpamma cocToaHuA, KoadduuneHT bbeppyma-fyrreHrelima, Nona KpUctanamnsaumum
$as, KpeMHUantoMUHUEBbIE CNasbl, PepPOCUINKOANIOMUHMNIA, KOMNEKCHbIE CMNAaBbI.

UHopmayus 06 aemopax:

BaiicaHos Ca(‘]/’ayEaﬁ ﬂoxmop mexHU4YeCKUX HayK, npodleccop, 3asedyfou4uﬁ ﬂa6opamopueL7 memasnnypau4yeckux pacraiaeos

XumuKko-memasnypau4ecko2o uHcmumyma um. XK. Abuwesa, Kapaza+da, KazaxcmaH. E-mail:
splav_sailaubai@mP’il.ru, ORCID ID: 0000-0002-7328-2921

TonokoHHUKo8a Bepa KaHOudam xumuueckux HayKk, eedyuuli Hay4yHbil compyOHUK sAabopamopuu MemasnsaypaudecKux
BnadumupoeHa pacnnasog Xumuko-memarsypauvyecko2o uHcmumyma um. XK. Abuwesa, KapazaHda, KasaxcmaH. E-mail:

tolokon-splav@mail.ru, ORCID ID: 0000-0003-3386-0966

Hapuk6aeesa lNyabHap UmemuposHa

HayuHblli compyOHUK nabopamopuu Memansaypauvyeckux pacnaaeos XumuKo-memasnypau4deckoao
uHcmumyma um. . Abuwesa, KapazaHoa, KazaxcmaH. Email: narikbaeva63@mail.ru, ORCID ID: 0000-
0002-1055-3448

Kopcykoea UpuHa AipocnasoseHa

Hay4Hblli compydHuk snabopamopuu Memasnnypau4eckux pacrnaaeos XumuKo-memarsaypauyecKo2o
uHcmumyma um. . Abuwesa, KapazaHoa, KasaxcmaH. Email: met.rasplav@mail.ru, ORCID ID: 0000-
0003-2121-4270

(1]

(2]
(3]
(4]
(5]
(6]

(7]

(8]

(9]

(10]

(11]

References

Ghos G. The phase equilibria and thermodynamic properties of the ternary Al-Fe-Si system were analyzed and a
complete. Ternary Alloys: A Comprehensive Compendium of Evaluated Constitutional Data and Phase Diagrams, G.
Petzow and G. Effenberg, eds., VCH Publishers, New York, NY. 1992. 5. 394-438.

Zi-Kui Liu, Austin Chang Y. Thermodynamic Assessment of the Al-Fe-Si System. Metall. Trans 1999;30:1081-1095.
https://doi.org/10.1007/s11661-999-0160-3

Issagulov AZ, Chekimbayev AZ, Makayev TS, Babenko AA. Studying the Fe-Al-Si system in relation to ferrosilicon-
aluminum alloy crystallization. Metalurgija 2020;59(1):81-84.

Zaharov AM. Diagrammy sostoyaniya dvojnyh i trojnyh sistem [Phase diagrams of binary and ternary systems]. Moscow:
Metallurgy. 1978, 295. (in Russ.).

Hansen M, Anderko K. Struktura dvojnyh splavov [Structure of double alloys]. Moscow: Metallurgy. 1962, 1488. (in
Russ.).

Zaharov MA. Raschet osnovnyh tipov diagramm sostoyaniya binarnyh rastvorov v ramkah obobshchennoj reshetochnoj
modeli [Calculation of key types of phase diagrams of binary solutions under the generalized lattice model]. Vestnik
Novgorodskogo gosudarstvennogo universiteta = Bulletin of Novgorod State University 2016;98(7):22-26. (in Russ.).
Voronin GF. Novye vozmozhnosti termodinamicheskogo rascheta i postroeniya diagramm fazovyh sostoyanij
geterogennyh sistem [New possibilities of thermodynamic calculation and construction of phase diagrams of
heterogeneous systems]. Zhurnal fizicheskoi himii = Russian Journal of Physical Chemistry 2003;77(10):1874-1883. (in
Russ.).

Bajsanov S, Tolokonnikova VV, Narikbaeva Gl, Korsukova |Ya. Metody issledovaniya linij geterogennyh fazovyh ravnovesij
na diagramme sostoyaniya cherez osmoticheskij koefficient B'erruma-Guggengejma [Research methods of the lines of
heterogeneous phase equilibria on phase diagram using the osmotic coefficient of Bjerrum-Guggenheim]. Karaganda:
Ekozhan. 2020, 73. (in Russ.).

Shahnazarov KYu. Priznaki promezhutochnyh faz v sistemah Al-Si, Fe-C, Al-Cu [Signs of intermediate phases in systems of
Al-Si, Fe-C and Al-Cu]. Vestnik MGTU im. G.I. Nosova = Bulletin of Moscow State Technical University named after G.I.
Nosov 2016;14(3):71-77. (in Russ.).

Baisanov SO, Tolokonnikova VV, Narikbayeva Gl, Korsukova IYa, Zhuchkov VI. Thermodynamic assessment of smelting of
manganese and chromium ferroalloys based on the analysis of their state diagrams. lzvestiya NAN RK. Seriya «Khimii i
tekhnologii» = lzvestia of the National Academy of Sciences of the Republic of Kazakhstan. The series "Chemistry and
technology" 2018;5:47-57. https://doi.org/10.32014/2018.2518-1491.7

Baisanov S, Tolokonnikova V, Narikbayeva G, Korsukova I, Mukhambetgaliyev Ye. Mathematical method of phase
equilibrium of binary system Cr-Si based on Bjerrum - Guggenheim concept. Metalurgija 2020;59(1):97-100.



mailto:Splav_sailaubai@mаil.ru
mailto:tolokon-splav@mail.ru
mailto:narikbaeva63@mail.ru
mailto:met.rasplav@mail.ru
https://doi.org/10.1007/s11661-999-0160-3
https://doi.org/10.32014/2018.2518-1491.7
https://www.scopus.com/sourceid/27790?origin=recordpage

Complex Use of Mineral Resources. 2022; 321(2): 38-46

ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2022/6445.16

@creative
commons

The problem of optimizing pumping units for oil transportation

!Bekibayev T.T., ** Ramazanova G.l., 2Pakhomov M.A.

1Satbayev University, Almaty, Kazakhstan

2 Kutateladze Institute of Thermophysics, Siberian Branch of the Russian Academy of Science, Novosibirsk, Russia

* Corresponding author email: gaukhar.ri@gmail.com, g.ramazanova@satbayev.university

Received: 28 September 2021
Peer-reviewed: 30 November 2021
Accepted: 02 February 2022

ABSTRACT

During pipeline transportation of oil through main oil pipelines, the greater part of the energy
consumed is spent on the operation of main and booster pumping units at oil pumping stations. In this
regard, the determination of the optimal operating modes of pumping units is an urgent problem for
energy saving. The article is devoted to the optimization of the operation of pumping units for energy
saving of oil pipeline transport. The operation of pumping units is regulated using removable rotors
with different diameters of impellers or a frequency-controlled drive. An optimization criterion has
been formulated to minimize the operating costs of pumping units. A technique for determining the
energy consumption of pumping units with different diameters of impellers and a frequency-
controlled drive is presented. An algorithm for finding the optimal operating mode of pumping units is
presented, which was built using the definitions of graph theory and dynamic programming.
Keywords: energy-saving, oil transportation, graph theory,
programming.
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Introduction

The main consumers

of electricity when

algorithm for calculating the energy-saving
pumping mode without intermediate heating of oil
is developed.

pumping oil through main oil pipelines are pumping
units (PU) at oil pumping stations (OPS). Problems
of optimizing operating modes of pumping units are
considered in [[1], [2], [3], [4], [5], [6], [7]].

Several oil pumping stations can be located in
the oil pipeline section. Regulating the operation of
main pumping units (MPU) is controlled by variable
frequency drives (VFD) or removable rotors. Such
control conditions of MPU in the MOP section lead
to difficulties in determining the objective function
[8].

Algorithm  development for  optimizing
calculations is the main problem for determining
energy-saving pumping modes. In this paper, a
general optimality criterion is formulated when
controlling MPU with VFD and removable rotors, an

A problem statement

The optimal combination of operating pumps is
being sought. At the same time, some pumps can
operate with VFD.

The optimization criterion is defined as:

n m;

>z N (k) —>min (1)

i=1

where n is the number of OPS in the section, m, is
the number of pumps in the i-th OPS, z, is the cost
of electricity in the i-th OPS tg/(kW-h); c; is the
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integer variable that takes the value 1, if the pump
is in operation, and O otherwise; NiJ.F’U is the power

consumption of the j-th PU of the i-th OPS (kW); k;

is the ratio of the rotor speed to the nominal speed
for the given pump.

The criterion (1) is considered together with the
conditions of safe pumping: satisfaction of the
setpoint chart; safe operation of pumps; prevention
of gravity flow of oil; accounting for pipeline
defects.

For any value of kij , itis true:

k:“i” <k; <1 (2)

where k™ is the lower limit of the rotation speed
ij

for any pump.

The number of simultaneously operating
pumps with VFD is limited by the number of drives
p in OPS. The number of pumps with VFD cannot
be greater than the number of drives themselves.
Therefore, for each i-th OPS, it is necessary to set a
limit on the number of simultaneously operating
pumps with VFD:

_Zlcij[l_kij]g i (3)
j=1

where operator [ ] means rounding operation to a
bigger side.

The pressure drop through a group of pumps
AP is determined by the formula:

0, c.=0

oper

AT QK= ng[&,k\,c >0 @

oper
‘oper

where Coper is the number of operating pumps in

the group, p is the oil density, H(Q,K) is the head
dependence on the flow rate for any pump in the
group.

Let's build a concrete view for the
dependencies H(Q,k) and P™ (Q,k).

To recalculate characteristics of the pump with

VFD, the well-known similarity formulas are used
[11]:

Q" /Q=k, H"/H =k?, N"®/N=k (5)

where Q,H,N and QVFD,HVFD NYFP are the flow

rate, head and power of the pump without VFD and
with VFD, respectively.

The curves of head and efficiency of pumps can
be approximated by polynomials of the third
degree [9]:

H(Q):COH +C1HQ+C2HQ2+C3HQ )

n(Q)=CJ +C/Q+CJQ*+CJQ )
where C/',C",C}',CJ' and C/,C/,C/,C! are the
coefficients of approximation of head and pump
efficiency, respectively.
The characteristic of pump head when working
with VFD:

H(Q,k)=C/'k* +C['kQ+C}'Q +% (7)

The characteristic of pump efficiency when
working with VFD can be written in the form [11]:

C/'Q N C'Q? N CrQ’

k k? k (®)

nQ.k)=Cl +

Thus, pump power has the form:

Cl'k°Q+Cl'k'Q* +CI'K’Q° +CI'k*Q*

N(@Q.k)=
Qk) CIk*+C/k’Q+CJkQ* +CIQ°

P9 (9)

Dependence (9), the efficiency of the clutch 7;
and the efficiency of the electric motor 7, uniquely

determine the power consumption of the entire
pumping unit:

NP (0.k)=NQK) NQK)
nmnel nm (10)
1_ 2
+ 77e| nom Nel o N2 (Qi k )
2’7e| nom 77m Nel nom

where N are the nominal values of

elnom ’ 77e| nom
power and efficiency of the electric motor,
Ky =N/ (7,Ny.0m) is the load factor of the electric
motor.

The pressure balance equation [9] can be
written in the form of pressure:

elnom

P+ Zn:mzi:APugf :ZHZAF}PR +Zn:APia° +APP + AP (11)
j i=1

res
i=1 j=1 i=1
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where P_ is the initial pressure; m¥ is the
number of pumping groups in OPS; APijg’ is the
pressure increase generated by the j-th pump
group of the i-th OPS; AP” is the pressure loss

after the pressure regulator (PR); AP* is the
pressure loss in the pipeline taking into account
hydrostatic pressure drop between the i-th and
(i+1)-th OPS at the flow rate Q ; AP” is the amount

of back pressure created by gate valve at the inlet
of the final OPS; P is the residual pressure.

The values of pressure drops through OPS and
pressure losses through the PR are the optimization
problem solution.

It is necessary to determine the limitation
imposed on the optimization problem solution by
pressure at the inlet and outlet of OPS. The
pressure at the inlet of the k-th oil pumping station

is equal to P, and at the outlet of OPS before the
PRis P and after the PRis P*"2.
Then, based on (11), we can write:

k=1 m" k-1 k-1 o
+ ZAPijgr _ APiPR _ZAPiac Zpkm min (12)
1 i i-1

j=1 i=1 i=

Pkin = Pinit

) gr
Pkoutl _ Pkm +§ :rjn:l Apkjgr < Pkoutl max
(13)

PkOlJIZ — Pkoutl —APkPR < PkOU'[Z max

where P"™ is the minimum allowable pressure at
the inlet of the k-th OPS, ™ and P2 are
the maximum allowable pressure before and after
the PR at the outlet of the k-th OPS.

A necessary and sufficient condition for the
forced oil flow in the i-th pipeline section with a
saddle point:

2 _max_AP* >0 (14)

Let be P™™* js the maximum allowable
pressure in the place of the pipe defect, which does
not cause its damage/deformation.

Then the necessary condition for taking into
account each j-th defect is as follows:

P(X )S deef max (15)

Each pump has an operating range with
permissible flow rates Qmi“,QmaX, which in the
VFD mode depend on the rotor speed:

Q™ (k) <Q=Q™ (k)  (16)

The condition for the cavitation-free operation
of each |-th group of pumps and the k-th OPS has
the form:

Pkllngr — Pkm +ZAijgr > Pkrlnmmgr (17)

j=1

In the operation of the pumps, overloading of
the electric motor is also not allowed:

N PU (Q’ k) < kover N nom (18)

where k®" =1.1 is the overload coefficient of the
electric motor.

The optimal solution search algorithm

The search algorithm is a nonlinear problem
programming, objective function (1) and
constraints (2, 3, 12-18) are non-linear functions.

In the optimization theory, the Lagrange
method is widely used for nonlinear programming
problems. In the considered problem, constraints
imposed on variables are inequalities, therefore, to
modify the method, the Karush-Kuhn-Tucker
conditions must be satisfied [10]. Constraint
functions are not continuously differentiable, which
contradicts the mandatory conditions of the
Lagrange method.

We have proposed an approach based on the
ideas of dynamic programming. The search
problem for the energy-saving mode can be divided
into many overlapping subtasks with finding the
optimal substructure. Using the problem solution
for n pumps, we can efficiently find solutions for
n+1 pumps.

The graph of the state of the operation of PU is
built. Each node of the graph contains data on the
number of used PU and their parameters, pressure
drop in the PR. Graph nodes are connected based
on the pressure characteristics of pumps and the
rotational speeds of their rotors. The subtask
solution transition to the general problem solution
is found and the correctness of the approach is
proved.

— 4) ——



Kommexcuoe Mcmonnsoparne Munepansaoro Ceipea. No2 (321), 2022

ISSN-L 2616-6445, ISSN 2224-5243

The object of each subtask is the cost
dependence function of consumed electricity S(P)
from the generated differential pressure of the
pump.

Naturally, that P>0. In the search for the
solution, instead of the continuous function S(P),
its discrete version is used. The pressure value is
presented discretely with a fairly small step
&, =0.01 bar.

The problem solution is stored in the discrete
array Info(P), which, for each value P, contains a
list of necessary pumps to create this pressure
drop. This array has rotational speed, used rotors,
as well as pressure loss values after the PR. Array
parameters for the particular P are determined by
unknowns ¢; and K of pumps in condition (1).

The cost function S(P) and the array of
solutions Info(P) for the pump without VFD are
written as:

P+P

S(P :{ pump
ZN PU (Q)’ P = Ppump
o, P P

pump

+ o0,

(19)

Info(P =
(pumpnumber), P=P,

pump

Where 7 is the cost of electricity tg/(kW-h), N"Y is

the consumed power of PU (kW), Q is the flow
rate, which passes through the pump (m3/h), Poump
is the pressure drop generated by the pump, which
is found as:

Ppump =[pgH(Q)]

where [ | is the rounding to the nearest rational
number with a step ¢,.

Similarly, S(P) and Info(P) are defined for
the pump with VFD:

P Pmin,Pmax
s =] o PelPm P
IN?Y(Q,k), Pe[P™, P™]
, Pg[Pmin’Pmax]
(pumpnumber) +k, P e[P™, P™]

(20)
Info(P ={

min

where p™ and p™ are the minimum and

maximum pressure drops.
If pumps are operating simultaneously in
parallel, then their cost function is defined as:

PP

pump

= . PU Q
(2 v

+ 00,

(P) (22)

where Ppump is the pressure drop created by pumps

operating in parallel.
For pumps operating in parallel in the VFD
mode, the function S (P) and array Info, (P) will

take the form similar to expressions (21).

In order to take into account the operating
area condition of the pump (18), it is necessary to
change the cost function according to the following
principle:

Sp - { S(P), QM<Q<Q™() )

+ 00, otherwise

Similarly, the cost function is adjusted if it is
necessary to take into account the operating
condition of the pump motor without overload
(20):

s(P :{S(P), NV QUK N

+ o0, otherwise

Definition 1.

The union of two functions S* and S® denotes
such the function S(P), that has the value for each

P:
S(P)=S*(P)US®(P) min(S*(P),S®(P)) (24)

Similarly, the union of two arrays Info® and

Info® denotes such the array Info(P) that has the
value for each P:

Info(P) = Info" (P) U Info" (P) =
Info" (P),5"(P)< S"(P)
Info®(P), " (P)>S”(P)

If the pump has several replaceable rotors,
then its cost function is determined by the
expression:

(25)

S(P) — o Srotor i (P)

— 4] ——
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where n is the number of replaceable rotors,

S™ is the cost function of the pump, when

working with the rotor i.

Similarly, its array of solutions Info(P) is

determined.

For each pressure value that a group of parallel
operating pumps can create, it is possible to find a
combination of pumps at which there will be a
minimum of costs. Obviously, the answer and
solution to this problem for a group of r pumps
will be "unions":

s =(Js,U..UlJs,. Us
Info® ={_J Info, U...U| J Info,_ Ulnfo

where US,, Ulnfo, are the "unions" of the
function S(P) and array Info(P), respectively, for

all samples of i pumps from the r group.

Definition 2.

The imposition of the function S® on the
function S* denotes the function S(P) that has
the value (similarly, for Info(P)) for each P:

S(P)=S"(P) (S )= (27)
=min(S*(P),S*(P-P")+S8(P))

where the variable value P” at the specific value P
is defined as:

P =argmin(S*(P-P")+S (P"))

28
[0, P] (28)

Definition 3.
Let's call the cost function S(P) optimal for

any set of pumps if, for any value of its argument
P, it contains the minimum cost that is necessary
to create pressures with the value P using some
pumps from the required set.

The optimal cost function S (P) and its array

of solutions InfoS, (P) at the outlet from stations

will be the "imposition" of cost functions and arrays
of solutions of all pump groups available in the

station to the optimal function S; (P) and its array
InfoS, (P) at the inlet of the station:

Sat(P) =S5 (P) (S) «(8”) ... < (S))
Infoout(P)z

< (Infoj") « ...« (Info)

Info’ (P) < (Info’") «— (29)

The limitation on the minimum head at the
inlet to the pump or to the group of pumps (18) is
taken into account by "imposing" (30) group
functions strictly in the order in which groups are
located on OPS, as well as in the "imposing"
operation by changing the condition (28) for each i-
th group for:

P* e[F)_F)iminingr’l:)] (30)
If OPS has several pump layouts, then its overall

cost function at the outlet of the station is defined
as:

SStt(P) Usst layout i P

out

(31)

Where n is the number of pump layouts at OPS,

S st, layout i
out

OPS in the scheme i.
Similarly, its array of solutions

is the cost function at the outlet from

Info(P) is
determined.

If the number of VFD is less than the number of
pumps at OPS, then the cost function and the array
of solutions for OPS will have an additional
argument v for pumps operating with VFD. The
value v should not exceed the number of drives p
on OPS.

Then, to take into account the limitation of the
form (3), the "imposition" of the cost function for
the groups of pumps has the form (similarly, for
Info* (P,V)):

SH(P,v)=S%(P, )« (S¥)= 32)
=min(S*(P,v),S*(P-P", —=N(P"))+S"(P" ))

where N(P") is the number of pumps in a group

operating with VFD to create pressure P,

The number of operating pumps in a group can
be determined from the solution array of the group
Info® (P"). Whether they operate in the mode
with VFD is determined by the criterion k =1 for
each value Info (P").

The value of the variable P" at specific values
P and v is defined as:

— 4) ——
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P =argmin(S*(P-P",v =N(P"))+S¥(P") (33)
“e[0,P]

When "imposing" by formulas (32) and (33) for
each v the cost function will retain its own
optimality. After "imposing" the cost functions of
all pump groups and their arrays of solutions, it is
necessary to switch to the form with one pressure
argument by the following "combining":

S“(P)szJSS‘ (P,v) (34)
v=0

Definition 4.

By pruning the function (P) by pressures
P* and P® P*<P®) is the function S™( ) that
has the value for each P :

old

S™(P) CUT(S™ (P),P*,PB)=
B +oo, Pg[P*P ] (35)
s (P), Pe[P”,P?]

Similarly, for an array of solutions:

Info™ (P) = CUT (Info’™ (P), P*, P*) =
| "no pumps",  Pe[P",P"]
Info™ (P), P [P",P’]

Taking into account that pressure drop in the
section between two OPS at the fixed value Q

does not depend on pressure at the outlet of the
initial OPS, it is possible to determine minimum
allowable pressure at the outlet of OPS so that the
pressure condition at the inlet to the next station is
fulfilled (12). Obviously, the value of such pressure

for the k-th OPS should be no less "™ + AR, i.e.

the pressure condition at the inlet in the station is
determined through the condition at the outlet
from the previous station.

Taking into account the condition of non-
gravity flow (14), the final condition for minimum
allowable pressure at the outlet from the station

(P™"%Y has the form:

out

Pkoutz > Por:tin,k — max(aizinin +AF{(ac, maX_AHaC) (36)

Taking into account pressure drop in the
section and pressure conditions at the points of the
pipe defect (16), it is possible to calculate in

advance maximum pressure at the outlet of OPS

P"7™ ot which conditions (15) will be fulfilled.

Then the final condition for maximum allowable
pressure at the outlet of OPS (denote P™*) has

the form:

out2 max,k
R <P

min(Pkouthax, PkpipemaX) (37)

If you do not take into account the operation of
the PR at stations, i.e. AP =0, then it is obvious
that all pressure conditions are taken into account
in functions S(P) and the array Info(P) by the

next "pruning" (similarly, for Info(P)):

S(P)=CUT(S(P),Pi", Pit¥) (38)

If we take into account the possible benefit of
the PR in solving the optimal problem, then before
"pruning" (35) to take into account the condition
(16) for outlet pressure up to the PR, it is necessary
to change S(P) and Info(P) as follows:

S(P), otherwise
Info(P) = (39)
Info(P") +"lowering in thePRby "+ (P'- P), S(P) > S(P")
B {Info(P), otherwise

S(P - {S(P'), S(P)>S(P")

where values P’ for a specific value P are defined
as:

P'=argmin(S(P))
P 1 e [P, PkoutlmaX] (40)

In other words, these operations mean that if
higher pressures were obtained at a lower cost,
then with the help of the PR with the same costs,
lower pressures can be obtained.

Definition 5.
The shift of the function S°*(P) by an amount

AP is the function S™( ) that has the value for
each P:

S™"(P) =SHIFT(S(P),AP) =S°‘(P - AP) (41)

Then the transition to the next station
(similarly, for Info(P)) has the form:
S{r‘f’“s‘(P) =SHIFT(S§LI(P), P*) (42)
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where the function S, (P) should be "pruned",

"4t P) is the cost function at the inlet of the

next station.

Above-listed operations must be done for all
OPS in the order of their location on the MOP
section except for the last OPS. The calculation
algorithm has the form:
k=1
For i=1 to m* calculate S** by formulas
(21)-(28);

SEE(P) = S (P) ¢ (SI") < (5"%)
e (851,

Calculation AR

Sa (P)=CUT (3 (P),P™, P™);

SN (P)  SHIFT (So (P), AR™);

out
k=k+1.
If, k#n+1 then go to step 1, otherwise exit
the loop.

(43)

The function is used as the initial cost function:

st,1 +OO’ P * I:)init
s55( ) ={ (a4)

n
0, P=R,
The initial function S;*( ) is the simplest and
contains an obvious zero cost to create static head

from the reservoir. This function is optimal because
there is no a cheaper option for creating pressure

P, - Therefore, the further "imposition" of the cost
function of pumps or pump groups to it preserves
its optimality.

So, the minimum amount of costs for
performance Q will be the value of functions

S:im(P*™) . The optimal combination of operating

pumps and their operating modes will be stored in
the cell of the array Infoft'”+1(pa"5W) )

n
In the present algorithm, the presence of VFD is
no longer a problem: VFD only expands the domain
of definition of the cost function S(P) and does

not affect the complexity of this algorithm in any
way. In contrast to genetic algorithms, the
approach described above makes it possible to
obtain guaranteed the most optimal result.

The algorithm for calculating energy
consumption was used to carry out thermal-
hydraulic calculations and showed its effectiveness
in determining the rational operating modes of
pumping units [[11], [12], [13]].

Conclusions

The establishment of energy-saving operating
modes of pumping units is important for the
efficiency of oil transportation through main oil
pipelines. A method has been developed for
determining the energy consumption of pumping
units with different diameters of impellers and a
frequency-controlled drive. The algorithm for
calculating the methodology is built using graph
theory and dynamic programming. The advantage
of the proposed algorithm in comparison with the
simple enumeration algorithm and the genetic
algorithm in determining the optimal operating
conditions of pumping units has been proved.
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TYWIHAEME
Mazucmpandel myHali Kybbipaapsl apkbiasbl myHalidel maceimanday KesiHOe mymbiHbLAAMbIH
3HepausAHbIH 6acbim besizi myHali aliday cmaHyuANapbIHOGFbl Ma2UCMpPanbObiK HaHe mipeK CopFbl

Makana kengj: 28 KoipKyliek 2021 KOHObIPFbIAAPbIHBIH, HCYMbICIHO HYymMcanaosl. OcbiraH b6alinaHeicmsl myHal KybbipaapelHOaFs!
CapanTtamagaH eTTi: 30 Kapawa 2021 CopFbl KOHObIPFbIAAPbLIHBIH, OKMAlinbl HYMbIC pexcumiepiH aHbikmay sHepaus yHemoeyodiy e3ekmi
KabbingaHapl: 02 aknaH 2022 maceneci 6061 mabobiaadsl. Makana KybeipbiMmeH myHal maceimandayobiH 3HepauscbiH yHemoey

YWiH COpFbl KOHObIPFbIAAPbIHLIH, HYMbICbIH OHMalinaHObIpy maceneciHe apHanraH. CoprblaapdbiH
HCYMbICbI OOHFAAAKMAPbIHLIH, Quamempi apmypsi aybiCMblpbIAMAssl POMOPAAP Hemece HuinikneH
bacKapblnamelH yemek kemezimeH pemmesneodi. Coprbl KOHObIPFbLAAPbLIH NAlOANAHY WblFbIHOAPLIH
b6apeiHwa asalmy ywiH oHmalinaHdblpy Kpumepulii myxoipoiMmOandel. [OHFAAAKMAPbIHLIH
duamempi apmypi #aHe HcuinikneH 6acKapblIamelH HemeKkmi Coprbl KOHObIPFbIAAPbIHLIH IHEp2Us
WoIFbIHBIH - aHbIKMay adicmemeci  ycbiHbiAObI. COpFbl  KOHObLIPFbIAAPLIHBIK, OHMAlAbl  HYMbIC
pexcumiH  i30ey anzopummi 2pagpmap meopuscel MeH OUHAMUKAnAbLIK  bardapaamanay
aHbIKMamanapbiH NatidanaHa omeipsin #acanosl.

TyiiH ce3pep: OHTalNaHAbIPY KpUTEpWi, SHepruaHbl yHemaey, MyHall Tacbimanpay, rpadrtap
TEopUAChl, AMHAMUKa/bIK 6afgapnamanay.
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I'Ip06nema onTMMun3aLu M HAaCOCHbLIX arperatos AN14 TPAHCNOPTUPOBKU HE(I)TM
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AHHOTALUMA

Mpu TpaHcnopTupoBke HedTU NO MarucTpanbHbiM HedTenpoBogam 6Gonbluas YacTb PACcXOAyemoi
3HEpPrMM yxoAMT Ha paboTy MaruMcTpanbHbiX W MOAMOPHLIX HACOCOHLIX —arperatoB  Ha
HedTenepekaumBaloLWmMxX CTaHUMAX. B 3TOM cBA3M onpefesieHne ONTUMAJsIbHBIX PEXMMOB PaboTbl

Moctynuna: 28 ceHmabpa 2021 HaCOCHbIX arperaTos, 3KCMIyaTUPYIOLLMXCA Ha HedTenpoBoaax, ABNAETCA aKTyanbHOW npobaemoit ans
PeueHsupoBaHue: 30 Hoabpsa 2021 aHeprocbepexeHus. CraTba MOCBAWEHA ONTMMM3aUMM pPaboTbl HACOCHBIX arperatos  Ans
MpuHAaTa B neyatb: 02 ¢pespana 2022 3HeprocbepexeHns TpPybONPOBOAHOrO TpaHcnopTa HedTH. PaboTa HaCOCHbLIX arperaTos peryavpyercs

C MUCNONb30BAaHWEM CMEHHbIX POTOPOB C Pa3/IMYHBIMU AMAMETPAMMU PabouMX KONEC MM YACTOTHO-
peryavpyembim  npuBogoM. CHOpmMynupoBaH KPUTEPUIA  ONTUMM3AUMM  AAS  MUHUMM3ALUK
SKCM/IyaTaLUMOHHbIX  3aTpaT HacoCHbIX arperatos. [lpeacTasneHa MeToAMKa — onpeaeneHus
sHepronoTpebaeHNs HACOCHbIX arperaTos C PasAMYHbIMU AMameTpamu Pabouymx Kosec M 4acTOTHO-
peryavpyembiMm NpUMBOAOM. ANTOPUTM MOMCKA ONTUMANbHOTO pPeMma paboTbl HACOCHbIX arperatos
NOCTPOEH C UCMO/Ib30BAHNEM ONpeaeneHuii Teopum rpados U AMHAMUYECKOTO NPOrPamMMUPOBaHUS.
KnioueBble cn0Ba: KpUTEPUI ONTUMM3ALMUK, 3HEProcbepekeHne, TPaHCNOPTUPOBKA HedTH, Teopus
rpadoB, AMHaMMYECKoe NporpaMmmMmupoBaHme.
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ABSTRACT

On the basis of experimental studies, the approximate contribution of various hardening
mechanisms to the yield point of low-carbon and low-alloy steels is estimated. It has been
established that for hot-rolled steels (St.3sp and St5ps), solid-solution and grain-boundary
hardening (54.0% and 29.0, %) make the greatest contribution to the yield point. The
predominant strengthening mechanism of low-alloy steel 10HNDP is solid solution, a high
proportion of which in this steel is explained by the resistance to moving dislocations from the
side of dissolved atoms of Ni, Cu, P, and Cr in a-Fe. In low-alloy steel 16G2AF, along with these
hardening components, the role of precipitation hardening is noticeable (20.0%). It is shown that
thermomechanical treatment of steel grade St.5ps leads to an increase in the value of dislocation
hardening up to 27.0% due to an increase in the density of dislocations and the retention of most
of the dislocations in the rolled stock during accelerated cooling of hot-deformed austenite. It is
noted that solid solution hardening with alloying with cheap alloying elements (Mn, Si), as well as
dislocation and dispersion hardening through the use of thermomechanical treatment in
combination with the addition of carbide and nitride-forming elements V (C, N).

Keywords: hardening mechanisms, yield stress, thermomechanical treatment, accelerated
cooling, dislocation density, phase components.
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Introduction

The structural strength of low-carbon and low-

quantify the yield strength of low-carbon and low-
alloy steels widely used in construction and
engineering in terms of structure parameters after
various technological treatments.

alloy steels with a ferrito-perlite structure can be
characterised by the yield strength of steel and the
temperature of transition from viscous to fragile.
Therefore, knowledge of individual hardening
mechanisms allows for an indicative quantitative
assessment of the steel yield strength and compare
the calculated values of the yield strength with
experimental ones. The purpose of this article is to

Experimental part

Initial data for quantifying steel strength are
data on its chemical composition, distribution of
elements between phases and quantitative
parameters of the structure (grain size, ratio of
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phase and structural components, their size and
distribution, nature of the dislocation structure,
volume fraction and size of dispersed particles).
Such a calculation is based on the quantitative
ratios established for each strengthening
mechanism. Note that the above calculations seem
to be indicative semi-quantitative, since there are a
number of assumptions and simplifications in the
theory of the strengthening mechanisms
themselves. In addition, the complex distribution of
dislocations in real steels and alloys is difficult to be
strictly quantified. However, such calculations are
necessary to identify the role of individual
strengthening mechanisms in the formation of
individual steel properties. The solution of such
problems allows you to approach the solution of
the main problem of physical and applied materials
science - the quantitative relationship between the
structure and properties of steels and alloys.

The main characteristics of steels to
determine their structural strength are strength
and propensity for brittle destruction [1]. Steel
strength is estimated by the lower yield strength by
the known Hall-Petch ratio, which for stretching
conditions is as follows:

oy =0y + ky - d7/? (1)

Where ¢; is the friction voltage of the lattice
when dislocations move inside the grains;

kn - coefficient characterising the contribution of
grains to hardening;

d —is the diameter of the grain.

With sufficient accuracy, this ratio is applicable
to ferrite steels with grain size from 0.3 to 400 um;
it follows that the lower vyield strength of the
material increases with the decrease in grain size
[2]. The tendency of steel to fragile destruction is
assessed by the temperature of transition from
viscous to fragile, which is defined as the ratio of
viscous destruction area to the initial design
section. The lower the transition temperature from

viscous to fragile, the more reliable the material is,
so they tend to use a material whose transition
temperature is lower than the operating
temperature [3].

It is believed that the contribution of certain
hardening factors to the total strengthening
additive oi in the Hall-Petch strengthening can be
represented as a sum:

0, = 0y +toss+o,+a;+ 0, (2)

The lower limit of steel yield followed from
equations (1) and (2) is characterized by the lattice
friction stress- a-Fe o,, solid solution strengthening
Aoss, hardening due to pearlite formation oy, strain
hardening o4, dispersion hardening o,n and
strengthening due to grain boundaries og-d™*/2. The
share of the contribution of individual hardening
factors to the total lower yield stress of steel is not
the same and depends on the type of alloying
elements and the degree of alloying, its presence
and dispersion of the hardening phases, the use of
heat treatment, and other reasons.

This paper proposes an analysis of the
effectiveness of various mechanisms of hardening
of low-carbon and low-alloy steels of grades St3sp,

St5ps, 10KhNDP, 16G2AF. They are used in
construction and differ not only in chemical
composition, but also in the applied heat

treatment. The magnitude of the individual
hardening factors, as well as their contribution to
the total lower yield stress of these steels, are
determined by the well-known empirical formulas
of Table 1 [[3], [4]]. The coefficients required for
the calculation are taken from these literature
sources. The values of the lower yield stress of the
studied steels calculated in this way were
compared with the data according to GOST-380,
GOST 19282, GOST 5781, GOST 10884.

Table 1 - Hardening coefficients and calculation formulas for quantitative evaluation

No Hardening factors

Calculation formula of hardening

Lattice friction stress a-Fe

0, =2-G-10*

Solid solution alloying

n
Aoy = Z ki ¢
i=1

Hardening due to the formation of perlite

Ag, = 2,4% - I

Deformation hardening

Acy; =0,5-G-b-p'/?

Dispersion hardening

Ay, = (9,8 10)/2 - [n(22)

|l b|w

Intergranular (substructural) hardening

AO'gb = kh * d—1/2
Ag =k, IT™
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Determination of structural parameters
(perlite content in steel, diameter of ferrite grains,
size and volume fraction of carbonitride phase,
etc.) for quantitative assessment of the lower yield
limit was carried out by quantitative metallography
methods on the NeoPhot 21 research microscope
and the UEMV-100V electron microscope. The
average length of a straight section crossing the
grain in the microgrind plane was used as the
diameter of ferrite (d) grain. The volume fraction of
dispersed particles (1) and their diameter (D) in
low-alloy steel 16G2AF were determined by
electron microscopy, and the interparticle distance
(A) was determined by a known ratio:

A=D-(P/6f)'/?

The proportion of the perlite component is
determined by the Rosiwal method. According to it,
the area of the structural component is calculated
by the lengths of the straight section falling on each
of the structural components in accordance with
the evaluation criterion. Strengthening of
thermomechanically hardened steels St.5ps s
determined by X-ray structural analysis by the
shape of diffraction lines. The density of
dislocations is quantified by translucent electron
microscopy of thin foils.

Discussion of the results

The lattice friction stress - a-Fe (Peierls-Nabaro

stress) is estimated by the formula:
0,=2-107%*-G

roe G —iron shear modulus (G = 84000 Mpa).

However, this estimate depends largely on the
content of impurities in the metal [3]. For high
purity iron [<107 (C+N)], the experimental values
obtained (0,=18-21 MIa) almost coincide with the
theoretically calculated (g, = 17M MMa). a-Fe-based
steels take the value of g, =30 MPa in calculations.

Other additions of hardenings (ACs. s, Gy, Od, Op.h,
Og) taking into account known assumptions,
quantified for the steels under study, are given in
Table 1 [[3], [4]]. For the convenience of comparing
and analysing the effectiveness of various
hardening mechanisms, the results of calculations
are presented in the form of pie and column charts,
histograms (Fig. 1-5). In carbon steels St3sp, St5ps
(hot-rolled state), the main components of
quenching are solid-solid and grain-boundary
hardening, which account for St3sp steel 54% and
29%, respectively (Fig. 1). They are equal in
absolute value: 140.5 MPa and 89.9 MPa.

Table 2 - Initial data for the quantitative assessment of the lower yield strength of the studied steels

No Characteristics of steel Steel grade
St3sp | St5sp (hot rolled) St5sp (heat-treated) 16G2AF 10KHNDP
1 The content of alloying
elements in a-Fe,%
Mn 0.52 0.65 0.65 1.5 0.45
Si 0.21 0.11 0.11 0.45 0.27
P 0.04 0.04 0.04 0.035 0.095
- - - 0.11 -
Ni - - - - 0.45
Cr - - - - 0,65
Cu - - - - 0.40
(C+N) 0.015 0.015 0.015 0.015 0.015
2 Hardening phase - - - V(CN) -
3 Perlite fraction, % 22 35 26 17 14.3
4 Grain size, d mm 0.056 0.051 0.033 0.014 0.028
5 Volume  fraction of - - - 0.096 -
dispersed particles (f), %
6 Size of dispersed - - - 30 -
particles (D), Hm
7 Interparticle  distance - - - 765 -
(X), Hm
8 Dislocation density (p), | 10° 108 10%° 108 108
cm?

Note: Experimental determination of dislocation density and volume fraction of phase components is a difficult task, so

the data are taken from reliable literary sources.
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Figure 1 - Pie chart of hardening components for St3sp
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Figure 2 - Pie chart of St5ps hardening components (hot-rolled)
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Figure 3 - Pie chart of the distribution of hardening components for 10KHNDP
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Figure 4 - Pie chart of St5ps hardening components (heat-strengthened)
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Figure 5 - Pie chart of hardening components for 16G2AF steel

When  St5ps  steel is  subjected to
thermomechanical treatment, deformation
(location)  hardening makes a  significant

contribution to the overall hardening. If the share
of deformation hardening of St5ps steel cooled in
calm air from the end temperature of rolling 1050
°C (hot-rolled state) is 3% in this steel, then in
thermomechanically treated steel according to the
intermittent hardening scheme followed by high-
temperature mode (in a thermally hardened state),
the proportion of deformation hardening increases
to 27%, Aod = 104 MPa (absolute value). This is due
to the fact that during thermomechanical
processing, recrystallisation processes  are

suppressed by sharp cooling and therefore a
significant part of the dislocations arising from hot
rolling of austenite are recorded.

Thus, the dislocation structure of hot-deformed
austenite is inherited by the formed martensite in
the process of phase austenitic-martensitic
transformation [5].

The formation of martensite crystals is achieved
simultaneously with the grinding of austenite grain
during thermomechanical processing.

The predominant mechanism of hardening low-
alloy steel 10CNP is solid solution (Fig. 3). The high
proportion of solid-solid hardening in 10CNP steel is
due to the resistance of moving dislocations on the
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part of dissolved atoms Ni, Cu, P and Cr in a-Fe,
provided that the hardening of the solid solution is
caused by a difference in atomic diameters in the
lattice, alloying element and their elastic modules.
Ferrite hardening coefficients of these elements:

Ky, = 30; KE, = 40; K} = 690; KE. = 30.
Indicating the effectiveness of this hardening
mechanism and its applicability, it should be
emphasised that there is probably some optimal
degree of alloying of a-Fe, since saturation of a-Fe
with substitution atoms causes only dangerous
elastic deformation of the lattice and reduction of
the impact toughness of the alloy [6].

In low-alloy steel 16G2AF, the role of
dispersion hardening is noticeable, equal to 20%
(Figure 5), A op.h = 94.0 MPa. From Table 2, this
steel forms a carbonitride phase V(C, N), which
strengthens ferrite by the Orovan mechanism, will
form dispersed carbonitride. It is assumed that the
carbonitride phase V(C, N) is incoherent with the
lattice (a-Fe) and, as a result, the dislocations
envelope non-coherent discharges V(C, N).

However, there are statements [[7], [8]]
believe that in low-alloy steels small carbonitride
particles released directly from the lattice may be
coherently linked to it [9].

The influence of disperse phases on grain
size is reflected in the efficiency and prospects of
dispersion hardening [10]. Table 2 shows that a
smaller grain d=0.014 mm is formed in 16G2AF
steel, in the structure of which there is a
carbonitride phase V(C, N), which has an embryo
effect in the formation of new austenite grains
during the transition through critical points Ac1 and
Ac3 [11]. In addition, the carbonitride phase
inhibits the growth of austenite grain when further
heated to the dissolution temperature of these
phases in austenite. Undissolved carbides and
nitrides, as well as those released from austenite
before the beginning of y—>a transformation, serve
as embryo centres for the formation of new ferrite
grains [12]. All this leads to a noticeable grinding of
ferrite grain in low-alloy steels with dispersed
strengthening phases. Thus, dispersed particles of
the carbonitride phase V (C, N) in steel cause
additional grain boundary strengthening [13]. For
the first time, this feature of hardening of
carbonitride phases by dispersed particles is
specified in article [14].

Ferrite is the main phase and structural
component in low-carbon and low-alloy steels. Its
share in these steels reaches 90+95% [15]. When
applying the load, deformation begins to manifest

itself in ferrite, this is due to the fact that perlite is a
"barrier" for such deformation. A certain
contribution to the overall hardening (in the yield
strength) is made by hardening from pearlite
components [16]. From the above figures 1-4 it can
be seen that the share of hardening from perlite
formation is about 10-20%, according to the
absolute estimate of Aop = 75MPa for hot-rolled
steels St3sp and St5ps [17].

Comparison of the calculated values of the
steel yield strength with its value in the relevant
GOSTs shows a satisfactory difference: for 16G2AF
steel after normalisation, this difference is 17.8%
(GOST 19282) and for St.5ps. (hot-rolled state) the
difference is 12.0% (GOST 5781). After VTMO, the
difference between the calculated value of the
yield strength and the value according to GOST
10884 is 13.4%. These data indicate the
applicability of quantification of the steel yield
strength by the parameters of the formed structure
after certain treatments and provide reliable
information on existing hardening mechanisms
[18].

It should be noted that non-metallic
inclusions can affect the mechanical properties of
steels [19]. However, their volume fraction in the
studied steels does not exceed 0.1%, they do not
have a strengthening effect and, therefore, in this
work the behaviour of non-metallic inclusions was
not taken into account [20].

Conclusion

The contribution of different hardening
mechanisms to reducing the yield strength of low-
carbon and low-alloy steels varies. For hot-rolled
steels, the greatest contribution is made by solid-
soluble and intergrain hardening (54% and 29%
St3sp, 61% and 27% 10CNP), and 16G2AF steel,
along with these hardening components, has a
noticeable role of dispersion hardening (22%).

Thermomechanical treatment of St5ps leads to
an increase in the value of dislocation hardening to
27% due to an increase in the density of
dislocations and the preservation of most of the
dislocation with accelerated cooling of hot-
deformed austenite.

As effective and promising ways to increase the
strength of low-alloy steels, it is necessary to
consider solid-solution hardening with alloying with
cheap alloying elements (Mn, Si), as well as
dislocation and dispersion hardening by applying
thermomechanical processing in combination with
micro-alloying additives of carbide and nitride-
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forming elements (V, A). A comparison of the
calculated values of the yield strength of steel with
its value in the corresponding GOST-ah shows a
satisfactory difference, which indicates the
applicability of a quantitative assessment of the
yield strength of steel according to the parameters
of the formed structure after certain treatments
and provides reliable information about the existing
hardening mechanisms.

Analysis of the data of quantitative assessment
of the yield strength of carbon and low-alloy steels

by structure parameters shows that the main
mechanisms of their hardening are solid-solution
hardening by alloying with relatively cheap alloying
elements (Mn, Si), as well as dislocation and
dispersion hardening using hardening heat
treatment and micro-alloying of steel with carbide
and nitride-forming elements V (C, N).
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KemipTeri a3 }kaHe nerupieHreH 60n1aTKa KaTtalo MexaHu3MAepiHiH, KON4aHblnybl

1 MkakcbimberoBa M.A.,  KaHaes A.T., 2 AxmeppbaHos A.Y., 2 Kuprusbaesa K.}K.

1C. Celihynnux amsiHOarsl Kazak AzpomexHuKkansiK YHusepcumemi, Hyp-CynmaH, KazakcmaH

2 J1.H Fymunee amoiHdarsl Eypasus ¥ammelk YHusepcumemi, Hyp-CynmaHx, KazakcmaHx

TYWIHAEME

JKCNepuMMEHTTIK 3epTTeynep HerisiHae ap Typ/i KaTal MexaHu3MAepiHiH KemipTeri a3 kaHe

nervpneHreH 6onaTrapAblH, TYCy HYKTeCiHe WwamameH yneci 6aranaHagpl. blcTbiK unektenreH

6onatrap ywiH (Ct3cn kaHe CT5MC) KaTTbl epiTiHAI MeH A3H LWeKapacbiHblH, 6epikTiri (54,0%

Makana Kengi: 12 KasaH 2021
CapantamagaH eTTi: 22 kapawa 2021

skaHe 29,0, %) WbIFbIC HYKTECIHE Y/IKEH YAec KocaTbiHbl aHblKTanabl. 10XHAMN a3 nervpaeHrex
601aTTbiH, 6acbiM KyWenTy mexaHU3mi-byn KaTTbl epiTiHAi, OHbIH, BonaTTafbl yneci a-Fe-ae Ni,

Kabbinaanap!: 03 aknar 2022 Cu, P aHe Cr aTomaapbiHbiH epireH >KbUBKbIManbl AMCAOKaUMACbIHA TesimainirimeH

TyCiHgjipineai. TomeH nervpnerred 16M2A® 6onaTtra ocbl KaTalTaTblH KOMMOHEHTTEPMEH bBipre

JKayblH-WALWbIHHbIH, KaTalobiHbIH, peni 6aikanagpl (20,0%). Crt5nc 605naT  CbiHbIObLIHbIH,

TepMoMeXaHUKa/bIK BH“CI'eyI ANCNOKaUuMA TbifbI3AbIFbIHbIH, XXOfapbl/laybl MeH AUC/NIOKAUUAHDbIH

Ken 6eniriH NpoKaT eHimaepiHae ycTay ecebiHeH AUCNOKALMAHbIH, KaTalo MaHiHiH 27,0% aeniH

ecyiHe oKeneTiHi KepceTinreH bicTblK AedopmauuanaHFaH aycTeHWUT. Ap3aH fervpneyuwi

anemeHTTepmeH (Mn, Si) nervpieymeH KatTbl epiTiHAIHIH KaTatobl, coHaan-aK V (C, N) kapbuai

MeH HUTPUA TY3Yli 3N1eMeHTTepAi KOCYMEH TEPMOMEXaHWUKanbIK OHAEYAl KONAaHY apKblibl

ANCNIOKaLMA MeH AUCNepCUAHbIH, KaTatobl baiikanagbl.
TyiiiH ce3dep: KaTalo MexaHWU3MAEpi, TYCy KepHeyi, TepMOMEXaHUKaNbIK eHAey, TesaeTinreH

CafiKbIHAATY, ANCNOKALLMA TbIFbI3AbIFbl, Gas3asiblK KOMMNOHEHTTEP.
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(0) MPUMEHUMOCTUN MEXaHU3IMOB YNPOYHEHUA K Masioyrnepoanctbim n
HU3KO/Z1IermpoBsaHHbIM CTa/1IAM

1 Mkakcbimberosa M. A.,  Kanaes A. T., 2AxmeabsaHos A. Y., 2Kuprus6aesa K.})X.

1 Kazaxckuli aepomexHuyeckuli yHusepcumem umeru C.CeligpynnuHa, Hyp-CynmaH, KazaxcmaH
2 Egpasulickuli HayuoHanbHelll yHugepcumem umeru J1.H.fymunesa, Hyp-CyamaH, Kazaxcma

AHHOTALUMUA

Ha ocHoBe 3KcnepuMMeHTasbHbIX WCCNeA0BaHMI OLEHEH OPWEHTUPOBOYHbLIM BKAAL Pas/IUYHbIX
MEXaHU3MOB YNPOYHEHUA B NPeseN TEKY4eCcTU ManoyrnepoamcTbiX U HU3KONETMPOBAHHBIX CTanei.
YCTaHOBNEHO, YTO A/1A ropadekaTaHbix ctanei (CT.3 cn u CT5nc) Hanbonbwuii BKNag B npeaen
TEKYYecTU [aloT TBEPAO-PAaCTBOPHOE W 3epHO-rpaHuUuYHoe ynpoyHenua (54,0% u 29,0, %).
Mpeobnagaowmm MexaHM3MOM YMPOYHEHWUA HU3KoNermposaHHon ctann 10XHAM ssnsetcs

Moctynuna: 12 okmabpa 2021 TBEPLAOPACTBOPHbLIN, BbICOKAsA A0S KOTOPOrO B 3TOM CTanu OOBACHAETCA COMpOTUB/IEHUEM
PeueHsupoBaHue: 22 Hosbpa 2021 OBVXKYLMMCA AWCNOKALMAM CO CTOPOHbl pactBopeHHbix atomosB Ni, Cu, P u Cr B a-Fe. B
MpuHaTa B nevatb: 03 ¢pespasnsa 2022 HU3KONErnpoBaHHoW ctann 16M2Ad Hapaay C 3TUMKM ClaraembiMy YNPOYHEHMA 3ameTHa Pofb

AVCNEPCUOHHOTO ynpoyHeHua (20,0%). MokasaHo, 4TO TepmomexaHuyeckas o6paboTka cTanu
Mapku CT.5nC NPUBOAMT K POCTY BENNUYUHBI AUCNOKALMOHHOTO yNpoyYHeHna fo 27,0 % 3a cyeT pocta
NAOTHOCTM AMCNOKALMIA U coXpaHeHUA Bonbluei YacTU AUCNOKALMIA B NpoKaTe Npu YCKOPEHHOM
oxnaxpaeHnn ropayenedopmMmMpoBaHHOro aycreHuta. OTMeYeHo, 4TO B KavecTBe 3GPEeKTUBHbBIX U
NepCrneKTUBHbIX CNOCOBOB  MNOBBIWEHUA MPOYHOCTU HWU3KONETMPOBAHHbBIX CTanelt  ABAAETCA
TBEPAOPACTBOPHOE YNPOYHEHMUE C IETMPOBAHMEM AELIEBLIMU NETMPYOUMU 3nemeHTamu (Mn, Si),
a  TaK¥Ke  AMCNOKAUMOHHOE WM AMUCNEPCMOHHOE  YNPOYHEeHWe  MNyTem  NPUMEHEHUA
TepMoMexaHU4Yeckoi 06paboTkM B coyeTaHuu ¢ AobaBKamu Kapbupgo- v HUTPUAO0O0OpPasytoLmX
anemenToB V (C, N).

Kntoyesblie €108a: MexaHW3Mbl YNPOYHEHUSA, NPeaeN TEKYYECTH, TEpMOMEXaHUYecKan 06paboTka,
YCKOPEHHOe OX/laxaeHune, NAOTHOCTb AUCAOKaLui, Gasosble coCcTaBAOLLMe.
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Surface-strength approach for concrete monitoring using sensors and shock-
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ABSTRACT

There are many methods used for temperature-strength control of reinforced concrete structures

globally. Their majority is associated with the significant challenges of being time-consuming,

costly and prone to errors. Therefore, this study investigated the potential applicability of the
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surface-strength approach of specimens using non-destructive testing methods to derive
temperature-strength relationships as an alternative approach to the currently widely used
methods. The studies were carried out by comparing the surface strength of small laboratory
specimens (SS) and large specimens (LS), imitating building structures, obtained by the shock-pulse
method and the strength obtained by the destructive method; and the obtained calibration
dependencies were adapted to the results of specimens’ thermal control. The temperature-
strength dependence was corrected by comparing the strength and temperature parameters of
SS and LS. The obtained nomograms make it possible to correct changes in the temperature regime
of hydration of structures curing in real climatic conditions. The final adaptation of the
temperature-strength dependence to the real erected structures showed a significant potential of
this method in the construction industry. The difference between the actual strength of the drilled
cores and the predicted strength of concrete at 28 days was only 1.02%.
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In contrast to the destruction of standard
specimens [[10], [11], [12], [13], [14]] is faster, less
labour-intensive, and relatively inexpensive. In

Introduction

The concrete strength is the main characteristic
these methods are

that establishes the ability of a concrete or
reinforced concrete structure (hereinafter — RCS) to
bear the design loads [[1], [2], [3], [4], [5]]. Among
the non-destructive methods of concrete strength
control in the CIS countries, the most widespread is
the shock-pulse method, implemented by a special
device IPS MG4 [[6], [7], [8], [9]].

contrast to CIS countries,
regulated by state standards of several countries:
the USA [15], Canada [16], the Netherlands [17],
Germany [18], South America [19], Russia [[20], [21],
[22], [23]]. According to these standards'
requirements, concrete strength estimates can be
performed according to the following basic
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methods: temperature graphs, concrete maturity,
and analytical functions. Standards [[15], [16], [18],
[24]] specify that there are four steps in the use of
the method of calculating the current strength of
concrete by its maturity:

i. Establishing the maturity-strength relationship
in the laboratory;

ii. Embedding maturity sensors
formwork at the construction site;

iii. Sensor reading of concrete maturity at the
construction site;

iv. Data analysis.

The method for concrete strength estimation by
maturity is based on the "maturity index" concept.
The maturity index is calculated using one of two
measures: the temperature-time factor (TTF) or an
equivalent age at 20 °C; due to the complexity of the
calculation, the equivalent age is used infrequently
compared to the TTF. The maturity method called
“Weighted Maturity” [17] takes into account the “C”
parameter specific to cement and is used depending
on cement strength, although it also allows the use
of additives. Previous studies have mainly focused
on modifying maturity methods in the data analysis
phase. This study investigates the potential
applicability of the surface-strength approach of
specimens using non-destructive testing methods to
derive temperature-strength relationships. The
general objective of this study is to express the
maturity function based on the relationship
between the curing temperature, time, and the
surface strength of concrete [25]. In the future, this
relationship can be used for prompt strength control
using temperature sensors embedded in the
concrete body [[2], [24], [26], [27], [28], [29]].

inside the

Experimental technique

The studies were conducted in two stages: at
the first stage, the temperature-strength
dependence of small cylindrical specimens
(hereinafter — SS) was investigated; at the second
stage, the same studies were conducted for large
specimens (hereinafter — LS). The comparison of the
results of studies of SS and LS shows the
acceptability of strength control of RCS by
measuring the thermal regime in the process of
hydration. The important indicator of the study is
the estimation of obtained temperature-strength
dependence of SS adapted for real structures.
Therefore, LS of imitating real RCS were used in the
studies. The studies were carried out in the following
sequence.

Stage 1 — Study of the SS (Figure 1a):

i. Preparation of 30 cylindrical SS with a height
and diameter of 15 cm;

ii. Determination of the surface strength of SSs
by the non-destructive shock-pulse method of
control [[18], [19]], with measurements every 24
hours until the 28-day of curing of the specimens.

iii. Determination of the cylindrical strength of
SS by destructive compression method [20] at curing
ages of 1, 3, 7, 14, 28 days (six SSs for each age);

iv. Plotting the calibration dependence
between the surface and cylindrical strength;

v. Measurement of  concrete curing
temperature in two SS for 28 days with 0.5-hour
interval;

vi. Determination of the temperature-strength
(surface) dependence according to ASTM [12].

Stage 2 — Study of the LS (Figure 1b):

i. Preparation of two LSs of cubic form with
the size of 50x50x50 cm;

ii. Measurement of concrete curing
temperature in two LS for 28 days with 0.5-hour
interval;

iii. Determination of the temperature-strength
(surface) dependence according to ASTM [12];

iv. Determination of the functional
dependencies of SS and LS enabling correction of
temperature-strength (surface) dependence;

v. Determination of the temperature-strength
(cylindrical) dependence, taking into account the
corrections.

All SS and LS were made with the same concrete
mix B25 M350. The strength tests of the specimens
by the non-destructive control method are
performed using a shock-pulse device IPS MG4.

Figure 1 — Experimental studies of specimens: a —

SSs, b — LSs
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This is an express method and being an indirect
assessment of the strength characteristics of
structures, it requires a calibration dependence on
the destructive method [19] performed on a testing
press (in this case, the Pilot Compact 500 kN
automatic press was used).

A handmade measuring device consisting of the
following components was used to measure the
temperature mode of concrete curing:

i. Four DS18B20 type temperature sensors;

ii. Two lithium-ion batteries with a nominal
voltage of 3.7V and a capacity of 3000mAh;

iii. Atmega328p microcontroller (this
microprocessor is an 8-bit AVR microcontroller with
32KB of programmable Flash memory, it is relatively
inexpensive compared to other energy-efficient
microcontrollers but also has a compact TQFP32
package).

iv. 8GB memory card to store up to 28 days of
recordings;

v. DS3231 timing module to periodically wake
up the device and poll the connected sensors.

The processing of the temperature-strength
dependence for predicting the concrete structure's
strength was carried out in two stages. The first
stage involved correcting the temperature-strength
(surface) dependence of the LS to the temperature
mode of the LS and the corresponding surface
strength of the SS. This is because SS and LS were
directly subjected to both temperature and surface
strength control (unlike the strength by the
destructive method), and the variables of the
obtained dependences had a frequent periodicity of
measurements (the measurement of surface
strength every 24 hours, temperature - every 30
minutes). The second stage involved the correction
of the obtained temperature-strength (surface)
dependence for the transition from the surface
strength to the cylindrical one, meaning from the
indirect method to the direct destructive method.
For the controlled assessment of the obtained
temperature-strength dependence after 28 days,
cores were taken from the LS to determine the
actual strength. The obtained results of the actual
strength were compared with the predicted strength
obtained by the temperature-strength relationship.

Results and Discussion

2.1 Strength tests on specimens

Figure 2a shows the dependence of measured
non-destructive and destructive strengths on the
age of concrete specimens (SS and LS). Before the

tests, local measurement sites were prepared. The
results of the non-destructive testing of the LSs are
also shown in Figure 2a. Strength measurements
were also performed on the side faces of the
specimens. A total of 4 test measurements were
made for each specimen, i.e., one test measurement
was made from each of the side faces. Also, as in the
case of SS, the control measurement included 15
particular strength measurements. The
dependencies presented in Figure 2a are described
by logarithmic functions having a close relationship
with the specific values, whose coefficients of
determination are more significant than 92%. Figure
2b shows a comparison of particular values of
strength characteristics of LS and SS obtained by a
non-destructive method. Figure 2c shows the
calibration dependence or comparison of particular
values of SS strength characteristics obtained by
non-destructive and destructive methods.
According to the results of comparative analysis,
the best convergence of values of strength is
observed between the destructive and non-
destructive methods of SS (the difference of
particular values does not exceed 23%, on average
10%). It can be expressed by the corrective function,
obtained from the correlation dependence between
the surface and the cylindrical strength of SS (Eq. 1):

03’ = 11192055, (1)

The convergence of values between the non-
destructive method of SS and LS also has a close
relationship (the differences of particular values do
not exceed 25%, on average 15%). It can be
expressed by the following corrective function (Eqg. 2):

olS = 0.8945055, (2)
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Figure 2 — Results of strength measurements of SS and LS: a — Dependence of strength by age, b — Correlation
between the surface and cylindrical strength of SS, c — Correlation between the surface strengths of SS and LS
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Figure 3 — Comparison of SS and LS temperature histories

According to the statistical analysis, particular
values of strength measurements have close
relations within the limits of control measurements,
as well as control measurements among themselves:
coefficient of variation of all related particular values
on the average makes 0.02, lies in a range from 0.01
to 0.05; coefficient of reliability herewith makes 1.23
on the average, lies in a range from 1.01 to 2.46. ltis
necessary to note that extreme values of the range

are out of general statistics and represent a
single case, but they meet the requirements of
statistical tests for exclusion of accidental errors and
are within the acceptable 95% confidence level.

2.2. Thermal control of specimens

The data obtained for temperature changes by
age showed a close relationship between SS and LS
(Figure 3).

According to the obtained temperature regimes,
the greatest thermal response of LS concrete was
observed in the early period of its curing, after 13.5
hours of its pouring, with a temperature of 36.5 °C.
The minimum LS temperature was observed after 22
days, amounting to 2.25 °C. A similar pattern of
thermal fluctuation was observed in SS, where the
maximum temperature of 28.27 °C corresponds to
the curing age of 4.5 hours, the minimum
temperature of 1.02 °C - after the same 22 days. The
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thermal fluctuation in both cases has a common
pattern in the setting and curing of concrete.

In both cases, the maximum exothermic process
occurs at the initial stage of concrete curing (due to
three-calcium aluminate hydration). The difference
in temperature at the initial stage of the hydration
process may be explained by the massiveness of LS
in relation to SS. The more massive the structure, the
less convection surface heat removal; consequently,
more time is needed to achieve thermal balance
with the environment, as evidenced by the large
amplitude of thermal cyclicity of the SS concerning
the LS. Generally, the particular values of
temperatures have high convergence (which can be
observed when superimposing the dependencies on
each other (Figure 4), numerically described by the
dependency y=1.049x, which indicates deviations of
particular values of SS from LS, on average, by 5%.
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Figure 4 — Correlation of SS and LS temperature histories

It is necessary to correct the values of surface
strength of large specimens from the available
database of their temperature measurements as a
result of the hydration process (Figure 5a). For the
transition to the cylindrical strength of the LS
concrete, we use the previously obtained function of
the calibration dependence between the strength of
non-destructive control and the cylindrical strength
of the SS. Figure 5b shows the predicted
dependence between LS's surface and cylindrical
strength. The obtained dependence makes it
possible to carry out indirect non-destructive
strength control of reinforced concrete structures
with the same mixture of concrete and kept in the

same climatic conditions. The specimens were
subjected to destructive strength tests. According to
the results, the following was obtained: the average
core strength was 32.9 MPa, with a quadratic
deviation of 0.29 and a coefficient of variation of
0.01. Comparing the strength of the cores with the
predicted strength calculated from the previously
obtained dependence, it was found that the average
actual core strength has a high convergence with the
expected strength of 33.24 MPa. The error of the
indirect method was: 1.02 %. In general, the studies
to assess the strength characteristics of structures
based on measurements of temperature conditions
of concrete curing in the process of its hydration
refers to indirect methods of strength control, so it
requires a qualitative analysis of the data to be
compared and considering regional characteristics
of construction. According to the standard method
[15], the transition to strength indexes of concrete is
made by measuring the temperature regime and the
control measurement of the cylindrical strength of
concrete in different periods of its curing. The
resulting  pattern of  temperature-strength
dependence is subsequently adapted for strength
control of real building structures. In the present
study, in contrast to the standard method, it was
decided to carry out strength control using the data
on the surface strength of concrete by the shock-
pulse method.

In the case of this study, the error of the
obtained temperature-strength dependence, in
comparison with the actual strength of four control
tests of the strength (destructive method) of drilled
cores, was 1.02%. It should be noted that
comparisons with the actual strength of large
specimens were made only after 28 days, which may
not be sufficient for a complete conclusion about the
reliability of this method. Also, the next study
program will include an assessment of the influence
of the temperature and humidity regime of the
environment on the thermal changes in the concrete
during the design period of hydration (up to 28
days).

In this case, the ambient temperature range will
be within +5°C to +25°C, as exceeding this
temperature range is not acceptable for curing the
concrete without the use of additional measures.
The obtained nomograms will make it possible to
correct changes in the temperature regime of
hydration of structures curing in real climatic
conditions.
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Conclusion

A set of tests and strength measurements of
small specimens (laboratory) and large specimens
(imitating the relative massiveness of reinforced
concrete structures in relation to the laboratory
specimens), non-destructive and destructive tests
were conducted. The following conclusions can be
made based on the results of the studies; Firstly, the
obtained particular strength values have a close
relationship within the limits of the control
measurements, have a high degree of reliability, as
evidenced by high statistical indices and a large
number of measurements: the coefficients of

variation do not exceed 2%. Secondly, the average
strength data of small and large specimens showed
a remarkable convergence of the results, which is a
positive indicator for further data reduction in the
temperature-strength analysis and the error of
indirect strength control. Thirdly, the temperature
control results revealed the influence of the
massiveness of large specimens on the amplitude of
thermal cycling. Fourthly, the temperature-strength
functional dependence was obtained, making it
possible to perform strength control of reinforced
concrete structures made of the same concrete
mixture composition and kept under the same
climatic conditions. The control method refers to the
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[JaTunmKTEep MeH COKKbI-MUMNYAbLCTIK 94iCTi KONAaHa OTbIpbIn, 6€TOHHbIH, 6eTKi
6epiKTiri 60MbIHLIA MOHUTOPUHTI

12 yrenos E.B., 3 AHMCKUH A., 2 JlyknaHos P.E., Y2 Tyne6ekosa A.C., 2 }apacos LU.}K.

1CSI Research&Lab, *KLLC, Hyp-CyamaH, KazakcmaH
2 /1.H. lymunee amoiHdarsl Eypasus yammeoiK yHusepcumemi, Hyp-CyamaHx, KazakcmaH
3 Conmycmik YHusepcumemi, BapaxcOuH, Xopsamus

TYAIHAEME

Qnemae Temip-6eTOH KOHCTPYKLUMANAPbIH TEMNEPaTypabiK-6epiKTiKk MOHUTOPUHTI KaHe Bakplnay
YLWiH naitaanaHbinatbiH KenTere agictep 6ap. Anaiga, 6yn aaictep meH npoueaypanap MaHpi3abl
macenenepmeH 6alNaHbICTbl, BUTKEHI ON1ap KON YaKplTTbl, LbIFbIHAAPAbI Tanan eTefi XKaHe

Makana kengi: 03 seamokcaH 2021 KaTenikTepre 6eiim. COHAbIKTaH, By 3epTTey Kasipri yakbiTTa KEHiHeH KONAaHbINATbIH aicTepre
CapantamazaH eTri: 28 KaHmap 2022 Ganama Tacin peTiHge TemnepaTtypa MeH 6epiKTiK apacbiHAafbl TIYENAINIKTI any i
Kabbinganab: 10 aknar 2022 6y3blAMaiiTbiH BaKplnay SAiCcTepiH KongaHa OTbipbin, yAarinepain, 6eTTik 6epiKTiriH aHbIKTay

SAICIHIH, bIKTUMAN KONAAHbINYbIH 3epTTedi. 3epTreynep COKKbI-MMMNYAbCTIK dA4iCneH anblHFaH
KYPbI/bIC KOHCTPYKLMANAPbIH UMUTALMANAUTBIH LWaFbIH 3€PTXaHANbIK YATINEPAH, (SS) KoHe yaKeH
yarinepain, (LS) 6eTki 6epiKkTiriH aHe by3y aaicimeH anblHFaH 6epiKTiriH CanbICTbIPy apKbibl
JKYprisingi. AnbiHFaH Kanubpney Tayenginikrepi yarinepain, *oiny 6akbliayblHbIH, HITUXKeNepiHe
beiiimpgenai. TemnepaTypa-6epikTik Tayenainiri SS aHe LS 6epikTiri MmeH TemnepaTtypanbik
napameTp/iepiHiH,  H3TWXKenepiH  CanbICTblpy  apKbinbl  Ty3eTingi. HakTbl  canblHFaH
KOHCTPYKUMANApFa TemnepaTypanbik-6epikTik TayenminiriHiv Tynkinikti 6eiimaenyi Kypblabic
canacblHAAfFbl OCbl SAICTIH eneyni aneyeTiH KOPCeTTi, MyHAa OypfbliaHFaH KepHAEPAiH, HaKTbl
6epikTiri meH 6eToHHbIH 28 KyHAiK 6omkamabl 6epikTiri apacbiHAafbl ablpMallbliblkK, 6ap
6onfanbl 1,02% - pgpl Kypadbl. AnblHFaH HOMOrpamMMmanap HaKTbl KAMMATTbIK *Kafdannapga
KaTaTblH KypblNbiMAapabl rMapatauvanayfiblH, TEMNEPaTypanblk peXUMIHAEN MyYMKIH 6onaTbiH
e3repicTepai TyseTyre MymKkiHAiK 6epeg,.

TyiiiH ce30ep: 6eToHHbIH eTinyi, 6eTiHiH, 6epiKTiri, UMNYNbCTIK COKKbl 3Aici, onepaunsanbiK
6aKblnay, ceHcop.

Aemopnap mypansi aknapam:

PhD, «fumapammap xcaHe umapammaposl xobanay» kKagedpacsiHblH npogeccop m.a., J1.H.
Fymunes ameiHOarel Eypasus ynmmelK yHusepcumemi, Hyp-CynmaH, KasakcmaH. ORCID ID:
0000-0001-6723-175X, Email: utepov-elbek@mail.ru

Ymenoe Enbek baxumosuy

T.F.K., «Kypolasicy KagedpacsiHbig AccucmeHm npogeccopsl, Coamycmik YHusepcumemi,

AHUCKUH Anekceli . . .
BapaxcouH, Xopeamusa. Email: aaniskin@unin.hr

PhD, AoueHm, "ENU LAB" rbinbimu-eHOipicmik opmansifeiHelH, Oupekmopsl, J1.H. [ymunes
JlyknaHos PayaH Epmazambemosuy amelHOarel  EYY, Hyp-CyamaH, KaszakcmaH. ORCID ID: 0000-0003-0085-9934, Email:
rauan_1982@list.ru

PhD, «Fumapammap x#aHe umapammapdel #obanay» KagedpacsiHbiH doueHmi, /1.H. 'ymunes
Tynebekoea Acenb CepukosHa amelHOarel Eypasua yammelK yHusepcumemi, Hyp-CyamaH, KazakcmaH. ORCID ID: 0000-0001-
8553-3081, Email: krasavka5@mail.ru

PhD dokmopaHmel, «Fumapammap #aHe umapammaposi #obanay» Kageodpacsl, /1.H. lymunes
Mapacoe LbiHzbic Xapacosuy amelHOarel Eypasua ynmmelk yHusepcumemi, Hyp-CynmaH, KazakcmaH. ORCID ID: 0000-0002-
0468-8362, E-mail: zhshzh95@gmail.com



https://doi.org/10.31643/2021/6445.18
mailto:rauan_1982@list.ru
mailto:krasavka5@mail.ru
mailto:zhshzh95@gmail.com

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbs. Ne2(321), 2022 ISSN-L 2616-6445, ISSN 2224-5243

MOHUTOPUHT 6eToHa no HOBerHOCTHOﬁ MNPOYHOCTU C NpUMeHeHnem AaT4nKoB U

YBAPHO-UMNY/IbCHOTO MeToAa

12 yrenos E.B., > AHuckuH A., 2JlyknaHos P.E., 2 Tyne6ekosa A.C., 1* }Kapacos LL.}K.

1CSI Research & Lab, TOO, Hyp-CynamaH, KazaxcmaH
2 Egpasulickuli HayuoHanbHelli yHusepcumem um. /1.H. lymuneea, Hyp-CyamaH, Kazaxcmat
3 University North, BapaxOuH, Xopgamus

AHHOTAUMA

B MUpe cyuwectsyetT MHOXXeCTBO MeToA0B, MUCMOoJsb3yemblX A/1a TemMnepaTypHO-NPOYHOCTHOro
MOHUTOPUHIA U KOHTPOIA KenesobeToHHbIX KOHCprKLl,VIi;I. OpHaKo 3Tn meToapl 1 npoueaypbl
CBA3aHbl CO 3Ha4YUTe/IbHbIMU npoﬁnemaMM, MOCKO/IbKY Tpe6y|0T MHOro BpemMeHW, 3aTpaT U
noaBepXeHbl owmnbKam. Mostomy B AaHHOM WcCnefoBaHMWM U3y4vanacb MOTeHUManbHaA
NPUMEHUMOCTb MeToda onpeaeneHna ﬂOBerHOCTHOVI NPOYHOCTU OﬁpaBLI,OB C ucnonbsoBaHnem

MonyyeHo: 03 dexkabps 2021
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ABSTRACT

Metal parts in machinery often fail as a result of damage caused by wear and tear, resulting in the
loss of functionality of the products. Thin film solid nitride coatings are used to improve the wear
resistance and service life of parts and are considered to be effective. The article presents a brief
overview of modern literature in the field of obtaining wear resistant coatings of titanium
carbonitride by using magnetron sputtering. The review presents a detailed assessment of the
scientific results obtained depending on the deposition parameters and the conditions for
obtaining coatings. The results of the coefficient of friction, wear rate of the coating and
counterbody, nanohardness and adhesion force of coatings obtained by magnetron sputtering and
its modifications are shown. The influence of alloying elements on the mechanical and tribological
properties of titanium carbonitride coatings is considered. Recent advances in the production of
titanium carbonitride coatings with improved wear characteristics are discussed.

Keywords: titanium carbonitride, magnetron sputtering, coating, wear resistance, coefficient of
friction.
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Introduction

Titanium carbonitride (TiCN) coating is one of the
most attractive among them. The tribological

Hard and ultra-hard protective coatings are
increasingly being used in various technical fields,
including the automotive, aerospace, and
manufacturing industries. Today, the use of wear
resistant coatings in harsh working conditions is
becoming more and more important [[1], [2], [3]].
For this reason, a number of studies have been
devoted to the problems of creating thin hard
coatings and their application in the production of
machine parts and tools [[4], [5], [6], [7]]. Transition
metal nitrides are widely used as functional coatings,
which is justified by a set of their properties, such as
good conductivity, hardness, high melting point,
chemical resistance, and wear resistance [[8], [9]].

properties of such coatings have been studied in the
following works [[10], [11]].

Such coatings have found application in cutting
tools, in the details of the instrument, and
mechanical engineering to increase the duration of
their service life. They are biocompatible [[12], [13]],
which, combined with their relatively high ductility
and hardness, makes this material promising for
medical applications.

Currently, a wide range of developed and tested
techniques is used to form TiCN coatings. These
include physical vapor deposition (PVD), chemical
vapor deposition (CVD), spray techniques, and
others. Each of these methods has advantages and
disadvantages. Disadvantages common to many
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methods include poor adhesion of the coatings to
the substrate, the inability to regulate their
elemental composition, and the limited choice of
substrate material [14]. Physical deposition methods
are devoid of some disadvantages. Thus, the
widespread use of PVD technologies for industrial
applications is associated with the possibility of
obtaining hard and durable coatings that can be
applied to organic or inorganic substrates [15]. For
example, magnetron sputtering (MS), cathodic arc,
and pulsed laser spraying methods can be used to
apply TIiCN coatings with high tribotechnical
properties to parts that are exposed to aggressive
environments or extreme operating conditions.

The MS method allows the deposition of hard
TiCN coatings with a low level of impurities at a
controlled rate [16]. Depending on the sputtering
conditions, this method makes it possible to obtain

properties and, in  particular, tribological
characteristics, it is important to know how the
parameters of magnetron sputtering affect them.
Therefore, the purpose of this review is to show a
rief, modern scientific and technical literature
analysis on the preparation of wear resistant
coatings based on TiCN, obtained using MS under
different conditions of their deposition.

Research on obtaining titanium
carbonitride coatings

Magnetron sputtering is a vacuum coating
process using a specially formed magnetic field
applied to a target. A typical MS scheme for TiCN
coating deposition is shown in Figure 1. A typical
deposition system includes a vacuum chamber,
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Figure 1 - Typical MS scheme and coating deposition process

TiCN coatings are obtained by MS at direct
current (DCMS) [[17], [18], [19], [20], [21], [22], [23]]
and radio frequency (RFMS) [[15], [25], [26], [27]]
under balanced and unbalanced magnetron
operating conditions [[28][29]]. The deposition
process of TiCN hard coatings is directly influenced
by parameters such as working atmosphere
pressure, composition and ratio of reaction gases,
current power supplied to the magnetron, bias
potential and substrate temperature, target
composition, and more. Let us consider the
influence of these parameters on the structure,
composition, and properties of TiCN coatings.

Numerous studies [[11], [30]] are aimed at
obtaining and improving tribological properties of

TiCN nanocomposite coatings. The formation of
nanocrystals in the amorphous matrix of the
deposited compound is an effective way to improve
the tribological properties of TiN and TiC coatings,
which leads to increased hardness and reduced
friction [[31], [32]].

The carbon content of TiCN coatings significantly
affects the final coating properties. From the results
of the following studies, it has been determined that
the presence of amorphous carbon and carbon sp2
in composite films significantly reduces the
coefficient of friction (CoF) and wear rate (WR) [[17],
[22]], increasing carbon content gives results similar
to decreasing substrate displacement stress [20] and
reduces corrosion resistance [21]. In the paper [20],
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detailed X-ray diffraction studies of TiCN coatings
are given depending on the carbon content. The
following conclusions were drawn from the results:
1) the adatomic mobility decreased with increasing
carbon content in the coating; 2) the measured
lattice parameter is in agreement with published
literature data for stoichiometric TiN coatings; 3) the
observed micro deformation as a function of carbon
content in the coating, increased with increasing
carbon content. The results of electrochemical
experiments described in [21] showed that the
corrosion resistance of TiCN coatings decreases with
an increase in the carbon content in them. The
authors explain this by an increase in the density of
defects in such coatings, despite their high hardness
and adhesion to substrates. The film structure was
directly affected by its thickness, and the residual
stress values were higher for thinner coatings (1
pum).

When TiCN coatings are deposited, a titanium
target or a combined target is used. In the latter
case, the target can be made from titanium and
carbon powders in different ratios or by assembling
the target from individual segments, disks. For
example, in [22], TiN/(a-C) composite coatings were
deposited with different ratios of graphite to Ti
(G/Ti) in a single target on steel at 200 °C. The G/Ti
ratio in the target was 0.5, 1.0, 2.0. The obtained
coatings showed an orientation (222) and a
columnar structure at a lower G/Ti ratio. The
tribological properties of the coatings were tested
on a ball-on-disc tribometer under dry conditions, at
60 % relative humidity, using a hardened steel ball
HRC62 as a counterbody at a normal load of 1.0 N.
The results showed that the presence of amorphous
carbon in composite films significantly reduces the
CoF and WR [22]. The authors of [17] conducted a
similar study where TiCN nanocomposite coatings
were obtained by DC from a combined Ti/C target at
different nitrogen flow rates. When nitrogen flow is
increased from 0 to 30 sccm at an operating pressure
of 0.3 Pa, both the crystallinity and the carbon sp2
content of the coatings are increased. CoF and WR
can be significantly reduced by increasing the carbon
sp2 content. Figure 2 shows the CoF and WR of the
coatings obtained at different nitrogen flow rates.
Based on the results of [17] it can be said that at a
nitrogen flow rate of 30 sccm the TiCN coating can
provide a combination of high hardness, toughness,
and wear resistance.

Among the works studied, the relatively lowest
coefficient of friction of the TiCN coating with low
WR (~10°® mm3/Nm) was achieved in our

experimental work [23]. Sample rotation speed, 1
cm/s; load, 1 N; wear track radius, 7 mm; friction
path, 100 m; data collection speed: 50 Hz, a SisN4 ball
with a diameter of 6 mm was used as a counter
body.
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Figure 2 - Results of CoF and WR of coating obtained
at different nitrogen flow rates [17]

The magnetron sputtering deposition condition
at a substrate bias -70 V made it possible to obtain a
coating with a CoF of 0.06 (figure 3). This was due to
the formation of third bodies in contact and the
subsequent formation of a lubricating transition
layer. Also, it should be noted that during the test,
no sharp jumps in CoF were observed, which
indicates a high adhesion of the coating to the
substrate [24].
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Figure 3 - CoF for titanium VT6 substrate and TiCN
coatings [23]

The sputtering of a pure titanium layer is
considered necessary by some researchers to
improve the adhesion properties between the
carbonitride coating and the substrate. According to
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the authors [[15], [17], [33], [34]] this helps to
increase the nucleation density and reduce the
surface roughness of the coating.

In the works considered above the coatings
were deposited by MS method at direct current. The
authors of works [[15], [25]] have shown, that the
coatings deposited in conditions of RFMS are not
inferior in tribomechanical properties to the
coatings received at direct current. Saoula N. and
colleagues [15] investigated the effect of substrate
potential displacement on the structure and
properties of TiCN coatings. TiCN coatings were
grown on silicon and steel substrates by RFMS
method by sputtering a pure titanium target in Ar-
CHa-N; gas mixture.

The tribotechnical properties of the coatings
were investigated by testing them together with an
alumina ball in the air. The experimental results
showed a decrease in the deposition rate from 31 to
9 nm/min with an increase in the bias voltage of the
substrate from Us = 0 to -100 V, respectively. The
coating deposited at 0 V was amorphous, while the
coatings deposited when a bias voltage was applied
to the substrate had a facecentered cubic structure
with a predominant growth orientation (111). The
results also show that TiCN coatings deposited at a
substrate voltage of -70 V had a maximum hardness
of 39 GPa and showed better wear resistance at a
minimum WR and lower CoF of 0.13, this tendency
showed also in [23].

As the bias voltage was increased from 0 to -70
V, the hardness increased from 16 to 39 GPa, and
then slightly decreased to 38 GPa, while it was
further increased to -100 V, as shown in Figure 4. In
[24], the mechanical properties of TiN, TiC, and TiCN
coatings deposited by the RFMS method were
compared. Plasma power during deposition was
maintained at 200 W. The hardness of TiN, TiC, and
TiCN  coatings was evaluated using the
nanoindentation test. All thin film samples showed
increased hardness with an increase in the applied
negative bias voltage to -75 V. The increase in
hardness was explained by a change in surface
morphology. The hardness of the TiN, TiCN and TiC
films ranged from 4.9 to 34.1 GPa, from 16 to 39
GPa, and from 9.8 to 26.97 GPa, respectively.

The tribological properties of coatings depend
significantly on the test conditions. Wang Q. and
others [35] showed significant dependence of WR
and CoF on friction speed and load value on the
results of tests of TiCN coatings on WC-based hard
alloy substrates on a ball-on-disk tribometer. The
measurements were performed concerning balls

made of SiC, SUJ2 and SUS440C steels at normal load
from 3 to 12 N and sliding speed from 0.1 to 0.4 m/s.
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Figure 4 - Hardness and Young's modulus of the

TiCN coating depending on the applied bias potential of
the substrate [15]

It was shown that the tribological properties of
the TiCN/SIiC pair are better under friction in water
thaninair [[35], [36]]. Temperature is also one of the
important parameters in studies of coating wear
resistance. Polcar T. and others performed the work
in this direction [18]. They investigated the
tribological characteristics of the TiCN coating at
elevated temperatures. The tests were performed
according to the “pin-on-disc” scheme using balls
made of bearing steel 100Cr6, Al,0Os, and SisN4 as a
counter body. The results of testing specimens at
temperatures below 200 2C and up to 500 oC are
shown in Figure 5. All wear tests were performed at
a normal load of 5 N at linear velocities from 0.04
m/s to 0.3 m/s for up to 30,000 cycles. The results
showed that raising the temperature increased the
CoF and WR of TiCN coating when sliding on 100Cr6
balls. In contrast, for SisN4 balls, friction and wear
were independent of temperature[ [18], [35]]. In
[19] the same authors showed results comparing the
tribological behavior of TiN, TiCN, and CrN coatings
under similar test conditions at temperatures up to
500 2C, at a linear velocity of 4 cm/s, for 5000 cycles.
These results indicate that the TiCN coating can
perform as a wear resistant coating at high
temperatures [19].

Thus, the wide range of studies on the
preparation and study of the mechanical properties
of TiCN coatings indicate a great interest in the
scientific community for them as promising wear-
resistant coatings.
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Figure 5 - The dependency of coating wear rate on
temperature using 100Cr6 ball (a) and SisN4 ball [18]

Research on obtaining multilayer and
alloyed TiCN coatings

Recently, coatings of a new generation based
on TiCN have appeared, such as multi-component
(TIAICN, TINCO) [[39] [40]], multilayer (TiN/TiCN/TiC)
[41], gradient (Ti/TiN/TiCN) [42] and composite [17],
[22] coatings. The authors of these studies believe
that the properties of these new TiCN-based
coatings are better than those of traditional TiCN
coatings. Typically, the thickness of the TiCN coating
varies from a few nanometers [17] to 4-5 microns
[15]. In the case of multilayer coatings, this indicator
can be higher and exceed several times, while they
show good chemical stability, excellent mechanical
properties, as well as excellent wear resistance and
corrosion resistance. For example, Su Y.L. and his
colleagues [43] found that multilayer TiN/TiCN/TiN
coatings with a thickness of 7 um, containing a two-
layer TiN (2 um) and TiCN (2 pum) with an upper TiN
layer (3 um), had high wear resistance, but coatings
with a thickness of about 9 um showed low wear
resistance due to poor adhesion. A similar
TiN/TiCN/TiC coating was obtained by the authors of
[44]. The results of tests for scratching and
nanoindentation showed the best mechanical

properties for a coating on a Ti6Al4V substrate with
a hardness of 19.96 GPa and a critical load of 25 N.

It is known that increasing the thickness of the
coating not only contributes to the prolongation of
the service life but also seriously affects the
adhesion between the coating and the substrate.
The authors of [45] argue that a possible solution to
this problem is the formation of a gradient structure
and the composition of a multilayer coating. They
deposited a 23.5 um thick TiN/TiCN multilayer
coating on silicon and steel (Figure 6a). It was found
that the inner TiCN layers consisted of a mixture of
the nanocrystalline TiCN phase and amorphous
carbon, while the TiN layers had a nanocolumnar
structure. According to the results of scratching and
nanoindentation tests, the coating showed high
adhesion and satisfactory hardness even at a
thickness of 23.5 um (29.0 N and 21.4 GPa), as can
be seen from the sclerometric result in Figure 6b.
The results of tribological tests showed that the
wear resistance of such a coating did not decrease in
comparison with other thin hard films, but its service
life was extended due to its large thickness (> 11
hours). Figure 6¢c shows the friction curve of a
TiN/TiCN multilayer coating. It is noticeable that the
CoF of such a coating exhibits good performance and
has some variation due to the composition of the
transition layer and the friction surface [45].

Alloying TiCN coatings with different
elements, such as O, Al, Si, Cr, Zr, Ag, etc., makes it
possible to influence their mechanical properties.
The introduction of oxygen into the TiCN coating
increases their resistance to friction and corrosion,
which is justified by the inertness of the oxide and
the small atomic size of oxygen, which creates high
hardness and compressive stress [46]. In [[47], [48],
[49]], the authors studied the effect of the oxygen
fraction in the reaction atmosphere during MS on
the properties of the TiCN coating. The results seen
in Table 1 show that the TiCNO coating obtained at
an oxygen consumption of 4 sccm is characterized by
the lowest WR and the highest nanohardness. A
further increase in oxygen consumption led to a
decrease in hardness, adhesion, and wear
resistance. Olteanu C. and her colleagues [49]
deposited a TICNO coating in an Ar, C;H>/(02 + Ny)
atmosphere. During deposition, the working
pressure was kept constant at about 0.4 Pa, and the
bias voltage of the substrate was -70 V. In all cases,
the deposition time was 1 hour. The maximum CoF
values were recorded for coatings deposited at a
C2H2/(02 + Ny) flux ratio of about 2.5.




Complex Use of Mineral Resources 2022; 321(2): 65-78

ISSN-L 2616-6445, ISSN 2224-5243

23.469um

212 (] : Mean: 3618 Iom)

TN

N,

B

0.7t €)
2 06}

=

w— 0.5

h“"‘fv "

s —

S 0.4f ’ | l'd )'n\*

g W |
S 0.3 I !
\' J |

|
[ AL A

S |‘.J

1) L A W 4
S 0.2 i%.",i}{','y%,’ Y

W | I fiﬂk”‘um

Y-range. 440 i

0.1
5 15 20 25 30
Time / x10° sec

10

3‘5 40 “osm o4s

05
Xerange: 1.07 men)

Figure 6 - SEM images of a cross-section (a), micrograph of a scratch (b) and a friction curve (c) of a multilayer
TiN/TiCN coating [45]

The authors [50] obtained (Zr, Ti)CN coatings for
medical applications by MS of two targets of Zr and
Ti (purity 99.99 %). The substrates were placed at a
distance of 17 cm from the targets, rotating them at
a speed of 30 rpm. The reactive atmosphere was a
mixture of N, CHs, and Ar gases. It was found that
the coatings have a composite structure in which the
crystalline phase (Zr, Ti)CN coexists with the
amorphous phase C. The measured thickness and
hardness of the coating were in the ranges of 1.8-2.1
pum and 25-29 GPa, respectively.

Works [[51], [52], [53]] have focused on the
study of TiSiCN nanocomposite coatings due to their
excellent mechanical and tribological properties.
Thus, the aim of work [51] was to compare the
microstructural, mechanical, and tribological
properties of TiSICN coatings obtained by MS and
plasma enhanced magnetron sputtering (PEMS)
under practically identical conditions on Custom-450
and Ti-6Al-4V stainless steel for gas and steam
turbines. During the deposition of both MS and
PEMS, two Ti target magnetrons were used in an
argon-nitrogen-trimethyl silane gas mixture. The
results showed that the surface microhardness of
the PEMS coating (24.65 GPa) is twice as high as that
of the MS coating (11.77 GPa), which provided a
much lower WR during the sliding and erosion rate
of the TiSiCN coating (Figure 7a). In a study [52],
TiSiCN coatings were deposited by PEMS in an Ar +
N, + C;H, atmosphere with the addition of two types
of silicon precursors: gaseous trimethylsilane (TMS -
(CH3)sSiH) and hexamethyldisilazane liquid (HMDSN
- (CHs3)6Si>NH). The flow rate for TMS was 0, 1.5, 3,
6, and 9 sccm, and for HDMSN it was maintained at
3 g/h. TiSiCN coatings obtained at a TMS flow rate of

6 and 9 sccm and for an HMDSN liquid of 3 g/h
showed high wear resistance (Figure 7b).

A comparative study of the structure and
properties of Al- and Cr-doped TiSiCN coatings was
performed by the authors of [53]. The deposition of
coatings was performed in a gas mixture of argon
and nitrogen at a pressure of 0.1 Pa using targets
made of TiAISICN and TiCrSiCN. The current and
voltage supplied to the magnetron were 2 A and 500
V, respectively. The bias voltage of the substrate was
-50 V, and the substrate temperature was kept
constant at 300 °C (for TiCrSiCN coating) and 500 °C
(for TIAISICN coating). To assess the thermal stability
and resistance to oxidation, the coatings were
annealed in vacuum at 1000, 1100, 1200, and 1300
°C or in the air at 1000 °C for 1 h. The results
obtained show that the hardness of TiAISICN
coatings increased from 41 to 46 GPa, reaching a
maximum at 1000 °C, and then slightly decreased to
38 GPa at 1300 °C. TIiCrSiCN coatings have
demonstrated high thermal stability up to 1100 °C at
a hardness above 34 GPa. TiAISiCN coatings were
more resistant to oxidation than TiCrSiCN coatings.

Tillmann W. et al. [54] compared TiAICN coatings
obtained by MS and high-power impulse magnetron
sputtering (HiPIMS). The results showed that all MS
coatings showed better adhesion than their HiPIMS
counterparts. After that, the same authors
presented the following study [55], where TiAICN
coatings were deposited using hybrid (MS/HiPIMS)
technology with increasing acetylene flow. The
results of tribological studies have shown that CoF
does not depend as much on the carbon content as
on the sliding speed and normal load.
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Table 1 - Gas flow rate and some properties of TICNO coatings [47]

N2 flow rate O: flow rate Hardness (GPa) Adhesion C:N:O Coating color
(sccm) (sccm) (load, N)
22 0 26 54 1:2:.0 Pink brown
20 2 30 60 1:3.8:0.2 Pink purple
18 4 32 65 1:3.5:0.4 Red brown
16 6 30 45 1:5:04 Yellow brown
14 8 29 40 1:3.5:0.5 Red brown
12 10 24 38 1:3.5:.0.6 Gray brown
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Figure 7 - Wear rate of TiSiCN coating depending on: (a) deposition method [42], (b) silicon precursor flow [52]

It is known about alloying TiCN coating with
silver [56] and deposition of the surface layer of
hydroxyapatite (HA) [57] for use in biomedicine. In
[56], the characteristics of thin coatings based on
silver-containing carbonitrides (Ag-TiCN) obtained
by DCMS were studied. The Ag content in the
coatings was varied from 0 to 26.7 at. % by changing
the targets and the proportion of C;H; and N3 in the
gas mixture with Ar. As a result, when the Ag/Ti ratio
was below 0.20, coatings were obtained with high
mechanical properties (hardness ~ 18 GPa, WR ~ 10
5 mm3/Nm, CoF ~ 0.3) and good biocompatibility.
Thampi A. and her colleagues [57] deposited a HA
layer on top of TiCN coatings, which were obtained
using DCMS by deposition on substrates of medical
grade 316 L SS. This study proves that HA-TiCN can

provide better surface properties when used as a
biocompatible coating on implant material.

Table 2 lists the target and substrate materials,
deposition parameters, and tribological
characteristics of some TiCN-based coatings
published in the literature. The table shows the best
selective tribological characteristics of the coating in
the results of one work, regardless of the sample.
From the data, it can be said that TiCN coatings
deposited by sputtering a combined C/Ti target (~10°
14 mm3/Nm) have the best wear resistance [[17],
[21]]. The best wear characteristics in terms of CoF
were 0.06 [23].

Thus, studies on TiCN coatings indicate that their
properties can be significantly affected by alloying
them with different elements.

Table 2 - Deposition parameters of a TiCN-based coating by the MS method and its influence on the coating results

Deposition materials and parameters
Coating | Target Target material Working gas
material |and subject to the| atmosphere and
and impact flow

Coating results
Working| Coating Coefficient of | Wear rate of |Referen
pressur thickness,| friction of the | the coating, ce
e, Pa um coating mm?3/Nm
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sputtering
type
Steel XC38 and
Ti $i (100) Ar : 8 sccm
TiCN N2 :4 sccm 1.33 2-4 0.13 and higher | 1.12x107* [15]
RF U =0,-30, -70, - CHa - 4 scem
100 B t
C/Ti Si (100) Ar/N2 =30 sccm
TiCN T=200"°C N.=0,10,20,30 | 0.3 0.5 0.13 and higher | 7.3x10 [17]
DC
U=-100B sccm
. Ti Steel Ar/N2= 50%/50% . . B
TiCN bC T=450°C CoH 10 1.7 0.14 and higher | 0.5x10 [18]
. Ti Steel Ar/N2=50%/50% . 5
TiCN be T2450°C CoHa 0.1 0.14 and higher | 0.8x10 [19]
Steel
Ar :4 sccm
, C/Ti W6Mo5Crav2 . . 14
TiCN DC T=200°C N2 :4 sccm 0.4 1.2 0.12 and higher | 0.67x10 [21]
U=-80B
. L Ar: 18 sccm
Tien | ! Titanium VT | N, :2.6 scem 0.4 | 0814 006 (average) | 1.4x10° | [23]
DC Uu=0,-70,-100 B
C2H2: 4.6 sccm
. Carbide-grade H-
. Ti -12
TiCN RF 21 Ar/N2/CzH2 - 2.3 0.14 1.83x10 [26]
U=-90B
Ar: 8 sccm
. Ti Steel XC38
TiCN RE U= 0-100 B N2: 4 sccm - - 0.13 - [27]
CHas: 4 sccm
TICN | Ti WC Ar/N2/CHa 0.8 3 0.2 (average) - [35]
. Ti, Al TieAl4v Ar: 15 sccm N
TiCN RF/DC U=-80B N, 0.6 2 0.16 [37]
) . Si (100), Ar: 50 sccm . 1
TiCN TiC steel AlS| 1045 Na: 16 scemn 14 0.75 and higher | 0.125 x10 [38]
T=250°C
TiN/Ti . . . .
enyri| ! Tiand TIGAIV, Si| )\, /oM, 03 | 17 0.1and higher | — [44]
C DC U=-60B
Steel 2520-310S
Ar: 20 sccm
TiN/Ti| Ti and Si (100) ) .
N DC T = 40-100 °C EI: Oils(c)(;r:cm 0.4 23.5 0.15 and higher [45]
U=-100 B -
. Ti Steel AISI 316 - .
TiCNO T =260 °C CO2/N2 0.1 1 0.1 and higher [46]
Ti Steel M2 O/N2=22 sccm 3
TiCNO DC T=300°C N2 =22, 20,18, 16, 0.44 0.2 and higher 1x10° [47]
U=-60B 14, 12 sccm, C4H1o
Ti Steel M2
TiCNO T=200"°C Ar/N2+02 /CoH2 0.4 - 0.2 and higher 2.47x10°® [49]
DC
U=-70B
Ti-6Al-4V and
Ti steel Custom- Ar/N2/TMS
TiSiCN PEMS 450 N2 : 45 sccm 10 29.8 0.2 and higher 6.26x10° [51]
T=400°C TMS : 6 sccm
U=-40B
no Ty e
TiSiCN T=200°C 2 0.4 8-10 0.15 and higher | 7.5x107 [52]
PEMS U=-60B C2H2: 30 sccm
N TMS : 0-9 sccm
TiSICN| Ti,Si,C | Si(100) Ar/N2=70%/30% | 0.53 | 0.4-2.0 | 0.4and higher | — [60]
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DC T =500 °C
WC, Si (100), Ni
TiCrSi | TiCrSiCN | foil, Al203 6
N DC T=500°C Ar 0.1 1 0.4-0.45 1.5x10 [53]
U=-508B
WG, Si (100), Ni
TIAISIC TIAISICN | foil, Al,03 . 6
N DC T=300°C Ar 0.1 1.7 0.5 and higher 6x10 [53]
U=-508B
e e Si and Ni
L'A'S'C TD'?'S'CN T=500°C Ar +15% Na 02 | - 0.5and higher | 2.9x10° | [62]
U=-250B
. Steel AlSI H11 ﬁrr 5(9)3 ol
TiAICN T=425°C ) 5x10Z| 3 ~0.78 3.1x107® [54]
DC C2Hz : 20 sccm
U=-100B
N2
Ar: 295 sccm
' Ti Steel AISI H11 Kr: 200 sccm > N .
TIAICN  ioiMs | U=-80B CaHa : 15 scem >x107) 3 0.4 1.5x10 [54]
N2
. Ti, Al, C Steel AISI 316 ol Faro B . 6
TIiAICN DC and Si (111) Ar/N2=70%/30% 0.4 0.25 and higher | 8x10 [61]
Ti, TiAl48- Ar: 295 sccm
TiAIN/| 12 Steel AISI H11 Kr: 200 sccm 5 . 6
TIAICN| MS/HiPIM| U =-80 B CHz:5n10scem | <20 0.5andhigher | 1.42x10™ | [55]
S N2
Steel AISI 304
. TiBC and Ar+N2: 20 sccm . 6
TiBCN bC 5i (100) No: 0-7 scem 0.27 2-3 0.54 and higher | 2x10 [58]
U=-50B
. . Steel H13 and
WTiCo| Ti(DC) 5i (100) Ar/N> 0.13 : 0.2 (average) 5x10°7 [59]
CN WC (RF)
=-50B
Conclusions

Titanium carbonitride coatings are characterized
by high wear resistance, relatively low coefficient of
friction in various media, and corrosion resistance.
This makes them promising for a wider application
on the working surfaces of parts in the friction units
of various mechanisms, on the surfaces of implants,
as protective coatings providing corrosion
protection at different temperatures.

Magnetron sputtering is a well established
technique for the deposition of thin TiCN coatings,
which is flexible, has a wide range of possibilities,
and ensures a high level of adhesion of the coatings
on the substrate. If you vary the ratio and
composition of the reaction gases, the composition
of the atomized target, the bias voltage on the
substrate, the parameters of the current fed to the
magnetron, and the number of magnetrons, you can

vary the composition of the deposited coatings in a
wide range, introduce alloying elements and deposit
multilayer coatings. Such coatings are characterized
by different levels of properties, including
mechanical and tribological.

Further developments in the method of
magnetron sputtering can relate to the upgrades of
the method (HiPIMS, PEMS, RF and DC combined MS
and others), which open up new possibilities for
designing the microstructure and tuning the
mechanical properties of TICN-based coatings.

In addition, the elemental inclusion during
alloying of TiCN coatings makes it possible to
increase the tribological and mechanical properties.
In the future, a number of elements such as O, Al, Cr,
Si will be promising alloying elements that provide
high wear resistance. However, to date, there is no
universal TiCN coating that meets all the
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requirements and is characterized by high
tribotechnical characteristics in various
environments. This indicates the need for further
studies and, in particular, to investigate the effect of
alloying with various elements on the properties of

such coatings.
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MarHeTpoHAbl TO3aHAATY d4iCiMeH TUTAH Kap6oHUTPUATI }KabblHAAPbIH
OTbIPFbI3Yy }KdHEe OHbIH, TPUB0-MeXaHUKaNbIK KacueTTepiHe acepi
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TYAIHAEME

TexHUKaparbl MeTann bentwektep KebiHece TO3yAaH TyblHAAFaH 3aKbIMAAPAbIH CaNapbIHAH CITCI3AiKKe
yLwbipainabl, 6yn eHiMHiIH GYHKLMOHANAbIFbIH KOFAaNTyFa aKenesi. benwektepaiH, Tosyra Te3imainiri meH
KbI3MET €Ty Mep3iMiH apTTblpy YWiH TUiIMAI Aen caHanaTblH HUTPWUATI KYKa KaTTbl KabblHAAp
KoNAaHblnaabl. Makanaga MarHeTpoHApl TO3aHAAHAbIPY JAICIMEH TUTaH KapboHWUTPUAiHIH, To3yFa
Te3imai KabblHAAPbIH any canacbiHAaFbl Kasipri 3amaHfbl aaebueTTepre KpiCKala LLOAY Kacangpl.
Saebu wonyaa To3aHAAHAbIPY NapameTpiepi MeH KabblHAapAbl any wapTrapbiHa 6ainaHbICTbl
aNnblHFAH FbIbIMM  HITUMKENEpAi erKken-Tenkenni 6afanay ycbiHbINAbl. MarHeTpoHAbl TO3aHAaTy
9AiICIMEH KOHe OHbIH, MOAVUOUKALMANAPLIMEH anblHFaH KabblHAAPABIH, YiKenic KoadpduuMeHTi,
abblHAbl MeH KOHTPTeNAiH TO3Yy KblNAAMAbIFbl, HAaHOKATTbINbIK KaHe ajresva Kyli HaTuenepi
KepceTinreH. JlerupneHreH sneMeHTTePAiH, TUTaH KapboHUTPUAi KabblHAAPbIHbIH, MEXaHUKANbIK KaHe
TPMBONOTUANBIK KacneTTepiHe acepi KapacTbipbliagpl. HakcapTbliFaH To3y cunatramanapbl 6ap TmtaH
KapbOHUTPUATI }KabblHAAPAb! ANy CanacbiHAAFbl COHFbI KETICTIKTEP TaNKbINAHAbI.
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AHHOTAUMA

MeTtannuueckne petanm B TEXHUKE YACTO BbIXOAAT M3 CTPOA B pesynbraTte noepe»(,quMVl,
BbI3BaHHbIX UI3HOCOM, YTO NPUBOAUT K NOTepe dJyHKLI,MOHaﬂbHOCTVI ma,a,enwﬁ. C uenbto NosblWEeHUA
M3HOCOCTOMKOCTU U CpOKa Cl'ly)K6bI ,a,eTaneﬁ MCNONb3YHOT TOHKON/1IEHOYHbIE TBepAdble HUTPUAHbIEe

Moctynuna: 28 okmabpa 2021 NOKpbITUA, cunTatowmecs sdPpekTMBHbIMK. B cTaTbe NpeacTaBneH KpaTKuii 0630p COBpeMEHHOW
PeueHsnposaHue: 07 aHeaps 2022 nuTepatypsbl B 061aCTU NONYYEHUA U3HOCOCTOMKMX MOKPBITUI KapboHUTpMAA TUTaHa MeToL0M
MpuHaTa B nevatb: 11 ¢pespasnsa 2022 MarHeTPOHHOro pacnblieHna. B o63ope npeactaBnseTcs AeTanbHas OUEHKA MNONYYEHHbIX

Hay4YHbIX pe3ynbTaToB B 3aBUCMMOCTM OT MAPAMETPOB HaMbLIEHUA W YCAOBUI MONyYeHUs
NOKpbITUIA. [oKasaHbl pe3ynbTaThl KO3dOUUMEHTA TpPeHus, CKOPOCTM M3HOCA MOKPbLITUA U
KOHTpTENa, HAHOTBEPAOCTU U CUJbI AATe3Wi1 MOKPLITUIA, MONYYEHHbIE METOAOM MArHeTPOHHOrO
pacnbleHNs U ero moauduKauMAMU. PaccmaTpuBaeTcs BAWAHWE NErMPYIOLLUX NEMEHTOB Ha
MexaHu4eckue u Tpubonor1yeckme CBOWMCTBA MOKPLITUI KapboHUTpuaa TutaHa. Ob6cyxaatote
nocnefHvWe AOCTMNKEHWA B 061acTU NOJyYeHUA MOKPbLITUIM M3 KapboHWTpMAA TuTaHa C
Y/IyHLIEHHbIMM XapaKTepMCTUKaMM M3HOCa.

KnioueBble cnoBa: KapbOHWUTPWUA, TWTaHa, MarHeTPOHHOE  PacnblieHWe,  MOKPbITHE,
MN3HOCOCTOMKOCTb, KO3POULMEHT TpeHuUs.
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ABSTRACT

Drilling and blasting operations are one of the most important components of the mining
industry. Currently, further improvement and optimization of technological processes at mining
enterprises are possible mainly due to the determination and constant monitoring of the mining
and technological properties of the rock mass — their drillability, explosivity and exaviability. A
prospective assessment of the explosivity of rocks in the massif, which is the basis for designing
and calculating the parameters of the DBO, is currently possible only using the energy
parameters of technological work. The article provides information on methods for studying the
strength and elastic characteristics of rocks in natural occurrence. The results of the study of the
relationship between the specific energy intensity of drilling and explosive destruction of rocks
are presented. The correlation between the specific energy intensity of drilling and the
propagation velocity of elastic longitudinal waves is also considered. A comparative analysis is
carried out between the traditional calculation of the explosive index using the results of
laboratory studies on the physical and mechanical properties of the rocks of the Koktaszhal
deposit and the calculation of the explosive destruction index taking into account the energy
parameters of drilling. The validity of the use of the specific energy intensity of drilling as a
criterion characterizing the explosive destruction of rocks in the design of drilling and blasting
operations is shown.

Keywords: Drillability, energy intensity of drilling, explosiveness, rock strength.
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Introduction

drillability,  explosivity and exaviability. A
prospective assessment of the explosivity of rocks

Drilling and blasting operations are one of the
most important components of the mining
industry. Every year, the volume of exploding rocks
is only growing, which increases the demand for
technologies that accelerate the design process and
calculate the efficiency of the work performed.
Currently, further improvement and optimization of
technological processes at mining enterprises are
possible mainly due to the determination and
constant monitoring of the mining and
technological properties of the rock mass — their

in the massif, which is the basis for designing and
calculating the parameters of the DBO, is currently
possible only using the energy parameters of
technological work.

According to morphostructural features,
physical and geographical conditions and technical
and economic parameters, the Koktaszhal copper-

porphyry deposit is planned to be worked out in an
open-pit manner with a depth of 300 m.
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As shown in [1], the surface of the industrial
areas of the Koktaszhal mining and Processing Plant
is represented by a rocky base covered in areas
with covers with low power within 10-30 cm of
delvial-proluvial ~ deposits. The rocks are
represented by strong silica tuffs, plagiogranitic
porphyry and porphyry, silicic acid-invasive rocks,

monochrome and quartz-shimmering chlorite
rocks.

Components included in the mineral
composition:

1. Quartz 43-45%,

2. Sour plagioclase 31 - 33 %,

3. Chloride 9 - 11 %,

4. Hydrosluda 8-10 %,

5. Dolomite 2 — 3 %.

Zones of tectonic disturbances are mostly filled
with differently oriented quartz veins, which has a
positive effect on the stability of rocks. Ores and
host rocks of the deposit have the same strength
properties due to the fact that mineralization has
no pronounced boundaries and the mineral grains
of the rocks have a dense structural-crystallization
relationship between them. Groundwater within
the mountain drainage in the weathering crust
does not spread. In rock formations they are deep
enough (10 - 30 m) and do not affect the change of
engineering and geological properties of rocks. That
is why the category of complexity of engineering
and geological criteria for the development of the
Koktaszhal site, according to the "Methodological
guidelines for the study of mining and geological
conditions of deposits of solid minerals" belongs to
the simple. The contract area is characterized by
strong differences. Ores and rocks are not sensitive
to spontaneous combustion and swelling, are not
radioactive [1].

The experimental part

For blasting a rock mass under ideal conditions,
the main physical and mechanical characteristics of
rocks are: strength (Ock, Opacr.,Ocs), Strength
coefficient - f, elastic wave velocity - V,, density - y.
Tests on the strength and elastic properties of rocks
were carried out on the cores of six geotechnical
wells drilled along the contour of the quarry to its
design depth.

The determination of the tensile strength under
uniaxial compression was carried out according to
Gost 21153.2 -84.

Figure 1 shows the essence of the main method
for determining the maximum destructive force

(Pcx), which is applied to the ends of the sample of
the correct shape through steel flat plates.

Figure 1 - Testing of rocks for tensile strength under
uniaxial compression on a press

The compressive strength of the rock (o) for
each test sample was calculated by the formula:

P
o =k =910
CHC e FD s (1)

where - P is the total maximum load on the
sample at the time of its destruction, kN;

Fo=(rt/4)*d? - initial cross-sectional area of the
sample, cm?;

d —sample diameter, cm;

ks — the dimensionless height coefficient of the
sample, equal to 1.00 with the ratio of height to
diameter m = 2 + 0.5. For other values of the ratio
m, the coefficient k. was set according to Table 1.

Table 1 - Determination of the dimensionless coefficient kg

m | 0,7 0,80 { 0,90 | 1,00 | 1,20 | 1,40 | 1,60 | 1,80 | 2,00

ks | 0,68 | 0,72 | 0,76 | 0,80 | 0,86 | 0,90 | 0,94 | 0,97 | 1,00

Determination of the rock strength limit under
uniaxial tension was carried out according to GOST
21153.3 - 85.

Figure 2 shows the essence of the method,
which consists in determining the maximum
destructive force (Ppac) applied perpendicular to the
generatrix of a cylindrical rock sample, as a result of
which tensile stresses arise in the sample, leading
to its destruction in the plane of the longitudinal
section.

Figure 2 - Testing of rocks for tensile strength under
uniaxial tension
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The tensile strength of the rock (op) was
calculated by the formula:

P
o, =—2210

Pod-h ’ (2)

where — (Ppac) is the maximum load on the
sample at which the sample ruptured, kN;

d - is the diameter of the sample, cm;

h - is the height of the sample.

The coefficient of rock strength on the scale of
M.M. Protodyakonov and is determined on pieces
of rock with a size of 20-40 mm in the POK device
by dropping weights weighing 2.5 kg from a height
of 60 cm. The number of drops varies from 5 to 15.
After crushing, the material is sieved through a 0.5
mm sieve and the volume of the crushed material is
measured in a volume meter.

20xn

f= h (3)

where n — the number of kettlebell drops
during the test of one hitch;

h — the height of the column of the fine fraction
(after sieving on a sieve of 0.5 mm) in the volume
meter after testing five attachments, mm;

20 - an empirical numerical coefficient that
provides the generally accepted values of the
strength coefficient and takes into account the
work spent on crushing [2].

In preparation for measurements of elastic
parameters of rocks, the end surfaces of the core
were carefully sanded, their length strictly
corresponded to 100 mm, diameter 48 mm, the
ratio I/d > 2 was observed, where d - is the
diameter of the sample.

For laboratory studies of the propagation
velocity of longitudinal and transverse waves, the
measurement equipment and methods described
in the literature [[4], [5], [6]] were used. A MATRIX
Corp. high-frequency generator was used as
instruments. MFG-8216 and digital storage
oscilloscope (DSO) from ACUTE Tecn. DS 1002.
Piezoelectric converters PRIZ-12 [3], (Figure 3) are
used as converters.

«The main measurement parameter in
determining the elastic properties of rocks is the
acoustic delay time At of the front of the first half-
period of the received signal pulse, which, at a
constant value of the rock sample L = 100mm,
allows us to determine the propagation velocity of

DODDOOOOOOD

Figure 3 - Ultrasound examination method

the longitudinal wave Vp = L/ At. To determine
the velocity of propagation of a transverse wave, a
signal reception sensor (piezoelectric transducer -
emitting or receiving) was located on the sample at
an angle

90°Vs = L(90°)/ At, (4)

where L (90) - is the length of the sample,
taking into account the displacement of sensors on
the sample surface.

Figure 4 shows a block diagram of the
measurement of elastic parameters by the pulse
method».

Syecing

1 - generator;
piezoelectric converter; 4 -
converter; 5 - acoustic load - rock sample made of core
or reference; 6 - computer for data input and pulse
observation.

Figure 4 - Block diagram of elastic parameters
measurement by pulse method

2 - oscilloscope; 3 - radiating
receiving piezoelectric

«Laboratory tests for determining the density
of rocks were carried out according to Gost 8269.0-
97.

Also, the basic density in the framework of the
experiment was determined by measuring the mass
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Table 2 - Strength properties of rocks along the horizons

Horizon, m Ultimate strength Wave speed
720 705 2,75 82,1 8,0 20,2 12 4548 2697
705 690 2,75 82,1 8,0 20,2 12 4548 2697
690 675 2,78 79,8 7,9 27,5 12 4552 2686
675 660 2,78 79,8 7,9 27,5 12 4552 2686
660 645 2,76 72,8 7,0 27,6 11 4139 2536
645 630 2,76 72,8 7,0 27,6 11 4139 2536
630 615 2,80 65,1 6,8 33,6 1 4212 2576
615 600 2,80 65,1 6,8 33,6 1 4212 2576

of a unit volume of solid pieces of rock using
hydrostatic weighing scales.

The measurement of the average density (y) of
the test rock was carried out according to the
formula:

y=a/V, g/cm? (5)

where g — the mass of the sample, determined
on technical scales with an accuracy of 0.01, g;

V — sample volume determined by hydrostatic
weighing, cm3».

«3-5 parallel volume density determinations
were performed for each sample. The arithmetic
mean of all definitions was taken as the final test
result.

The true (specific) density (yy) was determined
by measuring the mass of a unit volume of crushed
dried rock according to the formula:

Vy= du/ Vu, g/cm? (6)

where g,— mass of the crushed sample (mineral
part of the rock), g;

Vu — volume of crushed rock (mineral part of
the rock), cm3.

Two parallel determinations of the true density
were made for each rock, then the average value
was calculated with an accuracy of 0.01 [2].

The results of the research are spread across
the horizons and summarized in summary table 2.

To destroy the rock mass in the quarry, a
drilling and blasting method is used, the main task
of which is to ensure the necessary lumpiness of

the rock mass (65% - dk < 300 mm). Primary
crushing is carried out by the method of borehole
charges (mass explosions). Blast wells with a
diameter of 215 mm are drilled using high-
performance ball drilling rigs of the DML LPE
1600/110 brand. The development of the deposit is
planned in an open way, with 15-meter ledges.
Cutting of oversized items is carried out by the
shpurov method, overhead and cumulative
charges. The calculation of the design specific
consumption of explosives was adopted according
to the methodology proposed by Academician V.V.
Rzhevsky [7]:

Qn=Q3KTK,u,Ko.n.H3KvKBB; (7)

where g5 - reference consumption of explosives [8]:

0>=K1(Ocx+0pct+0ca)+KavE, (8)

K: - coefficient that takes into account the
effect of fracturing of the mountain range,

Ks - coefficient that takes into account the
degree of crushing,

Ko.n. - correction factor that takes into account
the number of open surfaces,

K; - correction factor for the degree of charge
concentration in the array,

Ky - correction factor for the height of the
ledge,

Kes - correction factor for the consumption of
explosives, taking into account the required degree
of crushing,

K1 1 K, — empirical coefficients [7].




KomnnekcHoe Ncnonb3osaHne MuHepansHoro Coipbs. No2(321), 2022

ISSN-L 2616-6445, ISSN 2224-5243

Table 3 - Calculated values of the design specific consumption of explosives

Horizon, m
ds Kr Ka Ko.n. Ks Ky Kes Qn (g/cm3)
from to
720 705 0,124 0,69
705 690 0,124 0,69
690 675 0,124 0,69
675 660 0,124 o = > U = = 0,69
& a o S 8 | &
660 645 0,120 v ~ o [} S w 0,67
645 630 0,120 0,67
630 615 0,106 0,62
615 600 0,106 0,62

It follows from the data obtained that the rocks
forming horizons of 720-600 m at the Koktaszhal
deposit belong to the average degree of explosivity
and to the category of explosivity - I [9].

Discussion of the results

To substantiate the specific energy intensity of
drilling as a universal criterion for the strength of
rocks and massifs, it is necessary to compare it with
the specific energy intensity of explosive
destruction [10].

Comprehensive research in this direction in
production conditions in the 70-80-ies of the 20th
century was conducted by Professor I.A. Tangaev,
as a result, the following was noted:

1. the specific consumption of BB- g (kg/m?3)
of energy ge (Mcal /m3) is the coefficient of
proportionality between the energy of the
charge and its load, reflecting the strength
properties of the medium:

Q=qV (9)

2. the relationship between the specific
energy intensity of drilling - e (kW-h/m3)
and explosive destruction - ge (Mcal/m3) is
approximated by the linear equation:

0=0,15+0,011e (10)
in accordance with the value e, kW-h/m,
the value of the specific consumption of
explosive g, kg/m3, can be calculated by the
formula:

an=0,24e+0,16 (12)

There is an unambiguous dependence of the
explosivity on the velocity of propagation of
longitudinal waves in rocks.

This is due to the close correlation with such
characteristics of the medium as density, fracturing,
anisotropy, etc. [[10], [11]].

Applying data on the velocity of longitudinal
waves of rocks of the Koktaszhal deposit and
indicators of the specific energy intensity of drilling
of rocks similar in lithological, strength and elastic
properties, we determine the relationship between
them. (Figure 5).

1500 2500 3500

Vp, m/s

4500 5500

Figure 5 - The relationship between the specific energy
intensity of drilling and the propagation velocity of
elastic waves.

This dependence can be represented by the
following linear function:
€=0.0004V,+0,2967 (12)
Solving equations (12) and (11) together, we
obtain the value of the specific explosive

consumption q, kg/m3, taking into account the
specific energy intensity of drilling. Table 4.
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Table 4 - Calculated values of the design specific Conclusions
consumption of explosives

Comparative analysis shows good convergence

Horizon, m K% o of the results and suggests the legitimacy of using
s 3. § g 2. the specific energy intensity of drilling as a criterion
— = — P . .
Q & S @ 3 characterizing the explosive destruction of rocks.
o, ) e 3 o w
< 3 28 |2 }3 It should be noted that the data under
= [1°] 5 2. . . . .
9_'- o go |g = consideration on the strength and elastic properties
< = (3}
] - =3 o o . .
= 5 T a |2 8 o of rocks were obtained by laboratory means in
g g o g Wz | F samples, which does not guarantee their identity in
o «a,
> | . 5 2 |85 (52 |8 the array.
g ° s & .’:r EREER ? The use of specific energy capacities of drilling
w oS ~ . . . o . .
% = % E F o X and blasting makes it possible to obtain information
o 3 S % =0 for each well directly on the block and, in
3<, o g 3 °§ % accordance with the characteristics of the array, set
S g — w . .
3 g uE g, =< or adjust the energy and detonation parameters of
§ 5 a ° X charges and geometric parameters of the location
= o
3 3 g of wells.
720 | 705 | 4547,69 | 2,116 | 0,69 | 0,68 | -1,5 Conflict of interest
705 | 690 4547,69 2,116 0,69 0,68 -1,5
690 675 4552,46 2,118 0,69 0,67 -2,9 On behalf of all the aut:.hors, the .Corre.spondent
675 | 660 | 455246 | 2,118 | 0,60 0,67 | 2,9 author declares that there is no conflict of interest.
660 | 645 4139,51 1,952 0,67 0,63 -6,0
Acknowledgements
645 | 630 4139,51 1,952 0,67 0,63 -6,0
630 | 615 | 421192 | 1,981 | 0,62 064 | 32 The authors express their gratitude to the
management of Altai Polymetals LLP TGOC, who
615 | 600 | 4211,92 | 1,981 | 0,62 | 0,64 | 3,2 | supported our research and provided all possible
assistance.
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KeKTacKan KeH opHbl MbICa/ibiIHAA Tay XbIHbICTAPbIHbIH, YKapblafbiw 6y3biNybiH
CMNATTAWTbIH enwem peTiHae bypfblnayablH, MEHLWIKTI SHePrua CbiibiMAbINbIFbIH
Heri3aey
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1 KaparaHOobl TexHukanolk YHusepcumemi, KaparaHdel, KazakcmaH
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TYWIHAEME
Bypfblnay-»kapy KymbicTapbl Tay-KeH eHepkacibiHiH, MaHbI3abl Kypampgac 6eniri 6onbin
Tabblnagpl. Kasipri yakbiTra Tay-KeH KacinopblHAAapbIHAAFbl TEXHONOTUANBIK NpoLlecTepai oaaH

R 9pi KeTiNAipy *KoHe OHTaWNAHAbIPY, HEri3iHEH, Tay XblHbICTaPbl MAaCCUBIHIH, Tay — TEXHO/IOTUABIK,
Makana kengi: 03 kaHmap 2022

CapanTtamapgaH eTri: 18 kahmap 2022
Kab6binganabl: 16 aknan 2022 XoHe yHemi 6akbinay ecebiHeH mymkiH 6onaapl. BBP napameTpnepiH xobanay meH ecenteyaiH,

KacueTTepiH-onapablH, GYpPFblNaHYbIH, KapPbIIFbIWTHIFbIH KOHE 3KCABUPALMANAHYbIH aHbIKTAY

Heri3i 60bIN TabblNaTbIH MAaCCUBTET XKbIHbICTAPAbIH, XapbUIFbIWTLIFbIH NEPCNeKTUBaNbIK HaFanay
Kasipri yakbITTa TEXHONOMUANbIK YKYMbICTAapAbIH, SHEpreTUKanblK MnapameTpiepiH nainganaHy
apKbl/bl FaHa MyMKiH 60s1aabl. MaKanaga Tay XbIHbICTapbIHbIH, TaBUFK XaTbIC KesiHaeri 6epikTik

—— g4 ——
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JKOHe CcepniMAinik cunatTamanapblH 3epTTey d4icTepi Typanbl MINIMeTTep KenTipiarex.
BypfblnayAplH, HaKTbl HEPTUA CbIVbIMAbINbIFEI MEH Tay KbIHbICTAPbIHbIH, KapbliFbil Oy3blaybl
apacblHAafbl 6aliNaHbICTbl 3epTTey HITUXKeNepi KenTipinreH. BypfblnayAplH, HaKTbl SHeprus
CbIMbIMAbINbIFBI MEH cepnimai 6OMNbIK TONKbIHAAPAbIH, Tapany blgamaplfbl apacbiHAafbl
Koppenaumanblk, 6HainaHbic  KapacTbipbiFaH. "KekTacKan" KeH OpHbl  ¥KbIHbICTAPbIHbIH,
bU3MKanbIK-MeXaHUKaNbIK KacueTTepi GOMbIHWA 3epTxaHanblK 3epTTeynepaiH, HatTuxenepiH
nafanaHa oOTbipbIN, KapbINFbIWTbIK KePCETKIWiHIH, A3CTypni ecebi MeH OypfblnayablH,
SHEpPreTUKanblK NapaMeTp/iepiH ecKepe OTbIPbIMN, KapbIIFbILWTLIK KOPCETKILLiHIH, ecebi apacbiHAa

canbICTblpmanbl Tangay Kyprisingi. Bypfblnay-»Kapy »KymbiCTapblH Kobanay KesiHoe Tay
JKbIHbICTAPbIHbIH, KapbIAfbIW OY3blNyblH CUMATTANTLIH ©/WeM peTiHae BypfblnayablH, MEHLUIKTI
3HEeprusa cblibIMAbIIbIFbIH NaaanaHyablH, Heri3giniri kepceTinreH.

TyiiH ce3pep: bypfbinay, O6ypfbinayablH, 3HEPrUs  CbIbIMABIAbIFLI, KAPbIFLIWTLIK, Tay
JKbIHbICTAPbIHbIH, 6epiKTiri.
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O60cHOBaHMUe yAeNbHOW 3HeProeMKocTu 6ypeHus KaK Kputepus,
XapaKrepusylowiero B3pbiBHOE pa3pyLleHue ropHbIXx Nopoa Ha npumepe
mectopoxaeHua KoKracxkan
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AHHOTALUMUA
BypoB3pbiBHble paboTbl ABAAIOTCA OAHOM M3 BaKHeWLMX COCTAaBAAOWMX ropHOAO6bIBaOLEi
MPOMbILNEHHOCTM. B HacToslllee Bpems JasibHelliee COBEPLIEHCTBOBaHME M ONTUMM3ALMA

TEXHO/IOTMYECKMX MPOLLECCOB Ha FOPHbIX NPEAnpPUATUAX BO3MOMXHbI NPEUMYLLECTBEHHO 33 CYeT
Moctynuna: 03 aHeaps 2022

PeueH3nposaHue: 18 aHeapa 2022
MpuHATa B nevatb: 16 pespans 2022 nopoa — WX 6ypMMOCTM, B3PbIBAEMOCTM W 3KCaBUMPYemMOCTW. [lepcnekTuBHas oOLeHKa

B3PbIBAEMOCTM MOPOA B Maccuse, SABAAIOWAACA OCHOBOW MNPOEKTUPOBAHMA W  pacyeTos

onpeageneHnAa U NOCTOAHHOINO KOHTPO/IA TOPHO-TEXHONOMNYEeCKUX CBOWCTB MaccuBsa FOPHbIX

napameTtpoB BBP, Ha faHHbI MOMEHT BO3MOXHA TO/IbKO C MCMO/Ib30BAHUEM IHEPreTUYECKUX
NapaMeTpoB TEXHONOTMMYECKUX PaboT. B cTaTbe nNpuBefeHbl CBEAEHMA O METOAAX W3y4YeHus
NPOYHOCTHBIX U YNPYrUX XapaKTEPUCTUK FOPHbIX NOPOA B eCTECTBEHHOM 3aseraHuu. MNpuseaeHsbl
pe3ynbTaTbl UCCNeAOBaHWUA B3aMMOCBA3U MeXAY YAEeNbHON 3HEeproemMkocTblo bypeHus u
B3PbIBHOrO Pa3pyLlleHUA FOPHbIX NOpoA. TakXKe paccMoTpeHa KOpPpenAaLMOHHaA 3aBMCUMMOCTb
MeXay YAENbHOW 3HEpProeMKOCTbl OYpPEHMA U CKOPOCTbIO  PACMpOCTPaHEHUA  yNpyrux
NPOAO/IbHbIX BOMH. [poBeAeH CPaBHWUTE/bHBIM  aHANN3 MeXAYy TPaAWLMOHHBIM pacyeTom
NnoKasaTenA B3pblIBAEMOCTU C UCNONb30BaHMEM Pe3yNbTaToB N1abopaToOpHbIX UCCNeA0BaHMI NO
bU3MKO-MEXaHUYECKMM  CBOMCTBaM MOPOA  MecTopoxaeHus «KoKTackan» U pacyetom
nokasaTe/is B3PbIBHOrO PaspyLUEHMA C Y4ETOM SHEPreTMYeckMx napameTpos bypeHus. MokasaHa
060CHOBAaHHOCTb  WUCMO/Ib30BAHWUA  YAENbHOM 3HEProemKoCTM BypeHus Kak  KpuTepus,
XapaKTepusyloWwero B3pblBHOE  paspylleHMe TOPHbIX NopoAd  NpU  NPOEKTUPOBaHMMU
6ypoB3pbIBHbLIX PaboT.

Kntouesble cnoBa: bBypumocTb, aHeproeMKocTb bypeHus, B3pblBaeMOCTb, MPOYHOCTb NOPOA,

WHpopmayusa o6 asmopax:
OxcuzuH Cepeeii feopauesuy Jlokmop mexHu4yeckux HayK, npogeccop. KapazaHOuHckuli TexHu4eckuli YHusepcumem,
KapaeaHda, KazaxcmaH. ORCID ID: 0000-0003-2432-3851. Email: 0sg62@mail.ru

Jokmop mexHuyeckux Hayk, npogeccop. Koipevisckuli eocydapcmeeHHbili yHUsepcumem

YyHyee Nwumbaii Kapoibaesuy 2e0/102UU, 20PHO20 0esna U OCB0EHUA MPUPOOHbLIX Pecypcos um. akademuKka Y.A. AcaHanuesa,
buwkek, KoipebicmaH. Email: ichunuev@gmail.com
MycuH Pasunb Anbmasosuy PhD, cmapwuli npenodasamens. KapazaHOuHckul TexHuveckul YHusepcumem, KapazaHoa,




Complex Use of Mineral Resources 2022; 321(2): 79-86 ISSN-L 2616-6445, ISSN 2224-5243

Kasaxcmax. ORCID ID: 0000-0002-1206-6889. Email: r.a.mussin@mail.ru

Tan CmaHucnas leopauesuy

LJokmopaHm, KapazaHduHckuli TexHuveckuli YHusepcumem, KapazaHda, KazaxcmaH. ORCID ID:
0000-0002-3566-1437. Email: info@geo-in.kz

(1]
(2]

(3]

(4]

(5]
(6]

(7]
(8]

(9]
(10]

(11]

References

Proekt promyshlennoj razrabotki mestorozhdeniya Koktaszhal [Industrial development project of the Koktaszhal
deposit]. TOO Altaj polimetally, 2014. [in Russ.].

Otchet po NIR po teme Issledovaniya ustojchivosti bortov kar'era Koktaszhal v svyazi s korrektirovkoj gorno-
geologicheskoj situacii [Research report on the topic of the study of the stability of the sides of the Koktaszhal quarry in
connection with the adjustment of the mining and geological situation]. NAO KarTU, Karaganda, 2020. [in Russ.].

Otchet o NIR po teme Provedenie laboratornyh testov dlya opredeleniya fiziko-mekhanicheskih harakteristik obrazcov
porod [Research report on the topic conducting laboratory tests to determine the physical and mechanical
characteristics of rock samples]. Ministerstvo industrii i novyh tekhnologij RK, Komitet promyshlennoj bezopasnosti
Filial RGP Nacional'nyj centr po kompleksnoj pererabotke mineral'nogo syr'ya RK, Institut gornogo dela imeni D.A.
Kunaeva, Almaty, 2014. [in Russ.].

Zurabishvili 1.1, Nadirashvili N.R., Mataradze E.D. Geofizicheskie issledovaniya napryazhenno-deformirovannogo
sostoyaniya gornogo massiva pri razrabotke rudnyh mestorozhdenij plastovogo tipa [Geophysical studies of the stress-
strain state of the rock mass during the development of ore deposits of the formation type]. Thilisi: Mecniereba. 1971.
120. [in Russ.].

Bajkonurov O.A. Metody kontrolya fiziko-tekhnicheskih parametrov podzemnoj razrabotki rud [Methods of control of
physical and technical parameters of underground ore mining]. Alima-Ata: Nauka AN Kaz.SSR. 1979. [in Russ.].

Savich A.l. i dr. Sejsmoakusticheskie metody izucheniya massivov skal'nyh porod (Seismoacoustic methods for studying
rock massifs). Moscow: Nedra. 1969; 240. [in Russ.].

Rzhevskij V.V. Otkrytye gornye raboty. CHast' 1 [Open-pit mining. Part 1]. Moscow: Nedra. 1985; 509. [in Russ.].

Kutuzov B.N., Belin V.A. Proektirovanie i organizaciya vzryvnyh rabot [Design and organization of blasting operations].
Moscow: Gornaya kniga. 2012; 416. [in Russ.].

Kutuzov B.N. i dr. Spravochnik vzryvnika (The Bomber’s Handbook). Moscow: Nedra. 1988; 511. [in Russ.].

Tangaev |.A. Burimost' i vzryvaemost' gornyh porod. (Drillability and explosiveness of rocks). Moscow: Nedra. 1978; 184.
[in Russ.].

Krasil'nikov V.A. Zvukovye i ul'trazvukovye volny v vozduhe, vode i tverdyh telah. (Sound and ultrasonic waves in air,
water and solids). Moscow: Fizmatgiz. 1960; 560. [in Russ.].



mailto:ORCID%20ID:%200000-0003-0116-1423
mailto:ORCID%20ID:%200000-0003-0116-1423

KomnnekcHoe Wcnonb3oBaHne MuHepanbHoro Ceipbs. Ne2(321), 2022

ISSN-L 2616-6445, ISSN 2224-5243

M= Crossref
DOI: 10.31643/2022/6445.21

@creative
commons

EVAPORATION THERMODYNAMICS AND SUBLIMATION

OF ALUMINUM TELLURIDE

Burabaeva N.M.*, Volodin V.N., Nitsenko A.V., Tuleutai F. Kh.

“Institute of Metallurgy and Ore Beneficiation” JSC, Satbayev University, Almaty, Kazakhstan

* Corresponding author email: Nuri_eng@mail.ru

Received: 15 June 2021
Peer-reviewed: 07 November 2021
Accepted: 16 February 2022

ABSTRACT

The analysis of the researches completed by now showed the lack of information concerning the
definition of quantity of the vapor pressure values over the molten and crystalline aluminum
chalcogenide. In the work presented here, the saturated vapor pressure over liquid and crystalline
aluminum sesquitelluride was determined for the first time by the boiling point method
(isothermal version). The compound was synthesized from elements, with a purity of 99.99 wt. %,
identified by X-ray phase analysis as a monophase Al,Tes was used as a research object. Certain
pressure of liquid Al;Tes corresponds to the dependence,

I Py, [77a]=18828-11865.T

vapor

por pressure over crystalline telluride is

I Py, [17a] =19,869-13077-T

Based on the values of saturated vapor, the temperature
dependence of the Gibbs free energy of evaporation and sublimation was determined, by
differentiating which concerning temperature, the entropies of the condensed phase - vapor
transformation were calculated, and then the enthalpy. Thermodynamic functions were as
follows: entropy of evaporation of the liquid phase - 60.71 + 4.08 J/(mol K), enthalpy - 98.65 + 6.64
kJ/mol; entropy of sublimation of the crystalline phase - 69.37 + 4.67 J/(mol K), enthalpy - 108.73
+ 7.31 kJ/ mol. The low value of entropy of the aluminum telluride transfer to the vapor phase
indicates the presence of associates in the vapor and of the congruent character of evaporation
and sublimation of Al,Tesindirectly. Defined as the difference between the sublimation enthalpies
and evaporation, the enthalpy of aluminum telluride melting was 10.08 + 0.68 kJ/mol, the entropy
calculated similarly was 8.66 + 0.58 J/(mol K). The data obtained coincide with the thermodynamic
values found by other authors by calorimetric methods.
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Introduction

A retrospect of seventy years showed a limited
devoted to

number of researches

(Al,Tes) in the tin-selenium system in the
condensed phase, which melts congruently at
temperatures of 895 °C.

the The authors of [9] found the heat of formation of

physicochemical study of aluminum chalcogenides,
compared with similar compounds of other metals
[[11,121,131,14],15],16],[7]1], and the most of these few
studies are associated with the aluminum-tellurium
system.

Under the equilibrium state diagram [8], there is
one compound, aluminum sesquitelluride selenide

aluminum sesquichalcogenides, for a compound
with tellurium — 326.3 * 21 klJ/mol by direct
determination of the heat of interaction of metal
with chalcogenes in the Berthelot-Roth microbomb.
A close value of the enthalpy of formation of
aluminum telluride (-318.8 + 4 kJ/mol) based on
calorimetric measurements was obtained in [10].
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As a result of the approximate calculation [11],
the heat of gaseous Al,Te; formation was 364
kJ/mol.

Mass spectrometric studies [12] of the
composition of the vapor phase over aluminum
telluride found the presence of AlTe +, Al;Te +, Al,Te;
+, and AlTe; + ions with a low relative intensity and
found the enthalpies and entropies of formation of
compounds of the indicated composition at a
temperature of 1,292K (1,019 °C). The dissociation
energy of AlS was determined to be 359.8 + 12.6
kJ/mol.

A group of authors first determined the
enthalpies of formation and melting of alloys with a
concentration of up to 70 at. % Those, where the
congruent character of melting of Al,Tes was
established, and then, using differential thermal
analysis [14], the presence of a stratification region
of liquid solutions was found.

Mass spectrometric studies and the values of the
formation enthalpies obtained in the same study
confirmed the presence of two liquid phases.

When studying the pressure and composition of
vapor by mass spectroscopic, static, and torsion-
effusion methods [15] in the temperature range
538-760 K, it was found that the only component of
the gas phase over crystalline AL;Tes is the Te;
dimer, and the temperature dependence of the

dissociation pressure ( Pr, ) turned out to be equal
Ig Pre, [xI1a] = (5,079+0,297) - (8270+£152) - T*

where T is the temperature, K.

Partial and integral thermodynamic functions of
metals were determined in [16] paper, using the
method of measuring the electromotive forces of
concentration chains at 700 - 820 K (427 — 547 °C) in
the range of alloy compositions of the aluminum-
tellurium system up to 20 atom percentte.

When studying phase equilibria and intermediate
phases in the Al-Te system, the authors of [17] paper
found the presence of a superstructure in the a -
AloTes compound. The [18] paper gives excess
thermodynamic functions in the concentration
range 0-60 atom percent tellurium for 1190 K
(917 °C), indicating very low values of its
thermodynamic activity.

The study [19] is devoted to thermodynamic
modeling and optimization of the Al-Te system
based on and using previously performed
experiments, including [[13], [14]].

No later publications concerning the study of the
thermodynamics of the aluminum-tellurium system
have been found. The analysis of the research results

outlined above shows a clear lack of Information
about the aluminum-tellurium system in respect to
the technologies of tellurium purification by physical
and physicochemical methods. There is no
information regarding the thermodynamics of
evaporation and sublimation of aluminum
sesquitelluride Al;Tes.

The purpose of this study was to determine the
thermodynamic functions of the sublimation of
crystalline telluride, its evaporation from the liquid
phase, and the melting of the compound.

Research object and methodology

The object of research was aluminum telluride
synthesized by fusing the amounts of tellurium
(99.99 wt.%) and aluminum (99.99 wt.%)
corresponding to the composition of the compound
in sealed quartz ampoules, from which air was
previously evacuated. Heating was performed at a
rate of 100 °C per hour to a temperature of 1000 °C,
the melt was kept at this temperature for 12 hours,
followed by quenching in water. The alloy was
identified by X-ray phase analysis as a monophase
A|2T€3.

When considering the Al-Te system, the
congruent nature of melting and the existence of
aluminum telluride in solution was noted [13], a very
low value of Te activity in the liquid phase at
concentrations of 0-60 atom percent, that,
apparently, refers to the element obtained as a
result of the dissociation of AL,Tes, as well as its low
value of the dissociation pressure at a melting
temperature of 1168 K (895 °C) - 9.97 103 kPa (we
calculated from the data [15].

This fact, as well as the significant value of the
free energy of aluminum telluride formation, gives
grounds to assume the congruent character of the
compound evaporation. thermodynamic
characteristics were calculated based on the values
of the saturated vapor of Al;Tes.

To determine the vapor pressure values, the
boiling point method (isothermal version) was
chosen; the method was based on a sharp increase
in the evaporation rate when the external pressure
and saturated vapor pressure of the investigated
component are equal with a decrease in pressure
above the melt, which was described in detail by the
authors earlier [[20], [21], [22], [23], [24], [25]].

The advantage of the method is that there is no
need to establish the molecular composition of the
vapor, which introduces significant errors in
calculations when determining the saturated vapor
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Table -1 — Experimentally determined and calculated values of the saturated vapor of aluminum telluride

Temperature,| Experiment | Calculated Relative | Temperature, | Experiment | Calculated Relative
K steam steam error, K steam steam error,
pressure, pressure, % pressure, pressure, % (A),
kPa. kPa kPa. kPa

46.40 -2.77 3.73 +0.0

1,473 49.06 47.72 +2.81 1,123 3.47 3.73 -6.97
47.72 +0.0 4.00 +7.24

27.52 +3.69 1.33 -1.48

1,373 26.73 26.54 +0.72 1,033 1.27 1.35 -5.93
25.43 -4.18 1.47 +8.89

5.73 -5.76 0.67 8.06

1,173 6.11 6.08 -0.49 973 0.67 0.62 +8.06
6.42 +5.59 0.53 -14.52

|A|average:5-13

pressure by other methods. due to the high
aggressiveness of tellurium and telluride concerning
metals, quartz was used as the material of the device
and the container for the test charge and suspension
device material in its high-temperature part. The
pressure was measured with a vacuum gauge in mm
Hg with subsequent transfer to Pa.

Experimental results and their discussion

The experimental conditions and the values of
the vapor pressure of aluminum telluride
determined in this case are given in the table 1.

The total measurement error is defined as the
sum of the errors of independent measurements:
temperature — 1 %, weighing —0.1 %, pressure — 0.5
%, approximation of experimental data -5.13 %,
equal to 6.73 %.

The experimentally determined vapor pressure
of liquid Al;Tes corresponds to the dependence:
In pA,zTea[Ha]=18,828—11865-T‘1, vapor pressure
over crystalline telluride -

N P 7o, [17a] =19,869 —13077 - T

The results of the values of the saturated vapor
pressure over liquid and crystalline aluminum
sesquitelluride in the coordinates Inp — T (figure 1)
graphically, by the intersection of linear
dependences (1000-T'=0.8591) determine the
melting point equal to 1,164 K (891 °C) that only
differs by 4°C from the one shown on the
equilibrium phase (895 °C) diagram [8] and indicates
the correctness of the experimental data.

Based on the values of the saturated vapor
pressure over aluminum telluride (Al,Tes), the
thermodynamic functions of evaporation were
calculated, which amounted to entropy of the liquid
phase — 60.71 + 4.08 J/(mol K), enthalpy — 98.65 *

6.64 kJ/mol; entropy of sublimation of the crystalline
phase - 69.37 + 4.67 J/(mol K), enthalpy — 108.73 %
7.31 ki/mol. The low enthalpy value of the
aluminum telluride transfer to the vapor phase
indicates the presence of associates in the vapor
and, indirectly, the congruent character of Al,Te;
evaporation under Truton's rule.

Inp [[1a]

10 1

———0,8691 ——

1000xT"

6 [l
06 07 08 09

Dark marks are experimental data and
light marks are calculated data

Figure 1 - Dependence of the vapor pressure of
aluminum telluride on temperature

Based on the simplest relationship: AHmel = AHsup!.
- AHevap, Where AHme, AHgw. and AHewp are
enthalpies of melting, sublimation and evaporation,
respectively, the thermodynamic functions of
melting of aluminum telluride were determined:
enthalpy is 10.08 * 0.68 kl/mol, entropy is 8.66 +
0.58 J/(mol K).

The latter coincides with the data of the study
[14], where, using calorimetry, the melting entropy
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was determined equal to 8.6 £ 0.9 J/(mol K), and the
enthalpy is 10 + 1 kJ/mol.

Conclusions

As a result of this research, the pressure of
saturated vapor over liquid and crystalline
aluminum sesquitelluride using the boiling point
method was determined for the first time and on
this grounds, the thermodynamic functions of
evaporation and sublimation of Al,Te; were
calculated.

The enthalpy of liquid compound vaporization
was determined as 98.65 + 6.64 kJ/mol, of crystalline
sublimation was 108.73 + 7.31 kiJ/mol; the
evaporation entropy of telluride was found to be
equal to 60.71 + 4.08 J/(mol K), the sublimation
entropy was 69.37 + 4.67 J/(mol K).

The low value of entropy indicates the presence
of associates in the vapor and the congruent
character of evaporation and sublimation. The
melting functions determined in this study: entropy
— 8.6 + 0.9 J/(mol K), enthalpy — 10 + 1 kJ/mol,
coincide with the results of determinations
performed with the calorimetric method.

The obtained values of the functions will
supplement the currently missing information in the
thermodynamic database.
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ANOMUHUIA TeAnypuaiHiH 6ynaHy KaHe cyb1MMauMACbIHbIH,

TepmoanHaMUKacbl

bypa6aesa H.M., BonoguH B.H., HuueHko A.B., TyneyTait ®.X.

«MeTannyprus >kaHe KeH 6aibITy MHCTUTYTbI» AK, CaTbaes yHuBepcuTeTi, AimaThbl, KasakcraH

TYRIHAEME

Ocbl yaKbITKa AeliH KyprisinreH 3epTreynepai Tanaay HaTwKeciHae BanKbITbINFaH KaHe KpucTangpl

ANMOMUHWNIA XanbKoreHnAiHiH, 6y KbICbIMbIHbIH, MIHAEPIH aHbIKTayfa KaTbICTbl aKMnapaT KOK eKeHi

aHbIKTaNAbl. YCbIHbIIFAH YKYMbICTa KalHay HyKTesnepi ajicimeH (M30TepmMuAnblK HyCKa) anfaw pet

Makana kengi: 15 mayceim 2021
CapantamagaH eTTi: 07 kapawa 2021
Kabbinganabl: 16 aknaH 2022

KbICbIMbl:

yCTiHAEr 6y KbICbIMbI:

I Py 7o, [170] =19,869-13077-T

KaHbIKKAH OyAplH, CyMbIK K9He KpWUCTanAbl ajlOMWHWUIA CECKBUTEMYPUAIHE KbICbIMbI aHbIKTanAbl.
3epTTey HbiCaHbl peTiH4e 3/1eMeHTTepPAEeH CUHTe3genreH TasanbiFbl 99,99 mac. %, Al.Tes moHodasa
peTiHae peHTreH-$pasanbiK Tanaay apKblabl aHbIKTaNFaH KOCbINbIC KonaaHbinabl. Cyibik Al2Tes 6enrini by

I Py, [77a] =18,828-11865-T

- ToyenAinikke CcalKec Kesedi, Kpuctangpl Tennypug,

TeH. KaHblKKaH ByablH MaHAepiHe cylieHe

oTbIpbin, MMB6CTIH, BynaHy MeH cybaMmaumaHbiH, 60C SHEPrUACLIHbIH, TeMNepaTypaFra Tayenainiri, oHbl

TemnepaTypafa KaTbiCTbl AuddepeHumanaay apKbiibl KoHAeHcauuanaHfFaH dasaHblH 3HTpoNMAnapbl —

6yablH, TYpAeHyi anapiMeH ecenTenegi, COAaH KeliH aHTanbnua. TepmogmHamuKanblk $yHKUMANap

Keneci MaHAepAi Kypaap!: cyibiK dasaHblH 6ynaHy sHTponuackl - 60,71+4,08 Ox/(monb-K), sHTanbnnsa —

98,65+ 6,64 kOx/monb; Kpuctangpl dasaHbliH, cybanmauma sHTponuacel — 69,37+4,67 [x/(monb-K),
sHTanbnuAckl — 108,73+7,31 kAx/Monb. ANOMUHMIN TennypuaiHib, 6y dasacbiHa ©Ty SHTPONUACHIHbIH,

TOMeH MaHi byaa

accoumaTTapablH, 60/1ybIH XoHe KaHama

TypAae AlTes 6ynaHybl MeH

Ccy6AMMALLMACBIHBIH, KOHFPYEHTTi cunaTtbiH Kepceteai. Cybavmauma KaHe BynaHy 3HTANbNUANAPbIHBIH,

albipMalUbINbIFbl PETIHAE aHbIKTANFaH aNlOMUHUI TennypuaiHii 6anky sHTanbnuacel 10,0810,68
K[K/MONb, OCbIFaH yKcac agicneH ecenTtenreH aHTponua 8,66+0,58 [sk/(monb-K) 6onabl. AnbiHfFaH

AEepPeKTep Ka/lloMeTPUANbIK ep,iCTepmeH 6acKa aBTOp/aap TaNKaH TepmMOoAUWHaAMUKa/bIK MaHAepmeH

caMKec Kenegi.

TyiiiH ce3gep: antomuHNiA Tennypugi, 6y Kpicbimbl, 6anky, 6ynaHy, cybammaums, SHTPONMUA, SHTaNbMNMUA.
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TepmoguMHamuKa ucnapeHma U cybammauum Tennypmpa antoMMHUA

bypa6aeBa H.M., BonoguH B.H., HuueHko A.B., TyneyTtain ®.X.

AO «MHCTUTYT MeTannyprum n oboraweHus», Satbayev University, Aamatbl, KasaxctaH

AHHOTALMUA

B pe3ynbraTte aHaNn3a BbIMNO/HEHHbIX K HACTOALWLEeMY BpemMeHn MCCHGAOBSHMVI YCTAaHOB/IEHO OTCYyTCTBUE
CBe,Cl,eHVIVI, Kacarouwmxca onpep,eneHMPl Be/IMYUH [OaB/IeHMA nNapa Hah pacnaasBieHHbIM U
KPUCTaNIMHECKUM Xa/IbKOreHngom a/lloMUHUA. B I'Ipe,D,CTaBﬂeHHOﬁ pa60Te BnepBble METOAOM TO4YeK

MNoctynuna: 15 uroHa 2021 KUMNEHUA (M30TEPMUYECKMIA BapuaHT) OnpeaeneHo AaB/NeHUe HACbIWEHHOro napa Hag, KUAKUM U
PeueHsuposaHue: 07 HoAbpa 2021 KPUCTaNIMYECKUM CECKBUTENNYPUAOM aNtOMUHUA. B KauecTse 06beKTa UCCNEL0BaAHWA UCNOb30BAHO
MpuvHATa B nevatb: 16 pespansa 2022 CUMHTE3NPOBAHHOE U3 31eMeHToB, umucToTor 99,99 mac. %, coeguHeHue, UAEHTUOUUMPOBAHHOE

peHTreHodas30BbIM aHanM3oM Kak moHodasa Al.Tes. OnpegeneHHoe gasneHue napa xugkoro AlTes

IN Pyyr. [77a]=18,828-11865-T*
COOTBETCTBYET 3aBUCUMOCTH: Te;

In Pz, [71a]=19,869-13077-T N

, laBNeHMe Napa HaZ KPUCTANIMYECKUM

TeNNypuaom Ha oOCHOBaHMM BEAMYMH HACbIWEHHOrO Mapa
onpegeneHa TemnepatypHas 3aBMCMMOCTb CBOB6oAHOM 3Hepruu mMb66ca ucnapeHusa u cybanmmaumm,
onbdepeHUMpoOBaHMEM KOTOPOM MO TemnepaType pPacCyMTaHbl BHAYase 3SHTPOMUKU MpeBpalLeHus
KOHAEeHCcHMpoBaHHaA ¢asa — nap, a 3aTem 3HTanbnuA. TepmoauHamuuyeckue GYHKLUUKU COCTaBUAU
BE/IMYMHY: SHTPOMUA UCMapeHua Kuakoi dasbl — 60,71+4,08 [x/(monb-K), aHTanbnua — 98,65+ 6,64
KIK/MONb; SHTPONUA cyBaMMauMmM KpucTaaaudeckoit dasbl — 69,37+4,67 [/(monb-K), sHTanbnua —
108,7317,31 kx/monb. Manas BeAMuMHa SHTPONMM Nepesoaa TeNypuaa aftoMUHUA B Naposyto ¢pasy
CBMAETENbCTBYET O HA/IMUMM acCOLMATOB B Nape U KOCBEHHO — O KOHIPYIHTHOM XapaKTepe ucnapeHus u
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ABSTRACT

In the article, the temperature dependence of the viscosity of a complex inorganic substance -
potassium carbonate was obtained and the proposed mathematical model was verified. Viscosity
is considered as a chaosensitive property of a liquid inherent in it in motion and at rest. The
mathematical model of viscosity was developed using the Boltzmann distribution and the concept
of chaotic particles. On this basis, a hierarchical cluster-associate viscosity model is constructed,
which takes into account not only the formation of primary clusters, but also secondary associates
with respect to them, with the possibility of identifying the degree of cluster association. To adapt
the cluster-associated model to experimental data, certain data processing techniques have been
developed to identify unknown parameters of the model. The method of processing viscosity data
using the entire set of three reference points allows you to determine the indicator of the degree
of aggregation of associates. When processing the data on the viscosity of potassium carbonate, a
high correlation coefficient was established calculated in comparison with reference values, which
indicates the adequacy of the new relationship. This model makes it possible to predict the
behavior of the viscosity of potassium carbonate in a higher temperature range. The degree of
association of clusters with an increase in temperature decreases, corresponding to the dynamics
of the destruction of associates and viscosity in general.

Keywords: concept of randomized particles, Boltzmann distribution, dynamic viscosity, potassium
carbonate, cluster, associate.
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Introduction

particular, complex compounds [[1], [2], [3], [4], [5],
(6], [71, (8], [9]].

In addition to its practical importance, the study

Viscosity is an important characteristic of a
liquid substance. The nature of the viscous state is
insufficiently studied, there is a disparity of
temperature dependences of viscosity,
fragmentarity and narrowness of experimental
determination of this characteristic and the
impossibility of displaying it in the full temperature
range of the liquid state, especially for melts. This
determines the relevance of these studies, in

of the viscosity of melts of inorganic compounds is
also of great scientific interest, since viscosity is the
most structurally sensitive characteristic of a
substance that gives an idea of the forces of
intermolecular interaction and the mechanism of
molecular transfer processes in liquids. The
accumulation of knowledge in this field allows us to
solve many issues related to the theory of the liquid
state [[10], [11], [12], [13], [14], [15], [16], [17]].
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Based on the Boltzmann’s distribution and the
normalized dependence of particles on temperature,
the authors [[18], [19], [20], [21], [22]] developed a
semi-empirical cluster-associate model of viscous
fluid flow, which allows us to evaluate the
aggregation of clusters into associates.

This model for determining the regularity of
viscosity by temperature based on the concept of
chaotic particles does not contradict, but even
complements the classical theory of viscosity [18-
22]. According to the proposed concept, developers
rely on the virtual presence of liquid and gaseous
phases in the solid state of matter.

The experimental part

The cluster-associate model of fluid viscosity
makes it possible to estimate the degree of
association of clusters or their number based on the
temperature dependence of viscosity [[18], [19],
[20], [21], [22]].

The viscosity equation according to the concept
of chaotic particles is expressed by the formula:

n= nl(Tl/T)a’ (1)

where n; —reference point of dynamic viscosity at
temperature T; (K); a — degree of cluster association.
The value of a is determined by:

a=a,(Z) @)

T

where b — the measure of lowering the degree of
cluster association. Values a; and b:

_In(my/ny)
27 mmymy)’ (3)
_In(mz/ny)

37 In(ry/s)’ (4)
_ In(as/a,)

T In(Ty/T5)’ ()

Thus, the general form of a two-level
hierarchical model will be presented as follows:

b
n =n, (T,/T)% /1", (6)

Reference points ni, T1, N2, T2, n3, n T3 should be
chosen at the beginning, middle and end of the
entire experimental array, respectively [[21], [22],
[23]]. In this case, we can limit ourselves to
calculating a2, a3 and b, without processing the

entire experimental array, with further introduction
of the necessary values into the model (6) and
calculation of n for comparison with all experimental
values by the correlation coefficient.

We will check the adequacy of the cluster-
associate viscosity model on such an inorganic
substance as potassium carbonate.

Discussion of the results

Potassium carbonate is produced by
carbonation of KOH solutions obtained by
electrolytic means, or MgCOs; suspensions in KCl,
solution, as well as a by-product during the
processing of nepheline into alumina [24, pp. 189-
190].

Potassium carbonate is used as a starting
product for the production of various potassium
compounds and as a potassium fertilizer [24, pp.
187-188].

It easily reacts with sulfur carbon monoxide,
upon completion of which crystallohydrates are
formed. This interaction is possible only in saline
solution.

When the substance is heated to 1200 °C and
above, it decomposes into two components -
potassium oxide and carbon dioxide. The substance
reacts perfectly with non-oxidizing acids, bases,
carbon (under high temperature conditions) and
with sulfur oxide.

Potassium carbonate is actively used in various
industries in calcined and 1.5-in one form, 1st, 2nd
and 3rd grades. The chemical industry, glass
production, agricultural complex, fire fighting, light
industry, photo production and other industrial
areas cannot do without it.

The presented data array and melting point Tp,
= 1169 K of potassium carbonate were taken from
the reference [25]. There is no boiling point in this
handbook. In the source [26] indicated that at a
temperature above the melting point, potassium
carbonate decomposes. From the presented values
[25], the following were selected as reference
values: T;=1190K, n1 =3,03 mPa-s, T,=1220K, n2 =
2,23 mPa-s, T3 = 1250 K, n3 = 1,66 mPa-s. The data is
given only up to 1250 K.

The necessary values were calculated using
formulas (3)-(5): a2 = 12,3129; as = 12,2330; b =
0,2679. Then a, and b were substituted into
expression (6)

0,2679
1190)12,3129 (1220/T)

n=3p3( . (7)

T

—— g4 ——
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In addition to this, the exponential equation is
given in the reference book [25]

n=1,161-10"exp(29487/RT), (8)

derived from data [27] (5 points in the temperature
range 1186,2-1257,2 K; torsional vibration method
[17] of a hollow cylinder). The accuracy corresponds
to the standard deviation s = 0,0272 (1,23%). The
uncertainty is estimated at ~ 3,0 %. The authors [25]
additionally give the viscosity value at one
temperature (1173,2 K), obtained by S.V. Karpachev
and collaborators [28] using the method of torsional
vibrations of the ball. This value is lower than the
corresponding value in [27], so it was not used when
comparing reference and calculated data.

The calculation results for all viscosity values,
reference [25] and calculated by (7) and (8), together
with the calculations of the temperature
dependence of the degree of association (2) are
shown in Table 1 and Figure 1.

Table 1 - Reference [25] and calculated by formulas (7)
and (8) data on dynamic viscosity for potassium
carbonate

n(2s], | n(7), n (8),

T,K mPa-s mPa-s mPa-s a
Tm=

1169 - 3,78 0,000241 | 12,46
1190 3,03 3,03 0,000229 | 12,40
1200 2,73 2,73 0,000223 | 12,37
1210 2,46 2,47 0,000218 | 12,34
1220 2,23 2,23 0,000213 | 12,31
1230 2,02 2,02 0,000208 | 12,29
1240 1,83 1,83 0,000203 | 12,26
1250 1,66 1,66 0,000198 | 12,23
1300 - 1,04 - 12,11
1350 - 0,67 - 11,98
1400 - 0,44 - 11,87
1450 - 0,30 - 11,76
1460 - 0,28 - 11,73
1470 - 0,26 - 11,71
1473 - 0,25 - 11,71

It should be noted that the values obtained from
equation (8) are very different from the reference
values [25] and calculated from equation (7).
Apparently, there is a typo in the first coefficient of
equation (7), so these values were not taken for
comparison with experimental data.

The correlation coefficient when comparing the
reference data [25] with the proposed cluster-
associate model (7) of viscosity is quite high R =

0,999979 with its significance tg= 52091 >> 2, which
indicates the adequacy of the new dependence.
The degree of association of clusters decreases
with increasing temperature, amounting to the
value an, = 12,46, at the melting point, corresponding
to the general dynamics of the destruction of
associates and the behavior of viscosity as a whole.

s+ n,mPas

05 -

0 I I I I
1100 1150 1200 1250 1300 1350 1400 1450 1500

Figure 1 - Dependence of the dynamic viscosity of
potassium carbonate on temperature

Conclusions

The cluster-associate viscosity model made it
possible to construct a model for potassium
carbonate. Comparison of the reference data with
the newly developed model establishes the high
adequacy of the presented cluster-associate model
of dynamic viscosity of a complex inorganic
substance.

The correlation coefficient of potassium
carbonate is high, which indicates the possible
application of the developed viscosity models in the
future.

In addition, an exponential equation was
given, the value of which was significantly lower
than the corresponding value, so it was not used
when comparing reference and calculated data.

One of the most important characteristics of
the cluster-associate model — the degree of cluster
association — naturally decreases with increasing
temperature, corresponding to the dynamics of the
destruction of associates.

The proposed viscosity model adequately
describes the entire range of the liquid state of a
substance, and thus allows predicting behavior at
higher temperatures up to the boiling point.
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AHHOTALUMUA

B cratbe aBTOpamu 6bl1a MO/MyYeEHa TemnepaTypHas 3aBUCUMOCTb BA3KOCTU C/NOMHOIO
HeopraHWYeckoro BeLLecTBAa - KapboHaTa Ka/iua W NpoBeAeHa MPOBEPKA MNPEAIOKEHHOM
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KOTOpas yuMTbiBaeT He TONbKO 06pa3’oBaHMe MepPBMUYHbIX KAacTepoB, HO WM BTOPWUYHbIX MO
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MpwuHATa B nevatb: 18 gpespansa 2022 OTHOLLEHWIO K HUM acCOLIMATOB C BO3MOXKHOCTbIO BbIIBJIEHWUS CTEMEHWU acCoLMaLMmM KNacTepos.
[lna agantaumm KNacTepHO-accoLMaTHOW MOAENN K IKCNEPUMEHTANbHBIM AaHHbIM pa3paboTaHbl
onpegfeneHHble npuembl 06paboTKM AaHHbIX ANA MAEHTUOMKALMM HEeU3BECTHbIX napameTpos
mozenu. MeTtoa, 06paboTku AaHHbIX NO BA3KOCTU C UCMO/b30BAaHUEM U3 BCErO MHOXKECTBA Tpex
penepHbIX TOYeK MO3BOMAET OMNpeAenuTb MoKasaTenb CTeneHW arperaumm accouuartos. [pu
06paboTKe [aHHbIX NO BA3KOCTU KapboHaTa Kanus 6bln yCTaHOBAEH BbICOKMIA Ko3bduumMeHT
KOPPenfLuMn PacciUTaHHbIX MO CPAaBHEHUIO CO CMPABOYHbIMM BEIMUMHAMM, YTO YKasbiBaeT Ha
afeKBaTHOCTb HOBOW 3aBUCMMOCTU. [laHHas MoAe/b Mo3BO/NAET NPOrHO3MpPoBaTb NnosedeHMe
BA3KOCTM KapboHaTa Kanus B 6osee BbICOKUI TemnepaTypHbli AnanasoH. CTeneHb accoumaumu
KNacTepPOB C MOBbIEHWEM TEMMEPATYPbl MOHWUKAETCA, COOTBETCTBYA AMHAMMUKe PaspylleHUs
accouuaToB U BA3KOCTU B LLE/IOM.

KnioueBble cnoBa: KOHLEMUMA XaOTU3MPOBAHHbLIX YacTuu, pacnpegeneHve bonbumaHa,

ANHamMmunyecKasa BA3KOCTb, Kap60HaT KanuAa, Knacrtep, accouymar.

UHdopmayus o6 aemopax:
bekbaesa /1a33om AKbinbalikbi3bl M.m.H., O0oKkmopaHm kagedpel HTM KapaeaHOUHCKO20 mMexHUYECKo20 yHusepcumema,
KapazaHda, KazaxcmaH. ORCID ID: 0000-0003-2543-6380. Email: lyazzat.bekbaeva@mail.ru

0.m.H., npogeccop, Xumuko-memansaypaudeckuli uHcmumym um. M. Abuwesa, KapazaHoa,

Mansiwes Bumanud Maenosuy Kasaxcmati, ORCID ID: 0000-0002-3996-1533. Email: eia_hmi@mail.ru

0.m.H., npogpeccop, 3a8edyrowuli Kagpedpolii «Memannypausa ysemHsix Memansnos» YpanbcKozo
MamsaveHKoe Cepaeii Baadumuposuy edepanbHo2o yHusepcumema umeHu nepeozo [lpesudeHma Poccuu  b.H. EnbyuHa,
EkamepuHbype, Poccua. ORCID ID: 0000-0001-6070-8746. Email: svmamyachenkov@yandex.ru

0.m.H., npogpeccop Kaghedpsl HTM KapazaHOuHcKo20 mexHu4YecKoz2o yHusepcumema, KapazaHoa,

Maxaweea Acmpa Myndykoera Kasaxcmat. ORCID ID: 0000-0003-2249-3435. Email: astra_mun@mail.ru

References

[1] Denisov VM, Istomin SA, Denisova LT, Kuchumova OV, Ryabov VV. Vyazkost rasplavov Bi203-CaO [Viscosity of Bi203-CaO
melts]. Rasplavy = Melts, 2014;2:12-16. (In Rus.)

[2] Konstantinova NYu, Kurochkin AR, Borisenko AV, Filippov VV, Popel PS. Vyazkost rasplavov med-alyumini [Viscosity of
copper—aluminum melts]. Rasplavy = Melts, 2016;2:157. (In Rus.)

[31 Ryabina AV, Shevchenko VG. O vyazkosti zhidkikh metallov [On the viscosity of liquid metals]. Rasplavy = Melts, 2017;6:522.
(In Rus.)

[4] Beltyukov AL, Olyanina NV, Ladianov VI. Osobennosti izmereniya vyazkosti zhidkikh splavov So-Si [Peculiarities of
measurement of viscosity of liquid Co—Si alloys]. Rasplavy = Melts, 2017;6:470 (In Rus.)

[5] Dobosz Alexandra, Gancarz Tomasz. Reference Data for the Density, Viscosity, and Surface Tension of Liquid Al-Zn, Ag-Sn,
Bi-Sn, Cu-Sn, and Sn-Zn Eutectic Alloys. Journal of Physical and Chemical Reference Data, 2018;47(1).
https://doi.org/10.1063/1.5010151

[6] Nunes V.M.B., Queiros C.S.G.P., Lourenco M.J.V., et al. Viscosity of Industrially Important Zn-Al Alloys Part Il: Alloys with
Higher Contents of Al and Si. International Journal of Thermophysics, 2018;39(5). https://doi.org/10.1007/s10765-018-
2388-x

[71 Zhao Yan, Hou Xiaoxia, Bai Yanwen. Viscosity, structure and fragility of Ag-Si melts. Aip Advances, 2018;3(8).
https://doi.org/10.1063/1.5046317

[8] Tyagunov A G, Baryshev EE, Tyagunov GV, Shmakova KYu, Mushnikov VS. Struktura i svoystva Ni—Al splavov v zhidkom
sostoyanii [Structure and properties of Ni—Al alloys in the liquid state]. Rasplavy = Melts, 2019;1:24-28. (In Rus.)
https://doi.org/10.7868/50235010619010213

[9] Tasidou KA, Chliatzou ChD, Assael MJ, et al. Reference Correlations for the Viscosity of 13 Inorganic Molten Salts. Journal
of Physical and Chemical Reference Data, 2019;48(1). https://doi.org/10.1063/1.5091511

[10] Chikova OA, Tkachuk GA, V'yukhin VV. Viscosity of Cu-Ni Melts. Russian Journal of Physical Chemistry A, 2019;93(2).
https://doi.org/10.1134/50036024419020067

[11] Zhang Fan, Wen Shiyi, Liu Yuling, et al. Modelling the viscosity of liquid alloys with associates. Journal of Molecular Liquids,
2019;291. https://doi.org/10.1016/j.molliq.2019.111345

[12] Uddin Md Salah, Gosh RC, Bhuiyan GM. Investigation of surface tension, viscosity and diffusion coefficients for liquid simple
metals. Journal of Non-Crystalline Solids, 2019;499:426-433. https://doi.org/10.1016/j.jnoncrysol.2018.07.014

[13] Gao Shanchao, Jiao Kexin, Zhang Jianliang. Review of viscosity prediction models of liquid pure metals and alloys.
Philosophical Magazine, 2019;99(7):853-868. https://doi.org/10.1080/14786435.2018.1562281

[14] Meyer N, Xu H, Wax J-F. The role of chemical order in the temperature and composition dependence of the viscosity of
liquid alloys. Journal of Chemical Physics, 2019;150(17). https://doi.org/10.1063/1.5092694

[15] Filippov VV, Shunyaev KYu, Leont'ev LI. Temperature and Time Dependences of the Viscosity of InBi-Pb Melts. Doklady
Physical Chemistry, 2020;494(1), 139-142. https://doi.org/10.1134/50012501620090018

[16] Filippov VV, Shunyayev KYu. Vyazkost rasplavov InBi—Pb [Viscosity of InBi—Pb melts]. Rasplavy = Melts, 2020;5:541-547. (In
Rus.) https://doi.org/10.31857/50235010620050059



mailto:ORCID%20ID:%200000-0003-0116-1423
mailto:lyazzat.bekbaeva@mail.ru
mailto:eia_hmi@mail.ru
mailto:svmamyachenkov@yandex.ru
mailto:ORCID%20ID:%200000-0003-2249-3435
mailto:astra_mun@mail.ru
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=34944090
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=892873
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=105&SID=E3eBATT9FU3niFEUVly&page=1&doc=32&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=105&SID=E3eBATT9FU3niFEUVly&page=1&doc=32&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=31&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=31&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=31&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=31&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=31&colName=WOS
https://doi.org/10.1007/s10765-018-2388-x
https://doi.org/10.1007/s10765-018-2388-x
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=28&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=28&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=28&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=103&SID=E3eBATT9FU3niFEUVly&page=1&doc=28&colName=WOS
Aip%20Advances,%202018;8(8).%20%20https:/doi.org/10.1063/1.5046317
Aip%20Advances,%202018;8(8).%20%20https:/doi.org/10.1063/1.5046317
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=33069472
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=28000566
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=94123
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=19&colName=WOS
Journal%20of%20Physical%20and%20Chemical%20Reference%20Data,%202019;48(1).%20https:/doi.org/10.1063/1.5091511
Journal%20of%20Physical%20and%20Chemical%20Reference%20Data,%202019;48(1).%20https:/doi.org/10.1063/1.5091511
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=923687
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=2768870
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=2387582
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=20&colName=WOS
Russian%20Journal%20of%20Physical%20Chemistry%20A,%20%202019;93(2).%20%20
Russian%20Journal%20of%20Physical%20Chemistry%20A,%20%202019;93(2).%20%20
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=698207
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=5557586
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=4776595
javascript:;
javascript:;
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=32251236
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=5189627
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=1084019
https://doi.org/10.1016/j.jnoncrysol.2018.07.014
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=17&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=17&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=17&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=17&colName=WOS
https://doi.org/10.1080/14786435.2018.1562281
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=6438819
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=3208494
https://apps.webofknowledge.com/OutboundService.do?SID=E3eBATT9FU3niFEUVly&mode=rrcAuthorRecordService&action=go&product=WOS&lang=en_US&daisIds=926846
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=14&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=101&SID=E3eBATT9FU3niFEUVly&page=1&doc=14&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=13&SID=E3hJaijePoXmzCaaYbC&page=1&doc=16&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=13&SID=E3hJaijePoXmzCaaYbC&page=1&doc=16&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=13&SID=E3hJaijePoXmzCaaYbC&page=1&doc=16&colName=WOS
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=MarkedList&qid=13&SID=E3hJaijePoXmzCaaYbC&page=1&doc=16&colName=WOS
javascript:;
javascript:;

Complex Use of Mineral Resources 2022; 321(2):93-98 ISSN-L 2616-6445, ISSN 2224-5243

[17] Beltyukov AL, Olyanina NV. Ladianov V.l. Osobennosti izmereniya vyazkosti metallicheskikh rasplavov metodom krutilnykh
kolebaniy. Rasplavy = Melts, 2016;2:176. (In Rus.)

[18] Makasheva AM, Malyshev VP. Klasterno-assotsiatnaya model vyazkosti ftorida natriya v sopostavlenii s modelyu Frenkelya
[Cluster-associate model of the viscosity of sodium fluoride in comparison with the Frenkel model]. Rasplavy = Melts,
2020;5:480-488. (In Rus.) https://doi.org/10.31857/50235010620050060

[19] Malyshev VP, Makasheva AM. Vyazkost' i tekuchest' rasplavov v aspekte ih haotizacii (neorganicheskie soedineniya i splavy)
[Viscosity and fluidity of melts in terms of their randomization (inorganic compounds and alloys)]. Lambert: Academic
Publishing (Germany), 2020;153. (In Rus.)

[20] Malyshev VP, Bekturganov NS, Turdukozhayeva (Makasheva) AM. Vyazkost, tekuchest i plotnost veshchestv kak mera ikh
khaotizatsii [Viscosity, fluidity and density of substances as a measure of their chaos]. M.: Nauchnyy mir. 2012;288. (in
Russ).

[21] Makasheva AM. Klasterno-associatnaya model' vyazkosti i metody opredeleniya ee parametrov [Cluster-associated
viscosity model and methods for determining its parameters]. Kompleksnoe ispol'zovanie mineral'nogo syr'ya = Complex
Use of Mineral Resources, 2020;2(313):27-37. (In Rus.) https://doi.org/10.31643/2020/6445.14

[22] Malyshev VP, Makasheva AM. Vzaimosvyaz' klasterno-associatnoj modeli vyazkosti zhidkosti s model'yu vyazkosti
Frenkelya-Andrade [Relationship between the cluster-associate model of fluid viscosity and the Frenkel-Andrade viscosity
model]. lzvestiya Rossijskoj Akademii nauk = Russian Chemical Bulletin, Ser. him. 2020;7:1296-1305.. (In Rus.)
https://doi.org/10.1007/s11172-020-2901-9

[23] Aleksandrov VD, Frolova SA, Pokintelitsa EA, Zozulya AP, Amerkhanova ShK. Dinamika izmeneniya klasternoy struktury
rasplavov v protsesse ravnovesnoy i neravnovesnoy kristallizatsii [Dynamics of changes in the cluster structure of melts
during equilibrium and non-equilibrium crystallization]. Rasplavy = Melts, 2017;6:484. (In Rus.)

[24] Pozin ME. Tekhnologiya mineralnykh soley (udobreniy, pestitsidov, promyshlennykh soley, okislov i kislot) [Technology of
mineral salts (fertilizers, pesticides, industrial salts, oxides and acids)] Ch. | i Il, 4-e, ispr., L.: Khimiya. 1974;792. (in Russ).

[25] Morachevskiy AG. Elektroprovodnost. plotnost i vyazkost individualnykh rasplavlennykh soley: spravochnik po
rasplavlennym solyam [Electrical conductivity, density and viscosity of individual molten salts: Handbook of molten salt] T.
1. Perevod s angl. i s dop. — Leningradskoye otd-e: Khimiya. 1971;168. (In Rus.)

[26] Volkov Al, ZHarskij IM. Bol'shoj himicheskij spravochnik [Big chemical reference book]. — Mn.: Sovremennaya shkola,
2005:608. (In Rus.)

[27] Janz GJ, Saegusa F. Molten Carbonates as Electrolytes: Viscosity and Transport Properties J. Electrochem. Soc. 1963;110:
452.

[28] Vorobyev GV, Palguyev SF, Karpachev SV. Trudy Instituta elektrokhimii UFAN SSSR [Proceedings of the Institute of
Electrochemistry UFAN USSR]. 1965;6:39. (in Russ).



https://doi.org/10.31857/S0235010620050060
https://doi.org/10.31643/2020/6445.14

MA3MYHBI
COJEPKAHUE
CONTENTS

Ramazanova Zh.M., Zamalitdinova M.G., Kovalenko M.V.
INVESTIGATION OF THE PROPERTIES OF OXIDE COATINGS ON TITANIUM
ALLOYS OBTAINED BY PLASMA ELECTROLYTIC OXIDATION.......c.eeee......

Miryuk O.A., Zagorodnyuk L.H.
GRANULAR MATERIALS BASED ON EXPANDED SANDS AND THEIR
PRODUCTION WASTE ...ttt e

Askarova N.S., Portnov V.S., Blyalova G.G., Madisheva R.K., Dyakonov V.V.

GEOLOGY AND MINERAGENY OF THE BESTOBE DEPOSIT (CENTRAL
KAZAKHSTAN) e

Baisanov S., Tolokonnikova V.V., Narikbayeva G.I., Korsukova I.Ya.

THERMODYNAMIC SUBSTANTIATION OF COMPOSITIONS OF SILICON
ALUMINIUM ALLOYS WITH INCREASED ALUMINIUM CONTENT IN FE-SI-
AL SYSTEM .o

Bekibayev T.T., Ramazanova G.l., Pakhomov M.A.

THE PROBLEM OF OPTIMIZING PUMPING UNITS FOR OIL
TRANSPORTATION ...

Jaxymbetova M.A., Kanayev A.T., Akhmedyanov A.U., Kirgizbayeva K.Zh.

ON THE APPLICABILITY OF HARDENING MECHANISMS TO LOW -CARBON
AND LOW-ALLOY STEELS ...t

Utepov Ye.B., Aniskin A., Lukpanov R.E., Tulebekova A.S., Zharassov Sh.zZh.

SURFACE-STRENGTH APPROACH FOR CONCRETE MONITORING USING
SENSORS AND SHOCKPULSE METHOD .......cocoiiiiiiiiiiiiiiiiie

Mamayeva A.A., Kenzhegulov A. K., Panichkin A.V., Kshibekova B.B., Bakhytuly N.

DEPOSITION OF CARBONITRIDE TITANIUM COATINGS BY MAGNETRON
SPUTTERING AND ITS EFFECT ON TRIBO-MECHANICAL PROPERTIES.......

Ozhigin S.G., Chunuev I.K., Musin R.A., Tyan S.G.

SUBSTANTIATION OF THE SPECIFIC ENERGY INTENSITY OF DRILLING AS
A CRITERION CHARACTERIZING THE EXPLOSIVE DESTRUCTION OF
ROCKS ON THE EXAMPLE OF THE KOKTASZHAL DEPOSIT .....................

Burabaeva N.M., Volodin V.N., Nitsenko A.V., Tuleutai F. Kh.

EVAPORATION THERMODYNAMICS AND SUBLIMATION OF ALUMINUM
TELLURIDE ...

Bekbayeva L.A., Malyshev V.P., Mamyachenkov S.V., Makasheva A.M.

CLUSTER-ASSOCIATE MODEL OF THE VISCOSITY OF POTASSIUM
CARBON AT .. e

14

22

31

38

47

56

65

79

87

93



TexHuueckue peaakTopsl:
I''K. Kacvimosa, H M. Avuimowcanosa, T.U. Kosxxcaxmemos, H.JK. Apmvikbaes

Bepcrka Ha KOMIbrOTEDE:
I''K. Kacvimosa

Hu3zaiinep:
I''K. Kacvimosa, HK. Apmuvikbaes

Wuctutyt Metannypriu u odoraienus, Satbayev University

Anmatel, Kazaxcran

18.02.2022 r.





