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ABSTRACT
The Republic of Kazakhstan is endowed with a distinctive endowment of potash ores,

concentrated in the West Kazakhstan and Aktobe regions. These reserves are regarded as one of
the largest in the world. The proven reserves are estimated at approximately 6 billion tons and are
distributed across four major deposits: These are the Zhilyanskoye, Satimola, Inderskoye and
Chelkar deposits. The article provides a concise overview of the major potassium salt deposits and
the chemical composition of the associated minerals. Notwithstanding the existence of these
deposits, the production of potash salts in the country, for which there is an ever-increasing
demand, is yet to be established, resulting in a high level of demand. In light of this, it is imperative
to conduct a comprehensive investigation into the mineralogical and chemical composition of
these promising potash ores, to identify viable methods for processing natural salt systems into
products that meet the high demand both within the domestic fertiliser and salt market and
abroad. The Satimola deposit represents one of the largest silvinite basins yet to be sufficiently
studied, and its industrial development has yet to commence. The analysis of raw materials and
products was conducted using a combination of spectral microscopy, X-ray analysis, and
differential thermal analysis. A comprehensive study of the composition of the silvinite ore from
the Satimola deposit has been conducted. The elemental composition and the ratio of potassium
and sodium salts in the mineral were established. The ore was found to have a heterogeneous
composition, with sodium chloride representing the dominant component.

Keywords: potassium chloride, potassium, halurgic method, silvinite, Satimola deposite.
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Introduction

Potassium salts represent a significant and
highly sought-after resource in the contemporary
economic landscape. The principal product resulting
from the processing of potash salts is potash
fertilisers. Since the middle of the 20th century, the
global population has continued to grow at a steady
rate, which has increased food shortages. In the
contemporary era, the intensification of food
production, including the introduction of fertilisers,
is a prerequisite for global agricultural practices.
Consequently, at the beginning of the 21st century,
there was a notable surge in demand for potash
fertilisers. For the first time since the 1970s, projects
for the expansion of existing production facilities, as

well as the study of new fields, and the design and
construction of new enterprises, have commenced.
In addition to the well-known potassium basins of
Western Europe, Canada, Russia and Belarus, new
deposits of potassium salts are currently being
explored in Central and Southeast Asia, South
America, West and East Africa, as well as previously
undeveloped euporite deposits in North America
(Rauche, 2015; Cocker, 2016). The global total of
potash salt reserves is estimated at 40 billion tons.
According to reference [1], the leading producers of
potassium are Canada, Russia, Belarus, and
Germany (Figure 1).

Nevertheless, the intensification of production
inevitably conflicts with the objective of preserving
and developing the natural environment of the
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regions in which it is situated, while simultaneously
minimising anthropogenic impact. The potash
industry represents a complex economic sector,
encompassing both mining and chemical production

[2].
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Figure 1 - Distribution of potash production
by country, % [1]

Potassium is a relatively common chemical
element. In terms of its concentration in the Earth's
crust (approximately 2%), potassium is the second
most abundant element after oxygen, with silicon,
aluminium, iron, calcium and sodium also present in
significant quantities [3]. Potassium is present in
several naturally occurring minerals, including
feldspar, granites, leucites, gneiss, and solid fossil
salt deposits. It is also found in salt waters of marine
and continental origin. The most common minerals
containing potassium are as follows: sylvine KCl,
carnallite KCleMgCl,e6H20, langbeinite K;SOs2
MgSO,, cainite KCI- MgS0O423H,0, shenite K;SOse
MgS04¢6H,0, glazerite K.SO1#XNa,SO4, polygalite
K2SOge MgS0O,¢2CaS04e2H,0, and alunite
K2S040A1,(S04)324AI(0OH)s. The potassium-
containing aluminosilicates are as follows: K,O
‘A|203°6Si02,' muscovite K20'3A|203°4Si02 °2H20,
nepheline (K, Na),0O ¢ Al,03 * 2Si0;; leucite K,O e
A|203 ° 4S|02 [4]

The main sources of potassium compounds are
soluble potassium salts such as sylvinite, carnallite,
langbeinite and kainite [[5], [6]]. In Kazakhstan, the
main potassium salt reserves are located near the
North Caspian Sea (potassium chloride salts) and the
Ural Mountains in Aktobe (potassium sulphate
salts). In the North Caspian region, the balance
reserves are 8 million tonnes, with inferred
resources of about 500 million tonnes. In the vicinity
of the Ural Mountains (Aktobe), balance reserves
are estimated at 100 million tonnes and inferred
reserves at 300 million tonnes. The inferred potash
resource in Western Kazakhstan in the 1980s was 1
billion tonnes, including 217 million tonnes of
sulphate salts.

The Inder salt dome deposit has proven reserves
of 709 million tonnes, of which 40 million tonnes are
in commercial categories. Lake Inder in Inder district
contains about 1.5 billion tonnes of salt, of which
647 million tonnes have been explored since 1993
[7].

Potassium salts are an important commercial
product of Kazakhstan. Studies of their raw material
base began in the 1950s [8]. The availability of
reserves and the demand for potash fertilisers
require the development of new processing
technologies. The potash industry development
strategy includes increasing explored reserves and
introducing innovative technologies [[9], [10]]. It is
also important to develop resource-saving potash
processing technologies and improve the
gualifications of labour resources for the efficient
operation of the mining and processing complex
[11].

The high demand for potassium salts in
Kazakhstan emphasises the relevance of developing
technologies for the production of chlorides,
sulphates, phosphates, and other products from
local chloride salts [12].

The Republic has significant reserves of natural
salts containing sodium and potassium chloride.
These salts are found in different regions of the
country, including Atyrau (deposits of Inder, Chelkar,
Satimola), and Zhambyl regions [[13], [14]].

The Satimola, Inder, Shalkar and Zhylandy
deposits have some of the largest potash reserves. A
mining and processing complex is currently under
construction at the Satimola deposit to produce
potassium chloride. The mine is expected to have a
capacity of 25 million tonnes of potash ore per year
and the reserves will take more than 50 years to
develop. Geological studies began as early as the
1960s, and in 2010 a potash fertiliser production
technology was developed [15].

The Satimola deposit, located in the West
Kazakhstan region, contains potassium and boron
salts. The potassium content of the ore characterises
ores for medium, high and priority recovery. The salt
and mineral composition of the samples Satimola
deposit is shown in Table 1,2 [[16], [17]].

Table 1- Salt content of the ore [16]

Ne Mass fraction, %

KCl NaCl CaS0s MgS04 K2SO4 i/r
1 27.2 65.1 14.4 1.44 1.13 0.48
2 42.8 52.44 1.83 1.47 0.96 0.33
3 32.9 60.78 2.65 2.33 0.86 0.48
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Table 2 - Mineral composition of the ore [16]

Ne Mass fraction, %
Sylvin | Halite | Anhydrite | Polyhalite | Kieserite | i\r
1 27.21 | 65.1 2.63 3.91 0.76 0.48
2 42.76 | 52.4 0.33 3.32 0.93 0.33
3 32.86 | 60.8 1.31 2.98 2 0.48
When studying the mineralogy of halide

deposits of the Satimola structure, it is important to
consider the minerals of the salt beds. The salt beds
contain more than 30 minerals including halogens,
sulphates, borates and carbonates due to the
presence of clayey material and differences in their
guantities and textures.

Lake Inder is a large salt lake in the northern part
of the Atyrau region of Kazakhstan. Since 1932,
potash salts have been prospected in the pre-
Caspian lowland. From 1939 to 1945, drilling
operations on the Inder Upland revealed deposits of
polyhalite rocks and sylvinites, and further research
was carried out by the Inder Geological Exploration
Expedition and the Research Institute of Galurgy
[13].

The Zhylandy deposit in the Ural region, 5-10 km
from Aktobe, has potash reserves of 500 to 600
million tonnes of crude ore [18]. The rocks of the
deposit contain polyhalite (65%) and sylvinite with
anhydrite and calcite. Polyhalite deposits are located
at a depth of 235-770 metres and are separated by
layers of rock salt. The Shalkarskoye potash deposit
is a salt dome with commercial layers of potassium-
magnesium salts at a depth of 300-1000 metres
[[20], [21]].

From the analytical review, it can be concluded
that potash processing is of high relevance due to
the  significant resources and long-term
development prospects. The Satimola deposit, with
more than 50 years of reserves, is of strategic
importance for agriculture, as potash is an important
fertiliser. The development of efficient processing
technologies will support the region's economic
growth, creating jobs and improving the
environmental situation. The introduction of
resource-saving technologies will ensure sustainable
development of the industry and meet the growing
demand for potash fertilisers.

Experimental part

Methods of analysis. The analysis of raw
materials and products was conducted using a
combination of spectral microscopy, X-ray analysis,

and differential thermal studies. X-ray identification
was conducted on a stationary installation,
designated DRON-4, which employs a tube with a
cobalt anode. The voltage applied to the tube was 40
kV, and the current was 40 mA. The decoding of
samples and the search for phases were conducted
using the Search/Match program with the 2003-
2023 CRYSTAL IMPACT powder diffractometric
database, Bonn, Germany. A raster electron
microscope (REM) JSM 6490l V (Jeol, Japan) was
employed for the microscopic spectral analysis of
raw materials. The REM is based on scanning the
surface of the sample with an electronic probe,
whereby a wide range of radiation is recognised
during this process. The ore was subjected to
differential thermal analysis using a Q-1500D
derivatograph. A derivatograph is a device for
complex thermal analysis that allows for the
simultaneous measurement of changes in
temperature and mass, the rate of temperature
change and the change in enthalpy of the substance
under study.

Experimental methodology. A pre-prepared
solution containing 12.5% potassium chloride (KCl)
and 18.5% sodium chloride (NaCl) is placed in the
reactor, which corresponds to the composition of
the mother liquor obtained after crystallization of
potassium chloride (KCl). This solution serves as the
basis for further leaching and separation of the
components. The reactor is placed in a thermostat,
where it is heated to a temperature of 100 °C. After
reaching the set temperature, a set amount of
sylvinite is added to the reactor. Leaching of
potassium chloride (KCI) is carried out within 1- 1.5
hours. During this period, it is important to maintain
a stable temperature (100°C) and continue mixing
the solution to speed up the dissolution process and
ensure complete potassium extraction. At the end of
the leaching time, the process is interrupted, and the
mass from the reactor is transferred to the filter for
hot filtration. For this purpose, a cylinder and a
funnel are used, which are pre-weighed, which
allows you to accurately take into account the mass
of the filtrate. The filtrate is collected in pre-weighed
vessels (cylinder or glass), after which the solution
and the wet NaCl precipitate remaining after
filtration are weighed. After collecting the filtrate,
the solution is cooled under running water to 25 ° C.
As a result of cooling, a precipitate of CL precipitates
on the surface of the solution. This precipitate is
further filtered and then weighed to determine the
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mass of the extracted potassium. After all
operations, the data obtained is analyzed,
calculating the effectiveness of leaching of

potassium oxide and determining the potassium
content in the sediment.

The discussion of the results

The objective of this research was to obtain a
natural mineral potassium from the Satimola ore.
The resulting mineral sample is illustrated in Figure

Figure 2 - Natural Potassium Mineral from Satimola Ore

In order to fully study the mineral composition,
a series of physicochemical analysis methods were
employed, including raster electron microscopy,
differential thermal analysis and X-ray phase
analysis. The results of the XRF (Fig.3) indicated that
the mineral is composed of 81.2% NaCl and 13.1%
KCI, with a further 5.7% constituted by okenite
mineral.
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Figure 3 — XRF of potassium mineral from Satimola ore

The results of the REM analysis (Fig.4., Tab.3.)
indicate that the ore contains significant quantities
of sodium, potassium and chlorine elements. Upon
calculation of the elemental composition of the
salts, it was determined that the mineral comprises
68% NaCl and 32% KCl.

CnexkTp 1
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Figure 4 — Microstructure image and spectrogram of
potassium mineral from Satimola ore

Table 3 - Elemental composition of potassium mineral
from Satimola ore

Element

o

Na

Cl

S

K

Total

Mass. %

3.39

26.78

52.29

0.33

17.21

100.0

The DTA curve (Fig.5)
potassium chloride and so
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Figure 5 - Differential-thermal analysis of potassium
mineral from Satimola ore

The stepwise exoeffects observed in the region
of 230-330°C are indicative of the molecular-bound
moisture. At 470°C, the exothermic effect indicates
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the removal of crystallohydrate moisture. An
intensified endoeffect at 670°C is linked to the
decomposition of potassium chloride salt. The
stepwise curve of the endoeffect in the region of
950°C is indicative of the decomposition of the
complex of inorganic salts.

The discrepancy in salt content between the
REM and XRF results can be attributed to the
unequal distribution of elements in the resulting
sample. As illustrated in Figure 2, the sample
comprises a mixture of pink, white-yellow, and
maroon crystals. To comprehensively examine the
mineral's composition, a detailed physical and
chemical analysis was conducted on each individual
crystal. The elemental analysis revealed that the red-
coloured composition of the mineral (Fig.6., Tab.4.)
is predominantly composed of potassium chloride,
with a range of 90-98%.

(4

) 2 4 6 8 10

Figure 6 - Spectrogram of red crystals of potassium
mineral from Satimola ore

Table 4 - Elemental composition of red crystals of
potassium mineral from Satimola ore

Element | O Na cl K
Mass. % | 3.01 | 3.21 48.52 45.26

Total
100.0

The results of the elemental analysis of the
white crystals (Fig.7., Tab.5.) of the natural mineral
from the Satimola deposit demonstrated that the
sample contains 97-99% sodium chloride, which is
distinguished by markedly intense picts of sodium
and chlorine elements.

| 2 4 & 8 10

Figure 7 - Spectrogram of white crystals of potassium
mineral from Satimola ore

Table 5 - Elemental composition of white crystals of
potassium mineral from Satimola ore

Element Na Cl K
Mass. % 39.15 59.75 1.10

Total
100.0

According to the results of physico-chemical
analyses, the sample contains 81.2% sodium
chloride (NaCl) and 13.1% potassium chloride (KCl),
which indicates the presence of two main
components in the mineral — halite (NaCl) and
sylvinite (KCI). A high level of sodium chloride
indicates the predominance of halite, which is
typical for minerals formed under conditions of
evaporation of water, such as in salt deposits. The
sample also contains 5.7% okenite, a calcium silicate
mineral that is an insoluble residual. This indicates
that calcium compounds could be involved in the
formation of the mineral, forming okenite as a by-
product. Okenite is insoluble in water and is part of
the insoluble residue, which indicates its role as a
mineral that cannot be dissolved during processing.
The sample is a mixture of halite and silvinite with
the presence of okenite. This composition is typical
for potash deposits or evaporative deposits, where
sodium and potassium chlorides, as well as insoluble
minerals such as okenite, can coexist. This confirms
that the sample is potentially promising for the
extraction of potassium and sodium salts, as well as
for further research for possible processing.

The halurgical method was chosen for
processing the potassium salt of the Satimol deposit.
The halurgic method of mineral processing has
several key advantages over flotation, including
higher separation efficiency, less dependence on
chemical reagents, a high degree of extraction of
target components, and the ability to process
complex mineral compositions. These aspects make
the halurgy method preferable in several cases,
especially in the processing of potassium and
sodium salts, where the accuracy and purity of the
final product play an important role. The processing
of this sample by halurgy involves the effective
extraction of sodium chloride (NaCl) and potassium
chloride (KCI) by dissolution and crystallization, as
well as the processing of the insoluble mineral
okenite to obtain additional products. This approach
will make it possible to obtain high—quality
products - potassium and sodium salts, which can be
used in industry, as well as calcium compounds, if
necessary.

By the method of metallurgy described earlier,
the technological scheme is shown in Figure 8.
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Sylvinite

dissolution at 100 ° C in mother liquor |

Filtration of sodium chloride

l

cooling of filtrate at 20-30 °C

Filtration of precipitated potassium chloride | — .

l

Mother liquor

Figure 8 - Technological scheme of potassium chloride
processing by the halurgic method

Processing of potash ore allowed to obtain
high—quality products - potassium chloride (KCl)
and sodium chloride (NaCl). According to the
experimental results, the yield of the potassium
chloride product was 95-98% of the theoretically
possible, which indicates a high efficiency of
leaching and separation of components during
processing.

Elemental analyses of the obtained potassium
and sodium chlorides, carried out using
spectroscopy methods, showed that the products
have a high degree of purity and meet the standards
for further industrial use. The spectrograms
obtained during the analysis, as well as the results of
the elemental analysis, are shown in Figures 9,10
and Tables 6,7, which reflect the content of
potassium and sodium in the obtained substances.

Figure 9 — Microstructure image and spectrogram of
potassium chloride obtained by the halurgic method

Table 6 - The elemental composition of potassium
chloride obtained by the halurgic method

Total
100.0

Element Na Cl K
Mass. % 3.17 50.66 46.17

Figure 10 — Spectrogram of sodium chloride obtained
by the halurgic method

Table 7 - The elemental composition of sodium chloride
obtained by the halurgic method

Element Na cl 0 S Total
Mass. % 3.49 55.47 1.98 0.16 100,0
Element | Ca K Si

Mass. % | 0.30 2.95 0.18

These data confirm the success of the applied
technology of halurgy for the separation of
potassium and sodium salts, and also demonstrate
the stability and high degree of extraction of useful
components from the source ore.

The elemental analysis of the obtained products,
including potassium and sodium chloride, confirmed
the high degree of purity of these compounds, which
makes them suitable for further use in agriculture
and the chemical industry. The spectrograms
obtained during the analysis showed compliance of
the potassium and sodium content with the
established standards, which confirms the success of
the chosen technology. Thus, the results of the study
confirm the prospects of the halurgy method for
processing potash ores, ensuring effective
separation of components and obtaining high-
quality products. This technology has potential for
industrial applications, especially in the context of
the need to increase the efficiency of processing
potassium and sodium salts, as well as improve the
environmental safety of the process.

Conclusions

The article offers a concise overview of the
occurrence of large deposits of potassium salts, as
well as an analysis of the chemical composition of
minerals.
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A comprehensive study of the chemical
composition of the silvinite ore from the Satimola
deposit has been conducted. The elemental
composition and the ratio of potassium and sodium
salts in the mineral were established. Additionally,
it was established that the naturally occurring
mineral potassium in the Satimola deposit exhibits a

In the course of the study, the technology of
processing potash ore by the method of halurgy was
considered, which demonstrated high efficiency in
the extraction of potassium oxide and sodium
chloride. The technique, including leaching in
solution followed by filtration and precipitation,
made it possible to obtain potassium chloride with a

minor insoluble residue. The ore was found to have
a heterogeneous composition, with sodium chloride
representing the dominant component.

According to the results of physico-chemical
analyses, the sample contains 81.2% sodium
chloride (NaCl) and 13.1% potassium chloride (KCl),

yield of 95 to 98%, which indicates the high
productivity of the process.
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Kanuit KeHiH eHAey: TexHonornanapbl MeH GU3NKa-XMMUANDIK,
KacueTTepiH 3epTrey

Ypaskenguesa [.A., Kagup6aesa A.A., KowKap6aesa LL.T.

M. dyezoe ameiHOarel Ohmycmik KazakcmaH 3epmmey YHusepcumemi, LLibimkeHm, KazakcmaH

TYWIHAEME

KasakcTtaH PecnybnmnkacbiHbiH, BaTbic KasakcTaH aHe AKkTebe obabicTapbiHAA Kanuii KeHAepiHiH,
bipereii Kopaapbl WofbipaaHFaH. byn Kopnap anemaeri eH, ipi KopnapapiH, 6ipi 6onbin caHanagpl.
[anenpeHreH Kopnap lWwamameH 6 Muanvapa, TOHHafa bGafanaHagpl KaHe TepT ipi KeH
opblHAapbiHa 6eniHeai: onap MwunaHckoe, Catumona, UHaep KaHe Yenkap KeH OpblHAAPSLI.
TY34apblHbIH,
MUHepanaapAbliH, XMMUANBIK Kypambl Typasbl KpiCKalwa wony 6epinreH. byn KeH opbiHAAPbIHbIH,

Makanaga Kanuit Herisari KeH oOpblHAApPbl MeH OHbiMeH 6ainaHbICTbl

Makana kengi: 29 kapawa 2024
CapanTtamapgaH eTri: 14 kahmap 2025
Kabbinganap: 30 kaHmap 2025

60/ybIHa KapamacTaH, enimiaae cypaHbIC YHEMI ecin Kene KaTKaH Kaaui Ty3gapblH eHaipy ani
JKONFa KoWblnMaraH. OCblHbl ecKepe OTbIpbin, Tabwufn Ty3 KyWenepiH TbIHAUTKbIWTApP MeH
Ty34apAblH, iWKi HapbIFbIHAA AQ, WeTenae Ae XKofapbl CYPaHbICTbl KaHaFaTTaHAbIPaTbiH eHiIMAepre
aliHanablpyAblH eMipLUIEH dAiCTePiH aHbIKTay MaKcaTblHAA OCbl NePCNEeKTUBANbI Kanuii KeHAepiHiH,
MUHEPaNOrMANBIK KaHE XMMUANBIK KYPAaMbIH KaH-aKTbl 3epTTey eTe MaHbi3abl. CaTumona KeH
OPHbI 3N KETKINIKTI 3epTTeNIMEreH eH, ipi CUAbBUHUT BacceliHaepiHiH, 6ipi 6oabin Tabblnaabl KaHe
OHbIH, ©HepKacinTik Aamybl ani 6acTanfaH KoK. LUMKI3aT neH eHimre Tangay cCnekTpaik
MMKPOCKOMUA, PEHTTeHAiK Tanaay aHe anddepeHumanapl TepMUANBIK TanaayabliH, KeMerimeH
XKyprizingi. Catumona KeH OpPHbIHAAFbI CUAbBUHWUT KEHiHIH, KypamblHA KaH-»KaKTbl KelleHAi
3epTTey KYPri3ingi. INeMeHTTIK Kypambl KaHe MUHepangarbl Kannii MeH HaTPUil Ty3AapbiHblK,
KaTblHacbl aHbIKTanAbl. CoHbIMeH KaTap, CaTMMONa KeH OPHbIHbIH, TabWUFM Kaanuilt MUHepanblHaa
epiMeiTiH KanablKkTapablH, a3gafaH meswepi 60naTbiHbl aHbIKTanAbl. KeHHiH Kypambl apTeKTi
€KeHi KaHe OHbIH, KypamblHAa HaTpuUi xaopuai 6acbim ekeHairi ganenaeHai.

Tyiiin ce30ep: Kanuii XN0pUAi, KaNWiA, ranypruabik 34ic, CUALBUHUT, CaTUMONA KEH OPHbI.
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AHHOTAUMA

Pecny6nvka KasaxctaH 061aaeT yHUKaIbHbIMUK 3anacamu KasMHbIX Py, COCPEefOTOUEHHbIX B
3anagHo-KasaxctaHckol M AkTIOGMHCKOM o06nacTax. ITM 3anacbl CYMTAKOTCA OLHUMW U3
KpynHenwunx B mupe. [lokasaHHble 3anacbl OLEHWBAOTCA MPUMEPHO B 6 MUAAMAPAOB TOHH M
pacnpegeneHbl MO YeTbiPEM KPYMHbIM MECTOPOXAEHUAM: MunsHckomy, CaTMMO/IbCKOMY,
NHaepckomy 1 Yenkapckomy. B cTaTbe npeactaBaeH KpaTkunii 0630p OCHOBHbIX MECTOPOXKAEHNIA
KaMAHbIX COME M XMMMUYECKOTO COCTaBa COMyTCTBYIOWMX MUHEpanos. HecmoTpa Ha Hanuuume
3TUX MECTOPOXKAEHMI, NPOU3BOACTBO Ka/IMIHbIX CONEN B CTPAHE, CMPOC Ha KOTOpPble MOCTOAHHO
pacTeT, ewe NPeaCTOMT HanaauTb. B cBeTe 3TOro KpaliHe BasKHO MPOBECTM BCECTOPOHHEe
nccaeaoBaHne MUHEPaNornMYeckoro M XMMMUYECKOro COCTaBa 3TUX NEPCNEKTUBHbIX KaNMMHBIX py4,
C uenbto onpegeneHna 3GHEKTUBHLIX MeToA0B nepepaboTKM MPUPOAHbIX CONEBbIX CUCTEM B
NPOAYKTbI, KOTOPbIE YA0BAETBOPAIOT BbICOKOMY CMPOCY Kak Ha BHYTPEHHEM PbIHKe yA06peHuit n
COAMM, TaK 1 3a pybexkom. MectopoxageHue Catumosna npeacTaBaser coboi 0AMH U3 KpynHenwmx
CUNBbBMHUTOBbLIX 6GacceiHOB, KOTOPbIA elie HeAOCTaTOYHO M3yyeH, M €ero NPOMbILIeHHOoe
OCBOEHME TO/IbKO HAauMHaeTcA. AHaAM3 CbipbA U NPOAYKTOB BblN NPOBEAEH C UCMNOAb30BAHMEM
KOMBUHAUMM METOA0B CMEKTPasibHOW MWKPOCKOMWUW, PEHTTEeHOCTPYKTYPHOrO aHaav3a u
AnddepeHumnansHOro TepMmMyeckoro aHanmsa. NposeseHo KOMMNIEKCHOE UCCaeA0BaHWe CoCTaBa
CUNBbBMHUTOBOM pyabl MecToposKaeHua Catmona. YCTaHOBNEH 3/1EMEHTHbIM COCTaB M
COOTHOLUEHWE COMel Kanua M HaTpua B MuHepane. Kpome Toro, 6blL10 YCTaHOBNEHO, YTO
NPUPOAHbIA MUHEPaN Kannua MecTopoxaeHuna CaTMmona CoAepPXUT He3HAUUTENbHOE KOIMYECTBO
HepacTBOPUMBbIX OCTaTKOB. Bbl/10 YCTaHOB/IEHO, YTO PyAa MMEET HEOAHOPOAHbIN COCTaB, NPU 3TOM
npeo61agaoLmm KOMNOHEHTOM AB/IAETCA XI0PUA, HAaTPUA.

Kniouesblie cnosa: xnopup, Kanua, Kaaun, ranypruyecknii meTos, CUIbBUHUT, MECTOPOXKAEHNE
Catumona.
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ABSTRACT

The article studies a mathematical model of turbulent non-isothermal flow of non-Newtonian
fluid. At the inlet, the fluid is Newtonian and, due to a decrease in temperature, it becomes non-
Newtonian due to increased viscosity and yield strength. The system of turbulent motion and heat
transfer equations is solved by the numerical control volume method in variables of the velocity
and pressure components. The calculations yielded average and pulsation characteristics of the
non-isothermal motion of non-Newtonian fluid in a pipe with sudden expansion. The calculations
show a sharp reduction in the structure of the recirculation zone and a decrease in its parameters
with an increase in the Bingham number Bn. In this zone, the maximum negative value of the
average velocity, equal to—-Umax/Um1 = 0.2 for a Newtonian fluid, decreases to —-Umax/Um1=0.1
at the Bingham number Bn = 17. A decrease in the turbulent characteristics of the non-Newtonian
fluid flow is also observed with an increase in the Bingham number. Heat exchange characteristics
in the flow region of turbulent non-Newtonian and Newtonian fluids are qualitatively similar. The
location of the flow attachment and maximum heat exchange of non-Newtonian fluid does not
exceed 10%. The length of the recirculation zone of viscoplastic fluid is shorter by up to 66%
compared to Newtonian fluid.

Keywords: non-isothermal turbulent flow, viscoplastic fluid, recirculation zone of pipe flow with
sudden expansion.
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Introduction

Turbulent fluid flow with sudden expansion in
pipes is used to intensify heat exchange in various
technical devices. Such a design of pipe connections
takes place in centralized heating systems. This
primitive geometry was used at a fundamental level
to study the flow division pattern. With the sudden
expansion of the flow in the pipe, the static pressure
increases and the kinetic energy of the fluid
decreases, a recirculation zone is formed, which
divides the flow into two parts. Behind the
recirculation zone, the flow fills the entire cross-
section of the pipe with a flat velocity profile. The
separation surface becomes unstable at moderate
and high Reynolds numbers (Re) and is the source of
vortex generation in both parts of the flow.
Moreover, the vortices develop and gradually
disappear. This is because the liquid flows against
the increase in static pressure with the formation of

a recirculation zone. The flow after a sudden
expansion of the pipe cross-section can be
considered as a jetin an annular recirculation region.
This jet expands radially in the expansion region of
the pipe until it reattaches to the pipe wall. As
experimental studies of fully developed turbulent
flow in pipes show [[1], [2]], reattachment of the
flow occurs at lengths 6-9 times greater than the
height of the expansion stage of the pipe.

In [3] the separation and reattachment of a
turbulent flow in a pipe with sudden expansion were
also  studied experimentally.  Experimental
measurements of the velocity field were carried out
by several authors [[4], [5], [6]] at moderate and high
Reynolds numbers of the flow in a pipe with sudden
expansion. These measurements showed that the
separation region contains large velocity gradients
and high shear in combination with an unfavourable
pressure gradient. Whereas the reverse flow
velocities in the recirculation region are of the order

—— |4 ——
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of 10% of the average velocity in the expanding part.
The presence of the pipe wall prevents fluid
entrainment so that an unstable vortex structure is
established further downstream. As experiments
[[4], [5], [6]] show, it is difficult to obtain accurate
guantitative measurements of turbulence in the
recirculation zone, since the average velocities are
usually small and the turbulence intensity is high. In
this paper, the calculated data of a turbulent non-
isothermal flow of a non-Newtonian fluid in a pipe
with sudden expansion are presented.

Statement of the problem. Figure 1 shows the
flow diagram.

v

NN A
O—__ =2

>

\ H

r

Figure 1 - Flow diagram in a pipe with a
sudden expansion

A Newtonian fluid with a temperature T; =303 K
and an average velocity u; flows into a pipe. The
ambient temperature Ty = 273 K is less than the
temperature of the incoming fluid. Heat exchange
with the environment leads to cooling and a
decrease in the temperature of the fluid. A decrease
in temperature increases the viscosity and yield
point, causing the transition of the Newtonian fluid
to non-Newtonian. It is required to find the patterns
of average and pulsation characteristics of turbulent
non-isothermal flow of a non-Newtonian fluid in a
pipe with a sharp expansion.

The system of equations of non-isothermal
turbulent motion and heat transfer of a viscoplastic
fluid is written in the form [[7], [8], [9]]:

V-U=0 (1)

V- (pUU)= ~VP + V- (241S)+ V- [ p(u't!))+ V- (24, S')
(2)

V-(pC,TU)=V-(AVT)+V(-pC, (u't'))+7: VU

(3)

The coefficient of effective molecular viscosity
Mert Of a viscoplastic liquid is found from the
expression [[10], [11], [12], [13], [14]]:

-1
14 R L (4)

:uef'f =
o0, |r| <7,

The singular property |T| <1, of formula (4) can

be regularized using the approach [15] and written
as:

0Ll—exp(—m|;'/|)J

71

(5)

:ueff ::up +

Where the regularization parameter is m=1000 s
[15].

The turbulent stress model (RSM model) [[9],
[16]] is used to close the system of equations of
motion and heat transfer (1-5):

1 A CT L o
%(pui<uiui>):"’(PiJ+ Ij‘5i1)+32{/?"eﬁ5lm+/?;kT<U|Um>Li<uiuj>+DNNF
: m
5 CT. /..
ai]( jg):%(cg P_C€2€)+6il:-pveﬁglm+p;£T<u|um>J§Zn+€NNF
}[—Livzlzl. (6)

In [[9], [16]] the constants and closing functions
of the system of equations (6) are given.

Boundary conditions. The flow diagram is
shown in Figure 1.
On the pipe wall before and after expansion:

U=V :<u’u’>=o; T = Tw = const;

K
8:2VWF}X=0 (7)

On the pipe axis:
Il
n o ) e or oo
or or or or or

Constant values of variables are set at the pipe
inlet, and soft boundary conditions are set at the
outlet.

Numerical method for solving the problem. The
numerical solution is obtained using a control
volume method on a staggered grid. The algorithm
for solving the system of equations (1)-(6) in the
variables  “velocity-pressure  components” s
described in detail in the work [[7], [8], [9]].

Numerical calculations are obtained using our
software.
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Discussion of the calculated data

Flow structure in a pipe with a sudden
expansion. Figure 2 shows the contour lines of
turbulent kinetic energy for Newtonian (NF) and
viscoplastic fluids (NNF). The contour lines show the
structure of the mixing layer and the development
of turbulent kinetic energy in the flow region. From
the edge of the sharp expansion area, the mixing
layer separates and develops to the point of re-
attachment of the flow (see Figure 2). The
separation zone for the Newtonian fluid reaches
x/H=9.3, and for the viscoplastic fluid - x/H=6.7, i.e.
the separation zone is reduced in the viscoplastic
fluid. The maximum level of turbulent kinetic energy

is achieved in the mixing layer (k /Uri1= 0.06). The
region with maximum TKE values (K /Unz11= 0.06) is
located in the downstream position (x/H = 5, y/H =
0.6) for Newtonian fluid and (|(/U§]1= 0.045) for

viscoplastic fluid in the position (x/H = 4, y/H = 0.5)
(see Figure 2).

y/H 10%k/U2

Figure 2 - Plots of the kinetic energy of turbulence in NF
(a) and NNF (b) fluids behind a sudden expansion of a
pipe. Re = 10, Ren =2600, Pr = 42, Bn1=0.007

Fig. 3 shows the change in the maximum axial
velocity along the longitudinal coordinate in the
recirculation zone of the flow behind a sudden
expansion of the pipe.

0.2
-u__/uJ

max — m1

0.15 4

0.10 1

0.05

Figure 3 - Change in axial velocity along the length of
the recirculation zone in a pipe with a sudden expansion.
Re = 10% Ren =2600, Pr = 42, Bn1 = 0.007

The calculations were performed at the inlet
temperature T1=303 K and different values of the
wall temperature Ty. The calculated data at T,,=303
K correspond to the turbulent flow of a Newtonian
fluid (NF). In this mode, the maximum value of the
velocity is —Umax/Um1 = 0.2. For a viscoplastic fluid at
Tw=273 K, the maximum value of the velocity is —
Umax/Um1 = 0.1. It can be said that the appearance of
the viscoplastic property of the fluid suppresses the
intensity of the circulation flow compared to a
Newtonian fluid (see Figure 3).

- T, = 303K 273K

U2,
---- v B

Bl VI U
m1 :

Figure 4 - Reynolds stress profiles of NF (Tw =303 K) and
NNF (Tw = 273 K) fluids at x/H = 4. Re = 10%,
Ren =2600, Pr =42, Bn1 = 0.007

Figure 4 shows the distributions of Reynolds
stresses for Newtonian (Tw = 303 K) and viscoplastic
(Tw = 273 K) fluids at x/H = 4. The highest value of
Reynolds stresses is achieved in the shear layer of
mixing of Newtonian and non-Newtonian fluids.
These data are in agreement with the results of
separated flows of Newtonian fluid after a step [6].
The highest value of the ratio of axial velocity
fluctuations to radial ones for NF fluid is up to 2
times and for NNF fluid up to 2.6 times.
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The length of the circulation zone characterizes
the intensity of the vortex in a pipe with a sharp
expansion (see Figure 5). The Reynolds number of
the flow has little effect on the position of the zone
attachment point and the maximum heat transfer
for Newtonian and non-Newtonian fluids for all
calculations of wall temperatures and flow rates (up
to 7%). The position of the flow reattachment point
and the maximum heat transfer for Newtonian and
non-Newtonian fluids are slightly affected by the
Reynolds number (up to 7%) for all calculations of
wall temperatures and flow rates. The difference
between the flow reattachment point and the
maximum heat transfer between Newtonian and
non-Newtonian fluids does not exceed 5%. The flow
reattachment point and the position of maximum
heat transfer are located upstream for a non-
Newtonian fluid compared to the position of the
reattachment point in Newtonian fluids [[6], [17],
[18], [19]]. The maximum difference reaches 10% for
a non-Newtonian fluid at Tw = 273 K.

The length of the separation zone and the
position of the maximum heat transfer are affected
by the wall temperature. For a non-Newtonian fluid,
the length of the recirculation zone is reduced to
66% compared to the length of a Newtonian fluid
and is xR/H = 6.5-6.8 at Tw = 273 K.

H,
max

"R’H'm P Ll L R

= L= v — -

T,=303K | —x,

- - X H
R et SR by Y A
8 ﬁ_A—A——-/\-JT A— A A
283K
o-@---@--"®---"" ®- 5 ---- - ®--------- 1]
64 g-0—o—® o . .
273 K
05 1.0 1.5 2.0 , 25
Re*10°

Figure 5 - Recirculation length xr and maximum heat
transfer point xmax as a function of wall temperature.
Re = 10% Ren =2600, Pr = 42, Bny = 0.007

Heat transfer. Figure 6 shows the changes in the
Nusselt number Nu = hH/Aw: along the axial
coordinate (a) and the effect of the Reynolds
number Re on the maximum heat transfer (b). Here,
h is the heat transfer coefficient, Numax is the
maximum Nusselt number, and Nug¢g is the Nusselt
number for a fully developed Newtonian flow in a
pipe without expansion.

The Nusselt number is found from the step
height Nu=—(8T /dy), H/(Ty —T,). The flow

reattachment points are indicated by arrows in Fig.
6a. As can be seen from Fig. 6a, the changes in heat
transfer along the pipe length for NF (line 1) and NNF
(lines 2—4) are qualitatively similar. There is no local
minimum for NNF in the corner part of the step. At
Tw =293 K, the change in heat transfer (curve 2) and
the length of the recirculation zone of NNF are
practically the same as the NF data. The faster
manifestation of non-Newtonian properties of the
NNF fluid causes a decrease in the wall temperature
and confirms the above-mentioned calculated data.
A decrease in the intensity of heat transfer of
turbulent flow in a pipe with sudden expansion can
be noted for NNF. The maximum heat transfer
values coincide with the location of the flow
reattachment point. For NNF at Tw = 273 K, the
maximum heat transfer is shifted by up to 70% (line
4).

- T, =303 K (NF)
-203K
-283K
-273K

2004

Bk =

= KL [17] correlation
- - = NF in a pipe
—=— T, =303 K (NF)
—0—283 K

——273 K

100

50 T T 1
0.5 1 2 3

x4 4

Figure 6 - Dependence of maximum heat transfer on
Nusselt (a) and Reynolds (b) numbers in NF and NNF
turbulent flows.

Re = 10 Ren =2600, Pr1 = 42, Bn1 = 0.007

Similar data were obtained for the maximum
values of the Nusselt number depending on the
Reynolds number (see Fig. 6b). The bold line is the
calculated data using the formula

Nu = 0.023Re%® Pr®4[20] for a stabilized turbulent
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flow of a Newtonian fluid in a pipe without
expansion.

The authors' calculated data for a fully
developed turbulent Newtonian fluid in a pipe are
shown as a dashed line. An increase in the Reynolds
number leads to an increase in heat transfer for
turbulent NF, as well as for NNF. For a turbulent flow
of a Newtonian fluid, the maximum value of heat
transfer is higher (dashed line) than for turbulent
flows of a non-Newtonian fluid (Tw = 283 and 273 K).
It can be noted that the slope of the well-known
experimental heat transfer formula [20] (bold line)
and the authors' calculated data for a pipe without
expansion differ from the data for NF and NNF after
a sudden expansion of the pipe.

Conclusion

Calculated data are obtained for the turbulent
non-isothermal flow of non-Newtonian fluid in a
pipe with abrupt expansion. An elliptic model of
Reynolds stress relaxation is used to simulate
turbulent kinetic energy. The calculations show the
occurrence of completely stagnant flow in the near-
wall region of a pipe for non-Newtonian fluid, where
the value of U = 0 (y/R < 0.4 at x/H = 15). The
stagnation zone occurs at x/H > 8 with the Bingham
number Bm=17. In the shear mixing layer of the
isothermal non-Newtonian fluid, a significant
decrease in the turbulence level (up to 50%) is
obtained. In the core zone, the turbulence level of
the non-Newtonian fluid is up to 15% higher than
that of the Newtonian fluid. The Bingham number
affects the value of the maximum negative velocity
in the separation region (-Umax/Um1l= 0.075 with
Bm=17).

For a non-Newtonian fluid, the vortices in the
recirculation zone after a sudden expansion are less
intense than for a Newtonian fluid.

For turbulent flows of non-Newtonian and
Newtonian fluids, the heat transfer distributions are
gualitatively similar. The values of the location of the
flow attachment point and the maximum heat
transfer are also close, the difference does not
exceed 10%. The length of the recirculation zone and
the position of the maximum heat transfer are
strongly affected by the wall temperature. For a
non-Newtonian fluid, the length of the recirculation
zone is shorter by up to 66% than for a Newtonian
fluid. The flow attachment point of a non-Newtonian
fluid is located higher than that of a Newtonian fluid.
Heat transfer in the recirculation zone of a non-
Newtonian fluid is two times lower than for a
Newtonian fluid. The length of the recirculation zone
is shorter by up to 40% for a non-Newtonian fluid,
compared to a Newtonian fluid.
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TYAIHAEME

Makanaga HblOTOHAbIK, €MeC CYMbIKTbIKTbIH, TypOy/NeHTTi M30TEPMUANbIK €MEeC afblHbIHbIH,
MaTemaTuKasblK mogeni KapacTtbipbliagbl. KybbipfFa KipreHae cyibiKTblK HblOTOHAbIK 60/bin
Tabblnagbl KaHe TemnepaTypaHblH, TeMeHAeyiHe 6aliNaHbICTbl TYTKbIPAbIK MNeH aKKbIWTbIK
6epiKTiriHiH, YKofapblnaybiHa 6ainaHbICTbl 0N HbIOTOHAbBIK €eMeC CyMbIKTbIKKAa aiHanagbl.
TypbyneHTTi KO3Fa/ibiC MEH KblAy anmacy TeHAey/nep XYWeci KbiNgamapblK NeH KbICbIMHbIH,
aliHbIManbl Kypamgac beniktepiHae caHaplK H6ackapy Kenemi agicimeH wewinegi. Ecenteynep
HaTUXKeCIHAE KeHEeT KeHetoi 6ap Kybbipaarbl HblOTOHABIK eMec CYWbIKTbIKTbIH, U30TEPMUANbIK,
emMeC KO3Fa/IbICbIHbIH, OpTalla KaHe MyNbCauuAnblK cunaTTamanapbl anbiHabl. Ecenteynep
PEUMPKYNALMA aliMafFbliHbIH, KYPbINbIMbIHbIH, KYPT TeMeHZeyiH jkaHe BuHram caHbiHblH, Bn
Y/IFalobIMEH OHbIH, MapameTp/iepiHiH, TomeHaeyiH KepceTeai. byn alimakTa HblOTOH CYMbIKTbIfbl
ywiH —Umax/Um1l = 0,2-re TeH, opTawa »XblALaMAbIKTbIH, MaKcMmangbl Tepic maHi Bingham
caHbiHga Bn = 17 -Umax/Uml = 0,1-re geliH TemeHAenai. HblOTOHABIK eMec CYMbIKTbIK
afbIHbIHbIH, TYPOYNEHTTIK cMnaTTamanapbliHbiH, TeMeHAeYi BUHrem CaHbIHbIH, }KOFapbliaybiIMeH e
6alikanagbl. TypbyneHTTiK HbIOTOHABIK €emec aHe HbIOTOHAbIK CYMbIKTbIKTApAblH, afbiC
aliMaFblHAAfbl Kby a/sMacy cunaTTamanapbl cananblk >KafblHaH yKcac. HblOTOHAbIK emec
CYMbIKTBIKTbIH, afblHAbIK KOCbIIbICbIHbIH, OPHbI KaHe MaKkcumangbl by 6epyi 10% acnaigpl.
HblOTOHABIK eMec CYMbIKTbIKTbIH, PELMPKYNALMA alMaFbIHbIH, Y3bIHAbIFbI HBIOTOH CYMbIKTbIFbIMEH
canbicTblpFaHaa 66%-fa AeliH KbICKa.

TyliiH ce30ep: N30TePMUANBIK eMEC TYPOYNEHTTI afblH, TYTKbIP NAACTUKANbIK CYMbIKTbIK, KEHETTEH
KeHetoi 6ap Kybblp afbiCbiHbIH, PELMPKYNALMA aiMafbl.
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AHHOTALUMUA

B cTaTbe paccmaTpuBaeTca MaTemaTuyeckas MofLeNb TypOyNeHTHOro HeW3OTEPMUYECKOro
TeYeHUA HEeHbIOTOHOBCKOW KMAKOCTWU. Ha BXOAe MKUAOKOCTb ABAAETCA HbIOTOHOBCKOW WM M3-3a
NOHUKEeHWA TeMNepaTypbl CTAHOBUTCA HEHbIOTOHOBCKOW 3a CYET yBe/IMYEHUA BA3KOCTU U Npeaena
Tekyyectn. Cuctema ypaBHeHWUW TypbyneHTHOro ABWMXKEHMA W TenjonepeHoca peluaeTtcs
YNCAIEHHBIM METOA0M KOHTPO/IbHOTO 06'bema B nepemMeHHbIX KOMMOHEHTaX CKOPOCTU U AaBeHUA.
B pe3synbrate pacyeToB MOAyYeHbl CcpeAHWEe U MyNbCaUMOHHbIE  XapPaKTEPUCTUKM
HEN30TePMMUYECKOTO  ABUXKEHWA HEHbIOTOHOBCKOM MAKOCTM B Tpybe C BHe3anHbiM
pacwmpeHMem. PacyeTbl NMOKa3biBalOT pe3Koe COKpalLeHWe CTPYKTYpPbl 30Hbl PELUPKYAALUN U
YMeHbLLEHME ee MapameTpoB C POCTOM uucna BuHrama Bn. B 3Toi 30He MaKcMmanbHoe
oTpuuaTesibHOe 3HayeHue cpedHen ckopocTu, pasHoe —Umax/Uml = 0,2 Ana HblOTOHOBCKOM
KUAKOCTM, yMmeHblaetcsa Ao —Umax/Um1 = 0,1 npu unmcne buHrama Bn = 17. Takxke HabatogaeTca
YMeHbLUEeHMe TYpOYNEeHTHbIX XapaKTepUCTUK TeYEHUA HEHbIOTOHOBCKOM }KMAKOCTU C POCTOM YMcna
BuHrama. Xapaktepuctmku tennoobmeHa B 061actv TeueHUsa TypbyneHTHbIX HEHbIOTOHOBCKOW U
HbIOTOHOBCKOW KUAKOCTEN KayecTBEHHO NOoA06HbI. PacnosoxeHne npucoesmHeHUs MoToka u
MaKCMMa/IbHOTO TensioobmeHa HEHbIOTOHOBCKOM XWAKOCTM He npesbliwaeT 10%. [AanMHa 30HbI
PEeLMPKYNALUN HEHBIOTOHOBCKOM XMAKOCTM Kopoye A0 66% No CpaBHEHUIO C HbHOTOHOBCKOM
PKUAKOCTbIO.

Kntovesbie cn06a: Hensotepmuyeckoe TypbyneHTHOe TeYeHWe, BUCKOMIACTUYECKAN KUAKOCTb,
30Ha pPeLupKyALMM NOTOKa B Tpy6e C pesknm pacluvpeHuem.
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ABSTRACT

The use of ionic modification methods is one of the promising methods of directed change of
strength properties of near-surface layers of materials along with such methods as magnetron
sputtering and mechanically induced deformation. Interest in this area of research is primarily
due to the possibility of enhanced resistance of materials to external mechanical and thermal
influences, as well as improved wear resistance of refractory ceramics, which have great
prospects in industrial use and metallurgy and reactor building. This paper presents the
assessment results of the possibility of using the ion modification method by irradiating the near-
surface layer of ZrO, — Al,Os ceramics with low-energy Kr'>* and Xe??* ions with energies of 300
and 440 keV to create a radiation-modified layer in the surface layer that is highly resistant to
external influences. During the studies, it was found that irradiation with fluences of 10%* - 5x10%**
ion/cm? for Xe?** ions and 10 ion/cm? for Kr'>* ions are optimal conditions for modifying the
surface layer, as a result of which growth in wear resistance by 2.0 — 2.5 times and hardening by
more than 15 — 20 % is observed compared to non-irradiated ceramics.

Keywords: hardening, ion modification, hardness and wear resistance enhancement, ZrO, —
Al,Os ceramics, low-energy ions.
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Introduction

Modern technological processes in metallurgy
are accompanied by the operation of materials at
high temperatures (1000 — 1300 °C), as well as
thermal cycling processes (rapid heating and
cooling), which can lead to thermal shocks, as well
as accelerated degradation of strength properties,
including due to temperature changes and
exposure to aggressive environments [[1], [2]]. In
this regard, the materials used in these
technological processes must withstand heavy
mechanical loads, and thermal shocks, and also be
resistant to high-temperature corrosion and

degradation processes that occur during long-term
operation [[3], [4]]. To improve the productivity of
technological processes, the use of composite
materials, including high-entropy alloys based on
refractory compounds or ceramic materials, has
recently been proposed [[5], [6], [7]]. Interest in
composite ceramics based on oxide or nitride
compounds in the field of metallurgy and modern
mechanical engineering is due to the possibility of
creating materials that have a combination of
properties such as a high melting point, allowing
them to be used in extreme conditions (at high
temperatures), high strength and wear resistance,
increasing resistance to external influences, as well
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as insulating properties, including dielectric
characteristics and thermal insulation (low thermal
conductivity) [[8], [9], [10]]. At the same time, the
combination of these properties allows to expand
the capabilities of technological lines, as well as to
increase the productivity of technological
processes, which allows to reduce the cost of
manufactured products. In addition to replacing
traditional steels and alloys with refractory alloys
and ceramics, various options are offered to
increase the resistance of materials to external
influences.

Thus, among the currently known methods for
improving resistance to external influences,
including mechanical damage caused by impacts or
friction, one can distinguish methods based on the
creation of highly deformed near-surface layers
that have higher resistance to external influences
[[11], [22], [13]]. The main hardening mechanism,
in this case, is an increase in dislocation density in a
small near-surface layer, the presence of which,
together with small grain sizes, results in the
creation of barrier boundaries that prevent the
propagation of cracks and chips under external
influence, and also increases resistance to
corrosion and degradation. The mechanisms for
creating such layers are different; for example, for
steels and alloys, as a rule, they use deformation
rolling methods, which, by acting on the near-
surface layer, create additional structural defects in
it that prevent the propagation of cracks or
corrosion [[14], [15]]. Also, one of the promising
methods for increasing stability is the method of
laser processing of near-surface layers, which
consists of surfacing protective coatings on the
surface of materials by direct exposure of the
surface to laser radiation [[16], [17]]. This method is
based on sintering the surface with the applied
material, thereby creating a protective layer with
higher resistance to external influences. When
using the method of magnetron sputtering of
protective coatings, much attention is paid to the
materials applied to the surface used as protective
coatings or layers, due to the need to create good
adhesive properties between the applied coating
and the surface of the protected material, since the
loss of adhesion of the protective coating to the
surface of the samples can lead to their peeling or
rapid destruction [[18], [19], [20]].

However, in the last few years, the use of ion
irradiation methods for targeted modification of
near-surface layers has been actively discussed. The
method of ion modification or ion implantation
itself has been known for quite a long time since it

is based on the possibility of introducing impurity
atoms into the near-surface layer of a material, the
technology of introducing which is actively used to
create semiconductor materials [[21], [22], [23],
[24], [25]]. The main goal of ion implantation in this
direction is to determine the possibilities of
increasing the optical, conductive or luminescent
properties of modified materials, which have great
potential for use in modern materials science. At
the same time, the use of ion modification
methods, including irradiation with low-energy
heavy ions (O, Ar, Kr, Xe with energies of the order
of 200 — 500 keV) has recently been actively used to
increase the resistance of materials to external
influences, due to the creation of dislocation
strengthening effects in the near-surface layer of
the irradiated material, associated with the
processes of deformation distortion and
recrystallization (grain crushing) [[26], [27], [28]]. At
the same time, the selection of irradiation
conditions is important for carrying out such
studies, since high-dose irradiation can initiate
processes not only of hardening while maintaining
a certain balance of deformation distortions but
also in the case of accumulation of a large
concentration of deformation stresses and
distortions in the near-surface layer, it can initiate
processes of surface peeling or partial sputtering.
Similar effects are usually observed with high-dose
irradiation and high concentrations of implanted
atoms [[29], [30]].

The purpose of this study is to conduct
experiments aimed at determining the possibilities
of increasing the resistance to external influences
of the surface layer of ZrO; — Al,O3 ceramics due to
ionic modification by creating deformation
distortions and recrystallization in the surface layer,
leading to the initialization of dislocation hardening
effects. Interest in this type of ceramics is primarily
due to the possibility of combining high strength
indicators and low thermal expansion of zirconium
dioxide, as well as good thermophysical parameters
of aluminum oxide. Moreover, the use of an equal
stoichiometric ratio of these oxides during
mechanochemical solid-phase synthesis makes it
possible to obtain ceramics of the «Al,O; matrix
with embedded ZrO, grains» type [31], which
creates additional strengthening due to the
presence of interphase boundary effects [32].

The difference between this work and
previously conducted studies is the possibility of
using low-energy irradiation with heavy ions for
targeted modification of composite ceramics in
order to increase their resistance to external
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influences. At the same time, the emphasis in the
study is on determining the effect of irradiation on
changes in the strength characteristics of ceramics.

Experimental part

To assess the prospects of using the method of
ion modification of the near-surface layer in order
to increase the strength parameters, as well as
resistance to external influences, including
mechanical friction, pressure, and thermal effects,
the following experiments were carried out,
described below.

The objects of study were ZrO, — Al,03 ceramics
samples obtained by mechanochemical solid-phase
mixing of initial oxides in an equal weight ratio (50:
50) followed by high-temperature sintering in a
muffle furnace. Mechanochemical grinding of the
initial zirconium and aluminum oxides was carried
out in a planetary mill PULVERISETTE 6 (Fritsch,
Berlin, Germany) at a grinding speed of 250 rpm
and a time of 30 minutes. The choice of mixing
conditions is determined by the need to obtain a
homogeneous composition of ceramics that is
isotropic by volume, without initializing processes
associated with phase transformations as a result
of the deformation mechanical action of the
grinding media. The samples were sintered in a PM-
1700 muffle furnace (Rusuniverstal, Chelyabinsk,
Russia) at a heating rate of 10 °C/min. Upon
reaching the set temperature of 1500 °C, the
samples were kept for 8 hours, after which the
samples cooled along with the furnace for 24 hours
until they cooled completely and reached room
temperature. After thermal annealing, the resulting
powders were pressed into tablets with a diameter
of about 10 mm and a thickness of 1 mm. The
tablets were pressed in a special cylindrical mold
under a pressure of 250 MPa for 30 minutes. After
pressing, the resulting tablets were annealed at a
temperature of 700 °C for 5 hours to remove the
deformation distortions in the structure resulting
from pressing.

Characterization of the initial samples was
carried out using X-ray phase analysis and scanning
electron microscopy. X-ray phase analysis was used
to determine the degree of structural ordering, the
change in which as a result of ionic modification
indicates the proportion of the defective fraction in
the surface layer, as well as to determine the phase
composition of ceramics synthesized using the
thermal sintering method. A D8 ADVANCE ECO
powder  diffractometer  (Bruker, Karlsruhe,
Germany) was used to take X-ray diffraction
patterns. The survey was carried out in the Bragg —
Brentano geometry, in the angular range 26=20-

75°. The determination of the phase composition of
ceramics was carried out using the method of
determining the weight contributions of diffraction
reflections of each established phase with
subsequent calculation of their share in the total
diffraction pattern. To determine the phases, the
PDF-2 (2016) database was used, from which the
reference values of each phase and the positions of
their main diffraction lines were taken.

The morphological features of the synthesized
ZrO, — AlL,Os ceramics, in order to determine the
grain distribution features or the mechanisms by
which the ceramic structure is formed, were
studied by obtaining images and element
distribution maps, which were made using a

Phenom™ ProX scanning electron microscope
(Thermo  Fisher Scientific, Eindhoven, the
Netherlands).

Figure 1 reveals the results of characterization
of the studied samples using X-ray phase analysis
and scanning electron microscopy combined with
mapping results. As can be seen from the
presented X-ray diffraction pattern of the sample
under study, the phase composition of ceramics is
represented by a combination of three phases: the
monoclinic ZrO, phase, the weight contribution of
which is more than 55 %, the rhombohedral Al,O3
phase, the content of which is no more than 30 %,
and the tetragonal AlZrO, phase, the weight
contribution of which is about 15 %. The formation
of the AIZrO, phase is associated with the
initialization of polymorphic  transformation
processes in zirconium dioxide, the result of which
is the formation of the tetragonal phase t-ZrO, with
partial replacement of zirconium with aluminum.
Moreover, a general analysis of the presented X-ray
diffraction pattern indicates a fairly good structural
ordering degree (more than 89%), and the presence
of a tetragonal phase indicates that during thermal
annealing in a given mode, the process of partial
replacement of aluminum with zirconium is
initiated, resulting in the formation of a new phase
near grain boundaries.

As can be seen from the data presented in
Figures 1c-d, which reflect the morphological
features of the resulting ceramics, the choice of an
equal weight ratio of ZrO, and Al,Os oxides during
their mechanochemical grinding and subsequent
thermal annealing leads to the formation of
ceramics of the «Al,0; matrix with embedded ZrO,
grains» type. It should be noted that ZrO; has a
fairly large spread in size (the size range varies from
200 — 300 nm to 1.2 — 1.5 um), and these grains
form agglomerates consisting of three to four ZrO,
grains embedded in an aluminum oxide matrix.




Complex Use of Mineral Resources. 2026; 337(2):21-34

ISSN-L 2616-6445, ISSN 2224-5243

30.0%
Y- Zr0, (PDF-00-037-1484)
A - Al;03(PDF-00-046-1212) \
{}- AlZr0; (PDF-00-053-0548) *w | 145%
‘ "\\\ » Yy
555%

V.0

Intensity, ab.un.

\III|IIlll\III|IIII|I1II|IIII|I\II}IIII|IIII IIII|II

20 30 40 50 60 70
2 Theta, degree

Figure 1 - a) Appearance of samples after thermal annealing in the form of powder and in the form of tablets after
pressing; b) The results of X-ray phase analysis of the studied ZrO; — Al203 ceramics, presented in the form of a
diffraction pattern and a diagram of the relationship of the established phases; c) SEM image of ZrO2 — Al.0z ceramics,
indicating the formation of a structure of the «Al203 matrix with embedded ZrO: grains» type; d) Mapping results
reflecting the distribution of elements in ceramics

The ionic modification was carried out by
irradiating the studied samples of ZrO, — Al,03
ceramics with low-energy Kr'>* and Xe?** ions with
energies of 300 and 440 keV. The choice of ions for
directional modification is determined by their sizes
(ionic radii), as well as the magnitude of ionization
losses (see data in Figure 2). Irradiation was carried
out at three fluences: 10, 5x10%** and 10% ion/cm?.
Irradiation fluences were selected to simulate the
processes of deformation distortion of a near-
surface layer with a thickness of about 200 — 250
nm, while the selection of irradiation fluences was
chosen in such a way as to avoid the effect of
sputtering of the near-surface layer as a result of
the accumulation of structural changes in it during
high-dose irradiation. Irradiation was carried out at
the DC-60 heavy ion accelerator (Institute of
Nuclear Physics of the Ministry of Energy of the
Republic of Kazakhstan, Almaty, Kazakhstan). As
can be seen from the presented data, the results of
modeling the magnitudes of ionization losses of

incident ions along the trajectory of motion,
presented in Figure 2, the main contribution to the
change in structural features in the surface layer is
made by the ionization losses of ions during
interaction with electron shells, thereby initiating
ionization processes (changes in the distribution of
electron density), and as a consequence the
occurrence of athermal processes associated with
deformation distortion of the structure. At the
same time, the differences in the ionization losses
of ions in interaction with electron shells are of the
order of 15 — 20 keV/nm, while the difference in
ionization losses in interaction with nuclei is about
1 order of magnitude, which indicates that during
irradiation with Kr*>* ions, the main contribution to
the changes is made by the interaction of ions with
electron shells, while during irradiation with Xe2*
ions, the effects due to the interaction of ions with
nuclei, especially near the surface, should be taken
into account.
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Figure 2 — a) Simulation results of ionization loss values of Kr'>* and Xe??* ions in the near-surface layer of ZrO2 — Al,03
ceramics based on data from the SRIM Pro 2013 calculation code;
b) Simulation results of the values of atomic displacement along the trajectory of ion movement in the near-surface

layer of ceramic at irradiation with Kr'>*

trajectory in the near-surface ceramic layer at Xe

Figure 2b-c presents the results of calculations
of the magnitudes of atomic displacements caused
by the interaction of incident ions with the crystal
structure of the near-surface layer and reflects the
degree of structural disorder associated with
knocking atoms out of positions, as well as
deformation distortions arising from athermal
effects. The calculation of the magnitude of atomic
displacements was performed according to the
method specified in [33]. As can be seen from the
data presented, the most pronounced changes in
the values of atomic displacements are observed
upon irradiation with Xe??* ions, the value of which
is approximately 1.5 times higher than the similar
values of atomic displacements arising during
irradiation with Kr'>* ions. This difference can be
explained not only by differences in the initial
energy of the incident ions (for Xe?** ions the initial
energy is 440 keV), but also by the fact that during
irradiation with Xe??* ions, rather large values of
ionization losses associated with interactions with
nuclei, resulting in atomic displacement effects, as
well as the formation of vacancy defects, are
observed. For further description of the observed
effects of changes in strength parameters, the
maximum values of atomic displacements arising
during irradiation with heavy ions will be used.

The study of the effect of ionic modification on
the strengthening of the near-surface layer of
ceramics was carried out using the method of
nanoindentation in depth, to establish changes in
the hardness values of the samples along the
trajectory of ion movement with variations in the
irradiation fluence. To carry out the research, a
technique was used to determine the hardness of
samples at different loads on the indenter, which
makes it possible to carry out measurements at
different depths of the sample. The load value was

ions; c) Simulation results of the values of atomic displacement along the ion

22+

selected a priori in the range from 1 to 100 N.
Measurements were carried out in several parallels
to determine the isotropy of the strength
characteristics, as well as determine the standard
deviation and measurement error. Transverse
sections were made by pre-pressing the samples in
a mold, followed by cutting off the edges of the
sample and polishing them.

Tribological tests to determine wear resistance
under mechanical friction were carried out using a
Unitest framework SKU UT-750 (Unitest, USA). As a
method for determining the coefficient of dry
friction, the “ball on disk” method was used, the
load on the ball was 20 N, the sliding speed was
0.25 m/s, the number of cycles in the tests was
about 15000 and was chosen to take into account
the tests of the original sample, for which, after
10000 cycles, a sharp deterioration in wear
resistance was observed (an increase in the dry
friction coefficient was recorded). The silicon
carbide ball was used as a counterweight during
wear tests, and no wear of the ball was observed.
The wear value was determined by measuring the
wear profile obtained using the visualization
method and then measuring the profile with a
profilometer to determine the length of the path
travelled. These alterations in the dry friction
coefficient were recorded during each test, and the
graphs show points after every 1000 tests, clearly
demonstrating the change in wear resistance. The
growth in wear resistance was assessed by
comparing the values of the wear rate determined
based on changes in the values of the dry friction
coefficient at the beginning and at the end of the
tests, and the resulting values were compared with
each other.

Determination of the resistance of modified
ZrO; — Al,03 ceramics to thermal cycling, which
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includes rapid heating of samples to high
temperatures and subsequent sharp cooling, was
carried out by conducting the following
experiments. Samples of ZrO, — Al,Os ceramics in
the initial (non-irradiated) and irradiated state were
subjected to rapid heating (heating rate 50 °C/min)
to temperatures of 700, 1000 and 1200 °C, after
which the samples were kept at a given test
temperature for 1 hour, then the samples were
removed from the muffle furnace into the air to
initiate thermal shock processes. This procedure
was carried out with the samples in the form of a
sequence of tests (5 cycles); after each cycle, the
hardness values of the surface layer were measured
to determine resistance to thermal effects.

Results and Discussion

The most indicative parameters reflecting the
influence of ionic modification on the strengthening
of the near-surface layer are the values of hardness
and wear resistance of ceramics, measured
depending on the irradiation fluence. Moreover, in
the case of hardness measurements, it is important
to understand not only the general trend of
changes in hardness but also the thickness of the
modified layer, in which the hardness parameters
differ from the base material.

Figure 3 shows the results of hardness
measurements (Vickers) along the ion penetration
depth (with a step of 50 nm), reflecting changes in
the strength characteristics of ceramics depending
on the irradiation fluence. Also, for comparison, the
results of hardness measurements for the original
(non-irradiated sample) are given, which reflect the
isotropy of the strength parameters in depth.

The general appearance of the presented
dependences of the change in hardness with depth
indicates several effects associated with irradiation
with heavy ions, which depend on both the type of
ions and the irradiation fluence. The observed
hardening (rise in sample hardness depending on
the irradiation fluence) is in good agreement with
the results of [[33], [34], [35]], in which the
observed strengthening is explained by an elevation
in dislocation density and the formation of
dislocation loops, as well as, as a consequence, the
formation of deformation distortions in the
damaged layer caused by the accumulation of
implanted ions. In this case, the observed
strengthening can be explained by the fact that
during the interaction of incident ions with the
structure of the near-surface layer, due to the high
values of ionization losses in the damaged layer,

recrystallization processes can be initiated,
accompanied by a change in crystallite sizes or
orientation, which, as a consequence, result in an
alteration in the dislocation density (its increase in
the case of observed decreases in crystallite sizes,
due to the inverse square dependence of the
dislocation density on the crystallite sizes).
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Figure 3 - Results of evaluation of change in hardness
value of ZrO2 — Al203 ceramics by depth in case of heavy
jon irradiation: a) when irradiated with Kr'>* ions;

b) when irradiated with Xe?** ions (the dotted lines
indicate the region of maximum ion penetration
depth in ceramics)

In the case of irradiation with Kr'** ions, two

effects can be distinguished in changes in hardness
values, associated with the strengthening of the
damaged layer, as well as diffusion effects, which
lead to an increase in the thickness of the modified
layer. Analysis of changes in hardness by depth
demonstrated that an elevation in irradiation
fluence leads to an expansion of the depth of the
modified layer, which has higher hardness values
than the base material. Such effects are caused by
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diffusion processes of ion penetration and
consequences associated with their interactions in
the form of cascade effects that can penetrate to a
greater depth than the maximum ion penetration
depth. In this case, an increase in the irradiation
fluence, and, as a consequence, the magnitude of
atomic displacements, leads to the fact that the
number of structural changes occurring in the
surface layer can have an impact at a deeper level
as a result of cascade effects, which is in good
agreement with the results of [36]. A general
analysis of the observed changes in hardness values
by depth showed that irradiation fluence growth
from 10%* ion/cm? to 10% ion/cm? in the case of
irradiation with Kr'>* ions leads to an increase in the
thickness of the modified layer by approximately 70
— 100 nm, while the hardening value decreases as
the depth increases, which also confirms the
diffusion nature of the propagation of structural
damage deep into the material with increasing
irradiation fluence [[37], [38]].
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Figure 4 - a) Results of a comparative analysis of changes
in hardness values at the maximum (at a depth of 150 -
200 nm) upon irradiation with heavy ions Kr'>* and Xe??*;
b) Results of assessment of the factors of hardening
(softening) of the surface layer of ZrO, — Al,Os ceramics
depending on the value of atomic displacements caused
by irradiation

In the case of irradiation with Xe%* ions,

depending on the irradiation fluence, not only
hardening effects are observed (at a fluence of 10
— 5x10" ion/cm?), but also reverse effects
associated with a decline in hardness in the
damaged surface layer. Such a reduction can be
explained by the effects of overstresses as a result
of the accumulation of a large number of structural
distortions in the near-surface layer, which can lead
to deformation embrittlement and peeling of the
surface under external mechanical influences, as
well as partial sputtering of the near-surface
damaged layer, an effect that is characteristic of
high-dose irradiation [[39], [40]]. Moreover, in the
case of irradiation with Xe?* ions, the magnitude of
the change in hardness at the same irradiation
fluence in comparison with samples irradiated with
Kr'* jons is slightly larger, which indicates a more
intense modification of the surface layer when
irradiated with Xe?** ions. This effect can be
explained by differences in the values of ionization
losses, which are significantly higher in the case of
irradiation with Xe??* ions. At the same time, the
observed softening at an irradiation fluence of 10
ion/cm? can be explained by the contribution to the
structural changes from the effects of more intense
accumulation of atomic displacements due to
higher values of ionization losses of Xe** ions
during interaction with nuclei.

Results of a comparative analysis of changes in
the maximum hardness values of the samples
depending on the value of atomic displacements
are presented in Figure 4a.

According to the presented comparative
analysis data, it is clear that the change in the
hardness of the near-surface damaged layer of ZrO,

— Al;0O;3 ceramic samples has a clear dependence on

the value of atomic displacements, which is
different for the two types of ions. In this case, we
can conclude that the most effective way to modify
the surface layer is irradiation with heavy Kr'>* and
Xe??* jons with fluences at which the value of
atomic displacements is no more than 3 dpa. At the
same time, for Kr'>* ions, this value is achieved at a
fluence of the order of 10> ion/cm?, while in the
case of irradiation with Xe??* ions, the achievement
of atomic displacements of the order of 3 dpa can
be achieved at fluences of the order of 5 — 6x10*
ion/cm?. It should also be noted that the use of
Xe?** ions with fluences below 10*° ion/cm? allows
modification of the damaged layer at a greater
depth (the depth of the modified layer in ZrO, —
Al,O3 ceramics when irradiated with Xe??* is about
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300 — 350 nm, taking into account diffusion
effects).

Figure 4b reveals the results of the hardening
(softening) value determined by comparative
analysis of the hardness values in the initial (non-
irradiated) state and the values obtained during
irradiation with different irradiation fluences. The
data is presented as a dependence of the change in
the hardening factor as a percentage on the
magnitude of atomic displacements, determined
from the data presented in Figure 2b-c. The results
presented in Figure 4b confirm the above
assumption about the influence of the magnitude
of atomic displacements on the strengthening of
the near-surface layer of ceramics, according to
which the most effective is irradiation with Xe2**
ions with fluences of 5 — 6x10'* ion/cm?.

Figure 5 demonstrates the results of
tribological tests of ZrO, — AlLO; ceramics
depending on the type of modification of the
surface layer (in the case of varying the type of ion
irradiation and irradiation fluence). The observed
changes in the dry friction coefficient in the initial
state when comparing the values for non-irradiated
and irradiated ceramics indicate that ionic
modification leads to a slight increase in the dry
friction coefficient (no more than 3 — 5 %), which
can be explained by the effects of changes in the
morphological features of the surface of ceramics
as a result of ion modification. As a rule, during
low-energy irradiation, a change in morphology is
caused by deformation extrusion of the damaged
volume in the near-surface layer onto the surface in
the form of hillock-like inclusions, which in turn can
lead to an increase in friction and resistance during
tribological tests.

The results of tribological tests revealed that
the main changes for ZrO, — Al,O3 ceramics in the
initial (non-irradiated) state are observed after
8000 — 10000 cycles, and consist in a sharp increase
in the dry friction coefficient, which indicates
surface degradation and a decline in wear
resistance. At the same time, for samples modified
with Kr'®* jons, irradiation fluence growth from 10
ion/cm? to 5x10' ion/cm? results in a decrease in
the trend in the dry friction coefficient value, which
indicates an increase in resistance to surface
degradation under mechanical influences, and in
the case of modification of fluences of 10*° ion/cm?,
in addition to reducing the trend of deterioration of
the dry friction coefficient, there is also an increase
in the number of test cycles in which changes in the
dry friction coefficient are within the measurement
error.

For ZrO, — Al,O3 ceramics modified with Xe??*

ions at fluences of 10 — 5x10'* jon/cm?, a similar
decrease in the trend of changes in the dry friction
coefficient is observed depending on the number of
test cycles. Moreover, it should be noted that with
an irradiation fluence of 5x10%* ion/cm?, and in the
case of irradiation with Kr'>* jons with an irradiation
fluence of 10'® ijon/cm?, an increase in surface
resistance to wear is observed over a greater
number of cycles than under other irradiation
conditions. At the same time, samples of ZrO, —
Al,O3 ceramics irradiated with Xe??* ions with a
fluence of 10%® ion/cm?, as in the case of hardness
determination, during tribological tests show a
negative trend due to the lower stability of the
ceramic surface associated with a destructive
change in structural properties at a high
concentration of atomic displacements.
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Figure 5 - Results of tribological tests of ZrO, — Al,O3
ceramics: a) when irradiated with Kr>* ions;
b) when irradiated with Xe?** ions

Figure 6 shows the results of the specific
volumetric wear of the surface of ZrO, — Al,O;
ceramics as a result of tribological tests,
determined based on changes in the dry friction
coefficient before and after cyclic tests.
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Figure 6 - Results of a comparative analysis of the specific volumetric wear of the surface of ZrO; — Al>Os
ceramics as a result of tribological tests
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Figure 7 - Results of experiments on thermal cycling of ceramics depending on irradiation conditions: a)

when irradiated with Kr®*

Analysis of the specific wear of the surface as a
result of tribological tests showed that ionic
modification with fluences of 10* —5x10%* ion/cm?
leads to an increase in wear resistance, which is
due to dislocation strengthening of the near-
surface layer. Moreover, in the case of samples of
ZrO, — Al,O3 ceramics irradiated with Kr*®* ions, the
reduction in the specific wear volume is more than
2 — 2.5 times compared to the original (non-
irradiated) ceramics, which indicates the high
prospects of using ion irradiation to increase the

ions; b) when irradiated with Xe??*

ions

strength and wear resistance of the ceramic
surface.

Figure 7 demonstrates the assessment results
of changes in the hardness of ZrO, — Al,O3 ceramics
as a result of thermal cycling at different test
temperatures (700, 1000 and 1200 °C) depending
on the number of test cycles.

As can be seen from the data presented, there
are practically no changes in hardness depending
on the number of thermal cycling cycles, there are
practically no significant changes at a temperature
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of 700 °C for all studied samples, regardless of the
type of ion exposure, which indicates a fairly high
resistance of ceramics to thermal shocks at this
temperature. It is worth to note that a slight
decrease after 4-5 test cycles at a given
temperature can be explained by a low degradation
degree of the surface layer, but this decrease is less
than 0.5 %, which is within the permissible error.
Growth in the temperature of thermal cycling tests
to 1000 — 1200 °C in the case of original (non-
irradiated) ceramics results in a decline in hardness
values after 2-3 test cycles and a sharp
deterioration in strength characteristics after 5 test
cycles. So, after 5 cycles of tests at a temperature
of 1200 °C for the initial samples, the decrease in
hardness is more than 20 %, which indicates
degradation of the resistance of ceramics to
mechanical stress. Moreover, in the case of ion
modification, a less pronounced trend of decrease
in hardness is observed during thermal cycling
tests, which indicates the positive effect of the
presence of a radiation-deformed layer, which
prevents oxidation processes of the surface layer as
a result of temperature changes, as well as during
interaction with the atmosphere in the case of
rapid removal of samples from the furnace
chamber into the air.

Figure 8 shows the results of a comparative
analysis of changes in the softening degree of
ceramics in the original (non-irradiated) and
irradiated ceramics, reflecting a decrease in the
stability of the strength properties of ceramics with
changes in thermal cycling conditions (with an
increase in the number of cycles and temperature).
The softening degree was assessed by comparing
the hardness values of the ceramics in the initial
state (before thermal cycling) with the hardness
value after each test cycle.

As can be seen from the results of the degree of
softening to thermal cycling processes and the
accompanying oxidation processes of the surface
layer when interacting with air, ceramics are least
resistant to high-temperature thermal shocks at
1200 °C, at which successive thermal cycling leads
to accelerated degradation of the hardness of the
surface layer. In the case of modified ceramics, the
decrease in hardness after 5 consecutive cycles of
thermal cycling at temperatures of 1000 °C and
1200 °C is about 2-5 % (with the exception of
ceramic samples irradiated with Xe?** ions), which
indicates fairly high resistance of ceramics to
external influences and thermal shocks that may
occur during operation.
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Conclusions

The paper presents the assessment results of
the influence of low-energy ion irradiation (with
Kr'>* and Xe2?* ions) on changes in the near-surface
layer of composite ZrO, — Al,Os ceramics, which
have great prospects for use as structural materials
capable of withstanding high temperatures and
large mechanical loads during operation. The
method of low-energy ion irradiation with Kr'>* and
Xe??* ions with energies of 300 and 440 keV and
irradiation fluences from 10* to 10*° ion/cm? was
chosen as a method for modification of the near-
surface layer. The choice of ions for irradiation is
determined by the possibility of carrying out
targeted modification of a near-surface layer with a
thickness of about 200 — 250 nm.

During the studies, it was found that the use of
Xe??* jons with fluences below 10*° ion/cm? makes
it possible to modify the surface layer at greater
depths. The depth of the modified layer in ZrO, —
Al,03 ceramics when irradiated with Xe?** is about
300 — 350 nm, taking into account diffusion effects,
while when irradiated with Kr'>* ions, the thickness
of the modified layer is no more than 300 nm.

The results of tribological tests showed that for
unmodified ZrO, — Al,0O3 ceramics, a decrease in
wear resistance appears after 8000 — 10000 cycles,
while for ceramics modified with Kr'** ions, an
elevation in irradiation fluence from 10 ion/cm? to
5x10' ion/cm? results in a decrease in the trend in
the value of the dry friction coefficient, which
indicates an increase in resistance to surface
degradation under mechanical influences. It should
also be noted that in the case of modification of
fluences of 10% ion/cm?, in addition to reducing the

trend of deterioration of the dry friction coefficient,
there is also an increase in the number of test
cycles in which changes in the dry friction
coefficient are within the measurement error.

The results of thermal cycling (determining
resistance to thermal shock) revealed that
modification by ion irradiation results in a rise in
degradation resistance and a reduction in hardness.
Moreover, in the case of an exposure temperature
of 700 °C, no changes in hardness are observed
during cyclic tests, which indicates the high
resistance of ceramics to external influences at this
temperature regime.
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TYWIHAEME

MarHeTpoH/bI WALLbIPATY KaHEe MeXaHWKanblK MHAYKUMUANAHFAH AedOopMaLUAnbIK 3Cep CUAKTHI
dficTepMeH KaTap maTepuangapablH, 6eTki KabaTTapbiHbiH, GepikTiKk KacueTTepiH MaKkcaTTbl
e3repTyfiH, MNepcnekTuBanbl aaicTepiHiH, 6ipi WoHabl MoguduKauuanay agictepi 6onbin
Tabblnagbl 3epTTeyaiH ocbl 6aFbITbIHA KbI3bIFYLUbIIbIK, €H, anabiMeH, MaTepuanaapablH, CbipTKbl
MEXaHUKanblK aHe TemTepaTypanblK acepnepre TO3iMAININH apTTbipy, COHbIMEH KaTap
©HepKacinTe naiganaHy, MeTannyprisa canacbl MeH peakTop Kacayda Y/KEH nepcnekT1sanapbl
6ap 6any 6anKUTbIH KEpaMUKanapapblH TO3yFa TE3IMAINIMIH apTTblpy MYMKIHAIriMeH 6ainaHbICTbI.
Byn kymbicta 6eTTik  KabaTra CbIpTKbl acepre Te3imginiri Kofapbl  pagvaLUANbIK
moanouKkaumanaHFaH Kabat Kypy makcatbiHaa ZrOz — Al:Os KepamwuKacbiHbIH, 6eTki KabaTbiH
sHepruacol 300 kaHe 440 keB TemeH aHepruanbl Krl5+ aHe Xe22+ noHAApbIMeH cayneneHaipy
APKbl/Ibl MOHABI MOAMbUKaUMANAY dAICIH KONAAHY MYMKIHAITH 6aFanay HaTUXKeNepi yCbiHbINFAH.
yprisinreH 3epTreynep 6apbicbiHaa Xe??* MoHaapbl ywiH 10 - 5x10% moH/cm? xaHe Kris*
noHZapbl ywin 105 noH/cm? doeHcimeH cayneneHaipy 6eTki KabatTbl MoanduKaumanayapiH,
OHTalnbl WapTTapbl 6o0nbin TabblNaTbiHbl aHbIKTaNAbl, HITWXKeciHAe cayneneHaipinmerex
KepamunKanapmeH canbiCTbipFaHaa, To3yFa Te3imainik 2.0 - 2.5 ece apTTbl aHe 6epikTiK 15 - 20%-
fa feWiH Kylwenai.

TyiiiHOi ce30ep: HepikTeHy, MOHAbIK MOAUDUKALMA, KATTbIAbIK NeH TO3yfa Te3IMAINIKTI apTTbipy,
ZrO; — Al,03 KepamunKanapbl, TOMEH 3HEPrUAbl MOHAAP.
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AHHOTALUMUA

Mcnonb3oBaHWe MeToA0B MOHHOM MOAUPUKALMM ABNAETCA OAHUM U3 NEPCNEKTUBHbIM METOA0B
HanpaB/IeHHOTO M3MEHEHUA MPOYHOCTHbIX CBOWCTB MPUMOBEPXHOCTHLIX CAOEB MaTepuasnos
HapaBHe C TaKUMW MEeTOAAMU KaK MarHEeTPOHHOE HamblIEHWE N MEXaHUYECKM MHAYLMPOBaHHOE
AedopmaumoHHoe Bosgelicteue. MHTepec K JaHHOMY HanpasieHWIo UccaeaoBaHnii obycnosneH
B MNepByl0 oyepefb BO3MOMKHOCTbIO TMOBbIWEHUA YCTOMYMBOCTM MATEpPManoB K BHELWHUM
MeXaHWYeCKUM W TepMUYECKUM BO3LAENCTBUAM, a TaKKe YBEAMYEHUIO W3HOCOCTOMKOCTU
TYronnaBkMx Kepamuk, obnagatowmx 60oAbWMMKW  NepcnekTMBamuM B MPOMbILLAEHHOM
MCNONb30BaHNUU W METaNNypruv U PeakTopocTpoeHun. B agaHHOW paboTe npeacTaBneHbl
pe3ynbTaTbl OLEHKM BO3MOXKHOCTM MPUMEHEHUA MeToAa WOHHOW MoguduKaumm nytem
06/1yyeHna NpunoBepxHocTHoro cnos ZrO; — Al,Os3 KepamuK HWU3KO3IHEPreTUYeCKMMM MOHaMM
Kr*>* u Xe??* ¢ sHepruamu 300 u 440 K3B C uUenblo CO34aHMA B NPUNOBEPXHOCTHOM C/loe
paguaumoHHO-MoaUPULIMPOBAHHOIO cnos, 061a4at0LWErO BbICOKOW YCTOMYMBOCTBIO K BHELHUM
BO3ZeNcTBMAM. B Xxoae npoBeAeHHbIX MCCNefoBaHU bbino ycTaHOB/EHO, YTo obayyeHue C
dnoeHcamm 10 - 5x10™ noH/cm? ans noHos Xe??* n 10*° noH/cm? ans noHos Kri>* asnstorca
ONTUMANbHBIMU YCAOBUAMM MOAUDUKALMM MPUNOBEPXHOCTHOTO C/I0A, B pesysibTaTe KOTOPbIX
HabnopaeTcA yBennyeHne nsHococtorkoct B 2.0 — 2.5 pasa v ynpoyHeHue 6onee yem Ha 15 —
20 % no cpaBHEHUIO ¢ HEO6YYEHHBIMU KEPAMUKAMMU.

Knovyeeble cnoea: ynpouyHeHWe, WOHHAA MOAMOWMKALMA, MOBblleHWe TBEPAOCTU U
M3HococTonkoctH, ZrO; — Al,Os KepaMMKKN, HU3KOIHEPreTUYecKne NoHbI.
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ABSTRACT

Epoxy resins are among the most commonly used materials for anticorrosion applications due to
their excellent adhesion, mechanical strength, and chemical resistance. However, conventional
epoxy coatings face significant limitations in providing durable, long-term protection, especially
under harsh environmental conditions. As a result, extensive research has been conducted
worldwide to enhance the anticorrosion performance of epoxy coatings. This review summarizes
the latest advancements in the field, categorizing current developments into three primary
approaches: modification of the epoxy resin structure, incorporation of functional fillers, and the
development of multifunctional composite coatings. Structural modifications focus on improving
the intrinsic properties of epoxy resins to enhance their barrier effect. The inclusion of functional
fillers introduces additional protective mechanisms, including self-healing, superhydrophobicity
and corrosion inhibition. Multifunctional composite coatings combine the benefits of several
approaches, integrating advanced materials and techniques to achieve high performance. By
analyzing recent studies and innovations, this review highlights the strengths of each approach,
providing insights into future directions for developing high-performance epoxy-based anti-
corrosion coatings.

Keywords: composites, epoxy resin, anticorrosive coating, corrosion, corrosion inhibition, anti-
corrosion protection.
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Introduction

functioning, and eventually large financial losses. A
study by the National Association of Corrosion

The introduction shall be of the significance of
the article and its objective. Delete this sentence and
paste your introduction preserving this format.

A natural process known as corrosion occurs
when metal interacts with environmental elements
including oxygen, moisture, and chemical agents.
This results in structural deterioration, loss of

Engineers (NACE) estimates that the yearly cost of
corrosion worldwide exceeds $2.5 trillion, or around
3-4% of the world's gross domestic product [1]. Due
to the extremely corrosive conditions that are
present during the extraction and transportation of
hydrocarbons, the oil and gas industry, for example,
suffers significant corrosion-related damage to pipes
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and infrastructure. Likewise, offshore platforms and
marine boats are particularly vulnerable to corrosion
brought on by saltwater, which speeds up the rate
of metal deterioration [2]. Especially in the
petroleum industry, corrosion poses a safety risk and
results in significant financial losses [3]. The
hardened mixture's structure is destroyed by both
internal and external forces acting on concrete and
the depletion of quality attributes like density,
strength, and so forth.

Anticorrosion coatings have been used
extensively to address these problems as an
affordable way to shield metal surfaces from
deterioration, increasing longevity and preserving
the structural soundness of important parts.
Corrosive substances like oxygen, water, and salts
are kept from coming into direct contact with the
metal substrate by these coatings, which serve as a
physical and chemical barrier. Epoxy resins stand out
as one of the most adaptable and efficient choices
among the variety of materials used in anticorrosion
coatings [3]. Epichlorohydrin reacts with bisphenol-
A or other phenolic chemicals to form epoxy resins,
which are thermosetting polymers. Epoxy resins, or
ERs, are a unique class of organic macromolecules
with a wide range of industrial applications.
Compared to basic organic corrosion inhibitors, ERs
offer superior surface coverage and anticorrosive
properties due to their macromolecular nature.
During metal-inhibitor interactions, the polar
functional groups on the periphery of ERs serve as
adsorption sites. Particularly for carbon steel in
acidic and sodium chloride (3% and 3.5%) solutions,
a few ERs in their pure and cured forms have been
employed as anti-corrosive coating materials. Most
of the ER’s function as mixed-type and interface
corrosion inhibitors [4].

The anticorrosive properties and adsorption
behaviours of ERs on metallic surfaces have been
demonstrated through a variety of computer
simulations. Since most ERs are not very soluble,
they work best as coating materials for anticorrosive
applications. A review of the literature revealed that
numerous ER-based coatings are developed and
successfully employed for carbon steel and
aluminium in brine solution . They are especially
good at shielding metal surfaces from corrosion
because of their remarkable gualities, which include
great mechanical strength, superior adherence to
metal surfaces, superior chemical resistance, and
thermal stability [5]. They are especially good at
shielding metal surfaces from harsh external
elements because of their remarkable qualities,

which include great mechanical strength, strong
chemical resistance, excellent adherence to metal
surfaces, and thermal stability [6]. Epoxy coatings
are widely used in industrial applications because
they form a tight bond with substrates, which lowers
the risk of delamination and corrosion undercutting.
Their efficacy in reducing corrosion-related damage
is further enhanced by their low permeability to
oxygen and moisture. Because of their high degree
of cross-linking, these resins are stiff and impervious
to deterioration in the environment [7].

Benefits of epoxy resins

Epoxy resins, as thermoset polymers, have
distinct manufacturing properties such as low
pressure, minimal cure shrinkage, and low residual
stresses, allowing the creation of precise and
durable products. These resins can be used at a wide
temperature range by adjusting the cross-linking
levels with appropriate curing agents. They are
suitable for electrical insulation, surface coatings,
engineered composites, and structural adhesives,
and are available in both low-viscosity liquid and
powder forms. Furthermore, their efficient
manufacturing processes contribute to faster
production and lower industrial costs, making them

highly practical in various industries [8].
In terms of mechanical properties, epoxy resins

offer modified fatigue resistance and mechanical
strength, as well as superior chemical and heat
resistance. These properties are due to their
thermosetting polymer nature, which occurs when
polyoxides react with hardeners. Their structural
integrity allows them to endure severe chemicals,
high temperatures, and mechanical strain, making
them indispensable for applications that require
durable and robust materials. Further, epoxy resins
also have excellent chemical resistance, which
increases their adaptability to a wide range of
industries, including maritime, construction, and
automotive. Their ability to form strong protective
layers results in excellent bonding with substrates
such as concrete, wood, and metals. This makes
them ideal for waterproofing, protecting surfaces,

and extending the life of materials. Epoxy
composites, known for their strength and
lightweight characteristics, support advanced

manufacturing processes, while epoxy coatings
effectively combat corrosion and maintain the
integrity of metal surfaces [[9], [10]].

One major advantage of epoxy resins is their
ability to improve the mechanical properties of
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materials used in industrial manufacturing. Epoxy
resins help to produce goods that can withstand
harsh industrial conditions by increasing their
strength, resilience, and overall performance. Their
role includes reinforcing concrete structures,
creating high- performance components, and
ensuring the dependability and durability of
industrial products [[8], [9]]. Another significant
advantage of epoxy resins is their ability to address
environmental concerns while still providing
exceptional performance. These resins have
superior mechanical and thermal resistance because
they contain cross-linking co-reactants such as
polyfunctional amines and acids. Their durability and
efficiency make them ideal for applications such as
metal coatings and composites. Researchers are
developing sustainable alternatives to replace
harmful chemicals in epoxy resins, contributing to
greener industrial practices [10]. Main advantages of
epoxy resins demonstrated in Figure 1.

In recent years, there has been a significant
increase in the number of works related to
anticorrosive epoxy coatings and composites. The
current development of anti-corrosion epoxy
coatings can be grouped into 3 main approaches:
epoxy composites based on nanofillers, epoxy
structure  modifications, and multifunctional
coatings (Figure 2). Enhancing the corrosion
resistance of coatings is achieved by barrier or
sacrificial protection or corrosion inhibition [11].

Epoxy composites and systems

One of the common and most affordable
methods for improving the anticorrosive properties
of epoxy coatings is the introduction of modified
mineral nanofillers. Surface modification of the
nanoparticles makes them stable and provides a
high degree of dispersion, which prevents their
aggregation caused by high specific surface area and
surface energy [12]. Such nanoparticles are evenly
distributed in the coating matrix, reducing its
porosity, closing microcracks decreasing coating
affinity with corrosion medium, and significantly

increasing corrosion resistance. Ou et al. [13]
conducted  surface  modification of TiO;
nanoparticles by toluene diisocyanate (TDI). The TDI
molecules were covalently bonded to the
nanoparticle surface, significantly enhancing their
dispersibility in toluene. This functionalization
approach effectively mitigated the agglomeration
tendency of TiO, nanoparticles, ensuring a more
stable dispersion. In a separate study by Situ et al.
[14], polyaniline-titanium  nitride  (PANI-TiN)
nanocomposites were developed through a low-
temperature chemical oxidation polymerization
process. Adding TiN nanoparticles to PANI nanorods
minimized their tendency to aggregate and
improved their uniform distribution in the epoxy
matrix. The resulting PANI-TiN/epoxy coatings
demonstrated significantly enhanced corrosion
protection, with impedance modulus values
increasing by 115 times compared to pure epoxy
coatings after two days of exposure to a 3.5 wt.%
NaCl solution. This improvement was primarily due
to the combined effects of PANI's passivation
properties and creating winding paths by TiN
nanoparticles for the electrolyte, slowing down the
corrosion process and increasing the durability of
the coating. In a study by Jlassi et al. [15], magnetite-
clay nanocomposites modified with polyaniline
(PANI) and diazonium salts (B-DPA-PANI@Fe30,)
were synthesized and integrated into epoxy
coatings. The inclusion of 3 wt.% of these fillers
significantly enhanced the anticorrosion
performance, increasing the charge transfer
resistance up to 110 x 10® Q-cm? compared to 0.35
x 10® Q-cm? for pure epoxy. This improvement was
attributed to the uniform dispersion of the
nanofillers, reduced coating porosity, and the
synergistic interaction between the filler and the
epoxy matrix, which decreased the penetration of
chloride ions in a corrosive environments.

A large number of studies are devoted to the use
of graphene to improve coating properties.
Graphene, being a two-dimensional nanomaterial,
consists of a single layer of atoms and has
exceptional barrier properties that prevent the
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penetration of almost any molecules or ion. Even
small additions of graphene to the coating
composition can significantly improve its physical
characteristics and enhance protection from
aggressive media [16]. In [17], the corrosion
behavior of epoxy coatings reinforced with reduced
graphene oxide (RGO) on N80 steel was studied
under conditions of high salinity (10% NaCl) and a
temperature of 80 °C. Coatings with different RGO
content (0%, 0.5%, 1%, 2% and 4%) were
characterized by SEM, EIS, and Tafel polarization
methods. It was found that the addition of RGO
reduces the number and size of pores in the coating,
improves its adhesion and strength. The coating with
1% RGO showed the best anticorrosive properties,
at which the charge transfer resistance (Rct) reached
17x10° Q-cm2, while with an increase in the RGO
content above 2%, particle aggregation and
deterioration of protective properties were
observed. In [18], the effect of an ionic liquid based
on 1-butyl-3-methylimidazolium chloride (BMIM-CI)
on the dispersion of graphene oxide (GO) in epoxy
resin and the anticorrosive properties of the
obtained composites was investigated. The results
showed that the adsorption of BMIM-CI on the GO
surface improved the compatibility of nanoparticles
with the epoxy matrix, preventing aggregation.
Coatings with GO-BMIM demonstrated higher
protective properties compared to pure epoxy resin,
which was confirmed by EIS, salt spraying and
polarization methods. The best barrier effect was
achieved with a GO-BMIM content of 0.12%.

It can be functionalized to reduce the
aggregation of graphene particles. Ziat et al. [19]

dispersed single-layer graphene in pure ethanol, and
then created nanocomposites based on epoxy resin
with a graphene content of 2 wt.% using the in-situ
polymerization  method. The functionalized
graphene in the coating showed excellent
dispersibility. Potentiodynamic polarization and
electrochemical impedance spectroscopy have
confirmed a significant improvement in the
corrosion resistance of the coating on the copper
substrate in a NaCl solution with a concentration of
3%. Scanning electron microscopy (SEM) analysis
confirmed the effectiveness of the coating as a
barrier, and measurements of the wetting angle
indicated the hydrophobic properties of the coating,
emphasizing its high mechanical strength and
barrier characteristics.

Xie et al. [20], in turn, modified graphene oxide
(GO) with polyacrylate using radical
copolymerization technology. First, the GO surface
was treated with silane (KH-570) to create active
centers, then polymerization of acrylate monomers
was performed in the presence of an initiator (AIBN)
at 80 °C. This improved the dispersibility of GO in the
epoxy matrix and the interaction at the interface,
which was confirmed by scanning electron
microscopy. The coatings obtained demonstrated a
noticeable increase in anticorrosive properties.

The so-called superhydrophobic surfaces have
recently gained particular interest. Such coatings are
determined by their ability to minimize interaction
with water: the water contact angle (WCA) on their
surface exceeds 150°, and the rolling angle (RA) is
less than 10°. This gives the coatings unique
properties such as self-cleaning, water resistance,
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and anti-icing, resulting in a wide range of

applications potential in various fields [[21], [22]].
Superhydrophobic coatings based on epoxy

resins have been developed. A superhydrophobic

coating [23] based on hydrophobic silica
nanoparticles modified with paraffin  wax
synthesized by alkaline hydrolysis of silane

precursors such as y-aminopropyltriethoxysilane
(APS) and tetraethoxysilane (TEOS) in the presence
of paraffin wax was developed. The resulting

nanoparticles were incorporated into epoxy
matrices, with a 1 wt% of the modified
nanoparticles coating demonstrating improved

dispersing of nanoparticles in epoxy coatings and
anticorrosive properties, withstanding up to 1,500
hours in a salt mist. In addition, the water-wetting
angles reached 100-110° when blended with 3Wt%
of nanoparticles, which confirms their
hydrophobicity. These results confirm that the
modification of silica with paraffin wax increases
corrosion resistance, improves mechanical
properties, and reduces the wettability of coatings.
In another work [24], a superhydrophobic coating
based on epoxy resin was created using modified
TiO, and ZnO nanoparticles synthesized using the
"one pot" method. The process involved the
preliminary modification of nanoparticles, and then
their mixing with epoxy resin cured with HHPA
hardener in a ratio of 5:3 by weight. The finished
coating had a wetting angle of up to 155.6° and
demonstrated high resistance to corrosion and
abrasives. Additionally, experiments have shown
that the degree of crosslinking of the epoxy matrix
and adhesion to the metal substrate plays a key role
in increasing the service life of the coating.

In the study [25], a superhydrophobic coating
was developed by incorporating modified sepiolite
powder into pure epoxy resin. The coating
demonstrated improved corrosion resistance
compared to pure epoxy, with a contact angle of
154.6° and a sliding angle of 3° when 5 wt% of the
modified powder was added. Characterization
techniques, including CA, SEM, FT-IR, and XRD,
revealed its enhanced wettability and composition.
Corrosion tests using EIS, salt-spray, and SKP
confirmed that the composite coating effectively
restricted corrosion in damaged regions, delaying
substrate degradation and significantly enhancing

corrosion protection.
In order to increase long-term corrosion

protection, self-healing coatings or coatings with
corrosion inhibitors can be used. The principle of the
first type of coatings is their ability to restore
integrity and anti-corrosion properties after

damage. This is achieved either by releasing
encapsulated active substances that react with the
damaged surface and form a protective layer or by
reactions triggered by external factors such as
temperature or light [[26], [27]]. As for inhibitory
protection, its essence lies in the release of
inhibitory compounds from the coating matrix into
damaged areas, which slows down or prevents
corrosion processes [28].

Attaei et al. [29] developed a self-healing epoxy
coating with microcapsules containing isophorone
diisocyanate (IPDI). Microcapsules were synthesized
by interphase polymerization in oil-in-water
emulsions, ensuring their thermochemical stability
and a diameter of 5-20 microns. Experiments using
EIS, SVET, and LEIS have shown that when the
capsule coating is damaged, IPDI is released, which
forms a polymer layer that effectively suppresses
corrosion. The destroyed microcapsules promote
polymerization, restoring the protective properties
of the coating. A similar study on self-healing
coatings by microcapsules is presented in [30]. In
another study [31], N-isopropylacrylamide-co-
vinyltrimetho-xysilane (NIPAM-VTS) was used as a
self-healing agent, with hydrolyzed microgel
combined with tetraethoxysilane (TEQS) and 3-
aminopropyltriethoxysilane (APTS) to create amino-
functionalized smart silica composites and
nanoparticles.

The direct addition of corrosion inhibitors to
epoxy coatings often results in limited long-term
protection and can negatively impact the coating's
performance, causing issues such as blistering,
reduced corrosion resistance, and weakened
mechanical properties [32]. To overcome these
drawbacks, an effective alternative approach
involves incorporating inhibitors into micro- or
nanostructures, which encapsulate or fix the
inhibitors within the epoxy resin system, thereby
avoiding harm to the coating's overall performance
[33].

Structural Modifications of
Epoxy Resins

As mentioned above, basic epoxy coatings are
not capable of providing long-term corrosion
protection. This is due to their limited mechanical
and barrier properties, which deteriorate under the
influence of aggressive environmental factors.
Therefore, the approach discussed below aims to
increase the wear resistance and corrosion
resistance of epoxy coatings by developing new
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formulations or synthesizing epoxy resins with
different molecular structures. In one study, Dagdag
et al. [34] formulated a novel epoxy resin coating
(TGEDA-MDA) by curing tetraglycidyl ether of
diaminodiphenylmethane (TGEDA) with methylene
dianiline (MDA). This coating demonstrated a
protective efficiency of approximately 93% in a 3

wit% NacCl solution, as  confirmed by
potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS).

Additionally, computational modeling revealed the
strong adhesion of TGEDA-MDA to carbon steel
surfaces, forming a stable and effective protective
layer. In another study [35], the same group
developed a macromolecular epoxy coating
(DGEDDS-MDA) based on bisphenol S diglycidyl
ether (DGEDDS) cured with methylene dianiline. This
molecular structure, rich in hydroxyl and amino
groups, enhances adsorption of corrosive
substances such as water and chloride ions. Even
after 180 days of exposure to ultraviolet radiation,
the coating exhibited high durability, with an
impedance value of 2.12 kQ cm? indicating

sustained protective performance.
Researchers [36] studied the effect of curing

agents with different molecular structures—
diethylenetriamine (DETA), isophorone diamine
(IPDA), and m-phenylenediamine (m-PDA)—on the
tribological and anticorrosion properties of epoxy
coatings. The molecular structure of these curing
agents significantly influenced the cross-linking
network and internal structure of the coatings,
impacting their performance. Electrochemical tests
in 3.5 wt% sodium chloride solution demonstrated
that IPDA-cured coatings exhibited the best
corrosion resistance due to their compact structure,
which effectively blocked corrosive agents. In
contrast, m-PDA-cured coatings showed the poorest
performance, attributed to a looser internal
structure that allowed easier penetration of the

corrosive medium. _
In recent years, there has been a growing

demand for bio-based epoxy resins as sustainable
alternatives to petroleum-based counterparts. This
shift is driven by concerns over the depletion of
fossil fuel resources, greenhouse gas emissions, and
the toxicological impacts of conventional materials
like bisphenol A (BPA), which is widely used in epoxy
resins [37]. The itaconic acid-based epoxy resin (EIA)
synthesized by Ma et al. [38] through an
esterification reaction between itaconic acid and
epichlorohydrin, yielding a resin with a high epoxy
value of 0.625 and excellent curing reactivity. When
cured with methyl hexahydrophthalic anhydride

(MHHPA), EIA demonstrated superior thermal and
mechanical properties, including a glass transition
temperature of 130.4 °C and a tensile strength of
87.5 MPa, comparable to or exceeding traditional
diglycidyl ether of bisphenol A (DGEBA) resins.
Furthermore, the properties of EIA were enhanced
by incorporating comonomers such as divinyl
benzene (DVB) and acrylated epoxidized soybean oil
(AESO), underscoring its potential as a sustainable
replacement for petroleum-based thermosetting
resins.

A bio-based epoxy resin synthesized from
cashew nutshell liquid was developed for a one-
component anticorrosive coating using a solvent-
free process with in situ generated performic acid
[39]. The curing behavior of the epoxy-phenol
system with 1-methylimidazole (1-MIM) as an
accelerator demonstrated efficient catalysis with
only 5% by weight of 1-MIM, achieving a curing
temperature of 150 °C. The coating exhibited high
crosslink density, thermal stability (decomposition
at 200 °C), and a glass transition temperature of 30
°C. Electrochemical impedance spectroscopy, along
with adhesion and visual assessments, confirmed its
excellent anticorrosive performance under salt
spray and immersion in 3.5% NaCl solution. The
material also maintained high adhesive strength and
low delamination during humidity exposure tests.
These results highlight the potential of this bio-
based epoxy coating for corrosion protection
applications.

Multifunctional composite coating

Epoxy resin coatings relying on a single
anticorrosion approach often fall short in addressing
the challenges posed by complex real-world
conditions. The development of materials that
integrate multiple protective approaches offers
innovative  opportunities to enhance the
effectiveness and durability of epoxy coatings in
practical applications. Dagdag et al. [40] developed
an anticorrosive epoxy coating by synthesizing
DGEDDS with epichlorohydrin, 4,4'-dihydroxy
diphenyl sulfone, and sodium hydroxide, using 4,4'-
methylene dianiline (MDA) as a hardener and zinc
phosphate tetrahydrate (ZPH) as an anticorrosion
pigment, resulting in a highly stable and corrosion-
resistant coating. Liang et al. [41] developed
nanocomposite epoxy coatings by incorporating 5%
nano-Al through a two-stage process, ensuring high
concentration and low viscosity. The nano-Al
particles initially corrode to protect the substrate
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and subsequently form aluminum oxide and
hydroxide, which act as barriers to prevent the
penetration of corrosive liquids. Characterization
through immersion, salt spray tests, and EIS
confirmed a significant improvement in the coating's
corrosion resistance. In the study by Lakouraj et al.
[42], a high-performance epoxy resin was developed
by curing diglycidyl ether of bisphenol-A (DGEBA)
with diaminoxanthone (DAX) and incorporating
functionalized Fe304 nanoparticles. Corrosion
resistance  tests, including potentiodynamic
polarization and immersion in HCl solution, showed
that the addition of 10% Fe304 nanoparticles

significantly enhanced the anticorrosion
performance compared to the neat DGEBA/DAX
system.

In one study [43], a-Fe203@TA@GO

composites were prepared by modifying mica iron
oxide with tannic acid and graphene oxide and then
incorporating them into an epoxy-acrylic resin. This
hybrid system significantly improved corrosion
resistance, achieving a low corrosion current density
of 1.459 pA/cm? and a high charge transfer
resistance of 14,350 Q-cm?. The addition of 5 wt% of
the composite provided optimal performance,
showcasing excellent compatibility and improved
dispersion stability. In another study [44], epoxy
resins were combined with functionalized materials,
and similar  processes involving  surface
modifications and composite incorporation were
employed. The results indicated enhanced
mechanical strength, thermal stability, and
anticorrosion  properties, demonstrating the
potential of hybrid systems to overcome the
inherent limitations of pure epoxy coatings.

Advancement of epoxy resin as
anticorrosion coatings

Over the years, the field of epoxy resins has
continuously evolved due to their unique properties
such as high mechanical strength, temperature and
solvent resistance, and strong adhesion to metals
and composites. These developments have made
epoxy resins crucial across aerospace, automotive,
construction, and  biomedical applications.
Supplementing these commercial coatings are some
of the newer developments such as the
incorporation of nanomaterials into epoxy-based
nanocomposite coatings to design coatings with a
combination of unique properties of both epoxy and
nanomaterials, providing a new range of advanced
coatings with enhanced functionalities.

The development of superhydrophobic epoxy-
based nanocomposite coatings; however, is a game-
changer in this aspect, as they exhibit exceptional
wetting resistance, chemical stability, and
mechanical robustness. Incorporation of
nanomaterials, such as silica nanoparticles, carbon
nanotubes, and graphene, further enhances the
properties of these coatings, resulting in high-
performance coatings for applications such as anti-
corrosion and self-cleaning surface [[45], [46]]. As
epoxy is comparatively strong, durable and can bond
with any material such as metal and glass, it is being
used as a matrix material in these nanocomposites.
These coatings show super hydrophobicity with
water contact angles over 150° and very high
corrosion and mechanical stress resistance and are
very effective in extreme environments such as
aerospace and marine industries [47]. In addition to
performance enhancements, the establishment of
superhydrophobic coatings matches sustainability
objectives. Researchers are developing eco-friendly
formulations to replace volatile organic compounds
(VOCs), substances that have a negative
environmental impact. This trend is part of a larger
paradigm shift in materials science, to create smart
materials that are high- performing but responsible
at the same time [48].

Furthermore, the introduction of nanomaterials
such as silica nanoparticles and graphene into epoxy
resins has made considerable contributions to their
corrosion resistance, hydrophobicity, and
mechanical properties. By mimicking the
arrangement of hydrophobic structures found in
nature (e.g. lotus leaves), such nanocomposites
repel water as well as prevent the buildup of
corrosive agents on the composite surface, while
also enabling other properties for example self-
cleaning ability [[48], [49]]. These advanced coatings
are usually made by spray coating, drop-coating and
3D bioprinting [45], while spray coating has received
the most attention for large-scale usage.
Additionally,  continuous  developments in
environmentally friendly formulations are rendering
these coatings sustainable, maintaining high
performance and low environmental impacts [50].
These developments not only enhance the durability
and effectiveness of epoxy coatings but also
establish them as a cornerstone in modern industrial
applications, ensuring long-term protection and
sustainability.

The molecular weight of epoxy oligomers has a
noticeable effect on the anti-corrosion properties of
coatings [[51], [52], [53], [54], [55], [56]]. Low
molecular-weight epoxy resins provide a higher
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density of crosslinks, thereby reducing free volume
and segmental mobility, which makes it more
difficult for corrosive molecules to penetrate the
coating. However, excessive crosslink density can
lead to the formation of microcracks and pores in
the coating, compromising its protective
performance [[52], [55], [56], [57], [58], [59]]. In
contrast, high molecular-weight epoxy resins, with
their higher hydroxyl functionality, offer improved
wetting and adhesion to metal substrates but result
in coatings with lower crosslink density. This reduces
hardness and chemical resistance while enhancing
flexibility and impact resistance. Therefore,
optimizing the molecular weight of epoxy resins
requires balancing the desired protective properties
with mechanical and structural integrity.

Conclusions

In summary, epoxy resin coatings have
established themselves as a reliable method of
preventing corrosion in a wide range of sectors, such
as the infrastructure, marine, and oil and gas
industries. They are extremely effective at
protecting metal surfaces from the damaging effects
of oxygen, water, and salts as the main causes of
corrosion due to their exceptional mechanical
strength, chemical resistance, and superior
adhesion. The performance of epoxy- based coatings
has been greatly improved by developments,
especially the addition of nanomaterials like carbon
nanotubes, graphene, and silica nanoparticles. Even
in the harshest conditions, these developments have
increased the coatings' lifespan in addition to
improving their hydrophobicity and durability.
Epoxy resins cross-linked molecular structure adds
to their durability by making them resistant to
physical and chemical stresses like impact and
abrasion. Additionally, a major advancement in
water repellence and maintenance ease has been
the development of superhydrophobic qualities. The
continuous transition to more environmentally

friendly formulations, which seek to lessen the
environmental impact while preserving peak
performance levels, complements this
development. The future of protective coatings is
being reshaped by epoxy-based anticorrosion
coatings, particularly those enhanced with
nanocomposites, in a variety of demanding
industries, including automotive and aerospace.
These coatings provide an economical and
environmentally friendly way to combat corrosion,
greatly lowering maintenance expenses while
boosting the dependability and safety of vital
infrastructure. Epoxy coatings are expected to
become even more important in maintaining the
longevity and integrity of industrial assets for many
years to come because of ongoing advances in
material science.
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INOKCUATI Waiblpnap Tamalla aaresvsacbl, MEXaHUKaNbIK BEPIKTIr KaHe XMMUANbIK Te3imainiri
apKacbiH4A KOppo3uaFa Kapcbl KONZAHyAa eH, Ken naijanaHbinatblH maTepuangapabiy, 6ipi
6onbin Tabbinaabl. Anaiiga, A3CTYPAi INOKCUATI KabblHAAp arpeccuBTi OpTa XafAanapblHAa y3aK
Mep3imAj XKaHe ceHimai KopfayAbl KamTamacbl3 eTyae alTapibiKTai wekTeynepre ne. OcbifaH
6ainaHbIcTbl, BYyKin anemae 3MNOKCUMATI KabblHAAPAbIH, KOpPPO3WAfa Kapcbl KacuUeTTepiH
KaKcapTyfa bafblTTanfaH ayKbIMAbl 3epTTeyNep XKyprisinyae. byn wonyaa ocbl canagafbl COHfb
JKETICTIKTEP XKMHAKTaNbIN, ylW Herisri 6afbiTka 6eniHAi: aNoKecuATi Wwaliblp KypblbIMbIH ©3repTy,
bYHKUMOHANAb! TONTBIPFLILITAPAbI KOCY KaHe KendyHKUMOHanAbl KOMMNO3UTTIK XabbiHaapabl
a3ipsiey. Kypbinbimapl ©3repTy SMOKCUATI WaiblpaapablH, TOCKAYbINAbIK SCEPIH KaKcapTy YLiH
ON1apAblH iLKi KacueTTepiH XxeTingipyre 6afbiTTanfaH. PyHKUMOHANAbI TONTIPFLILLTAPAbI KONAAHY
©3iH-e3i KannblHa KenTipy, cynepruapodobTbiK KacueTTep KaHe KOPPO3UAHbI Texey CUAKTbI
KOCbIMLUA KOPFaHbIC MexaHW3mAepiH KamTamacbis eTegi. KendyHKUMOHaNApl KOMMO3MUTTIK
»KabblHAap bipHelue TacinaepaiH, apTbIKWbIIbIKTAPbIH BipiKTipin, }KoFapbl TMIMAINIKKE KON KeTKi3y
YWiH anAblHFbl KaTap/ibl MaTepuangap MeH TexHonoruanapapl 6ipiktipesi. CoHfbl 3epTTeynep meH
WHHOBaUMANApAbl Tanday apKkbiabl 6yn wony opbip TacCinAiH,  apTbIKWbINbIKTAPbl  MeH
KeMLINIKTEePiH KepceTin, }KoFapbl TUIMA] SNMOKCUATI KOPPO3UAFa Kapchl KabbiHAApAb! 33ipaeyaiH,
6onawak bafbITTapbl Typanbl TyCiHiK bepeai.

TyliiH ce30ep: KomnoswuTTep, 3MOKCWMATI LWaMblp, KOPPO3uAFa Kapcbl »KabblH, Kopposus,
KOPPO3WAHbI TEXKEY, KOPPO3UAFa KAPCbl KOPFaHBbIC.
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AHHOTAUMA
IMNoKCUAHbIE CMOAbI ABNAIOTCA OAHMMM U3 CaMbIX LWMPOKO WMCMO/b3YEMbIX MaTepuanos AnA

AHTMKOPPO3MOHHOIO NPUMEHEHUA Baarogapsa UX OTANYHOW aAre3vm, MexaHUYeCcKon MPOYHOCTU U
XMMMWYECKOW CTOMKOCTU. OAHAKO TPaAMLMOHHbIE 3MOKCUAHBIE MOKPBLITUA UMEIOT CYLLECTBEHHbIE
orpaHuyeHns B obecneyeHWM [ONTOBEYHON W HALEKHOW 33aLUMTbl, OCODEHHO B YCI0BMAX
arpeccMBHOM OKpysKalowein cpedpl. B cBA3M C 3TUM BO BCEM MMpe BeAyTcA MaclutabHble
NUCCNeA0BaHMA, Hanpas/ieHHble Ha Y/ydlleHWe aHTUKOPPO3MOHHbLIX CBOWCTB 3MOKCUAHbIX
NOKpbITUIA. B gaHHOM 0630pe 0606LLeHbl NocnesHUe OOCTUXKEHUA B 3TOW 06/1acTn, KoTopble
MOMHO Pa3gennTb Ha TPU OCHOBHbIE HAMNPABAEHWUA: MOAMOUKALMA CTPYKTYPbl 3MOKCUAHOM
CMmonbl, BHegpeHue GYHKLMOHANbHLIX HamosHUTenel M pa3paboTka MHOrodyHKLMOHANbHbLIX
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KOMMO3UTHbIX MOKPbITUIA. MoAnPMKaLMA CTPYKTYpbl HampaBaeHa Ha Y/ayylleHWe BHYTPEHHWX
CBOWCTB 3MOKCMAHBIX CMO/ ANA MOBbIWEHWA WX 6apbepHoro 3ddekTa. Wcnonb3osaHue
dYHKUMOHaNbHBIX HanosHUTenei obecneynBaeT AOMOAHUTE/IbHbIE 3alUUTHbIE MEXaHWU3MbI,
BK/IOYAA  CaMOBOCCTaHOB/EHWe, cynepruapodobHOCTL UM MHTMBMPOBAHME  KOPPO3WM.
MHOrodyHKUMOHaNbHbIE KOMMO3WUTHbIE MOKPbLITUA OBBLEAMHAIT NPEUMYLLECTBA HECKONbKUX
NoAXO40B, WHTErpuMpysa nepefoBble MaTepuanbl U TEXHONOTUM AN JOCTUMKEHUA BbICOKOW
30 dEKTUBHOCTU. AHaNM3Mpya HeJaBHWE WCCNeAOBaHUA W WMHHOBAaUMKM, AaHHbIA 0630p
NOAYEPKMBAET CUAbHbIE CTOPOHbI KAaXKAOr0 MOAXOAA, a TaKKe AaeT npeacTaBAeHue o
nepcrnekTMBax pas3paboTKu BbICOKOIGHEKTUBHbIX IMOKCUAHBIX AHTUKOPPO3UOHHbIX MOKPLITUIA.

Kntouesble cnosa: Komno3snTbl, INOKCUAHAA CMONA, aHTUKOPPO3MOHHOE MOKPbITUE, KOpPOo3us,
MHI'M6VIpOBaHV|e KOpPpPO3nKU, aHTUKOPPO3NOHHAA 3allimnTa.
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ABSTRACT

In the mining industry, hard alloy tools with high wear resistance are essential for drilling
operations. This study introduces a combined magnetic-pulse treatment method, integrating
preliminary gamma irradiation and pulsed magnetic field exposure, to extend the service life of
VK8 hard alloy drilling tools. Gamma irradiation utilized %°Co sources with doses from 3.2x10* to
5.0x10%8 R, followed by magnetic-pulse treatment using a custom installation with
electromagnetic coils, achieving magnetic induction levels of 0.2-0.4 Tesla and pulse durations of
3 us. The VK8 alloy, comprising 8% cobalt and 92% tungsten carbide, was tested on DZL #118 mm
blade bits across ten batches. Results showed a 1.7-3.2-fold increase in wear resistance,
influenced by treatment parameters, alloy composition, and operating conditions. The hardening
effect persisted for 5-6 months after gamma irradiation and over a year after magnetic-pulse
treatment. This method offers significant potential to enhance tool performance and durability in
rock-destroying equipment.

Keywords: drilling tools, drilling, gamma radiation, magnetic pulse hardening, carbide.
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Introduction

rock formations, is largely determined by the
operational characteristics of these hard alloy tools.

In the mining industry, a variety of hard alloy
tools with high wear resistance are extensively used
for drilling operations. The efficiency of drilling
wells or boreholes, particularly in hard and abrasive

Their service life is significantly influenced by design
features, drilling parameters, physical and
mechanical properties of the rocks being drilled and
by the used type and composition of the hard alloy.
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Enhancing the wear resistance of hard alloy tools
can be achieved by creating new or modifying
existing composite materials. Various methods are
used to increase the wear resistance of hard alloy
tools, including nitriding, boriding, electro-spark
alloying, plasma spraying, rolling, shot peening,
isothermal qguenching, thermomechanical
treatment, and others.

Strengthening of hard alloys is achieved by
using the methods of surface and bulk
strengthening. However, numerous methods of
surface strengthening of metals and hard alloys
were not widely used for strengthening hard alloy
tools [[1], [2], [3]]. While the positive effect of
hardening the surface layer of the working
elements of hard alloy tools is undeniable, the
efficiency of surface hardening is low, making its
practical application impractical.

Some last studies [4] have shown that results in
the cryogenic treatment of VK8 hard alloy samples
(a mixture of tungsten carbide grains and cobalt,
acting as a binder) with a dislocation density
4.8x109 cm-2 results in the during a short-term (20
minutes) strengthening of these samples occurs
due to plastic deformation.

Recently researches [[5], [6]] were observed an
increase in wear resistance during the investigation
of strengthening of TSI (presumably a material or
alloy) through prolonged (24 to 36 hours) cryogenic
treatment in liquid nitrogen vapors. The hardening
effect during thermal shock (T=-196 °C) is explained
by changes in the fine crystalline structure of the
hard alloy. However, immersing the products in
liquid nitrogen significantly increases the brittleness
of the metal, since under the cold shock, tensile
residual thermal stresses arise in the body of the
hard alloy tools, leading in many cases to cracking
and tool breakage [[7], [8]].

The modification mechanism of the physical
and mechanical properties of drilling crowns during
cryogenic treatment is primarily based on
substructural hardening due to plastic deformation
of the cobalt binder, owing to the significant
difference in the thermal coefficient of linear
expansion between tungsten carbide and cobalt
and due to an increase in dislocation density in the
hard alloy [9]. High-temperature treatment of the
manufacturing cemented carbides can also
significantly alter the properties of hard alloys,
since it considerably increases the internal stress in
the carbide [10]. For instance, as the temperature
exceeds 500 °C, a decrease in the hardness of the
VK8 alloy accompanied by an increase in the alloy's

ductility and a change in its resistance to cyclic
micro-contact loads. Therefore, it is more prudent
to perform the strengthening of the finished tool,
rather than its individual working elements before
the product is manufactured.

The literature analysis has revealed that
radiation treatment using gamma rays, which
possess high penetrating ability and do not lead to
residual radioactivity, is a more promising method
[[11], [12]]. When hard alloys are irradiated, the
strengthening of the material's structure is
determined by the absorbed dose of ionizing
radiation. Research results on the effects of gamma
irradiation and electron irradiation, as reported in
[[12], [13]], showed that with increasing the doses
of irradiation, the bending strength limit and
deformation increase up to the irradiation dose
range from 8x104 - 5x105 R, after which a sharp
decrease is observed [13]. The increase in defect
density, especially dislocations, according to
general views on the nature of substructural
strengthening in metals and alloys, leads to changes
in their physico-mechanical characteristics. This
results in the increase of the wear resistance and
strength properties of the material, but at the same
time, an excessively high defect density leads to the
increasing brittleness, stiffness of products, and
consequently, to the decreasing their operational
indicators, primarily durability and reliability.

The method of magnetic-pulse treatment is the
most effective way for bulk strengthening of
cemented carbide tools. The feasibility of using
magnetic-pulse treatment for cemented carbide
tools is due to the presence of cobalt in the tool
composition — a ferromagnetic material with high
magnetic permeability. The improvement in the
properties of ferromagnetic materials that have
undergone magnetic-pulse treatment is achieved
through the directed orientation of the free
electrons of the hard alloy by an external field,
which consequently increases its thermal and
electrical conductivity. The interaction between the
pulsed magnetic field and the ferromagnetic
material is more intense with higher structural and
energetic heterogeneity. After processing
cemented carbide tools with this method, an
increase in their fatigue strength and overall
strength, and a reduction in residual thermal stress
occur [14]. Utilizing magnetic-pulse treatment
notably diminishes the surplus energy in the
material, which is linked to the accumulation of
internal and surface stresses. Consequently, it was
decided to combine two methods of enhancing the
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wear resistance of cemented carbide materials:
radiation and magnetic-pulse treatments.

The goal of this work is to develop a method
and optimal regime for the bulk strengthening of
cemented carbide tools through the combined
application of penetrating gamma radiation and
pulsed magnetic field.

Experimental part

For gamma radiation exposure of the samples,
a pool-type Gamma Facility of the institute Nuclear
Physics, Uzbek Academy of Science (INP UzAS) was
used (Figures 1). In so doing, we have used the %°Co
sources with average gamma quantum energy of
1.25 MeV and a dose rate of 130 R/s, with an
exposure dose ranging from 3.2x10* to 5.0x108 R.
The choice of gamma irradiation is determined by
its technological efficiency and high penetrating
ability.

Figure 1 - Pool-type Gamma Facility [14]

For the implementation of magnetic-pulse
treatment (MPT), a magnetic-pulse facility was
constructed (see Figures 2 and 3), featuring a
magnetic inductor 2, consisting of two pairs of
electromagnetic coils, and a magnetic core 1 on
which the electromagnetic coils are mounted.

B

Figure 2 - Block Diagram of the Magnetic-Pulse
Installation:
1 - Magnetic core; 2 - Solenoid inductors; 3 - Drill bit;
CU - Control unit; PCG - Pulse current generator;
CD - Charging device; S - Switching device; CO - Capacitor
bank; U0 - Mains voltage [14]

This design allows carrying out the treatment of
entire drill bits and chisels with a pulsed magnetic
field, which is a necessary condition for the method
of enhancing the wear resistance of finished
cemented carbide tools.

Figure 3 - Magnetic Field Inductors Mounted on a
Magnetic Core

The use of cylindrical inductors with a magnetic
core is associated with the fact that such a
configuration possesses high efficiency and a high-
power factor, with the efficiency of an inductor
with a magnetic core reaching at least 70-80 %.
During magnetic-pulse hardening, as the pulsed
electric current flows through the inductor, the
magnetic field lines through the magnetic core are
concentrated on the hardened sample (drilling
tool), which is positioned in the gap of the magnetic
core. This induces an eddy current on the surface of
the sample, proportional to the changing rate of
the magnetic flux through the cross-sectional area
of the work piece.

If we take the current strength |, = 10% A, with a
coil having N = 10 turns and a length of o= 0.136 m,
and coil wire thickness a = 0.01 m, we do the
calculation using formula

H1b :N|1/|, (1)

where N - the number of turns of the inductor
coil; 11 — the strength of the discharge current in the
inductor; | - length of the contour, for points
located within the inductor in immediate proximity
to the turns (length I=lp+2a=0,156 m) yields a value
for the modulus of the magnetic field strength
denoted as H1b, equal to 6.41x10* A/m. To study
the effect of the magnetic field on the hardening of
solid alloys, the treatment of samples of drill bits
was conducted using a magnetic-impulse approach
with a magnetic induction of 0.2-0.4 tesla and pulse
durations of 3 ms. The magnetic-pulse installation
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allows us to apply the fields with intensities ranging
from 10* to 10! A/m to the parts being processed,
with a pulse duration from 1 to 0.1 ms.

In experiments, the technology of volumetric
hardening of rock-destroying tools was applied,
using a combination of two types of physical
effects: gamma-ray irradiation and treatment in a
pulsed magnetic field.

Industrial samples of three-blade drill bits
DZL@118mm, used in the mining enterprises of the
Republic of Uzbekistan, were used as test objects.
For the rock-destroying assembly of drilling bits, the
hard alloy material VK8, which is characterized by
strength and wear resistance [15] with an average
hardness of 88 HRA (Rockwell), is primarily used.
The mentioned hard alloy VK8, used for DZL
@118mm drill bits, is a composite material
belonging to the tungsten-cobalt group with a
composition of 8 % cobalt and 92 % tungsten
carbide. The chemical composition of the tungsten-
cobalt mixture VK8 [16] (mass percentage, %) is:
cobalt - 7.5-8.1, oxygen, not more than — 0.5, total
carbon - 5.30-5.65, free carbon, not more than —
0.1, iron-0.3. By altering the chemical composition
ratio of the alloy, its physic-mechanical properties
are regulated. The increasing of the cobalt content
in the alloy leads to an enhancement in strength,
wear resistance, and a reduction in brittleness (the
more cobalt in the alloy, the softer and stronger it
becomes). The microstructure of the VK8 alloy is
two-phase, consisting of tungsten carbide and

cobalt crystals with an uneven distribution
throughout the volume of the hard alloy.

The samples were subjected to preliminary
treatment with gamma radiation of %°Co in a dose
range from 3-10* to 9-10° R and subsequent
exposure to magnetic induction of 0.4 Tesla. Ten
batches of nine DZL@118mm blade drill bits each
were processed for the purpose of testing nine
batches during drilling, and one batch is used to
determine the interval and rate of reduction in
strength limit during storage.

Discussion of the results

The measurement of hardness using the
Rockwell scale (HRA) showed us an increase in the
samples with an increase in the dose of gamma-ray
irradiation within the range of 2.5-10%to 5.5-10° R,
and a decrease with a further increase in the
irradiation dose.

It was found that processing samples in a
magnetic-pulse field increases wear resistance by
an average of two times compared to samples
without magnetic-pulse processing, which is in
good agreement with research data in recent
studies [[17], [18]].

The results of drilling with hard alloy bits with
VK8 plates on the surface chisels after combined
gamma magnetic treatment are presented in Table
1 and Figure 4.

0.45
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Figure 4 - Test results of drill bits hardened by gamma irradiation and magnetic-pulse treatment
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Table 1 - Main quality criteria for core samples

Gamma Magnetic Average Penetration per Increase in
Ser | Radiation Exposure Induction, T Penetration per Bit with Radiation- Penetration,
ial Dose, R Unhardened Bit, | Magnetic Hardening, % [ times
Ne. m m
1 3.2-.10% 0.26 120 245 104 /2
2 6.5-10% 0.29 120 297 148 /2,4
3 8.9-10% 0.31 120 302 152/2,5
4 2.4-10° 0.4 120 352 193/2,9
5 5.5-10° 0.4 120 386 222 /2,7
6 5.6-10° 0.4 120 384 284 /3,2
7 8.9-10° 0.4 120 285 185/2,4
8 2.2-10° 0.4 120 228 90/1,9
9 8.9-10° 0.4 120 207 725/1.7

The analysis of the data obtained suggests that
the use of combined processing of three-blade DZL
bits leads to an increase in their durability.
Treatment of hard alloy tools within a radiation-
magnetic-impulse environment yields a substantial
enhancement of the wear resistance, ranging from
1.7 to 3.2 times when contrasted with the
untreated counterparts. The increase in the
hardening degree of the samples from the
absorbed dose of ®°Co gamma radiation under the
combined effect of the magnetic field has a non-
monotonic character (Table 1). From the results of
the drilling tests using three-blade DZL drill bits, it is
evident that combined radiation and magnetic-
pulse treatment significantly enhances the resource
of hard alloy tools, and the hardening effect is
determined by the dose of gamma irradiation,
reaching its maximum value within the absorbed
dose range from 2.5x10"4 to 5.5x1075 R. To
monitor the reduction in the hardening magnitude
during storage, hardness measurements were
conducted after irradiation and after the combined
radiation and magnetic-pulse treatment of the
samples. [[19], [20]]. It was found that the
hardening effect persists after gamma irradiation
during 5-6 months and in the case of combined
treatment for this effect persists during about 1
year.

Conclusion

A new method of combined magnetic-pulse
treatment has been proposed, incorporating
preliminary gamma irradiation and the influence of
a pulsed magnetic field. This method allows to

enhance the service life of drilling tools made from
various types of hard alloys.

Using the gamma irradiation of ¢ Co on hard
alloys employed in DZL drilling bits results in the
enhancement of the strength of these alloys within
the absorbed dose interval ranging from 2.5x10* to
5.5 x10° R.

The degree of hardening of hard alloys for
drilling bits is determined by the dose of gamma
irradiation and reaches its maximum within the
absorbed dose range from 2.5x10* to 5.5x10° R.
Exceeding this dose range results in a decrease in
strength, wear resistance, and an increase in the
brittleness of hard alloy tools.

Gamma irradiation by using gamma quanta of
0Co within the absorbed dose range from 2.5x10*
to 5.5x10° R, followed by magnetic-pulse treatment
with a magnetic induction of 0.2-0.4 Tesla and
pulse durations of 3 ps, would increase wear
resistance by 1.7 to 3.2 times, depending on the
treatment regime, the composition of the hard
alloy, and operating conditions.

The hardening effect is retained during 5-6
months after gamma irradiation, and during about
1 year after magnetic-pulse treatment.
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TYRIHAEME

KeH eHaipy eHepKacibiHae Kofapbl TO3yFa TE3IMAI KaTTbl KOpbITNAanapAaH »acanfaH Kypangap
6ypfblnay onepaumanapbl ywWwiH MaHbi3abl 6onbin Tabblnaabl. Byn 3eptrey VK8 KaTTbl KOpbITRACh!
HerisiHae Oypfblnay  KypangapbiHbiH, KYMbIC Mep3iMiH  ynfaliTy  MakcaTbiHAA ramma-
CoyneneHaipy MeH UMMyAbCTIK MarHUTTIK epic acepiH BipiKTipeTiH MarHUTTI-MMNYAbCTIK eHaey
34iCiH ycbiHagpl. FTamma- cayneneHaipy °Co KesgepiH naitganaHa oTbipbin, meswepnepi 3,2x10%-
deH 5,0x10% R pgeiiH 6ongbl, ofaH KeiH MarHuTTI-MMMYAbCTIK ©HAeY apHaibl OpHaTblFaH
3/1EKTPOMArHUTTIK KaTyLWKaNapMEH Ky3ere acbipblibif, MarHUTTIK MHAYKUMA AeHreii 0,2-0,4
Tecna »KaHe MMNy/bC y3aKTbiFbl 3 MKC 6onapl. VK8 KopbiTnackl, KypambiHaa 8% KobanbT »KaHe
92% Bonbopam Kapbuai 6ap, DZL @118 mm ycTapanbl bypfbinapha OH NapTMAZa CbiHanAbl.
Hatuxkenep eHAaey napameTpsiepi, KOPbITNA Kypambl KaHE XKYMbIC XKaFAalinapbiHbIH, cepiHeH
TO3yFfa Te3imainikTiH, 1,7-3,2 ecere apTaTbiHbIH KepceTTi. KaTblpy acepi ramma- cayneneHaipyneH
KeliH 5-6 aiifa AeWiH KoHE MarHUTTI-UMNYNbCTIK OHAeYyAeH KeliH 6ip XKblngaH actam yakbIT
6ovibl cakTanabl. byn a4ic Tay-KeH KypanAapbiHblH, KYMbIC KepceTKiwTepi MeH y3aK
Mep3iMAiNiriH apTTbIpy YLWiH YIKEH aneyeTKe ne.
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AHHOTALMUA

B ropHOI NPOMBbILLNEHHOCTU MHCTPYMEHTbI U3 TBEPABIX CNAABOB C BbICOKOW M3HOCOCTOMKOCTbIO
Heobxogumbl  ana  bypoBbix onepaumii. B pgaHHOM  uccnepoBaHUM  MpepacTaBeH
KOMBWHWUPOBAHHBIN meTtoz, MarHUTHO-MMMY/IbCHOW 06paboTku, MHTErpupytoLmin
npeaBapuTeNbHOE, raMma-ob1ydeHne U BO3AENCTBME MMNY/IbCHOTO MarHUTHOTO NOAA, C Lenblo
Nocrynuna: 7 dexabps 2024 YBENNYEHUA CPOKa CAy:KObl BypoBbIX MHCTPYMEHTOB M3 TBepaoro cnnasa VK8. [Ana ramma-
PeveHanpoBaHue: 3 aHsapsa 2025 06/1y4eHMA MCNoNb30BaAnUCh UCTOUYHMKM ©Co ¢ aosamm oT 3,2x10* go 5,0x10% R, nocne 4ero
MpuHaATa B neyatb: 17 gpespana 2025 NpoBOAMNAcE MarHUTHO-UMNYAbCHAA o06paboTka € MCNoNb30BaHWEM CheuuannsnMpoBaHHOM
YCTAaHOBKM C 3/IEKTPOMArHUTHbIMM ~ KaTylukamu, obecneynBalowMMn YPOBHU MarHWUTHOMN
nHaykumm 0,2-0,4 Tecna u ANMTENbHOCTL MMNyabcoB 3 mKc. Cnnas VK8, cocTtoswmint us 8%
KobanbTa M 92% BonbdpamoBoro Kapbuaa, MCNbITbIBANACA Ha NE3BUIHbIX cBepnax DZL
AvameTtpom 118 mm B AecATM napTuAX. Pe3ynbTaTbl NOKasanu yBesnvyeHne U3HOCOCTOMKOCTM B
1,7-3,2 pasa, 4to 3aBuceno OT mnapameTpoB 06paboTKM, cocTaBa cniaea W yCNOBUI
aKcnayaTaunn. IPPeKT ynNpoUYHEeHMA COXpaHANCA B TeyeHWe 5-6 mecAueB nocne ramma-
0bnyyeHus n 6onee rona nocne MarHUTHO-UMNYAbCHOM 06PaboTKK. ITOT MeToA NpeacTaBaseT
cobOl 3HAUMTENbHbLIM MNOTEHUMAN [ANA NOBbIWEHUA 3SKCMAYaTaLMOHHBIX XapaKTePUCTUK WU
[ONrOBEYHOCTU MHCTPYMEHTa B ropHo06bIBatoLLem 06opya0BaHUN.

Kntovesbie cnoea: 6yposble MHCTPYMEHTbI, BypeHune, ramma-usny4eHne, MarHUTHO-UMMY/IbCHOE
ynpoyHeHue, Kapbua,
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ABSTRACT
The use of wind as the main energy in power plants cannot be separated from the ability of

windmills to produce energy to meet needs. Based on a literature study, the Ministry of Energy
and Mineral Resources 2018 released data related to the total potential of wind power in Banten
Province of 300 MW spread across two areas, namely Lebak Regency and Pandeglang Regency
with the potential in each area of 150 MW, thus it is necessary to conduct a spatial study related
to the appropriate location for the construction of a new wind farm. Topographic factors
(elevation, viewshed, slope, aspect direction, and area), technical (wind speed and power grid
proximity), environmental (distance from lakes, rivers, reservoirs, dams, and land cover), and
socioeconomic (settlement and transportation) are parameters that determine the success and
potential of placing windmills as environmentally friendly renewable energy. This study aimed to
determine the potential for wind farm development areas in Pandeglang Regency, Banten
Province. The method used to analyze these parameters is the Multi-Weighted Criteria Modeler,
by giving weight to each parameter in raster format and classified using the deterministic logic
method and selecting areas with a large area coverage (> 10,000 mz) using boolean. The results of
this study indicate that there is an area of 350.71 km? that is suitable for the construction of a new
wind farm in Pandeglang Regency. The final suitability map can be used as a guide for more
detailed wind farm location exploration. This study concludes that Indonesia has great potential
for the development of Wind Power Plants, especially in Pandeglang Regency. However, a wider
research area coverage is needed to find out which areas have the potential for the development
of Wind Power Plants in Indonesia.

Keywords: Renewable Energy, Wind Farm, Wind Power Plant.
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Introduction Wind Power Plant is a series of generating
systems that utilize wind as a source that will be
converted into electrical energy, wind power is an
When conditions are limited in energy  jjternative energy source that has great potential to

resources, at the same time the need for world
energy also increases, as well as demands to be able
to maintain and protect the earth from global
warming events and environmental pollution. So
humans are required to be able to realize the latest
technology for renewable energy sources. Fossil
energy sources have contributed 87.7% of all the
world's total energy needs which are expected to
decrease due to reduced availability of reserve
energy sources [1].

be utilized and clean energy that does not damage
the environment [2]. The use of wind as an energy
source can be carried out in areas with any
landscape with high wind energy potential, but it
needs to be identified so that it is more optimal [3].
Wind Power Plants are the main choice as an energy
source for areas with good wind potential [4].

The use of wind as an energy source has been
used by the Netherlands first and is referred to as
the country of wind turbines. Starting in the 1970s
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the use of fossil energy has begun to be reduced
because of the impact it has on the environment.
then it is replaced by energy sources that are
friendlier to the environment and are abundantly
available. Entering the 21st century the use of wind
energy is increasingly being followed by developing
countries with increasing capacities [5].

Wind is air that moves due to high pressure to
low pressure or from low temperature to high
temperature caused by radiation from the sun. The
conditions of the earth's regions that are not the
same cause differences in pressure and temperature
in each region and cause an air flow [6].

As an archipelago that has a long coastline,
Indonesia is also a country that has great wind
energy potential. Based on the analysis of wind
energy potential and mapping of wind energy
potential that has been carried out, areas with
considerable potential include Sukabumi with 170
MW, Garut with 150 MW, Lebak with 150 MW,
Pandeglang with 150 MW and Lombok with 100
MW. The development and utilization of new
renewable energy including wind energy as the
backbone of national energy will continue to be
pursued by the government in order to achieve the
national energy mix target of 23% derived from
renewable energy in 2025 [7].

Currently, Indonesia already has several Wind
Power Plants, including those on the island of South
Sulawesi, namely the Sidrap Wind Power Plants and
the Jeneponto Wind Power Plants. According to the
Ministry of Energy and Mineral Resources, apart
from the Sidrap 1 Wind Power Plants, which will
soon be put into operation, the Sidrap Phase 2 Wind
Power Plants will soon be operational, then the
Jeneponto Wind Power Plant in Jeneponto Regency,
South Sulawesi Province and the Tanah Laut Wind
Power Plants which is located in Tanah Laut
Regency, South Kalimantan Province [7].

Based on the data above, there are 4 Wind
Power Plants that are already operating and which
will operate in Indonesia in stages. This is also a
serious step for Indonesia in transitioning the use of
fossil energy to renewable energy, especially in the
utilization of wind potential which is quite potential
in Indonesia [7].

Wind power generation is a renewable energy
that is more environmentally friendly and has good
work efficiency [8]. Wind energy offers several
advantages such as providing continuous electrical
energy from morning to night, does not produce
greenhouse gas emissions, this energy system can
be used in remote areas, and is not covered by the
State Electricity Company's electricity grid [9].

The potential for the development of renewable
energy sources depends on the geographical
position and existing infrastructure [10]. Knowledge
of the right location for optimal utilization of energy
sources is very important. But in fact, determining
the location to generate wind power is not easy. This
determination requires in-depth research to get the
right location [11].

Optimization of the development of wind power
energy in Indonesia is still relatively low. Academics
and the government are expected to be able to
make a major contribution in supporting this
renewable energy as a source in the development of
electrical energy. Until 2004, the utilization of wind
energy only reached 0.5 MW installed from the total
existing potential [12].

Wind turbines as a source of electrical energy
are expected to be able to work and operate
continuously so that the wind supply can always be
available. In order to obtain sufficient wind energy,
research activities are needed to monitor wind
availability. The monitoring process requires effort
and data analysis. [13]. Monitoring and mapping of
potential wind energy areas is carried out so that
energy utilization can occur optimally. The selection
of suitable locations for wind power plants is a
complex problem and requires careful analysis of
many criteria. Making a land suitability map is useful
in order to show the exact location and description
of the area where the Wind Power Plant will be
established [14].

Experimental part

This type of research is quantitative research.
Source of data used in the form of secondary data
obtained from agencies, libraries, archives, and
individuals. The secondary data used are elevation,
viewshed, slope, aspect direction, wind speed,
shapefiles of lakes, rivers, reservoirs or dams, land
cover, settlements, and transportation. The
methods used in this research are Multi - Weighted
Criteria Method Modeler and Boolean logic.

Multi - Weighted Criteria Method Modeler is a
tool used for decision-making with various spatial
parameters to be combined [15]. The analysis will be
carried out using the Multi - Weighted Criteria
method the modeler uses several scripts. Decision
making is carried out using Boolean logic which will
be applied to the factors used in the analysis of wind
power development based on the research of Idrizi.
B, et.al in 2018 which will be explained further in the
research results.
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Boolean logic is a form of algebra whose
variable values are true and false values, usually
denoted by the numbers 1 and 0 for each parameter,
simplifying the parameters of the boolean being able
to search in other functions with fewer operations
or terms [16]. The Boolean method is used in this
study to select areas in Pandeglang Regency for the
suitability of PLTB land with a large area coverage (>
100.000 m?) as well as other factors as determinants
in wind farm development. In its application to the
Multi-Weighted Criteria method, areas with factors
and criteria that are met will be denoted by the
number 1, and areas that are not met will be
denoted by the number 0.

Geographic Area Pandeglang Regency s
geographically located between 6°21’-7°10" South
Latitude and 104°48’ - 106°11’ East Longitude with a
total outer area of around 2.746,89 km? or 28.43%
of the total area of Banten Province. In the northern
part of this area is bordered by Serang Regency and
in the east by Lebak Regency. Astronomically, the
Pandeglang region is a district located in Banten
Province. This regency is bordered on the north by
Serang Regency, on the east by Lebak Regency and
by the Indian Ocean on the west and south [17].

Pandeglang Regency consists of 35 sub-districts
and 339 sub-districts/villages with additional
villages, namely Bojenwetan, Ganggaeng, Simpang
Tiga and Ramaya. The topography of the central and
southern parts of Pandeglang Regency is dominated
by highlands with hills that are not too high, namely
around 320 - 480 meters. The area of the hills
comprises around 85% of the total area of
Pandeglang [17].

The Geology and Geomorphology Area of the
research was conducted in the administrative area
of Pandeglang Regency. In the northern part of this
area is bordered by Serang Regency and in the east

105"200°€ 105°40°0"E

by Lebak Regency. Geologically Pandeglang Regency
is included in the Bogor area zone which consists of
hilly paths. Most of this area forms lowlands in the
center to the south.

Stratigraphically, in the highlands of the eastern
part of the Pandeglang region, there are holocene
volcanoes which are the result of volcanic deposits,
these deposits consist of alternations of lava,
breccias, tuffs and lava deposits. There are also
volcanic rocks of Pleistocene age which are
composed of basalt-andesite originating from old
volcanoes. In the western part of the coast of the
Pandeglang area, alluvium (Qa) is found, coastal
terrace deposits in the form of coral limestone (Qc),
Cimapag formations (Tmc) and Bojongmanik
formations (Tmb1) in the form of alternating
sandstone and flaky claystone interspersed with
claystone, conglomerate, tuff and agglomerates
[18].

Identification of potential areas to become wind
farms uses the Multi-Weighted Criteria Modeler
method. The Multi-Weighted Criteria Modeler
method is a tool used to decide from a variety of
special parameters to be combined [15]. This
method uses weighting for each parameter in the
form of elevation data, viewshed, slope, aspect
direction, wind speed, shapefiles of lakes, rivers,
reservoirs or dams, land cover, settlements and
transportation. In detail the description and geology
of the Pandeglang area can be seen in Figure 1.

Then classified by statistical methods by
selecting areas with an area of 210,000 m2 in
boolean. Boolean logic is a form of algebra whose
variable values are true and false. Usually denoted
by the numbers 1 and 0 for each parameter. Boolean
is able to find other functions with fewer operations
or terms [16].
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Figure 1 - Administrative Map of Pandeglang Regency, Banten Province




Complex Use of Mineral Resources. 2026; 337(2):55-65

ISSN-L 2616-6445, ISSN 2224-5243

This type of research is quantitative research.
Source of data used in the form of secondary data
obtained from agencies, libraries, archives and
individuals. The secondary data used are elevation,
viewshed, slope, aspect direction, wind speed,
shapefiles of lakes, rivers, reservoirs or dams, land
cover, settlements and transportation.

Results and Discussion

The spatial analysis that has been carried out
from the dataset of factors for the suitability of Wind
Power Plant areas in Pandeglang Regency includes
topographical factors, technical, environmental and
socio-economic criteria.

Topographic factors include elevation on the
height factor, slope, aspects of the slope direction
and area with each criterion. Areas that are too high
are generally not suitable for placing wind turbines,
steep slopes are also considered unsuitable for
placing wind turbines because they can pose a
danger to wind turbines and the area around where
wind turbines are placed. The details of the criteria
for topographic factors can be seen in Table 1.

Height was obtained that the Pandeglang
Regency area was dominated by areas with an
altitude of less than 1500 meters above sea level. So
that almost the entire area of Pandeglang Regency is
included in the "appropriate" category. The
suitability map for all topographical factor
parameters can be seen in Figure 2.

Table 1 - Topographic Factors and Criteria

Factor Criteria
Height <1.500 m
Slope <15%
Aspect of Slope 315<value>360
Direction >1.000 m?
Area >100.000 m?

Source: Idrizi, 2018

Slopes that have a role as a determining factor
in carrying out spatial planning to assess whether
the observation area is suitable can be used as a
Wind Power Plant. The Pandeglang Regency area
has a slope that is included in the "appropriate"
category because it has an area with a slope of less
than 15°. The suitability map for all topographical
factor parameters can be seen in Figure 3.

The direction of the slope of the slopes in the
Pandeglang Regency area is dominated by
Northwest to Southeastern directions, which is also
influenced by factors from the direction of the
Monsoon winds in the Banten region. The suitability
map for all topographical factor parameters can be
seen in Figure 4.

Technical factors only observe one parameter,
namely the wind speed in the Pandeglang Regency
area. In determining the area to be used as a wind
farm, namely the success of a wind turbine turbine
can produce energy obtained from the wind which
will rotate the turbine. Suitable and unsuitable wind
speed can be seen in Figure 5.
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Figure 2 - Altitude Parameters on Topographic Factors
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Wind speed is a technical factor as well as a key
holder in connecting renewable energy sources and
producing as much energy as possible into the
national energy network. This is a very important
factor and must be considered. The details of
technical factors can be seen in Table 2.

Table 2 - Technical Factors and Criteria

Factor Criteria

Wind velocity >5 meters/second

Source: Idrizi, 2018

Environmental factors include the area's
proximity to rivers, lakes, dams and land cover. This
is as a precaution so that the foundation of the wind
turbine avoids flooding, because it will cause
damage to the wind turbine. Land cover in the form
of forest must also be considered in making wind
farms and placing wind turbines, because vegetation
in the forest can interfere and hinder the
performance of wind turbines. The details on the
environmental factors for placing wind turbines can
be seen in Table 3.

Table 3 - Environmental Factors and Criteria

Factor Criteria

River Proximities >300 m
Proximity Lake >300 m
Land Cover Soil Surface >300 m
Dam Proximity >500 m
River Proximities >300 m

Source: Idrizi, 2018

Proximity Analysis or proximity factor analysis is
an analysis of geospatial information systems that
are usually used in determining land for strategic
purposes. Buffering is another form of proximity
analysis from a proximity analysis which is carried
out by identifying the relationship between a point
or area with other areas around it [[19], [20]].

The western and eastern parts of the
Pandeglang Regency are dominated by jungle, only
a few swamp areas, namely around the coast of
Ujung Kulon National Park. Throughout Pandeglang
Regency there are many rivers flowing, such as the
Cipunten Agung, Caringin and Ciliman rivers. In this
area there are also lakes such as Tegal Paku Lake,
Gonggong Lake and Cikendal Lake. The proximity of
rivers, lakes, forests and swamps can be seen in
Figure 6.

The appropriate area in Figure 6 is an area that
is not too close to rivers, lakes, forests and swamps.
The Wind Power Plant area must have a distance of
more than 300 meters from rivers, lakes, forests and
swamps. The distance between the Wind Power
Plant area and rivers and lakes is to prevent flooding.
The Wind Power Plant area should not be too close
to the swamp because the strength of the soil in the
swamp area is very low to support the windmill.
Meanwhile, the Wind Power Plant area must be far
from the forest to avoid equipment accidents that
can have a negative impact on the forest.

The distance from the dam to the Wind Power
Plant construction site is an environmental factor
that should be taken into account because the
existence of a dam increases the risk of
hydrometeorological disasters, especially floods and
flash floods, so that a considerable distance from the
dam is needed to build a Wind Power Plant. The
proximity of the dam can be seen in Figure 7.

Serar . PROXIMITY MAP OF RIVERS,
LAKES, FORESTS AND SWAMPS
OF PANDEGLANG REGENCY
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Figure 6 - Proximity to Rivers, Lakes, Forests and Swamps
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The potential distance for establishing a PLTB is
>500 meters from the dam. Pandeglang Regency
itself has 2 dams, namely the Cikoncang Dam and
the Cibaliung Dam. However, in terms of the reach
of the dam, it does not really dominate the
Pandeglang Regency area, so there are still many
potential locations for establishing PLTB in
Pandeglang Regency.

Data and information related to land cover in
Pandeglang Regency was obtained based on
Sentinel-2 image processing. Sentinel image results
monitor land cover in the form of lakes, ponds,
jungle, grasslands, sand dunes, plantations,
settlements, swamps, rice fields, shrubs, rivers,

ponds, vacant land, fields, and reservoirs. Based on
the processing results, the land cover of Pandeglang
Regency was obtained as can be seen in Figure 8.

The area of Pandeglang Regency is dominated
by land cover in the form of plantations covering an
area of 1,188 km?, jungle forest covering an area of
770 km?, rice fields covering an area of 570 km?,
settlements covering an area of 110 km?, shrubs
covering an area of 55 km? and fields covering an
area of 53 km?2.

The rest of this area is filled with land cover in
the form of lakes, ponds, swamps, rivers, ponds and
reservoirs. The Wind Power Plant development area
in Pandeglang Regency is covered in scrub land and
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vacant land. This is because the Wind Power Plant
construction is unlikely to disturb the land cover that
has been used by the community, such as
settlements, plantations, rice fields, and others.

Socio-Economic Factors are only influenced by
the proximity of the road, because this is useful for
the safety and comfort of road users caused by wind
turbines at Wind Power Plant.

The ideal distance criterion between the Wind
Power Plant area and the main road is around >250
meters. The proximity of roads in the Pandeglang

10517 105024 10536 105048

Regency area can be seen in Figure 9 and the details
on the socio-economic factors for placing wind
turbines can be seen in Table 4.

Table 4 - Socioeconomic Factors and Criteria

Factor Criteria

Distance to Highway >250 m

Source: Idrizi, 2018

106 106017 106224

ROAD PROXIMITY MAP
PANDEGLANG DISTRICT

S

LEGENDS
. District Boundary

I Pandeglung Regency

Description

I coticcor Rosd

B Oher Rosd

[ Locol Rosd

[ Foorpath

[ Rice Ficld Road

e e

e

i
tmpiung

<%V SRR
% f"(ﬁ‘;,xﬂ.
e wh
14 E

5

Bl | 8L
Esil HERE Garmin,
| #40.8084 scs *

i P
|
i
I '
*N o ’ This map was created by
/ Renewable Te: i £l
. -
L] e
Mo e 1 Kilometers
0 5 0 20 30| 40 Esri. COIAR USGS, Esni, HERE. Garmun, FAO. METI/NASA, USGS
Toshiz 105724 10536 105y 106 10z 10624

Figure 9 - Proximity to the Road

10512 105224" 10536° 105748

o 106017 106724

|

Map of Suitability for Placement
[ of Wind Power Plants in
Z o Pandeglang Regency

| atacsa

612

Legend :

= District Boundary
B Pandeglang District
Information

W pproprite

| B inspproprine At

62

Banten

Esrl, CGIAR. USGS, Esel, HERE, Garmin, FAO, METINASA, USGS

1060 106012' 106224

Figure 10 - Wind Power Plant Area Suitability Map




KomnnekcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. N22(337), 2026

ISSN-L 2616-6445, ISSN 2224-5243

Potential Wind Farm Areas. The suitability of
the area obtained for Wind Power Plant placement
is based on factors and parameters consisting of
categories, suitable and not suitable.

The areas suitable for Wind Power Plant are
Sobang Sub-District, Leuwibalang Sub-District,
Kadubadak Sub-District, Cihanjuang Sub-District,
Cikadongdong Sub-District, and Pancaran Sub-
District. As for the less suitable areas, there are
Sindangkerta Village and Tanjungan Village. From
the total area of Pandeglang Regency of
approximately 2,746.89 km?, the area suitable for
wind farms is 350.71 km? and the area less suitable
for wind farms is 30.49 km? but can still be
considered for utilization. As for the appropriate and
less suitable areas can be seen in Figure 10.

Conclusions

The construction of the Wind Power Plant in
Pandeglang Regency can be carried out in the
Leuwimalang, Kadubadak, Cihanjuang,
Cikadongdong and Pancaran Sub-Districts. The total
area suitable for the construction of a Wind Power
Plant is 350.71 km?. Areas suitable for the
construction of Wind Power Plants are obtained
from the Multi - Weighted Criteria analysis Modeler
and Boolean with factors namely: topography,
technical, environmental, and socio-economic.

The Geographic Information system-based
method in this study provides a quantitative
evaluation and assessment of factors and
constraints that must be considered in determining
land suitability for the wind power plant area in
Pandeglang Regency. The final suitability map can be
used as a guide towards a detailed search of the
Wind Power Plant site. Additional surveys and

measurements should be carried out before making
a final decision for wind development. In addition,
the final results of the final map must be additionally
validated by wind speed measurements as well as by
observing other important ecological variables in
each specific area for the placement of a potential
Wind Power Plant.

This study concludes that Indonesia has the
potential to develop Wind Power Plant, which can
meet Indonesia's target in the transition from fossil
fuel use to the use of renewable energy in total, in
addition to solar, water and micro-hydro power.
However, an analysis with a wider coverage area is
needed to find out other areas that have a high level
of suitability for the development of Wind Power
Plant. Based on these findings, it is expected to be a
basis for the government and related institutions in
the development of renewable energy, especially in
the development of wind power in the construction
of power plants.
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TYWNIHAEME

KapacTbipbinbin - oTbipfaH  3epTrey  WHAOHE3MAHbIH, BaHTeH nposuHUMACLl [MaHaernaHr-
PepyKeHcHaeri }Ken aNeKTp CTaHLMACBIH AaMbITyAblH, 91eyeTiH alapl KaHe MyHAal HblicaHaapAb!
OpHaNacTbipy OPHbIH TaHZAyFa dcep eTeTiH aPTypai pakTopnapApl MKaH-KaKTbl TangayablH
MaHpI3abINbIFbIH  KepceTedi. KapacTbipblifaH napameTpnep TonorpaduanbiKTaH a1eyMeTTik-
3KOHOMMKAbIKFA AEWiH Ken ANipMEHiH OPHATY »KaHe aHeprua eHAipy »obacbiHblH CaTTi 60NybIHa
acep erveai. 3epTreyae KonAaHblLiaTbiH «Ken canmakTbl KpuTepuiinepai moaenbaey» aaici
AYMaKTbIH, 9pTypAi cunaTTamanapbliH TUiMAai 6afanayfa KaHe KypblibiC YWiH eH Konausbl
Kepnepai TanaayFa MyMKIHAIK 6epegi. Byn Tacin caHApIK KaHe cananblk AepekTepai bipikTipeai,
HITUXKECIHAE ODNIPEK KAHE AypbiC HITUXKeNnep anbiHaAbl. 3epTrey HaTukenepi MaHaernaHr
OKPYriHAE XaHa e/ INEKTP CTaHUMACBIH KYpY KpuTepuitnepiHe calikec KeneTiH 350,71 km? aymak,
6ap ekeHiH KepceTegi. byn aknapaTt alimaKTafbl }KaHaAPTbINATbIH 3HEPrUA KobanapbiH 04aH api
3epTTeyre XKaHe erken-tTerkenni asipneyre Heriz 6ona anagpl. Ocbinaliwa, 3epTrey HaTUKenepi
WNHAOHE3MAHDBIH, XKen 3HepreTMKacbiH AaMbITy YLWIH YAKeH aneyeTi 6ap eKeHiH KepceTeai »KaHe
KOCbIMIUIA KOMaWNbl almaKTapAapl aHbiKTay YyWwiH engid, 6acka aimaKTapblH 3epTreyai
YKaNFacTblpyAblH, MaHbI3AbIIbIFbIH KepceTedi. Ocbinaiwa, NHAoHe3MAAaFbl Ken 3HepreTMKachl
a/1eyeTiHiH, 30p eKeHAiriHe KapamacTaH, engeri en sHepruacbiH TMIMAT NanaanaHyabliH 6apabik,
bIKTMManN 6aFbITTAapbIH aHbIKTaY YLWiH 3epTTeyiep KeHipek 60/ybl Kepek.

TyliiH ce30ep: }aHaPTbINATbIH IHEPTUA, K SNEKTP CTAHLUACHI, e ANiPMEHI.
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OueHKa NpUrogHoCTU 3emeib ANA CTPOUTENIbCTBA BETPAHOW 3/1EKTPOCTAHLUMN B
paoHe MaHaernaHr, npoBuHuua baHteH, UHAOHe3uA
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AHHOTAUMUA

UccnepoBaHne, O KOTOPOM WMAET peyb, PacKpbiBaeT MOTEHUMAn pPasBUTUA BETPAHbIX
3NEeKTPOCTaHUMli B OKpyre [aHgernaHr npoBuHUMM baHTeH, MHAOHe3wA, U nopvyepKuBaet
BAXHOCTb KOMM/IEKCHOTO aHa/M3a PasInyHbIX GaKTOPOB, BAUAIOLLMX HA BbIGOP MECTOMOOKEHUA
ONA TakUX 06beKToB. PaccmoTpeHHble MapameTpbl — OT Tonorpaduuyecknx 40 CoumanbHo-
3KOHOMMYECKUX — OKa3blBalOT BAUAHME HA YCNeX peannsaumm NpoeKTa No ycTaHOBKe BETPAHbIX
MeNbHUL, U NPOon3BOACTBY 3Heprnn. Metog, Multi-Weighted Criteria Modeler, ucnosnb3osaHHblii B
nccnepoBaHun, nossonseT 3GGEKTUBHO OLEHWUTb PA3/IMYHbBIE XapaKTEPUCTUKKU TEPPUTOPUMN U
BblbpaTb Hanbonee noaxodAlMe Y4acTKU ANA  CTPOUTENbCTBa. ITOT NOAXOA co4veTaeT
KO/IMYECTBEHHbIE U KayecTBEHHble AaHHble, YTo obecneunsaeT 6onee ToUHble U OBOCHOBAHHbIE
pe3ynbTaTbl. BbIBOAbI MCCEA0BAHMA FOBOPAT O HaNNYMKM 0bnacTv niowaabto 350,71 Km?, KoTopas
COOTBETCTBYET KPUTEPUAM AJ1A CO34aHUA HOBOW BETPAHOWM 3/1EKTPOCTAHLMK B OKpyre MNaHaernaHr.
3Ta MHPOpMALMA MOMKET CTaTb OCHOBOM AN Aa/NbHEWWMX WCCNefoBaHUMM U aeTasbHOMU
pa3paboTku NpoeKkToB B 06/1aCT BO306HOBNAEMON IHEPreTUKU B permoHe. Takum obpasom,
pe3ynbTaThl UCCAEA0BaHUA CBUAETENLCTBYIOT O 60bLIOM NoTeHumane MHAOHE3NN ana pasButua
BETPAHBIX 3/1EKTPOCTAHLMIN, N NOAYEPKUBAETCA BaXKHOCTb NPOAOIKEHUA UCCNEA0BAHUA APYrUX
PErMoHOB CTPaHbl ANA BbiABNEHUA AOMONHUTE/bHbIX MOAXOAALLUX TEPPUTOPUIA. TaKMM 0Bpaszom,
HECMOTPA Ha NOTEeHLMaN BETPAHON sHEPTUU B MHAOHE3UN, UCCNef0BaHMA AOMKHbI BbiTb 6onee
LUMPOKMMM, 4TOObI BbIABUTL BCE BO3MOMKHble pPailoHbl AnA 3GPEKTUBHOIO WMCNOb30BaAHUA
BETPAHOM 3HEpPrun B CTpaHe.
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ABSTRACT

Safe and efficient development of mineral deposits by underground method, occurring at great
depths, is complicated by the fact that with an increase in the depth of mining, the nature of the
course of deformation processes in the rock mass and the degree of their impact on the
environment change significantly. Studies of deformation processes, their control and forecast in
many cases determine the efficiency and safety of the development of deposits of solid minerals.
A practical forecast can be made as a result of continuous tracking in space and time of
deformation processes. This article presents modern satellite radars and their main characteristics.
The features of the radar interferometry method are described, and the advantages and
disadvantages of various methods of interferometric processing of radar images are considered.
The experience of using space radar for monitoring mineral deposits in the Republic of Kazakhstan
is analyzed. The question was raised about the possibility of intensifying the use of radar
interferometry in the mining industry. Regular field observations are provided throughout the
mining site, including hard-to-reach and dangerous areas, regardless of weather conditions. It is
confirmed that the use of the radar interferometry method determines the displacement of the
earth's surface with high accuracy. When using this method, data is received and processed
remotely and generally does not require presence on the site. In addition, this article provides
examples of successful application of the radar interferometry method in foreign countries at
mining and oil facilities. Also, the use of radar interferometry allows you to quickly determine the
zones of possible deformations of the earth's surface and organize high-precision surveying and
geodetic observations in these zones. In this article, radar interferometry has been used to monitor
the surface movement of the Annensky field with high accuracy since 2016 using Sentinel radar
images, and as a result, a displacement map of the earth's surface has been generated.

Keywords: radar interferometry, radar sensing of the Earth, synthesized aperture radar,
interferometric processing methods, radar sensors, surface deformation, mining industry.
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Introduction

Among the most important problems of

Radar shooting has its advantages in comparison
with the classic methods of ground observation,
laser scanning, aerial photography, space sensing in

monitoring the Earth's surface at mining facilities is
the observation of hard-to-reach and dangerous
areas with a high risk of Geodynamic phenomena. In
this regard, non-contact monitoring methods, in
particular space radar sensing, are actively used.

the optical range. A key point is the ability to conduct
systematic field observations over the entire area of
the object, including hard-to-reach and dangerous
areas and regardless of weather conditions.
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The use of the radar interferometry method
makes it possible to determine the displacement of
the Earth's surface with high accuracy. When using
this method, data acquisition and processing is
carried out remotely and in general does not require
a presence at the object.

In recent vyears, radar sensing has been
developing rapidly: the number of satellites, the
quality and diversity of the received data is
increasing, the technical characteristics of the
shooting system and the methods of processing the
received data are being improved, and new
progressive software for processing data from
satellite radar is constantly being updated and
developed. In addition, the share of space radar data
provided in free access is growing, which expands
the possibilities of their use for scientific purposes.
Successful scientific research, expansion of areas of
implementation, improvement of processing
technologies contribute to an increase in interest in
the commercial use of these technologies [1].

Methods

Radar capture is an active method of sensing:
the radar antenna emits a radio beam, and then,
with the help of recording equipment, a reflected
signal is obtained from the Earth's Surface [2]. Space
radar sensing is carried out in the L-, C - and X-bands
and provides the receipt of the necessary
information in any weather conditions, regardless of
the illumination of the surface, the state of the
atmosphere. Radar shooting is carried out using a
radar with a synthesized aperture (RSA). The use of
radars with a synthesized aperture makes it possible
to achieve a high spatial resolution in a wide review
bar [3].

Currently, various radar sensor — projects of
leading space agencies are working, among them:
TerraSAR-X/TanDEM-X (DLR, Germany), Cosmo-
SkyMED (ASI, Italy), Sentinel-1, T2 (ESA, European
Space Agency), Radarsat-2 (MDA/CSA, Canada),
ALOS-2 (JAXA, Japan), Kompsat-5 (KARI, Republic of
Korea). In addition, there is a large amount of
archived radar data from the satellites ERS, JERS,
ENVISAT, RADARSAT-1, ALOS, etc. Currently, for
example, New tandem-| shooting systems are being
developed.

The radio waves used in the RSA differ in range,
space resolution, width of the review bar, frequency
of shooting, set of shooting modes (Table 1). These
features must be taken into account when planning

the study and selecting the initial data in accordance
with the characteristics of the object under study.

Table 1 - The main characteristics of modern radar
satellites

TerraSAR-X C;(SEZ Kompsat | Sentinel- | Radarsat ALOS-2
TanDEM-X VD ] 1 2
Radio Wave range X X X C C L
Wavelength (sm) 3.1 3.1 3.2 5.5 5.6 22.9
?;jt'a're“"”t'on 0.25—40 |1—100{0.85—20| 5—40 | 1—100 |1—100

The method of radar interferometry

It uses the effect of electromagnetic wave
interference to make measurements with radar
interferometry. To do this, several coherent
measurements of a certain area of the Earth's
surface are carried out with a change in the position
of the radar in Space [4]. Interferometric processing
involves combining 2 different time PSA-images and
creating an interferogram that allows you to
measure the phase difference of two images, on the
basis of which in the future the calculation of height
marks and displacement will be performed [1].
Interferometric pairs of radar images are used as
input data. The phase component is involved in
processing, the amplitude of radar images is used in
large-scale mapping [[4], [5]].

An important role is played by the
characteristics of the initial images: spatial
resolution, spatial and temporal basis, parameters
of the orbit from which the data were obtained.
These parameters determine the possibility of using
images, in particular, the accuracy of detecting
deformations and the scale of displacement maps
obtained in Geodynamic, geomechanical
monitoring.

Today, the term radar interferometry refers to
various ways of processing radar images. When
using the classical method of differential
interferometry (DINSAR), the analysis of the Earth's
surface displacement is carried out according to two
capture cycles. If there is a Geodynamic,
geomechanical observation of the Earth's surface,
then the survey is carried out before and after the
movements, respectively, and the analysis of the
processes is limited to the period between the two
surveys. A joint analysis of a series of radar images is
more effective. For this, advanced processing
methods are used — the small base distance method
(Small Baseline — SBas) and the permanent reflector
method (Persistent / Permanent Scatterers-PS). The
SBas method uses interferograms with a minimal
spatial basis, which helps to reduce geometric




Complex Use of Mineral Resources. 2026; 337(2):66-74

ISSN-L 2616-6445, ISSN 2224-5243

decorativeness. When using constant reflector
interferometry, points are selected in the images
that are constant reflectors of the radar signal, and
this is used by them to analyze the phase change.
Anthropogenic objects: buildings and structures,
objects of the road network, bridges, etc. are often
used as permanent sprinklers. In this regard, this
method is most suitable for monitoring on built-in
sites. Artificial angle reflectors are used for
monitoring specific areas and objects [[1], [4], [6]].

Research results and their discussion

The main areas of use of this method in mining
are the creation of digital models of the terrain and
the calculation of the displacement of the Earth's
surface. The problems of storage and visualization of
the received information products are solved with
the help of a temporary data model and
Geoinformation technologies that ensure the
correct presentation of monitoring data, their
effective use, viewing of "historical" data [[7], [8],
[911.

Radar images are a source of information for
solving the following problems in the mining
industry:

- determination of deformation zones on the
Earth's surface;

- control of subsidence and displacement of the
Earth's surface in the cultivated areas;

- control of changes in buildings and structures;

- monitoring the stability of quarries, cemeteries
and dump boards;

- monitoring the condition of hydro-reservoirs
and tailings, including protective structures;

- monitoring the condition of mining transport
equipment in quarries;

- environmental monitoring of reclaimed land.

Interferometric technologies, as well as
amplitude information processing, are used to
obtain hydrogeological characteristics of the area of
deposits, in particular, to assess wetting [[10], [11],
[12]]. Modern information on the state and level of
groundwater allows for intensive and systematic,
uniform development, with the exception of a
sudden stop in the development process as a result
of unexpected behavior of the Water Horizon [13].

Despite a number of successful projects in the
field of radar interferometry [[14]], the use of radar
technologies in Kazakhstan fields is currently limited,
which is due to a number of factors. High-precision
measurements are required to monitor mining
facilities and infrastructure. To achieve the required

accuracy, large spatial resolution data and the help
of specialized software with a fairly high cost are
required [15]. In addition, not all radar satellites
provide the research frequency required for surface
observation [[16]]. Analysis of vertical and horizontal
shifts is possible in the presence of data from
different orbits. Processing large series of radar
images is a lengthy process and imposes hardware
requirements, the necessary computing resources
are not always available [17].

A significant part of the Earth's surface of
Kazakhstan  deposits is  characterized by
heterogeneity: the presence of snow cover,
wetlands, seasonal changes in vegetation negatively
affect the compatibility of the data obtained, limit
the measurement period and the size of the images
used.

There are different points of view on the need
for additional measurements of the Earth when
conducting radar observations of the Earth's
surface. When wusing radar interferometry at
Kazakhstani fields, it is usually necessary to carry out
underground measurements: for a preliminary
assessment of the possibilities of using radar surveys
at a specific object, monitoring and checking the
results, calculating absolute altitude values. For
open-pit mines, the use of the sprinkler method
involves the installation and control of additional
artificial corner reflectors.

The determination of deformation of the Earth's
surface depends on the capture parameters, the
characteristics of the lower layer of the Earth's
surface, the characteristics of the existing radar
data, the availability of additional information
products (reference DEM, etc.). The correct and
realistic assessment of the determination of the
displacement is still an undeveloped area. Due to all
of the above factors, space radar is increasingly used
to obtain a field idea of the dynamics of the Earth's
surface and is used as an addition to classical
methods to identify areas where high-precision
monitoring is required.

Review of scientific research carried out using
radar interferometry

As you know, natural and man-made
displacement of the Earth's surface in the area of
developing deposits is a potentially dangerous
process, therefore, monitoring of the state of mining
divisions by geodetic methods is provided, which, as
a rule, requires significant costs and is not always
carried out in the mode of operational monitoring.
Currently, many mining companies have begun to
use the radar interferometry method to measure
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the displacement of the Earth's surface with high
accuracy, clarify the displacement values, promptly
assess the situation and dynamics of processes, as
well as predict their development.

An example of the successful application of the
radar interferometry method is the case that
occurred in 2007 on the territory of the city of
Berezniki as a result of emergency flooding of a
mine. The research was carried out by the Technical
University of Claustal. The Department of SGGIS
conducted independent studies of sedimentation
processes in the territory of the city of Berezniki on
the basis of satellite data from the Envisat
spacecraft. In this area, very impressive data were
obtained on the sedimentation detected in the
period from 2007 to 2008, which corresponded to
the actual processes of sedimentation (Figure 1),
[18].

Figure 1 - (A) based on point interferometric analysis,
the sedimentation area in the city of Berezniki and (B)
the detected sedimentation is indicated by isoslines

10ay Subsidence Frotle:
Alorg Longwall Acroms Lol

| Dav Subsidence Profile
an

Figure 2 - Comparison of DInSAR interferogram
with mine plan

Since 2007, Australia has been using satellite
radar interferometry to  monitor  surface
deformations of the Carmichael coal field located in
new Wales. An interesting result was obtained using
a tandem pair of ERS SAR. During the 24-hour period,
the maximum amplitude of 1 cm shrinkage was
determined by a resolution of 2 mm (see Figure 2).
This was independently confirmed by the Geodetic
service of the mining company. This example shows
the possibility of temporary high-resolution (i.e.

one-day) monitoring of the displacement of
underground production using the DINSAR
technique.

Since 2017, radar interferometry technology has
been used at the Sishen field (South Africa) to
monitor surface displacement based on data from
the TerraSAR-X satellite. At the Sishen field, the area
of dangerous subsidence was determined using
radar interferometry. Due to the results obtained,
work in this territory was suspended. The
development of subsidence of the Earth's surface
according to the results of radar interferometry is
shown in Figure 3.

I

“w')

Figure 3 - Subsidence areas of the Earth's surface of the
Sishen mine according to TerraSAR-X

Observation of the deformation of the Earth's
surface of the Annensk field using radar
interferometry:

The Zhezkazgan copper deposit is located in the
central part of Kazakhstan, in the Kara-Kengir River
Basin, in the south-east of the Ulytau mountains, in
the west of the city of Zhezkazgan and the kengir
reservoir, near the settlements of Satpayev. It
includes the S mines and covers an area of 10 x 7 km.
Active underground mining of the deposit has been
carried out since the middle of the 20th century.
Currently, the field is being developed by the
Kazakhmys Corporation.

During the development period, a significant
part of the reserves of the field was withdrawn. The
field is mined by a chamber-column system. The
empty excavated underground space is supported
by pillar posts between tens of thousands of stones.

Of course, such a volume of underground
cavities causes displacement and deformation of the
Earth's surface and structures along the amplitude.
Since the mid-1990s, individual settlement areas
have been merged into larger areas that have been
weakened. Underground and surface rock collapses
began to occur, including leading to the destruction
of buildings, structures, and infrastructure elements.
Taking into account the location of settlements near
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the field (Satpayev. Rudnik, etc.), these processes
pose a serious threat to human life.

In 2011, Kazakhmys Corporation organized
monitoring of surface displacement at the entire site
of the Zhezkazgan field using the methods of space
radar interferometry conducted by the Russian
company Sovzond [19].

The initial control was carried out on 17.01.11.
During the observation period (9 months), the
greatest subsidence of the Earth's surface was
recorded at the combined mulda shift in the zone of
Block 4-4yug along the Ann-4-I field of about 35 mm,
at the Annensk field in the south-eastern part.

According to the results of observations, it was
found that the rate of constant subsidence of the
Earth's surface is on average 4 mm per month.

In accordance with the requirements of the"
methodological guidelines for the identification of
weakened sites and the operational assessment of
the state of the excavated space in mines according
to Zhezkazgan, 2011 " (Zhezkazgan, 2011), the
Earth's surface is considered to be more than 35 mm
of subsidence and sedimentation rate of more than
1 mm/month. The state of the mined space of block
4-4 south at the Ann-4-| field should be assessed as
unstable.

Figure 4 shows the dynamics of the
development of subsidence mulda from February to
July 2012 according to the space radar
interferometry.

f o
i ‘.' . '

Figure 4 - Plan of subsidence of the Annensk field from
February to July 2012

In addition, since 2016, with the help of Sentinel
radar images, we have tracked the subsidence of the
Earth's surface of the Annensk field. This scientific
work was carried out at the Department of
Surveying and geodesy of Satbayev University within
the framework of the grant funding project
"development of a system and methods for
predicting the displacement of mountain mass in
dangerous areas of the Earth's surface during subsoil
development based on innovative methods of GIS

technology" in 2018-2020. As a result of complex
processing and interpretation of radar images, a
vertical map of the Earth's surface displacement of
the Annensky mine was obtained (Figure 5) [[20],
[21]]. For a comparative analysis of the obtained
interferometric data, the site where the control reps
are located was selected. On this site, instrumental
monitoring of surface deformations is carried out
annually by the surveying service of Kazakhmys
Corporation LLP. High-precision leveling is carried
out along the profile lines, which are a network of
soil and supporting rappers.

Figure 5 - Map of the Earth's surface displacement of
the Annensk mine

We continued our research and continued
monitoring the subsidence of the Annensk field
surface using Sentinel radar images from 2021 to
2023 (Fig. 6).

Figure 6 - Earth's surface shift map of the Annensk field
obtained using Sentinel radar images

The study, conducted between 2021 and 2023,
showed that due to the heating of the Annenskoye
field, there are deposits characteristic of the Central
and South-Eastern parts of the earth's surface. At
the same time, the maximum absolute value of the
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subsidence of the earth's surface within the
shrinkage of the Annenskoye field was 0.8 cm

For a more complete and detailed assessment of
deformations in the deposit area, it is necessary to
analyze monthly mining plans and space data.
During the research, some areas were processed
and secured, which made them inaccessible for the
corresponding analysis.

This feature of the processes of collapse and
displacement of rocks in the real conditions of the
Annensk highlands leads to the following practical
conclusions:

e Mining operations in the collapse zone are
permitted only after the process of displacement
and stabilization of the geomechanical environment
has been completed, which can be determined by
comprehensive observation of the massif. Based on
the results of visual observations of the state of
mining operations and the development of
manifestations of rock pressure, simple beacons,
signs, gates, as well as the weakening of the seismic
activity of the massif and the shift of the earth's
surface;

e for further monitoring of the development
of rock deformations it is necessary to continue
geomechanical monitoring based on an expanded
model of geomechanical monitoring of the territory
of the Annensky mine using topographic and
geodetic methods and space radar interferometry
technologies;

e Use permanent reflector techniques to
improve the accuracy of geomechanical
observations using space radar interferometry
technologies.

Conclusion

Space radar interferometry is an important part
of an integrated system for monitoring the condition
and creating a continuous situational map of
deformations on the earth's surface. We chose to
use Sentinel spacecraft data and SAR interferometry
methods to monitor the drift of the Annensk field's
earth's surface.

To properly use SAR interferometry methods, it
is necessary to use a tandem pair of radar satellite
images with a minimum value of the perpendicular
baseline (the distance between the spacecraft) and
a minimum consistency value to determine the
absolute values of the Earth's surface displacement
generated during the studied period of time. To
apply SAR interferometry methods, a coherent
analysis of tandem pairs of radar satellite images
was carried out to determine their optimal
parameters.

As a result of the work carried out, a land
management map of the Annensk mine territory
was compiled. In addition, the maximum absolute
value of the subsidence of the earth's surface within
the subsidence of the Annenskoye deposit was 0.8
cm. Shifts occurred both in the direction of increase
during the formation of rock dumps, and in the
direction of decrease as a result of subsidence of the
earth's surface.

The obtained results have proven that they
correspond to the data of radar interferometry,
conducted by surface measurements, as well as by
the limited liability company "Sovzond".

Thus, radar technologies have great potential,
their use in the mining industry is very promising.
This is facilitated by the development and
improvement of technologies for obtaining and
processing radar data. Also, the use of radar
interferometry allows you to quickly determine the
zones of possible deformations of the earth's surface
and organize high-precision mine surveying and
geodetic observations in these zones.
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Papgapnbik uHTEpdEepomeTpua 3A4iCiHiH KemerimeH Xep 6eTti meH
Tay-KeH HbiCaHAApPbIH 6aKblnay

Antaesa A.A., 2Capgbikos b. b., ! Ymupb6aesa A.b., 3flapkeH6aesa A.B., ‘lactaH A.

Xaneikapansik 6inim 6epy koprnopayuscs! XLUC, Aamamel, KazakcmaH
3TOO Leica Geosystems KazaxcmaHx, Aamamsi, Kazakcmat
3Kazak yammeiK azpapsik 3epmmey yHugepcumemi, Aamamel, KazakcmaH

TYRIHAEME

YNKeH TepeHJiKTe opHanackaH nanganbl kasbanapablH, KeH OpbIHAAPbIH XepacTbl agicTepimeH
Kayinci3 aHe TUIMAi urepy Tay-KeH KYMbICTApPbIH KYPri3y TEepeHAiriHiH, yafalobIMeH Tay-KeH
maccacblHaafFbl aedbopmauma NPOLLECTEPIHIH, CMNATbl MeH O0NapAblH, KOpLuafaH opTaFa acep ety
[J9peXeciHiH, alTapabIKTall e3repyimeH KublHAanabl. [Jedbopmaumansik NpouecTepai 3epTrey,
onapabl H6akplnay xaHe bonxkay Ken afdanaa KatTbl Nangansl KasbanapabiH, KEH OpbIHAAPbIH
Urepygain, TMiMainiri MeH KayincisgiriH aHbikTanabl. Jedopmauma npouectepiH KeHICTiKTe XaHe
YaKbIT apanblfblHAA Y34iKCi3 6aKblay HITUKECIHAE NPaKTUKaNbIK 60MKam KacayFa 6onagpl. byn
MaKanaga Kasipri 3amaHfbl CMNYTHUKTIK pajapnap *KoHe ofapAblH Heri3ri cunatramanapbl
YCbIHbINFaH. PaaMonoKauuanblk UHTEphEpPOMETPUA SAICiHIH, epeKweniktepi cunatranbin,

Makana kengi: 28 xcenmokcaH 2024 pPagMoNOKaUMANbIK  KeckiHgepai WHTepdepoMeTpuANbiK — eHAey4iH, SpTypAai  aaicTepiHiH,
CapanTtamagaH eTTi: 28 kaHmap 2025 APTbIKLWbINBIKTaPbl  MEH KeMwWinikrepi KapacTbipblnagpl. KasakctaH PecnybaunkacbiHAafbl
Kabbinganapl: 24 aknar 2025 naigansl Kasbanap KeH oOpbiHAApblH 6akplnay YLiH fapbilWTbiK PaAMONOKALMAHBI KONdaHy

Toxipubeci TangaHapl. Tay-KeH eHepkacibiHae paaMONOoKaUMANLIK MHTEepdepomeTpus aaiciH
KONAQHYAbl KaHOAHAOBIPY MYMKIHAiM Typanbl macene KeTepingi. Tay-KeH KeleHiHiH Oykin
ayMafblHAQ@, OHbIH, iWiHAE KETyi KWbIH XaHe KayinTi alimakTapha, aya palibl KafaahnapbiHa
KapamacTaH TypakTbl Aananblk 6bakplnaynap Kyprisyre 6onatbiHAblfbl AanengeHai. Pagap
MHTEPPEPOMETPUACHI 94iCIH KONAAHY HITUXKECIHAE Kep BETiHiH KblIXKYbIH XOFfapbl Ad/4iKneH
aHblKTayFa bonatbiHbl pactangbl. byn a4icTi KonpaHfaHAa [epekTepdi any KaHe eHAey
KaLWbIKTbIKTAH Kyprisineai }aHe annbl afaanaa obbvektiae 6onyapl Tanan etnengi. CoHbiMeH
Katap, byn MmaKanaga weT engepae pagap uHTepdepomeTpus SAiCIH Tay-KeH, MyHaWn
obbekTiNepiHAe  CATTi  KONZaHyAdblH,  Mbicangapbl  KentipinreH. CoHpaW-ak,  pagap
MHTepdEepPOMETPUACHIH KONAAHY Kep 6eTiHiH MymKiH 6onaTbiH Aedopmauma aiMaKTapbiH xKeaen
aHbIKTAyFa }KaHE OCbl alMaKTapaa ASNAirT *KoFapbl MapKLLERAEPNiK-reoae3nanbIk 6akblnaynapab
ybIMAACTbIPYFa MYMKIHAIK Gepegi. Byn makanaga 2016 KbinFbl Sentinel pagvonokaumsanbik,
CypeTTepiH XXaHe pafMoNoKauuanbiK MHTepdpepomeTpua a4iciH nailaanaHa oTbipbin, AHHEHcKoe
KEH OpPHBbIHbIH Xep BeTiHAeri KblKynapbl Xofapbl AINAIKNEH aHbIKTaNbiN, OPbIH aybICTbIpy
KapTacbl Kacangabl.

TyiiiH ce30ep: pafap VHTeppepOMETPHUACHI, Kepai PafUONOKaALMANBIK 30HATAY, CUHTE3aeNreH
anepTyp/ibiK PaAMoNIoKaToOp, UHTEPOEPOMETPAIK BHAERY dAiCTepi, pagap CeHCopaapsbl, ep 6eTiHiH,
Aedopmaumackl, Tay-KeH eHepKacibi.
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AHHOTALUMUA

besonacHoe M 3¢deKTBHOE OCBOEHME MECTOPONKAEHWI MOAEe3HbIX MCKOMAembIX MOA3EMHbIM
cnocobom, 3aneraroLmx Ha 60/bLUMX FYBUHAX, OCIOKHAETCA TEM, YTO C YBEAUYEHUEM FYBUHbI
BEAEHMWA TOPHbIX PaboT CyLeCTBEHHO WM3MEHAETCA XapaKTep npoTekaHua AedopMaLMOHHBIX
NpOLLEccCoB B MaccuBe MOPOJ U CTEMEHb MX BAWUAHWUA Ha OKpPYXKalowyto cpedy. MccnenoBaHus
£ebOpPMaLMOHHbIX MPOLLECCOB, MX KOHTPOAb M MPOrHO3 OMNPEAENAT BO MHOMMX CAy4yasx
3¢ dEKTUBHOCTb U 6e30MacHOCTb Pa3pPaboTKM MECTOPOXKAEHUI TBEPAbIX MONE3HbIX UCKOMAEMbIX.
MpaKTUYecKUii NPOrHO3 MOMKET BbiTb OCYLLECTB/IEH B Pe3y/bTaTe HEeMpepbiBHOTO CNEKEHWUA B
NpPOCTpaHCTBE U BO BpemMeHW 3a JePpopMauMOHHbIMM npoueccamu. B aJaHHOW cTaTbe
npeAcTaBNeHbl COBPEMEHHbIe CMYTHUKOBbIE Pafapbl U UX OCHOBHbIE XapaKTePUCTUKU. OnucaHbl
0cO06EeHHOCT MeToaa PafMo/IOKaLMOHHOW MHTephEepOoMEeTPUM, PAaCCMOTPEHbI NPeMMyLLeCTBa U

MNoctynuna: 28 dekabps 2024 HEeOCTaTKM Pas/IMYHbIX MEeToAO0B WHTepdepomeTpuyeckor 06paboTKM PaAMONOKALMOHHBIX
PeueHsuposaHue: 28 aHsapa 2025 n306pakeHuit. MpoaHasM3npPoBaH OMbIT UCMONb30BAHUA KOCMWUYECKOW PALMOIOKALMUM B LEAX
MpuHaTa B nevats: 24 hespans 2025 MOHUTOPUHIrAa MECTOPOXAEHUIN MONE3HbIX MCKONaemblx B Pecnybaunke KasaxcraH. Bbui nogHaTt

BOMPOC O BO3MOXHOCTM MHTEHCUOMKALMM  NPUMEHEHUA METoAa PaAMONOKaLMOHHOM
uHTepbepometpun B ropHogobbiBatoweit otpacau. [lokasaHa BO3MONKHOCTb NpOBeAeHUs
perynsapHbIX MoneBbiX HabnAeHUI Ha BCell TeppPUTOPUM TOPHOPYLHOTO KOMMEKca, BKAoYas
TPYAHOZOCTYNHbIE U OMACHbIE Y4aCTKU, HE3ABUCMMO OT NOTOAHbIX ycnoBUiA. MOATBEPKAEHO, UTO
NPUMEHEHWE MeToAa PaAMONOKALMOHHOW MHTepPhEPOMETPUN ONPEAENseT CMeLLeHNe 3eMHOM
MOBEPXHOCTU C BbICOKOM TOUHOCTbIO. [1PM MCNONBL30BaHWUM 3TOTO MeToAa NoayveHue 1 obpaboTtka
[aHHbIX NPOV3BOANTCA AUCTAHLMOHHO M B 0b6LLEeM Cyyae He TpebyeT NpucyTCTBUA Ha O6beKTe.
Kpome TOro, B [aHHOW CcTaTbe nNpuBeAeHbl MNPUMEPbl YCMELWHOro MPUMEHEHWA MeToAa
PafMONOKALMOHHOM HTEPdEPOMETPUN B 3apyOENKHbBIX CTPAHAX Ha rOpHbIX, HedTAHbIX 06beKTax.
TaKKe NpUMEHEHWE PaSMONOKALMOHHON MHTEPHEPOMETPUM NO3BONAET ONEPATUBHO ONPEAENATb
30Hbl BO3MOXHbIX Jedopmaupii 3eMHOM MOBEPXHOCTM W OPraHM30BbIBAaTb BbICOKOTOUHbIE
MapKLUeiaepcKo-reogesnyeckne HabnlogeHWa B 3TUX 30HaX. B AaHHOW cTaTbe, MCMonib3ys
pafapHble cHUMKM Sentinel or 2016 roga W meToa pajapHoW MHTepbepomeTpun 6Hblan
onpeaeneHbl CABUMKEHUA 3EMHOW MNOBEPXHOCTU AHHEHCKOTO MECTOPOXKAEHUA C BbICOKOW
TOYHOCTbIO M MOCTPOEHA KapTa CMeLLeHuA.

Kntoveebie caoea: pagnonoKaLMOHHas MHTEPGEPOMETPUSA, PASMOIOKALMOHHOE 30HAMPOBaHME
3eM/IM, CUMHTE3WPOBAHHbIN anepTypHbIA PAZMONOKATOP, METOoAbl MHTephEepoMEeTPUYECKOoit
06paboTKK, pagapHble AaTunky, aedopmaums 3eMHOM MOBEPXHOCTU, ropHoAO6bIBaKOLWAA
MPOMbILLINEHHOCTb.
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ABSTRACT

The paper examines the behavior of copper, lead, zinc and arsenic during the oxidative blowing of
intermediate copper-lead matte, which represents the second stage of the general technology for
processing balanced raw materials for copper and lead production. The optimal parameters for
the oxidative blowing of intermediate matte have been established: the time of blowing the melt
with oxygen is 20 min; the oxygen consumption is 1.4 times higher than its consumption from the
stoichiometrically required amount for the oxidation of zinc and iron sulfide; the temperature is
1250 °C. High indicators have been achieved for the complex selective extraction of metals into
targeted products: lead into rough lead — 97.6%,; copper into matte — 98.6%; zinc into slag — 56.8%,
into matte — 1.7, into dust and gases — 41.5; arsenic and antimony into dust — up to 97.4% and
90%, respectively. A general process flowsheet has been developed for separate processing of
balanced charges consisting of intermediate products of copper and lead production. The
technology can be used for separate processing of multi-component raw materials of copper
smelters and lead production of various types and compositions.

Keywords: copper-lead matte, copper, lead, zinc, arsenic, oxidizing blowing, melting, distribution.
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Introduction

The growth of volumes of substandard
intermediate products and recycled materials of
lead production necessitates the search for new
technologies for their processing. At present, in lead
and copper production, in connection with the
involvement of complex multi-component raw
materials in the processing, the yield of intermediate
products with a high content of impurity metals,
such as lead, zinc, arsenic, etc., is sharply increasing
[[1], [2], [3], [4], [5], [6]]. The use of this type of raw
material in processing, particularly in lead
production plants, has resulted in an increase in the
yield of intermediate products and recycled

materials containing higher levels of arsenic,
antimony, and their toxic compounds. Currently,
none of the processes in the lead production
technological chain achieve a sufficiently high level
of sublimation of arsenic and antimony into dust.
This shortcoming limits their removal from the main
production cycle, leading to a significant
accumulation within the facility. The existing
technologies are no longer capable of effectively
processing these materials, resulting in arsenic
buildup, a notable rise in material costs,
deterioration of technological performance, and an
increase in health issues for communities living near
metallurgical plants.
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Special attention is drawn to the process of
converting copper-lead matte, aimed at obtaining
rough copper. The technology of converting copper
matte is well developed in practice and is sufficiently
fully covered in the technical literature.
Nevertheless, the issues of increasing the extraction
of copper into rough copper and improving the
quality of copper-lead matte conversion products
still remain open.

We did not have the task of conducting a
detailed analysis of the conversion process of
copper-lead matte produced at the Ust-
Kamenogorsk Metallurgical Complex (UK MC) of
Kazzinc LLP. The interest in considering the issue is
caused by the fact that conversion can be
considered as the final stage of processing an
intermediate product — matte, obtained by separate
processing of intermediates and recycled materials.

The processing of copper-lead matte at the UK
MC is accompanied by a number of technological
features, which we reported in previously published
works. The conducted studies have established that
the low extraction of copper into rough copper (~
80%) is accompanied by an increased (up to 15%)
distribution of copper into converter slag, and an
insignificant (up to 5%) transition of it into dust.

In the process of converting copper-lead matte
into rough copper, up to 1.5% of lead passes. The
extraction of lead into dust is at a low level and is
40%. Up to 60% of the total amount of lead is
concentrated in the converter slag. During
conversion, galena present in matte is easily
oxidized to form lead oxide and sulfurous anhydride.
Lead oxide binds to silica to form lead silicate.

Zinc is distributed mainly between converter
slag and dust: up to 80% of zinc is concentrated in

converter slag.
The situation is somewhat different with the

distribution of arsenic and antimony. During
conversion, these impurities are distributed
between converter slag, dust and rough copper. The
main part of arsenic — up to 70%, passes into dust.
22% of arsenic is concentrated in the converter slag
and ~ 7% of it is distributed into rough copper.
26.2% of antimony passes into rough copper,
which is four times higher than that of arsenic. As a
result of the low sublimation of antimony during
conversion, its distribution into dust is insignificant,
and amounts to only 40%. The remaining part of
antimony - up to 36%, is concentrated in the

converter slag.
From the results obtained, the following can be

concluded. When converting copper-lead matte
having a complex chemical and phase composition,

it is not possible to achieve an optimal distribution
of non-ferrous metals and related impurities (As, Sb)
between the conversion products. In order to
achieve optimal technological indicators for the
distribution of metals during conversion, it is
necessary either to significantly improve the quality
of the matte before conversion, or already in the
conditions of conducting the conversion process, to
provide additional technological measures to
improve the quality of products. In our opinion, the
first option seems to be the most promising.

When organizing the technology of separate
processing of intermediates and recycled materials,
it is necessary to strive to obtain high-quality copper
matte, ensuring a minimum content of Pb, Zn, As, Sb
in it. In this regard, the existing technology at UK MC
cannot be considered as a prospect for the future,
and requires drastic changes.

One of the solutions to this problem is the
development of technology for separate processing
of copper- and lead-containing products, where
various pyro- and hydrometallurgical processes are
used [[7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18]].

At KazNITU named after K.I. Satbayev, under the
supervision of Professor Dosmukhamedov N.K.,
researchers have worked for several years with
scientists from the Moscow Institute of Steel and
Alloys (MISiS) and the Weizmann Institute of Science
in Israel, Rehovot. They are conducting thorough
research to develop new technology for processing
intermediate products and recycled materials from
copper and lead production. Based on the positive
results of fundamental research, a comprehensive
technology has been developed aimed at processing
multi-component balanced raw materials and
selective extraction of valuable metals into targeted
products [[19], [20]].

The core methodological principle of the
developed technology is a thermodynamic approach
to modeling bubbling metallurgical processes. This
approach ensures the accurate determination of the
qualitative and quantitative characteristics of the
resulting complex condensed (liquid) and vapor-gas
phases, based on specific input parameters of the
pyrometallurgical bubbling  process. These
parameters include the compositions and quantities
of the initial materials, temperature conditions,
oxidation-reduction potentials, and others.

The thermodynamic approach is grounded in
the concept of reaching thermodynamic equilibrium
(or a state near equilibrium) between the smelting
products. This enables the application of chemical




KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbs. N22(337), 2026

ISSN-L 2616-6445, ISSN 2224-5243

thermodynamics laws to predict the behavior of
both the main and impurity components during the
melting process. The basis for the possibility of using
the equilibrium approach to describe processes
occurring under conditions of intensive mixing of a
multicomponent melt of complex composition are
high rates of mass and heat transfer in them, and the
conditions for the formation and separation of
phases.

The basis for the developing of the general
concept of the new bubbling technology is the
separate two-stage processing of a balanced feed
charge consisting of intermediate products and
recycled materials from non-ferrous metallurgy.

At the first stage, selective separation of metals
into targeted products is carried out in an electric
furnace: copper into copper-lead matte; lead into
rough lead; zinc into slag, and partial sublimation of
rare, rare earth and dispersed metals into dust.

At the second stage, in an oxidation-reduction
furnace with submerged tuyeres, a sufficiently deep
extraction of lead (up to 98%) is carried out from
copper-lead matte into rough lead, and copper is
extracted into commercial copper matte with a high
copper content (up to 70%). Zinc is concentrated in
slag, and rare, rare earth and scattered metals pass
into dust.

Studies on the behavior of non-ferrous and
associated impurity metals during the smelting of a
balanced charge in an electric furnace are covered in
detail in [[19], [201]].

The aim of the present research is to study the
distribution of copper, lead, zinc and arsenic
between the products of oxidative blowing of
intermediate copper-lead matte obtained after the
reduction smelting of a balanced batch based on
copper- and lead-containing products in an electric
furnace.

Research methods

The object of the study is copper-lead matte
obtained after reductive smelting of a balanced
charge with natural gas of the following
composition, % by weight: 54.6 Cu; 2.23 Pb; 12.4 Zn;
6.2 Fe; 0.19 As; 22.2 S.

Copper-lead matte was subjected to air blowing
at different air consumption and time. Air
consumption was calculated based on the condition
of its consumption from the stoichiometric required

amount (SRA) for complete oxidation of lead, zinc
and iron sulfides.

In the experiments, the oxygen consumption
varied within the range from 0.9 to 1.5 of the SRA,
the melt blowing time was changed from 5 to 20
minutes. Based on the obtained results, the optimal
process parameters were determined, ensuring high
technological indicators for the extraction of non-
ferrous metals into targeted commercial products.

The methodology for conducting the
experiments was as follows.

A crucible containing an initial sample of 500 g
was placed into a quartz reactor, which was then
loaded into a furnace. Once the specified
temperature of 1523 K was reached, the melt was
held for 10 minutes to ensure homogeneity.
Afterward, the melt was subjected to oxygen
blowing for a specified duration. Oxygen
consumption varied between 1 and 1.4 fractions of
SRA for the oxidation of zinc and iron sulfides. The
blowing time was set at 5, 10, 15, and 20 minutes.
Once the oxygen blowing was completed, the tube
was raised above the melt, and the furnace was
allowed to cool. After cooling, the crucible with the
sample was removed from the quartz reactor. The
resulting smelting products, matte and slag, were
separated and analyzed for metal content. The
elemental composition of the melt products was
determined using a scanning electron microscope
equipped with a JED-2300 (JEOL) energy-dispersive
X-ray spectrometer. The obtained diffraction data
were processed, and the interplanar distances were
calculated using the EVA software. Sample decoding
and phase identification were performed with the
Search/Match program, utilizing the PDF-2 powder
diffractometric database for reference.

In order to obtain accurate data on the
elemental composition of dust, an additional
analysis was carried out using a D8 Advance
spectrometer.

The dust vyield in all experiments was
determined by calculating the difference between
the initial sample weight and the combined weight
of the obtained smelting products.

Each experiment was repeated three times for
reproducibility. The results of parallel experiments
on the content of metals in the smelting products
showed good convergence (error +/- 0.5% abs.).

Based on the average results of product yield
and metal content in them, the material balance of
the oxidative smelting of copper-lead matte was
calculated.
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Results and discussion

The general view of the enlarged laboratory
setup is shown in Fig. 1.

Table 1 shows the calculated material balance
of the oxidative smelting of copper-lead matte with
oxygen.

During oxidative smelting of matte with air, the
yield of products was, % (of the total charge): matte
—49.8; slag — 12.1; dust, gases — 38.1.

The patterns of distribution of copper, lead, zinc
and arsenic between smelting products under
conditions of oxidative blowing of matte are shown
in Fig. 2-5.

1 - crucible with charge; 2 —alundum tube for blowing the melt;
3 — quartz reactor; 4 — plug; 5 — gas outlet hose

Figure 1 - General view of the installation for reaching final copper-lead matte

Table 1 — Material balance of oxidative smelting of intermediate matte with air at optimal parameters: oxygen
consumption — 1.4 times exceeding its consumption from the SRA for oxidation of lead, iron and zinc sulfides; blowing

time — 20 min.; T=1250 °C

Products name Quantity Cu Pb Zn Fe As
g % I | I | i I | I | i I I I I i I | [ | i I | It | i
Loaded:
Matte 115.83 | 68.9 | 64.0 | 553 | 1000 | 2.6 | 23 | 1000 | 145 | 125 | 1000 | 63 | 55 | 100.0 | 0.15 | 0.1 | 100.0
Air 4453 | 265
Flux 781 | 46
Total: 168.18 | 100.0 | 64.0 1000 | 2.6 100.0 | 14.5 100.0 | 6.3 100.0 | 0.15 100.0
Received:
Matte 8384 | 498 | 639 | 763 | 99.9 | 08 | 09 | 300 | 04 | 05 | 30 [02| 02 | 30 | 005 |01 | 300
Slag 2034 | 121 | 01 | 01 | 01 28 | 136 | 190 | 62| 303 | 970
Dust. gases 64.00 | 38.1 18 | 29 | 700 | 113 | 17.7 | 780 010 | 0.2 | 700
Total: 168.18 | 100.0 | 64.0 1000 | 2.6 100.0 | 145 100.0 | 6.3 100.0 | 0.15 100.0
Sh S [o] N, Sio, Others
Total:
o [ m ] m o [ om [0 [ m o [ o
Loaded:
003 | 00 | 1000 | 255 | 22.0 | 100.0 27 [ 23 | 1000 | 1158
9.4 | 210 | 1000 [ 352 | 79.0 | 1000 44.5
5.8 | 748 | 1000 | 20 | 252 7.8
0.03 100.0 | 255 1000 | 9.4 100.0 | 35.2 100.0 | 5.8 1000 | 4.7 1000 | 168.18
Received:
0.03 [ 003 | 1000 [ 17.1 | 204 | 67.0 13| 16 | 289 83.8
29 | 141 | 306 5.8 | 287 [ 1000 | 27 [ 131 | 570 203
84 | 131 ] 330 [65[ 101 | 694 [ 352 | 550 [ 1000 07 | 10 | 141 64.0
0.03 100.0 | 2555 100.0 | 9.4 100.0 | 35.2 1000 | 5.8 100.0 | 47 100.0 | 168.18
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and the melt blowing time (t, min) for copper extraction into smelting products
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Figure 3 — Effect of oxygen consumption (ratio of SRA for oxidation of Pb, Zn, Fe sulfides)
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The best results for the complex selective
extraction of copper, lead, zinc, and arsenic into the
targeted smelting products were achieved with an
oxygen consumption rate 1.4 times higher than the
consumption from the SRA for the oxidation of zinc
and iron sulfides, followed by their transfer as oxides
into the slag. The matte blowing duration was set to
20 minutes. Under optimal process conditions,
copper extraction into matte exceeded 98%, lead
extraction into matte and dust was 30% and 70%,
respectively, and zinc extraction into matte, slag,
and dust was 3%, 19%, and 78%, respectively.

The results of the studies demonstrated the
fundamental feasibility of separately processing
copper-lead matte by intensively blowing it with air
to produce commercial copper matte with a copper
content of 76.3% (Table 1). These findings represent
the final second stage in the overall technology for
processing a balanced charge, which consists of
copper-lead-containing intermediate products and
recycled materials from copper and lead production.
This process allows for the selective extraction of
non-ferrous metals into targeted commercial
products.
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For industrial implementation of the general
reduction-oxidation technology for processing
balanced charge the following parameters are
recommended.

For the first stage —the recovery smelting of the
balanced charge:

— melt blowing time:

e natural gas — 20 min;

e consumption of CH4 is 1.7 times higher than
its consumption from the stoichiometric required
amount for the reduction of lead compounds;

e melting temperature — 1250 °C.

For the second stage — oxidative blowing of
intermediate copper-lead matte:

e melt blowing time — 20 minutes;

e oxygen consumptionis 1.4 times higher than
its consumption from the stoichiometric required
amount for the oxidation of zinc and iron sulfide;

e melting temperature — 1250 °C.

The implementation of the technology ensures
the production of high-quality targeted products of
the following compositions at the first stage:

= rough lead. % by weight: 99.34 Pb; 0.18 Cu;
0.08 Sb; other.

= Copper-lead matte, wt.%: 55.25 Cu; 2.25 Pb;
12.54 Zn; 5.48 Fe; 22.0 S; 0.13 As; 0.03 Sb; other.

= Slag, wt.%: 20.45 Fe; 18.58 SiO,; 4.0 Ca0;
8.33Zn; 0.16 Cu; 1.11 Pb; others.

In the second stage:

= Copper -lead matte, wt.%: 76.3 Cu; 0.93 Pb;
0.52 Zn; 0.23 Fe; 20.4 S; 0.05 As; 0.03 Sb; other.

= Slag, wt.%: 30.3 Fe; 28.7 SiO;; 6.0 Ca0; 13.6
Zn; 0.19 Cu; others.

Total recovery of metals into targeted products:

—lead in rough lead — 97.6%;

— copper in matte — 98.6%;

- zinc:

into slag — 56.8%;

in matte — 1.7%;

into dust and gases — 41.5%;

— arsenic and antimony in dust — 97.4% and
90%, respectively.

The proposed general process flow diagram for
the reduction-oxidation smelting of a balanced
charge with the complex extraction of copper, lead
and zinc into targeted commercial products is
presented in Fig. 6.

Balanced feed charge:
Pb-cake, Zn-cake, Cu-Pb matte, converter slag, copper slips.
(13% Cu; 43.5% Pb; 5.6% Zn; 7.8% Fe; 5.0% 5; 1.6% As; 0.6% Sb; 6.0% Si0:)

-

Slag for zinc extraction
[2.4% Zn; 1.1% Phb; 0.16% Cu; A
20% Fe; 18% 5i0y; 0.16% Cu)

Reduction smelting
(T=1250 °C, =20 min)

Flux

-

B ———
Rough lead for refining

&

Intermediate matte

Air Flux

4+—  (idative smelting
Slag {T=1250 °C, =20 min)
(13.6% Zn; 0.1% Cu;

2B. 7% Fe; 30.0% 510:)

Copper matte
{76.3% Cu; 0.9% Pb; 0.5% Zn;
0.2% Fe; 20.4% 5)

[55.3% Cu; 2.25% Pb; 12.54% Tn; 5.5% Fe; 22% )

—_— D=, DasES

(99.34% Pb; 0.18% Cu; 0.1% 5b)

Dust, gases = Gases

l

Dust for disposal
(38% As; 14% Sb)

To atmosphere

# Cases

l
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Figure 6 — Flow diagram of the technology for processing balanced charge, compiled on the basis of
intermediate products and recycled materials of copper and lead production
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The developed technology can be used for
separate processing of balanced feed charge,
composed on the basis of multi-component
intermediate products and recycled materials of
non-ferrous metallurgy of different types and
compositions.

Conclusions

1. The feasibility of implementing reduction-
oxidation smelting of a balanced charge has been
demonstrated.  The optimal technological
parameters for oxidative blowing of intermediate
matte have been established: the melt is blown with
oxygen for 20 minutes, oxygen consumption is 1.4
times higher than its consumption from the SRA for
the oxidation of zinc and iron sulfides, and the
temperature is maintained at 1250 °C.

2. Under optimal process parameters, the
following product vyields were obtained as a
percentage of the total charge: rough lead — 38.3%,
copper matte — 15%, slag — 31.2%, and dust/gases —
15.5%. The copper matte produced had a high
copper content (over 76%) with minimal impurities,
including 0.93% Pb, 0.52% Zn, 0.23% Fe, 0.05% As,
and 0.03% Sb.

3. High efficiency has been achieved in the
complex selective extraction of metals into targeted
products, with the following extraction rates: lead
into rough lead — 97.6%; copper into matte — 98.6%;
zinc into slag — 56.8%, into matte — 1.7%, and into

dust and gases — 41.5%; arsenic and antimony into
dust — up to 97.4% and 90%, respectively.

4, Based on the collected data, a basic
technological scheme for processing a balanced
batch composed of a complex conglomerate of a
mixture of intermediate products from copper and
lead production was developed.
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TeHAaecTipinreH WUKiKypampabl TOTbIKCbI3AaHAbIPbIN 6aNKbITKAHHAH KeWiH
aNblHFAH MbIC-KOPFacblH WITEUHAEPIH KaliTa eHaey 60iMbIHLLIA
ipineHpgipinreH cobiHaKTap

1nocmyxamepnos H.K., 2onpac6aii E.E., 2ApfbiH A.9., 2Nuesa 10.6., 'KypmaHceiitos M.B.

1Cam6aes yHusepcumemi, Aamamel, KazakcmaH
26.A. baliKkoHbIpos ambiHOarbl Me3KasraH yHusepcumemi, Me3xasraH, Kasakcmat

TYWIHAEME

Makana kengi: 18 Kapawa 2024
CapanTtamagaH eTri: 4 weamokcaH 2024
KabbingaHapl: 4 Haypei3 2025

KYMbICTa MbIC }KaHE KOPFaCblH OHAIPICIHIH, TEHAECTIPINreH WWKI3aTbiH 8HAEYre apHaAFaH Kaanbl
TEXHO/MIOTUAHDBIH, eKiHWI CaTbICbIHAAFbl apasiblK MbIC-KOPFacblH LUTEMHIH TOTbIKTbIPLIN ypsey
Ke3iHAe MbIC, KOPFACblH, MbIPbILL }aHe MbILWbAKTbIH, 661iHiN Tapanybl 3epTTeni. ApanbiK WTenHA
TOTbIKTbIPbIN YPAEYAiH OHTalbl napameTpsepi benrineHai: 6anKkpiMaHbl OTTENIMEH Ypaey YaKbITbl
— 20 MWH; OTTeri WbIFbIHbI — MbIPbILL NEH TeMip cyNbOUAIH TOTbIKTbIPY YwiH CKM-pi WwbifbiHHAH 1,4
ece apTblk; TemnepaTtypa-1250 °C. MakcaTtTbl eHiMaepre meTangapapl KeweHai cenekTusTi 6enin
any 6olibiHIWA: KOpFacblHAbl Ta3apTblIMaFaH KopfacbiHFa — 97,6%; MbicTbl WTeliHre — 98,6%;
MbIPbIWTbI KOXKFa — 56,8%, wTeiHre — 1,7%, WwaHfa, razgapfa — 41,5%; MblWbAK NeH CypbMaHbl
WaHFa — calikec 97,4% xaHe 90% AeliHri XofFapbl KepCeTKilTepre KON KeTKisinai. Mbic xaHe
KOPFacblH BHAIPICIHiH, XapTblnail eHimaepiHeH TypaTblH TEHAECTIpIAreH LWKWKiKypamabl 6enek
eHAeyre apHanfaH »Kannbl TEXHONOTUAHBIH, Cynbacbl 33ipaeHai. TeXHONOrUAHbI MbiC BanKbITy
JKOHE KOPFacblH BHAIPICIHIH KON KOMMNOHEHTTI LWUWKI3aTbIHbIH, TYPi MeH Kypambl 6oibiHWa 6enek
eHAeyY YWiH naraanaHyra 6onagpl.
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TyiiiH ce30ep: MbIC-KOPFacCblH LWTEWHI, MbIC, KOPFacblH, MbIpPbILl, MbIWbAK, TOTbIKTbIPbIN Yp/ey,
6ankbiTy, 6niHin Tapany.
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YKpYNHEHHble UCMbITaHUA NO nepepaboTKe MeAHO-CBMHLOBbIX LUTEAHOB,
NOJIy4EeHHbIX NOC/Ne BOCCTAHOBUTE/IbHOW NAaBKU C6aNaHCMPOBAHHOM WUXTbI

tnocmyxamepos H.K., 2Konaac6aii E.E., 2AprbiH A.A., 2Muesa 10.B., 'KypmaHceiitos M.B.

1 Satbayev University, Anmamel, KazaxcmaH
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AHHOTALUMUA

B pabote uccnefoBaHO NoBeAeHWE MEAM, CBMHLA, LUMHKA WM MbIlWbAKA NPU OKUCAUTEbHOWM
NPOAYBKE MPOMEKYTOYHOrO MEAHO-CBMHLOBOrO LWTEMHA, MPeACTaBAAoWeN BTOPYIO CTyneHb
obueit TexHonorum aAna nepepaboTKM CHaNAaHCMPOBAHHOMO CbipbA MEAHOMO0 W CBUHLOBOTO
Npou3BOACTBa.  YCTAaHOBNEHbl  ONTUMa/bHble  MAPAaMETPbl  OKUCAUTENBHOW  NPOAYBKM

Moctynuna: 18 Hoabps 2024 NPOMEKYTOYHOTO LWTeiHa: BpemMA NPoAyBKM pacnaasa KMCAopoaom — 20 MUH; pacxos Kucaoposa
PeueHsunpoBaHue: 4 dekabpa 2024 — 1,4 pasa npesblwatowmii ero pacxod ot CHK ans okucneHuna cynbduia UMHKA U Kenesa;
MpuHaTa B nevatb: 4 mapma 2024 Temnepatypa — 1250 °C. [JOCTUrHYTbl BbICOKME MOKa3aTeNn Mo KOMMIEKCHOMY CEeNeKTUBHOMY

M3BJIEYEHWNIO META/INI0B B LLeN1EBbIE MPOAYKTbI: CBUHLLA B YePHOBOW CBUHEL, — 97,6%; Meau B LUTENH
—98,6%; UMHKa B WaakK —56,8%, B wreliH — 1,7, B NblAb, rasbl — 41,5; MbilWbAKA U CypbMbl B Nbl/b
- po 97,4% wn 90%, cooTBeTcTBeHHO. Pa3paboTaHa obuias TexHoNOorMyeckas cxema Ans
paszenbHo nepepaboTKM cbanaHCMPOBAHHOM LUMXTbl, COCTABNEHHOW W3 MNOJYNPOAYKTOB
MeZIHOTO M CBUHLLOBOTO NPOM3BOACTBA. TEXHONOMMA MOXKET BbITb MCNONb30BaHA ANA PA3febHOM
nepepaboTKM PasIMYHOIO Mo TUMY MU COCTaBY MHOTOKOMMOHEHTHOTO CbipbA MEAENNABUIBHOTO U
CBMHLLOBOrO NPON3BOACTBA.

Knrouesble cnoea: menHO-CBUHLIOBbIN LWITENH, MeAb, CBUHEL, UMHK, MbIWbAK, OKUCAUTENbHAA
npoAyBKa, NNaBKa, pacnpeseneHue.
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ABSTRACT

The article discusses the production of flotation reagents based on domestic sulfur-containing oil
products using the ultrasonic cavitation method. Particular attention is paid to the selection of oil
products based on the analysis of their qualitative and quantitative composition. Mercaptans
(thioalcohols) are known to be the most effective sulfhydryl collectors. This study utilizes sulfur-
containing oil products with the same sulfur content but differing in the form of sulfur presence in
the starting materials: refined oil, mercaptan-containing product, and an intermediate product
obtained during oil demercaptanization. Compositions were developed using these oil products
and butyl xanthate. During ultrasonic cavitation, the dependence of emulsion stability over time
on ultrasonic power and component ratios was determined. Optimal conditions for ultrasonic
cavitation and the appropriate proportions of components in the compositions were established.
Despite having the same sulfur content, it was found that only sulfur-containing products with
specific structural characteristics are suitable for flotation reagent production. Additionally,
ultrasonic cavitation's role in modifying the compositions' properties was identified, significantly
influencing their efficiency as collectors.

Keywords: refined oil, mercaptan-containing product, butyl xanthate.
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Introduction

Flotation reagents play a key role in the flotation

characteristics of flotation reagents is their selective
influence on phase boundaries, particularly on the
surface of various minerals, due to the conditions

process, determining its efficiency and future
development prospects. The success of flotation
largely depends on their proper selection and
economically justified application. One of the key

created in the aqueous pulp medium. Of particular
interest is the combined use of ionic and apolar
collectors, which demonstrate high flotation
efficiency [[1], [2], [3]].
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In recent years, research by domestic scientists
has intensified interest in the use of heteroorganic
oil compounds for the beneficiation of polymetallic
ores. Technologies are actively being developed to
extract sulfur-containing compounds from oil
products, including mercaptans, sulfides, and
thiophenes, with the latter accounting for 80-95% of
the total. It has been established that oil sulfides are
predominantly represented by cyclic compounds,
homologs of alkyl-substituted thiophenes, and
thiocycloalkanes. As the boiling point of oil fractions
increases, the proportion of condensed monocyclic
sulfides decreases, while that of polycyclic sulfides
rises. These compounds exhibit high surface activity,
making them promising apolar reagents that do not
require additional surfactants.

Studies by V. A. Glembotsky, L. Ya. Shubov, V. A.
Esepkin, S. I. Chernykh, and others have shown that
the most effective apolar reagents contain aromatic
hydrocarbons and their homologs. These findings
highlight the need for a more in-depth investigation
of such compounds as flotation reagents.

This study aims to evaluate the potential use of
sulfur-rich oil concentrates containing aromatic and
heteroatomic compounds as selective apolar
collectors. These substances remain insufficiently
studied in the context of ore flotation [4].

Many collectors possess a complex heteropolar
molecular structure, incorporating both polar and
apolar fragments. The polar part of the molecule
interacts with water, while the apolar part,
represented by a hydrocarbon radical, exhibits
hydrophobic properties. During adsorption on the
mineral surface, the polar part of the molecule
attaches to the mineral, while the apolar part
extends into the aqueous phase, facilitating
hydrophobization and subsequent flotation of the
mineral [5].

The selective properties of collectors depend on
their chemical composition and molecular structure.
They are classified based on their interaction
mechanism with minerals, their degree of
dissociation into ions, and the type of ion
responsible for the hydrophobizing effect (anion or
cation). Collectors are generally divided into three
main groups (Figure 1):

collectors

| 1 |

the hydrophobizing
component is the anion
(xanthates,
dithiocarbamates, fatty

Cationic

the hydrophobisating ion is
represented by a cation
(nitrogen-containing

hydrocarbons, oils,
resins not dissociating
in water.

acids). compounds)

Figure 1 - A main group of collectors

One of the key directions for improving flotation
efficiency is the development of new sulfur- and
phosphorus-containing reagents that ensure high
performance while reducing consumption.

In Kazakhstan, the production of flotation
reagents, particularly collectors and foaming agents,
is limited. Imported reagents are often expensive, of
inconsistent quality, and have restricted applicability
to different ore types. This situation necessitates the
development of domestically produced flotation
reagents from local raw materials, as well as the
optimization of reagent regimes for their effective
use in beneficiation processes [6].

According to the literature, xanthates,
dithiophosphates, dixanthates, and their mixtures
are widely used as collectors. For instance, butyl
xanthate is the primary reagent in Russia, while amyl
xanthate is more commonly used abroad [[7], [8],
[9]]. It has been established that an increase in the
hydrocarbon radical enhances the reactivity and
oxidizability of xanthates [10].

For selective flotation, weak collectors such as
aeroflots, or their combinations with xanthates, are
recommended. The research of A. Abramov focuses
on the development of new selective collecting
reagents to improve the flotation efficiency of non-
ferrous metals [11].

Flotation reagents used in mineral processing
can be derived from crude oil. Crude oil contains not
only water and salts but also a wide range of organic
compounds, including sulfur-containing
components, which are of particular interest for
flotation. Compounds such as mercaptans, sulfides,
and thiophenes have the potential to serve as
effective collector reagents with selective effects on
minerals.

The extraction of such compounds can be
integrated into the early stages of oil processing,
particularly during the breakdown of stable water-
in-oil emulsions. This process offers a dual
advantage: on one hand, the removal of these

compounds enhances oil quality and reduces
corrosiveness  caused by  sulfur-containing
components; on the other, the recovered

compounds can be utilized in the synthesis of
innovative flotation reagents, which is especially
valuable for polymetallic ore beneficiation [[12],
[13], [14]].

Thus, the development of technologies for
extracting sulfur-containing components from oil
presents both environmental and industrial
benefits. Environmentally, it improves oil properties
and reduces pollution; industrially, it enables the
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creation of cost-effective and highly efficient
flotation reagents from local raw materials.

The presented data confirm that advancing the
composition of sulfur-containing reagents used as
flotation collectors is a dynamic area of research.
However, the challenge of selecting suitable initial
components and optimizing their compositions for
effective flotation of refractory ores remains
unresolved. This is because reagent efficiency is
directly influenced by the qualitative and
guantitative composition of the raw material, as well
as its structural characteristics, necessitating an
individualized approach in each specific case [15].

Additionally, with the declining quality of raw
materials and increasing flotation reagent
consumption, reducing costs becomes essential. In
this context, the synthesis of flotation reagents from
inexpensive domestic raw materials, such as sulfur-
containing oil products, is of particular importance,
offering opportunities for the development of more
economical and efficient flotation technologies [16].

Experimental part

For this study, three samples of oil and oil
products from the Kenkiyak deposit, provided by
Aktobeoilgas, were selected. The samples included
dehydrated oil, purified oil, mercaptan-containing
products, and a byproduct obtained during oil
demercaptization.

At this stage of the research, the focus was on
the raw oil from the Kenkiyak deposit and oil that
had undergone the first stage of treatment. The
physical and chemical characteristics, as well as the
composition of oil with a water content of up to 30%,
are presented in Table 1.

Table 1 - Physical and chemical characteristics of oil in the
Kenkiyak deposits

Description of indicators | Averaged values
Viscosity, MPa x °C, at 4.13-2.18

200 °C - 500 °C

Density, g/cm?3 0.8259
Asphaltene, % 0.4

Paraffin, % 3.3

Pour point, 0S 8.70~14.0
Mass fraction of sulfur, % | 0.70~ 1.21

The data presented in Table 1 indicate that the
composition of the source oil is characterized by a
sulfur content exceeding 1%. Sulfur is present in the
form of both hydrogen sulfide and mercaptans. To
effectively remove stable  sulfur-containing

compounds, a second purification stage is
employed, utilizing  specialized reagents—
absorbers. This method is currently the most
effective for reducing sulfur-containing components
such as hydrogen sulfide and mercaptans in oil.

This study examined oil after the first and
second refining stages. The first stage of oil
treatment, based on existing technology, includes
heating followed by electrostatic dehydration. This
process relies on the destruction of petroleum
emulsions through a thermochemical method
combined with exposure to a high-voltage electric
field.

The  thermochemical method involves
preheating the oil to a temperature of 48-50 °C with
the addition of a demulsifier. As the temperature
rises, the oil’s viscosity decreases, facilitating better
mixing of the emulsion with the demulsifier and
enhancing the separation of oil and water. An
essential condition for effective separation is the
residence time of the emulsion in the apparatus. The
demulsifier penetrates the surface layer of water
droplets in the oil, breaking the protective coating
composed of asphaltenes, resins, and paraffins. This
process promotes the coalescence (fusion) of water
droplets. The degree of dehydration achieved
through thermochemical treatment ranges from
80% to 90% [17].

More stable water-in-oil emulsions are
disrupted using a high-voltage electric field of 20-25
kV at an industrial frequency of 50 Hz in an electric
dehydrator. Under the influence of an alternating
electric field, dispersed water droplets in the oil
coalesce, merging with other droplets and
increasing in size. The enlarged water droplets settle
in the intermediate layer below the lower electrode
before passing into the drainage water layer.

When subjected to an electric field between two
horizontally positioned lattice electrodes, the
protective shell of the water emulsion droplets
breaks down. As a result, water and the dissolved
salts it contains separate from the oil due to
differences in density and accumulate at the bottom
of the electric dehydrator. Dissolved mineral salts
are also removed from the oil along with the
separated water [18].

Mercaptans can be considered hydrogen sulfide
derivatives in which one hydrogen atom is replaced
by a hydrocarbon radical. Their general formula is
RSH.

With alkalis, they form mercaptides:

RSH + NaOH ->RSNa + H,0 (1)
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At the first stage of the second stage of
purification, a 2-5% solution of alkali NaOH of
hydrogen sulfide, naphthenic acids and part of
methyl, -ethylmercaptans is selectively extracted
from oil by the following reactions:

H,S + 2NaOH -> Na,S + 2H,0 (2)
RSH + NaOH -> RSNa + H,0 (3)
RCOOH + NaOH -> RCOONa + H,0 (4)

At the second stage of the second purification
stage, there is additional extraction of methyl, - ethyl
mercaptans, partial extraction of propyls, -isopropyl
mercaptans with alkali solution 6.5-14.3 wt%. If
necessary, mercaptides are oxidised into disulphide
oil with air oxygen in the presence of a catalyst -
cobalt phthalocyanine. The extraction and oxidation
of mercaptans occurs according to the reactions:

RSH + NaOH -> RSNa + H,0 (5)
2RSNa +1/20; + H,0 = RSSR + 2NaOH (6)

Reaction (4) shows that the oxidation of RSNa
completely regenerates the consumed alkali.

To maintain effective purification, the alkaline
solution should never contain a significant amount
of unoxidized RSNa. For this reason, the amount of
air introduced into the oil must always exceed the
stoichiometric air flow rate for complete oxidation
RSNa.

Table 2 presents the physical and chemical
parameters that oil should have after the first and
second stages of the second purification stage.

Table 2 - Physical and chemical parameters of oil after the
second stage of treatment

Name Value of indicators

products 1 oil treatment Il oil treatment
Mass fraction of sulfur, % no more 0.8 no more 0.6
Density (at 20 °C), kg/m3 no more 850 no more 850
Fraction yield to temperature, %

200°C no more 27 no more 27

300°C no more 47 no more 47

350°C no more 57 no more 57
Mass fraction of paraffin, % no more 6.0 no more 5.0
Mass fraction of hydrogen sulfide, ppm | no more 80 no more 1
Mass fraction of methyl-ethyl no more 100 no more 40
mercaptans in total, ppm
Water mass fraction, % no more 0.5 no more 0.5
Chloride salt concentration, mg/dm3 no more 100 no more 90
Mass fraction of mechanical no more 0.05 no more 0.05
impurities,
Saturated vapour pressure, kPa no more 66.7 no more 66.7

(500)

According to Table 2, the content of hydrogen in
oil should not exceed 1 %, and the content of
mercaptans - 40 ppm.
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Figure 2 - Comparative figures of IR spectra of oil
(Kenkyiak deposits) after stages 1 and 2 of treatment.
(1 - the first stage of oil purification,

2 - the second stage of oil purification)

Figure 2 compares the spectra of oil samples
after the first and second cleaning stages. A
significant difference in spectral profiles is noted,
which indicates changes in the ratio of compounds
present. The second fraction contains a higher
concentration of compounds including S = O groups,
as well as sulfur compounds of aromatic and
naphthenic structures.

One promising fine dispersion technique is
ultrasonic cavitation. This process makes it possible
to obtain stable mixtures of substances and
significantly accelerate various chemical and mass
exchange processes. Ultrasonic dispersion helps to
obtain highly dispersed, homogeneous and pure
chemical nanosuspensions and nanoemulsions.

In our study, ultrasonic cavitation is considered
an advanced technology for dispersing solid
materials. This method is highly effective in breaking
down solid particles through mechanisms such as
shock waves and frictional flows generated by
collapsing cavitation bubbles. The dispersion of
insoluble components simultaneously facilitates the
formation of stable mixtures and enhances chemical
processes, enabling  the production of
nanosuspensions and nanoemulsions with high
dispersion and purity.

Additionally, ultrasonic treatment is applied in
the pretreatment of crude oil, demonstrating high
efficiency in demulsification and dewatering. This
method not only improves oil refining quality but
also enhances environmental safety by reducing
waste volumes. The use of ultrasound in such
processes underscores its role as a sustainable and
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environmentally friendly approach in modern d) 8.4
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Figure 3, following this procedure: 50 ml of distilled
water and 0.5 g of the test mixture were placed in a
beaker. To evaluate the stability of the resulting
microemulsions, three different ratios of oil (after
the first purification stage) to butyl xanthate were
selected: 1:1, 1:2, and 1:3. A titanium ultrasonic
probe in the form of a cone concentrator was
immersed in the sleeve, ensuring its tip was
positioned in the central part of the liquid volume.
The treatment was conducted at an operating
frequency of 25 kHz, with adjustable net power in
the liquid medium ranging from 234 W to 720 W.
The sonication time varied from 5 to 105 minutes,
and the temperature of the resulting microemulsion
after sonication reached 45-50 °C.

Studies were conducted to determine the
optimal sonication conditions for each mixture. The
dependence of the pH variation of the emulsion
medium overtime on ultrasonic power and the ratio
of components (oil after the first purification stage
with butyl xanthate) was established (Figure 2). The
pH change plays a crucial role in flotation processes,
as it influences the chemical state and behavior of
reactants in the emulsion. The pH of the medium
directly affects the surface charge of particles,
altering their ability to adsorb flotation reagents,
including butyl xanthate, thereby impacting
flotation efficiency.

Ultrasonic treatment can modify the pH by
influencing the dissociation of chemical bonds and
the distribution of ions in solution, which affects the
acid-base properties of the medium and,
consequently, the adsorption of reagents and their
interaction with minerals. These modifications can
significantly impact selectivity and the recovery of
valuable components during flotation.

Figure 4 presents the results of pH variation over
time during the ultrasonic dispersion of
microemulsion collectors, obtained from oil after
the first and second purification stages in
combination with sulfur-containing components and
butyl sodium xanthate. The graphs illustrate the
dependence of pH on processing time at different
ultrasound power levels (720 W, 600 W, 400 W, and
234 W). The pH tends to increase as dispersion time
progresses, with higher ultrasound power
contributing to a more significant rise in pH.

The influence of collector composition on pH
dynamics is also evident: an increase in the butyl
sodium xanthate content (from 1 to 3) leads to a
notable shift in the system’s acid-base balance.

In further studies, the composition of the
compositions was complicated. The collector used

was a mercaptan-containing mixture consisting of
oil, a sulphur-containing product and sodium butyl
xanthate in ratios of 0.5: 0.5: 0.33; 0.5: 0.5: 0.5 and
0.5: 0.5: 1.0. The results are presented in Figure 3.
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Figure 4 - Change in medium pH over time at
different ultrasonic power (1-600 W; 2 - 400 W; 3-234
W) for a mercaptan-containing collector composition
consisting of oil, sulfur-containing product and butyl

xanthate, with the following ratios: a) 0.5: 0.5: 0.25;
b) 0.5:0.5: 0.5; c) 0.5: 0.5: 1.0.

The particle size measurement of the emulsions
was performed using a Photocor Compact analyzer
as shown in Table 3. The analyzer operates on the
principles of static and dynamic light scattering
known as photon correlation spectroscopy. The size
of the particles dispersed in the liquid, as well as the
molecular weight of the polymers, were determined
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by analyzing the correlation function of fluctuations
in the intensity of scattered light and its total
scattering intensity. Measured sizes range from 1
nm to 100 pm.

In previous studies, it was found that the use of
a composition of oil and xanthate in equal
proportions of 1:1 allows to achieve high flotation
efficiency [19]. Paper [20] shows the results of
experiments to determine the size of the dispersed
phase in emulsions with different ratios of oil and
xanthate (1:1; 1:2; 1:3) during ultrasonic treatment
with different power (234, 400, 600 W) and at
different time intervals (35, 65, 105 minutes).
Analysis of the data shows that the minimum
particle size, 10.73 nm, was observed at a power of
600 W and a treatment time of 65 minutes or more,
especially at the ratio of oil to 1:3 xanthate. These
results confirm the effectiveness of increasing
ultrasound power and processing time to achieve
fine particle sizes in predetermined proportions.
With an increase in the concentration of xanthate,
the size of the microemulsion decreases and its
stability increases accordingly. Also, the presence of
sulfur compounds in the oil emulsion, which can be
natural emulsifiers, most likely has a significant
effect on the stability of the microemulsion.

Additional experiments were performed using
refined oil, mercaptan-containing product and butyl
xanthate in a ratio of 1:1:0.5; 1:1:1 and 1:1:2. The
results of these studies are presented in Table 3.

Table 3 shows the results of experiments to
determine the size of the dispersed phase in
emulsions using refined oil and butyl xanthate in
three different proportions (1:1:0.5, 1:1:1, 1:1:2).
The emulsions were sonicated at different powers
(234, 400 and 600 W) and measured 30, 60 and 80
minutes after the start of the experiments.

It can be seen from Table 3 that with increasing
processing time and ultrasonic power, the particle
size decreases in most cases. This is especially
noticeable in experiments with the proportion of
1:1:2, where the particle size decreased to 6.61 nm
with a power of 600 W and a processing time of 60
minutes. This data may indicate that the optimum
conditions for achieving the minimum particle size
can be achieved with a higher power and processing
time. Increasing the power of the exposure process
increases cavitation and reduces the size of the
dispersed phase of the emulsion.

This leads to the conclusion that it is important
to select appropriate processing conditions to obtain
emulsions with the desired particle size
characteristics, which is important for the practical
application of such systems in various processes.

Table 3 - Influence of ultrasonic treatment power and
exposure time on disperse phase size in emulsions with
different ratios of oil and xanthate

Dispersed phase value,
Time nm
No. to Power, W Experlt‘n.ental
reach, conditions
min. | 234w | 400 W 6\?\/0

[Refined oil + mercaptan]: butyl xanthate — 1:1:0,5

30 59.71 | 43.65 | 31.09
1 60 59.43 | 18.95 | 24.81 | 0.5g/0.5g/0.25g
80 61.45 | 21.97 | 30.79

[Refined oil + mercaptan]: butyl xanthate — 1:1:1

30 47.92 | 21.73 | 15.63
2 60 41.93 19.8 23.58 0.5g/0.5g/0.5g
80 38.6 12.36 | 25.58

[Refined oil + mercaptan]: butyl xanthate — 1:1:2

30 28.39 | 15.79 | 17.58
3 60 18.95 7.16 6.61
80 13.51 7.73 9.63

0.5g/0.5g/1.0g

Conclusions

Based on the presented data and analysis of the
experimental results, it was established that
ultrasonic cavitation significantly enhances the
efficiency of dispersing and modifying the properties
of petroleum products for the production of
flotation agents. The application of ultrasound
enables control over emulsion stability, improving
their characteristics by adjusting exposure power
and processing time.

Additionally, the content and chemical form of
sulfur in sulfur-containing oil products, particularly
mercaptans, have a crucial influence on the
properties of collectors. Experiments using refined
oil, a mercaptan-containing product, and butyl
xanthate in ratios of 1:1:0.5; 1:1:1; and 1:1:2
demonstrated that the 1:1:2 ratio yielded the best
results, achieving a particle size reduction to 6.61 nm
at 600 W and a treatment time of 60 minutes.

It was also found that ultrasonic cavitation
influences not only particle size but also the colloidal
properties of the compositions, significantly
enhancing their efficiency as collectors. This finding
opens up new prospects for the development of
advanced mineral processing technologies. These
conclusions underscore the importance of
innovative approaches in optimizing the production
and application of flotation reagents.
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MyHait eHimpaepi Heri3iHae anbiHFaH KypambiHAA MepKanTaH 6ap
MUKPO3IMY/IbCUAJIBIK }KUHAFbIWTAPAbIH, AUCNEeprupiey KacueTTepiH 3epTrey
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TYWIHAEME

Makanaga ynbTpafblbbiCTbIK KaBUTaLMA SAiCIH KONZaHa OTbIpbIN, KypamblHAA KyKipTi 6ap
OTaHAbIK MyHail eHimaepi HerisiHge daoTopeareHTTEp any maceneci KapacTbipbliagbl. 3epTrey
6apbicbiHAQ MYHall eHIMAEpPiHIH cananblk KaHe CaHAbIK Kypambl TanAaHbin, onapAbiH, HerisiHae
peareHTTepai ipikTeyre epekwe maH bepingi. CoHpaln-ak, HeFypabiM TUiMAi cynbbruapunbai
JKMHafbIlWTAP MepKanTaHgap (Trocnuptrep) ekeHi 6enrini. MymbicTa KypambiHAAFbl KyKipT
menwepi bipaen, Gipak bactankbl mMaTepuangapaarbl KYKIpTTiH XUMuAnbIK dopmackl apTypai
60naTbiH MyHal eHiMAepi KonaaHbinapl. Onapfa TasapTblaFaH MyHaW, KypaMbliHAA MepKanTaH 6ap
OHiM, COHAal-aK MyHalapbl AemepKanTaHWU3aUMANAY apKblabl afblHFAH apanblK 6HIM XKaTagpl.
ATanfaH MyHall eHimzepi MeH OyTWA KcaHTOreHaTbl Heri3iH4e KOMMO3MUMANAP Kacangpl.
YnbTpagpibbiCTblK  KaBUTaLUMA MPOLLECIHIH, SCEPiHEH YaKbIT ©eTe Kene 3MyNbCUANapAbIH,
TYPaKTbINbIFbIHBIH, ©3repyi, yNbTPaAbIObICTbIK dCep eTy KyaTbl KaHe KOMMNOHEHTTEPAH, apTypAi
KaTblHacTaFbl Tayenainiri 3eptrengi. YnbTpafblObICTbIK KaBUTaUMA MEH KOMMO3MUUAAAFbI
KOMMOHEHTTEPAiH, NPONOPLMACHIH OHTaWNaHABIPY LWapTTapbl aHblKTandbl. KyKipT menwepiHiH,
6ipaen 6onybiHa KapamacTtaH, Tek 6enrini 6ip KypbiabiMAafbl KyKipTKypamabl eHimaep faHa
bnotopeareHTTEp any YWiH Xapamapl ekeHi panenpeHai. CoHpaii-ak, KOMNO3ULMANAPABIH,
KacveTTepiH moanduKaumanayaa ynbTpaablibbICTbIK KaBUTALMAHbIH, MaHbI3Abl Pen aTKapaTbiHbl
aHbIKTanapl. byn GakTop 0napAblH, KUHaFbIW peareHT peTiHaeri TimAiniriHe aTapabiKTail acep
etesi.

Tyiiin ce30ep: Ta3apTbINFaH MyHal, KypaMblHAA MepKanTaH 6ap XuHafblw, 6yTUAA] KCaHToreHar.
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ABSTRACT

Lithium is the most important raw material for the production of modern electronics and electric
vehicles. Today, it is impossible to imagine any mobile device without lithium batteries. The role
of lithium in the global economy is only growing. The production of electric vehicles and batteries
contributes to the reduction of carbon dioxide emissions. Nevertheless, end-of-life lithium-ion
batteries pose a danger to the ecosystem. The article presents technological developments in the
field of lithium extraction. The main sources of lithium are pegmatites, continental and geothermal
brines, as well as clays, seawater and industrial brines. The main commercial lithium product is
lithium carbonate (Li»COs), which is obtained mainly from the mining, extraction and processing of
spodumene ores and saltlake, oilfield brines. The effective role of lithium in addressing important
issues such as pollution, climate change and the increasing depletion of natural resources used to
produce lithium-ion batteries for these electric vehicles is also discussed.

Keywords: lithium outlook, lithium minerals, demand and use, lithium resources, key technologies.

Yersaiynova Albina Abatkyzy

Information about authors:

Doctoral student, laboratory of titanium and rare refractory metals, Institute of Metallurgy and
Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133, 050010, Almaty, Kazakhstan.
Email: a.yersaiynova@satbayev.university; ORCID ID: https://orcid.org/0000-0003-0638-380X

Karshyga Zaure Baitaskyzy

Ph.D., Leading Researcher, Associate Professor, laboratory of titanium and rare refractory metals,
Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133,
050010, Almaty, Kazakhstan. Email:  z.karshyga@satbayev.university;  ORCID  ID:
https://orcid.org/0000-0002-3025-7363

Muhammad Noorazlan Abd Azis

Ph.D., Associate Professor, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris,
Tanjung Malim, Perak, 35900, Malaysia. Email:azlanmn@fsmt.upsi.edu.my; ORCID ID:
https://orcid.org/0000-0002-2792-4145

Yessengaziyev Azamat Muratovich

Ph.D., Head of the Laboratory of Titanium and Rare Refractory Metals of the Institute of Metallurgy
and Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133, 050010, Almaty,
Kazakhstan. Email: a.yessengaziyev@satbayev.university; ORCID ID: https.//orcid.org/0000-0002-
4989-4119

Orynbayev Bauyrzhan Munarbaiuly

Doctoral student, laboratory of titanium and rare refractory metals, Institute of Metallurgy and
Ore Beneficiation JSC, Satbayev University, Shevchenko str., 29/133, 050010, Almaty, Kazakhstan.
Email: Bauyrzhan.Orynbayev@stud.satbayev.university; ORCID ID: https.//orcid.org/0000-0002-
7730-9060

Introduction

Lithium and lithium-containing compounds are

absorbent medium in industrial refrigeration
systems as well as in humidity control and
dehumidification systems. In metallurgy, lithium is
used in the production of lightweight alloys used in

vital strategic resources for the economy, and their
consumption is growing rapidly every year. Lithium
is also one of the most important metals that set the
direction of scientific and technological progress in
the modern world. Lithium and its alloys are used in
a wide variety of industrial applications, such as:
batteries, ceramics and glass, lubricating greases,
polymer production, medical, continuous casting
mold flux powders, air treatment, and other uses [1].

In glass and ceramics manufacturing, lithium is
used as a flux where it helps lower the melting point
and increase durability [2]. Lithium can be used as an

aviation and aerospace, as well as in the production
of high-strength, corrosion-resistant military
components. In medicine, it is used to treat bipolar
disorder, depression and other mental disorders [3].
Lithium is also used as a thickener in the production
of lubricants. These lubricants have excellent heat
resistance and water repellency properties, making
them ideal for use in heavy equipment and
automotive applications. Lithium is widely used
today in the manufacture of batteries, especially
lithium-ion batteries, which are used in electric
transport, stationary energy storage systems, as well
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Figure 1 - Use of lithium and its compounds in the world from 2019 to 2023

as in compact power supplies for computer and
telecommunications equipment. According to U.S.
Geological Survey, Mineral commodity summaries
over the last 5 years, the application area of lithium
is changing [[4], [5], [6], [7], [8]]. Figure 1 shows a
steady annual increase in the use of lithium in

batteries, while other areas show a decrease.
Since Sony and Asahi Kasei introduced lithium-

ion batteries in 1991, lithium-ion batteries have
significantly changed many aspects of our daily lives
[[9], [210]]. In recent years, the demand for lithium
has been steadily increasing as global energy storage
markets are growing rapidly [11]. The electric vehicle
industry is experiencing particularly rapid growth,

significantly accelerating this process [12].
Between 2021 and 2022, global fossil fuel-

derived carbon dioxide (CO;) emissions increased
and reached the highest level in history [[13], [14]].
The main sources of atmospheric pollution are
industrial enterprises and automobiles [15].
Industrial facilities emit gases and dust into the
atmosphere, and vehicles emit significant amounts
of exhaust gases [16]. Atmospheric pollutants
include not only gaseous substances but also fine
dust containing heavy metals such as lead (Pb),
cadmium (Cd), and mercury (Hg), which pose a
serious threat to human health [[17], [18], [19]].
Also, due to the emission of CO,, NOy and other
gases into the atmosphere in large quantities, we
intensively observe climate change every year:
floods, forest fires, drought and other major
disasters [[20], [21]]. In this regard, international
organizations intend to switch to renewable energy

sources to reduce the spread of greenhouse gases
and to reduce the load of fossil fuels [22].

Increased demand for lithium has an impact on
its price. The formation of lithium prices depends on
its supply, which, in turn, may be constrained by its
natural reserves, as they are concentrated in a
limited number of countries.

Main lithium minerals and world reserves

The main sources of lithium are pegmatites,
continental and geothermal brines, also clays,
seawater and industrial groundwater [23]. The main
commercial lithium product is lithium carbonate
(Li,COs), which is obtained mainly by mining,
extraction and processing of spodumene ores and
saltlake, oilfields brines.

More than 100 natural lithium minerals have
been identified [[24], [25]]. Lithium is predominantly
found in the form of silicates, less frequently in the
form of phosphates, and lithium minerals from other
classes are extremely rare [26]. Commercial lithium
minerals are: spodumene, lepidolite, petalite,
eucryptite and cinnwaldite, also other minerals are
presented in Table 1 [27].

According to U.S. Geological Survey, Mineral
commodity summaries U.S. Geological Survey
lithium reserves worldwide in January 2024 are
about 105 million tons [7]. Figure 2 shows that
Bolivia, Argentina, USA and Chile have the largest
lithium reserves. In Kazakhstan, according to the
USGS, lithium reserves amount to 50 thousand tons.
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Table 1 - The main lithium minerals

Mineral name Chemical formula Content of
Li20, %
Spodumene LiAI[Si20s] 5.9-7.6
Bikitaite LiAISi206*H20 6.51
Holmquistite Li2(Mg3Al2)Sig022(0OH)2 1.1
Lepidolite KLi2Al(Al,Si)4010(F,0H)2 4.1-5.5
Cinnwaldite K(Li,Fe,Al)3(OH,F)2[AlSi3010] 2.9-4.5
Tyniolite KLiMg2[SiaO10](OH, F)2 3.70
Polylithionite KLi2Al[SiaO10] F2 3.70-7.70
Bitite Caa(Li,Be,Al)12[(Si,Al)4010] [OH]2 2.73
Kukeit LiAl4[SizAlO10](OH)s 0.80-4.33
Eucryptitis LiAI[SiO4] 6.1
Petalite LiAl(SiaO10) 3.4-4.1
tonn
Kazakhstan |1 50000
Austria | 60000
Finland 1 68000
Ghana = 200000
Namibia = 230000
Portugal = 270000
Spain = 320000

Zimbabwe == 690000
Brazil === 800000
Mali === 890000
Russia === 1000000
Peru === 1000000
Serbia === 1200000
Czechia == 1300000
Mexico mmmmsmm 1700000
Congo (Kinshasa) = 3000000
Canada === 3000000
Germany meessssssss—m 33800000

China Eeeesssssssssssssss—— 63800000

Australia Tee—eesssssssssssssssssssm—— 8700000

Chile e——eessssEEEEEEESEEEESESEsssssm——— 11000000

Argentina e 22000000

B0\ a1 2 3000000

Figure 2 - Lithium reserves by country

President of Kazakhstan Kasym-Jomart Tokayev
in 2022 during a meeting with the public of Zhetysu
region stated about the large reserves of lithium in
the bowels of Kazakhstan and the need for serious
investment in the exploration and development of
lithium, also instructed the Geological Service to
intensify work in this direction [28].

Lithium deposits are mainly located: in East
Kazakhstan region Akhmetkino, Akhmirovskoye,
Bakennoye, Verkhne-Baimurzinskoye, Yubileynoye,
Medvedka, Karasu, Kokkol, Targynskoye, in Aktobe
region Verkhne-Irgizskoye. in Kostanay region
Smirnovskoe and Drozhzhzhilovskoe, in Karaganda
region lithium (Li) is established at the Zhanet
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deposit, in Almaty region at the Karagailyaktas
deposit, in Zhambyl region lithium mineralization is
established at the quartz vein deposit Maikol [29].
Currently, the above-mentioned sites are being
explored, or the sites are mothballed or in reserve.

Mining activities are gaining momentum every
year. Reserves of some rare elements have
significantly decreased, while their demand has
increased dramatically due to their increased use in
new areas of engineering and technology. In this
connection it is becoming more and more important
to search for and involve in industrial development
new types of mineral raw materials. One of such
sources for many valuable elements necessary for
various branches of economy can be underground
industrial brines, which are a kind of “liquid ore”
[30]. Its advantage over traditional ores is obvious:
hydro-mineral raw materials have a polycomponent
and can simultaneously serve as a source for the
extraction of various valuable metals, such as lithium
[31].

The comparison shows that the average brine
deposit (1.45 million tons of lithium) is significantly
larger than the average pegmatite deposit (0.11
million tons of lithium). Especially large brine
deposits, such as Salar de Atacama in Chile and
Uyuni in Bolivia, have a much larger total lithium
resource (21.6 million tons of lithium) [[32], [33]].
Also lithium-bearing brine resources around the
world are: Clayton Valley, USA, Salton Sea, USA,
Salar de Atacama, Chile, HombreMuerto, Argentina,
Salar de Uyuni, Bolivia, Searles Lake, USA, Great Salt
Lake, USA, Dead Sea, Israel, Sua Pan, India,
Bonneville, USA, Zabuye, Taijinaier, China. Thus,
brine deposits have a much greater capacity for
large-scale and long-term mining compared to
pegmatite deposits. Lithium mining from brines is
considered more favorable than mining from ores
because it is more environmentally friendly and
cost-effective [33].

On the territory of Kazakhstan 4 perspective
provinces of industrial waters are identified: Pre-
Caspian, Mangistau-Ustirt, Shu-Sarysu and South-
Torgai. All provinces of industrial waters are
associated with oil and gas bearing fields [34].
Locating lithium feedstock in or near industrial areas
has significant advantages.

All natural sources of lithium raw materials have
their own characteristics: the type of raw materials,
the quantitative content of the main component,

the accompanying impurity components and their
guantity, and others.

Therefore, when processing existing raw
materials and creating own production facilities, an
individual approach is required with the study of
modern technological developments and the
involvement of new advanced solutions.

Lithium extraction methods

For spodumene concentrate, which is currently
the main one among lithium concentrates, four
treatment methods are known: sulfuric acid, sulfate,
lime and chloride roasting. All these methods are
used in industry, and the choice of a particular one
depends on the economic efficiency [[35], [36]].

Sulfuric acid method. Lithium extraction by acid
leaching is much more efficient when using -
spodumene as a starting material than a-
spodumene [[37], [38], [39]]. Therefore, before
sulfatization, natural spodumene is heat treated to
convert the minerals into a more reactive form [[40],
[41]]. After dicrypitation is followed by sulfatization
with sulfuric acid, Decomposition reaction of
spodumene with sulfuric acid to form lithium sulfate
[[42], [43]]:

Li ;0-Al,05-4Si0,+ H;S04 > Li,SO4 + 4Si0; - Al,05 - -H,0 (1)
Li;SO4(s) > Li>SOu(aq) (2)

Li2SO4(aq) + Na2CO3(aq) > Li2CO3(s) + Na2SO4(aq)  (3)

In this process, H* ions from the acid
chemoselectively replace Li* ions in spodumene as
described in equation (1), forming water-soluble
Li;SO4s) [42]. The resulting soluble compound is
leached with water according to equation (2), after
which the solution is treated with lime at 90°C to
adjust pH and remove impurities. Further, lithium
carbonate is extracted by adding sodium carbonate
solution to the extract, which is reflected in equation
(3) [[42], [43]]. The technological scheme of the
sulfuric acid method of spodumene concentrate
processing is presented in Figure 3.

The advantage of the sulfuric acid method is: no
need to grind the ore due to the fact that preliminary
decryption leads to its loosening, so that
sulfatization with sulfuric acid is successfully carried
out even in the treatment of large fractions, and
there are no long high-temperature processes.
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Figure 3 - Technological scheme of sulfuric acid method of spodumene concentrate processing

Sulfate method. This method is based on
sintering of lithium ores and concentrates with
potassium sulfate [[26], [44]]. The process is based
on direct substitution of lithium with potassium [45].

Sintering of natural spodumene with potassium
sulfate takes place at temperatures of 920 -1050°C,
where a-spodumene under heating changes into B-
spodumene, which reacts with potassium sulfate:
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Li20-Al205-4S5i02 + K2504 = Li2SO4 + K20+ Al203-45i02 (4)  precipitated lithium carbonate is squeezed, washed

The obtained sinter is quenched with water and and dried:

leached, separating the insoluble residue by
decantation or filtration. The solution containing
lithium sulphate and impurities is purified with
potassium or sodium hydroxides, after which lithium The technological scheme of spodumene
carbonate (Li,COs3) is precipitated with sodium  concentrate processing by sulphate scheme is
carbonate according to equation (5). The presented in Figure 4.

Li2504(aq) + N02C03(aq) -2 LizCOg(s) + N02504(0q) (5)
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Figure 4 - Technological scheme of spodumene concentrate processing by sulfate scheme
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Under optimal sintering conditions, the degree
of mineral penetration reaches 90-95%, which
indicates the high efficiency of the method. Also this
method allows to obtain lithium carbonate with high
purity, which is important for further use in industry.
The disadvantage of the method is a large
consumption of potassium sulphate.

Lime method. The lime method is based on the
sintering of lithium concentrates with the adding of
lime or limestone, and then decomposition of the
resulting sinter with water [44].

The technological scheme of spodumene
concentrate processing by the lime method is
presented in Figure 5.

Sintering of spodumene with limestone is
carried out at a temperature of 1150-1200°C. The
following reaction takes place:

Li 20-Al,03-4Si0 > +8CaC0Os3 > Li20 -Al;03+
+4(2Ca0-Si0;) + 8CO; (6)

The reaction of spodumene with lime can be
described as follows:

Li20-Al203-4Si0; + 4Ca0 + 4H20 -> 2LiOH + 2AI(OH)s +
4CaSios (7)

The lime method has the following advantages:
it is universal for opening of all lithium minerals, it
does not require scarce reagents (only natural
limestone is needed). However, the lime scheme has
serious disadvantages: the initial concentrate should
be rich in lithium content, and limestone should be
of high quality, with low content of silicon,
aluminum, iron [46]. Due to the low concentration
of lithium in solutions after leaching, large volumes
of process equipment and high energy consumption
for evaporation are required.

Chlorinating method. One of the methods of
processing ores and concentrates containing lithium
is chlorinating roasting [[45], [47]]. This method was
used to treat concentrates containing lepidolite and
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spodumene. The material consisting of lepidolite,
NH4Cl and CaCOs was roasted at 750 - 800°C and
then leached with water [48]. The mineral
decomposes by the reaction:

Li 20-Al203-4Si0 2(me) + 4CaCO 3(me) + 2NH4Cl = 2LiCl (me) +
4CaSiOs3 + Al203+ 4CO2z) +2NH3 +H20  (8)

Evaporation of the solution crystallizes a mixture
of lithium and calcium chlorides, which can be used
for electrolysis or lithium hydroxide production by
causticization. This method has been
commercialized in the USA for the extraction of
lithium from spodumene concentrate.

Chlorination roasting allows to obtain
sufficiently pure lithium chloride directly from ores
without  using  expensive  reagents. The
disadvantages of this method include the difficulty
of capturing lithium chloride and high
aggressiveness of furnace gases.

In recent years, new methods like hydrofluoric
acid method, autoclave method, and microwave
firing have been proposed [[49], [50]]. However,
there are still some disadvantages associated with
these methods, such as the use of highly toxic
reagents and high energy consumption.

Extraction of lithium from hydromineral raw
materials become popular among lithium producers
due to its low production costs.

According to literature data, lithium ions from
hydromineral raw materials can be extracted using
conventional methods such as: evaporation,
precipitation, as well as direct lithium extraction
methods: solvent extraction, electrochemical,
adsorption and membrane methods [[51], [52],
[53]].

The conventional method of extracting lithium
from underground brine is to pump it to the surface
and further place it in huge ponds. Over a long
period (up to a year or more), the water gradually
evaporates, allowing the concentration of lithium to
rise to a level sufficient to allow it to be precipitated
by chemicals. However, this method is only
applicable in sunny, dry regions [54].

As a result of the limitations of conventional
technologies, direct lithium extraction (DLE)
techniques have been developed to address these
shortcomings and provide more efficient,
environmentally friendly and cost-effective recovery
of lithium from resources with relatively low grades
of this metal.

Membranes. The membrane method s
classified based on their driving mechanisms:
electrodialysis, which relies on electrical potential,

and nanofiltration, which operates under pressure.
The main membrane technologies are
nanofiltration, microfiltration and ultrafiltration.
Nanofiltration membranes (NF) are capable of
passing monovalent ions while simultaneously
trapping multivalent ones. This property allows
them to be used to separate lithium from divalent
ions such as Mg?" and Ca? [55]. In recent years, they
have become a key method for lithium extraction,
showing a rapid growth of interest from researchers
and progressing steadily towards full-scale industrial
utilization [56]. This interest is due to the low energy
consumption, excellent cyclic stability, high
separation efficiency, large porosity, permeability,
surface area, and good mechanical stability of
membranes [57]. In addition, they are easily
adaptable to different operating conditions
However, this process has its disadvantages,
especially that membranes clog quickly when
working with saturated solutions.

Solvent extraction. This method, known as
liquid-liquid extraction, uses the difference in
solubility properties of different salts to isolate
lithium. The extraction process usually involves
separating the solution into two separate phases:
aqueous and organic. During this process, the
impurities remain in the aqueous phase, while the
lithium ions pass into the organic phase. Extractants
include neutral organic phosphorous compounds, -
diketones, crown esters, and ionic liquids. One of the
widely used extractants is TBP/FeCl; [58]. This is a
promising method for lithium production, but it has
drawbacks, including the need for an additional
extractant purification step, possible loss of target
material, and risks of environmental contamination
when using organic reagents.

Electrochemical method.  Electrochemical
processes are one of the most studied and effective
methods of lithium extraction, characterized by a
high degree of extraction and ease of operation, as
well as environmental safety [59]. The process is
based on a principle similar to battery reverse
charging technology, where an external electrostatic
field is used to stimulate the movement of ions
between a pair of specially designed electrodes
designed to extract lithium ions [60]. The process is
usually carried out cyclically: firstly, the target ions
are introduced into the working electrode, and then
released back into the solution during the
regeneration stage to repair the electrode. In
electrochemical methods, the performance of
electrode materials plays a key role [61]. Therefore,
it is necessary to optimize electrode materials that
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have a high ability to capture and release lithium, as
well as demonstrate stability and corrosion
resistance.

Adsorption. Methods of lithium sorption from
brines can be carried out using both organic and
inorganic sorbents. But organic ionites are selective
not only to lithium, but also to other ions, which can
complicate the separation and purification of
extracted lithium, as well as lead to the formation of
organic waste, which may require special methods
of disposal or treatment, which increases the
environmental burden of the process [62].

For the treatment of low lithium concentrations,
the ion exchange adsorption method can be applied,
where ionic sieves are used as adsorbents [63].
Lithium ion sieves are considered one of the most
promising materials for lithium extraction from low
lithium brines due to their high adsorption capacity
and excellent lithium selectivity. Studies show that
manganese oxide (LMO) and titanium oxide (LTO)
based sorbents as an effective method for lithium
extraction from brines [[64], [65]].

The greatest success has been achieved in
developing ion sieves based on lithium manganese
oxide (LMO). In particular, the lithium ion sieve
material (H:Mn,04), derived from the spinel
structure LiMn,0, after acid treatment, exhibits high
selectivity for Li* ion adsorption in aqueous
solutions. This makes it a promising candidate for
lithium extraction from natural brines. Such
materials possess a high adsorption capacity.

Thus, according to the review, innovative
approaches such as direct lithium extraction
technologies present opportunities to develop a
more sustainable and efficient lithium supply
chain. This highlights the dynamic and ever-
evolving nature of the lithium mining industry as
it adapts to technological advancements and
environmental challenges.

Conclusions

As the literature review has shown, lithium is
currently one of the highly demanded metals of
strategic importance, as well as contributing to
solving environmental problems and improving the
quality and level of our daily lives. Significant lithium
reserves available in Kazakhstan allow to create
production facilities for extraction and processing of
domestic lithium-containing raw materials to
produce valuable lithium products. Existing
processing methods are designed for raw materials
of appropriate composition, so research and
development of technology acceptable for
Kazakhstani lithium raw materials is an urgent task.
The development of efficient and environmentally
friendly lithium extraction technologies will enhance
Kazakhstan's position in the global lithium supply
chain, contributing to economic growth and
technological advancement. Future studies will
focus on optimizing extraction processes,
minimizing environmental impact, and exploring
innovative approaches to utilize Kazakhstan’s
lithium resources effectively.
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TYAIHAEME

JInTuiA Kasipri 3amaHAa 3N1EeKTPOHUKA MEeH 31EKTP KeAiKTepi YWiH MaHbi3abl WuKizaT 6onbin
Tabblnagpl. ByriHri KyHi anMTUiA BGaTapesnapbl OK Ke3 KelreH mobunbai KypblUiFbiHbl enecreTty
MYMKiH emec. JIUTUIAIH nemMaiK dKOHOMUKAZafbl pesi TeK KaHa apTbin Kenedi. InekTphik
KeNikTep meH 6aTapesanapabl ©HAIPY KOMIp KbIWKbIA rasblHbIH, WbIFAapbIHAbLIAPbIH a3aiTyFa
KemeKTecegj. lereHMeH, KbI3MeT eTy Mmep3imi 6iTKeH IMTUI-MOHABIK BaTapeanap aKoxyiere Kayin
TeHaipeai. MaKkanaga nAuMTUAAI eHAipy canacbiHOafbl TEXHONOMMANBLIK a3ipnemenep bGepinreH.
JINTUIALIH, Herisri Ke3gepi NermaTuTTep, KOHTUHEHTTIK XXaHe reoTepmanablk Ty3abl epiTiHainep,
COHJZaW-aK €as, TeHi3 Cybl }KaHe eHepKaCInTiK Ty3abl epiTiHainep 6onbin Tabblnagpl. JIMTUALIH,
Herisri KOMMepLUMANbIK ©HIMi UTUIN KapboHaTtbl (Li2COs) 6onbin Tabblnagpl, 0N HerisiHeH
CnoAyMeH KeHAepi MeH Ty34bl epiTiHAinepai eHAIpyAeH XKaHe eHaeyaeH anbiHagbl. CoHaai-ak,
KOpLUafaH OpTaHbIH, NacTaHybl, KNMMATTbIH, ©3repyi }KaHe 3/NEeKTP KenikTepiHe apHanfaH NUTUN-
MOHAbIK, aKKyMynaTopaapabl eHAipy YWiH naiganaHbliatblH TabuFn pecypcTapablH, CapKbliybl
CUAKTbI MaHbI3abl Macenenepai Wweyae AMTUIRAIH TUIMA] peni TanKbliaHaabl.

TyiiiH ce30ep: NTNIA NepcnekTMBaNapbl, IMTUA MUHEPaNZapbl, CYPaHbIC KaHe NainganaHy, MUTUin
pecypcTapbl, Herisri TexHonoruanap.
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AHHOTAUMA

JINTuiA - BaxkHenwwee Cbipbe A8 NPOU3BOACTBA COBPEMEHHOW 3NEKTPOHMKM U 31eKTpomobunei.
CeroaHA HEBO3MOXXHO NPEACTaBUTb HU OAHO MOBUIbHOE YCTPOMCTBO 6e3 nTUeBbIX BaTapeit.
Ponb nMTUA B MMPOBOI SKOHOMMKE TONBKO BO3pacTaeT. POM3BOACTBO 31eKTpomobunein u
aKKYMy/NIATOPOB CMocobCTBYeT COKpalleHuio BbIBPOCOB yraekucnoro rasa. Tem He MmeHee
OTC/IY}KMBLUME CBOM CPOK NUTUI-MOHHble 6aTapen NpeACcTaBAAIOT ONACHOCTb AR 3KocUcTeMbl. B
CTaTbe MPeACTaB/EHbl TEXHOMOTMYECKUEe pPa3paboTkn B 06s1acTv A06bluM AUTUA. OCHOBHbIMMU
UCTOYHUKAMWU JIMTUA ABAAIOTCA METrMaTUTbl, KOHTUHEHTa/IbHble W reoTepmasibHble Paccosibl, a
TaK»Ke rIMHblI, MOPCKasn BOAA M NPOMbILLIEHHbIe Paccosibl. OCHOBHbIM KOMMEPYECKUM NPOAYKTOM
mTnA aBnaetca KapboHaT autma (Li2COs), KOTOpbIM Mony4aloT B OCHOBHOM Npu Aobbide,
usBneveHUn u nepepaboTke CNOAYMEHOBbIX PyA M pacconos. Takke obcyxaaeTtca adpdeKkTnBHanA
poNb NUTUA B PELUEHUM TaKUX BaKHbIX Mpobaem, Kak 3arpsAsHeHWe OKpyKalolei cpegpl,
M3MeHEHWe KAMMaTa M pacTyliee MUCTOLLEHWE MNPUPOAHbIX PECYypcoB, WCMO/b3yeMblX ANA
NPOW3BOACTBA IMTUIA-UOHHBIX BaTapel Ans anekTpomobunen.
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ABSTRACT

Industrial development of the Republic of Kazakhstan requires accelerated formation of
industries with high added value, capable of meeting domestic needs and increasing export
potential. Despite the potential for innovative development, additive technologies for the
production of metal products have limited application in traditional mechanical engineering
industries due to the high cost of equipment (for example, 3D printers for metals) and, as a
consequence, the high cost of production. This factor limits their use in serial production. Thus,
the development and implementation of new casting technologies based on the integration of
modern scientific achievements and advanced technical solutions is an important task for
ensuring sustainable growth of high-tech and competitive industries in Kazakhstan. Development
and implementation of technology for the production of aluminum castings of complex shapes
using 3D printing of models and investment casting, which will reduce production costs, shorten
manufacturing time and improve product quality for strategically important industries. The study
used comparative analysis methods and experimental studies aimed at studying the mechanical
properties of products manufactured using various technologies, as well as optimizing 3D
printing parameters to achieve better product characteristics. The results showed that additive
technologies provide high accuracy, allow you to create complex geometric shapes and reduce
waste. However, to improve the mechanical properties of products, such as strength and wear
resistance, it is necessary to optimize the extrusion parameters during 3D printing. The findings
of the study confirm that the choice of technology depends on the specific conditions and
requirements for the product. Additive technologies, despite the existing advantages, require
further research to improve the properties of final products. The practical significance of the
work is that the results of the study can help manufacturers choose the most efficient and cost-
effective production methods, which in turn will lead to reduced costs and improved product
quality, as well as improved environmental performance.

Keywords: 3D printing, investment casting, aluminum alloys, additive manufacturing, industrial
manufacturing, innovative manufacturing processes.
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Introduction

The industrial development of the Republic of
Kazakhstan requires accelerated formation of high-
value-added production facilities capable of
meeting domestic needs and increasing export

potential [1]. Cast aluminum products are widely
used in such strategically important industries as
mechanical engineering, oil and gas industry,
electrical engineering, automotive industry and
agricultural machinery [2]. Despite this, the
country's domestic market remains significantly
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dependent on imports of finished products, which
indicates the need to develop local production [3].

Traditional aluminium casting methods such as
sand casting, chill casting and die casting are
characterized by high process complexity and
significant tooling costs [4]. This leads to increased
cost of finished products and longer production
cycles. In addition, these methods demonstrate low
environmental sustainability and efficiency, which
is important in the context of modern
environmental compliance requirements [5].

On the other hand, additive manufacturing
technologies for metal products, despite their great
innovation potential, have limited application in
traditional mechanical engineering industries. The
main obstacles are the high cost of equipment,
such as 3D printers for metals, and, as a result, the
high cost of production [6]. These factors
significantly limit their use in serial production,
preventing the full potential of additive
technologies from being realized. Thus, the
development and implementation of new casting
technologies based on the integration of modern
scientific achievements and advanced technical
solutions is an important task for ensuring
sustainable growth of high-tech and competitive
industries in Kazakhstan.

Mechanical response measurements of
unidirectional 3D printed PLA

In this study, all samples were manufactured
using a Flashforge Replicator FDM 3D printer with
1.75 mm diameter PLA filament purchased from
IMAKR. The printer hot extrudes PLA filament
through a 0.4 mm diameter nozzle, depositing the
extruded filament onto a heated metal platform
using a moving print head in a pre-set pattern.
After each layer is completed, the print head rises
to move to the next layer [[7], [8], [9]]. The user can
control the layer thickness, deposition rate,
extrusion temperature, and PLA filament feed rate,
while the printer automatically adjusts the distance
between adjacent layers based on these
parameters, maintaining volume. In the subsequent
study, the deposition directions were defined as
axial (x), transverse (y), and out-of-plane (z) [9].
Although the printer is capable of producing parts
with multi-directional texture, this study focuses on
uniaxial 3D printed materials, where the deposition
direction is the same in all layers. Before block
fabrication, the sensitivity of the material
microstructure to the printing parameters was

assessed. Uniaxial blocks were fabricated with
different printing parameters as listed in Table 1.
Sensitivity of material porosity to user-defined 3D
printing parameters. The shaded row indicates the
fabrication conditions (T10) for the samples tested
in this study.

Table 1 - Different printing parameters of uniaxial
blocks

Pr. ex-t |Layer heigt [Extruder |Extruder [Porosity (%)
(mm) temp. (°C)|speed
(mm/s)
T1 0.2 200 45 5.66
T2 0.2 200 45 7.53
T3 0.2 210 45 471
T4 0.2 230 45 5.83
T5 0.2 240 45 7.28
T6 0.1 220 45 3.43
T7 0.3 220 45 13.54
T8 0.4 220 45 7.01
T9 0.2 220 30 4.49
T10 0.2 220 60 1.46
T11 0.2 230 75 5.45
T12 0.2 230 100 6.67
T13 0.2 240 100 5.79
T14 0.2 240 125 6.32
T15 0.2 240 150 7.70

The blocks were polished and examined using
optical and SEM microscopy to measure porosity
and analyze the microstructure. Porosity was
determined by converting optical micrographs into
binary images to estimate the void-to-total area
ratio, with a minimum of three photographs
analyzed and average porosity values recorded. No
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additional surface features were detected during
the study, except for rare rounded pores. Extrusion
parameters ranged from 200-240°C, layer heights
ranged from 0.1 to 0.4 mm, and deposition speeds
ranged from 45 to 150 mm/s. The optimal
parameters for printing were the extrusion
temperature of 220°C, 0.2 mm layer height and 60
mm/s deposition speed resulted in an average
porosity of 1.5% with random spherical pores of
about 100 um in diameter. These data
demonstrated the high sensitivity of the 3D printer
material porosity to the printing parameters [[10],
[11]]. PLA was chosen for the study for practical
reasons, as it was the most suitable material for
this printer, allowing the production of low-porosity
blocks. In contrast to carbon fibre-reinforced PLA,
ABS and nylon, which yielded porosity in the order
of 5-10%, PLA showed significantly lower porosity.
Preliminary tests showed that the strength of PLA
was twice that of ABS and 20% higher than carbon
fibre-reinforced PLA. The mechanical response of
the 3D printed PLA produced by the fused
deposition method was measured by testing the
material along several directions. The study
revealed anisotropic and asymmetric fracture
behavior depending on the deposition direction.
The presented dataset demonstrates that 3D
printing enhances the mechanical properties of PLA
compared to injection molded PLA [11]. The
porosity of the 3D printed material can be
minimized, which improves the mechanical
response, by optimizing the extrusion temperature,
extrusion speed, and print head speed. In this
study, samples with a porosity of about 1% were
tested. Compared to homogeneous polymers, the
3D printing process increases the crystallinity of the
material, reduces its plasticity, and increases its
fracture toughness and strain rate sensitivity. The
elastic response of the 3D printed material is
transversely isotropic, although the anisotropy is
mild. The stiffness in both the axial and transverse
directions is similar to that of injection-molded PLA,
indicating that 3D printing does not significantly
affect the elasticity of the material. The inelastic
response of the material is plastic and orthotropic.
When stretched, the material is more brittle in the
out-of-plane direction and more plastic in the
plane.

Investment Casting: From 3D Printing to

Functional Parts

The process begins with the development of a
3D model, which is created in Fusion360 CAD
software. At this stage, elements such as the core

and sprue are taken into account, which will ensure
the correct flow of aluminum into the target mold
[12]. It is also important to determine the level of
detail of the future model. After this, the model is
exported and sliced using Flashprint, a program
compatible with the 3D printer used. The sliced
model is then printed using the Flash Forge Creator
3 Pro 3D printer [13].

L M ‘

Part |

X |
Runner

X i

Casting stem »

Y ]

Side view

&

All dimensions in mm

Bottom view

Figure 1 - Proposed 3D model

Next comes the preparation of the plaster
mold. To do this, 1 kg of Prestige ORO Plaster is
mixed with 380 ml of water, after which the
mixture is vacuumed using a Kaya Vacuum Casting
machine for 5 minutes. The 3D printed model is
fixed in a vacuum casting flask, after which the
mold is filled with plaster and vacuumed again. The
plaster mold is then fired at 600 °C in a Thermolyne
Premium muffle furnace for two hours. This step is
necessary to improve the mechanical properties of
the plaster and melt the PLA, leaving a hollow mold
with precise details. After preparing the mold, the
aluminum is melted in a MIFCO induction furnace,
where it is heated to 930 °C for about one hour
[[14], [15]]. Once the aluminum is melted, it is
poured into the prepared plaster mold, which is
then cooled, ensuring that the metal hardens in the
specified contours. After cooling, the plaster mold
is dissolved in water and the cast aluminum
element is extracted using a high-pressure hose.
Then, the post-processing steps are performed:
excess aluminum that has solidified in the sprue
area is removed and the surface is ground to
achieve the required smoothness. This method
allows for the acceleration of the product creation
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process, ensuring accuracy, repeatability and high
quality. The process includes several key steps,
starting from the development of the 3D model and
finishing with post-processing, which makes it
possible to obtain high-quality functional parts with
high detail, as shown in Figure 1 [16].

Influence of process parameters on
surface looseness and quality in rapid
investment casting.

The rapid investment casting (RIC, Fig. 2)
process differs from traditional investment casting
(IC) by using additive manufacturing technologies
to produce sacrificial patterns [[18], [19]]. The time
and cost savings offered by RIC make it attractive
for low-volume production and complex patterns
that are difficult to manufacture using injection
molding, such as molds created by topology
optimization [19]. The method provides the
flexibility to create complex patterns directly from a
CAD file and avoids the required tooling step used
in the traditional process [20]. Wax-based patterns
in traditional IC are prone to shrinkage in thicker
sections and distortion of thin features when the
pattern is removed from the mold [21]. However,
RIC offers the ability to produce thin-walled
geometries with precise dimensional tolerance
control due to the rigidity of 3D-printed patterns.
Most importantly, RIC offers a much lower capital
cost compared to direct metal 3D printing
technologies such as selective laser sintering (SLS)
[22].

The study evaluated the effect of different
materials and technologies on the properties of
investment casting shells. Specimens were
produced using two coating types: with and
without 50/100-grain plaster. Thermoplastics ABS,
PLA, and PVB, as well as IC wax, were used for the
analysis.

The thermoplastic templates were 3D printed,
while the wax templates were cast in a mold. The
effect of the materials on the brittleness of the
shells was related to their melting point and
burnout temperature, which affected the rate of
melting and absorption of the material by the shell.
Micrographs and SEM images showed that the
most pronounced surface damage was observed in
ABS samples, which corresponds to high brittleness
values. Mass loss occurs due to the separation of
loosely bonded particles from the shell during the
burnout process. Specimens with plaster had
increased friability caused by cracks and voids

forming around large plaster particles. This
weakened the shell matrix, leading to greater
failure during the burnout process. Specimens
without plaster showed less erosion due to the
thicker layer of quartz flour providing better
protection [23].

It was also found that PVB, unlike ABS and PLA,
does not cause cracking of the shell due to thermal
expansion, making it a more suitable material for
patterns. The thermomechanical properties of PVB,
in particular its low maximum tan(8) temperature,
make it more fluid at lower temperatures, which
helps to better match the texture of the particles
on the inner surface of the mold and reduces the
likelihood of fragmentation. This is also confirmed
by the low friability and reduced fragmentation of
shells using PVB. Shell fragmentation is important
for the quality of cast surfaces, as broken fragments
can cause defects in castings. The example in Fig. 2
shows that ABS and PLA castings have higher
surface accuracy compared to PVB castings, where
3D printer lines are visible [24].

Figure 2 - ABS and PLA castings

However, the surfaces of PVB castings show a
lower degree of damage, confirming its advantages
for use in investment casting. The present study
showed that using PVB patterns instead of ABS and
PLA significantly reduces the embrittlement of
ceramic shells and the associated casting defects in
the FFF-based RIC process. The effect of the
distance between the coarse plaster particles and
the pattern surface on the embrittlement of
ceramic molds was found to be significant. The
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embrittlement of shells was reduced by 25%, 35%,
55% and 80% for ABS, PLA, PVB and wax,
respectively, when the face coat did not contain
plaster. The greatest reduction in embrittlement
was observed for wax patterns, confirming the
relevance of the results for the traditional IC
industry. The use of PVB patterns in combination
with a modified face coat (without plaster) leads to
the minimization of surface defects such as
roughness and pitting. Since shell inclusion defects
are associated with embrittlement, they can also be
reduced. ABS and PLA models with plaster in the
face layer show the worst results in terms of
surface quality and inclusion defects.

The methodology proposed in the study can be
adapted for use in other 3D printing technologies
such as SLA and SLS. Alternative materials for the
face layer plaster can be considered for further
research, such as mullite fireclays with higher
surface roughness and different particle size
distributions. The cell size and particle shape of the
plaster can affect the formation of cracks due to
drying shrinkage. Spherical plaster particles have a
low surface-to-volume ratio, which can reduce the
surface area of cracks. The plaster application rate
and drying conditions, which can affect the
shrinkage and friability of the shell, should also be
investigated.

Thermal Properties Of 3d Printed Light
Metal Casting Molds

In foundries, various types of sand and
aggregates are used. However, most foundries
process silicon (SiO2) due to its low cost, availability
and chemical resistance [25].

Alternative mold materials such as chromite
(FeCr204 AI203 MgO) or ceratites (Al203 Si02)
behave better in terms of thermal stability but are
also associated with higher costs. Especially for 3D
printing, sand properties such as flowability play a
major role in creating a smooth and homogeneous
surface on the powder bed [26].

Established binders such as furan or phenolic
resins are categorized as organic systems. Mold
materials associated with organic systems release
hazardous compounds during combustion such as
BTX (benzene, toluene and xylene), CO and CO2
[25].

Inorganic systems are used due to lower
emissions during casting compared to organic

systems. When using cores made using inorganic
systems, water vapour is mainly emitted [24].

Furan-based technologies account for 80% of
the current sand 3D printing market share, while
phenolic and inorganic systems share the remaining
market shares [17].

In this study, an in-house developed measuring
setup was used to determine the thermal
properties of the materials. Table 2 presents the
sands and binders studied along with their AFS
fineness number information.

The density of each sample was calculated and
the binder composition was also reported. Sand
and binder configurations used layer thicknesses
ranging from 0.28 to 0.30 mm. The furan printing
process used sand pre-mixed with sulfuric acid
followed by selective injection of furfuryl alcohol.
The cold cure system uses these components, while
the phenolic system uses untreated sand and
infrared lamps for curing. The inorganic system
uses liquid glass, where resin bridges are formed
and cured by dehydration. The binder type does
not significantly affect the heat capacity, since its
content in the sand varies from 1.2 to 3.4 wt%.
However, the heat capacity related to volume can
change depending on the thermal behaviour of
different sand types. The graphs show the heat
capacity measurement for two types of materials,
silicon and cerabeads, printed with a phenolic
binder. When silica is heated, quartz undergoes an
inversion at about 573°C, resulting in a volume
expansion of 0.8%. This effect significantly affects
the heat capacity of the material. Specific heat
capacity was measured at 100°C, 300°C, 500°C and
700°C. The average heat capacity values at these
temperatures are plotted for different sand and
binder combinations. Of all silica types, the furan
(SiFu) variation showed the highest heat capacity
values. Chromite showed low heat capacity values
by weight, but when density was taken into
account, its ability to absorb thermal energy was
significantly higher than that of silica-based
products or cerabeads. All plots showed a gradual
increase in heat capacity with increasing
temperature, followed by a decline after reaching a
peak. Inorganically bound sand (SiO) showed much
lower heat absorption capacity, which is attributed
to chemical reactions such as pyrolysis or
combustion occurring in the organically bound sand
when exposed to heat. Molding sand is a complex
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Table 2 - Samples printed on a 3D sand printer, overview

Aggregate Binder Short-term Density ¥sg/cm3] Binder content %wt%]
Silica (AFS97) Furan SiFu 1.28 1.2
Silica (AFS97) Phenol SiPh 1.32 2.2-24
Silica (AFS97) Inorganic Silo 1.25 2.8-34
Cerabeads (AFS65) Furan CBFu 1.48 1.1
Cerabeads (AFS65) Phenol CBPh 1.43 1.9
Chromite (AFS71) Phenol ChroPh 231 3.2

composite of grains and bonding bridges that wet
the sand to varying degrees. The surface roughness
and texture of the sand affect the heat transfer in
the STA/DSC measuring crucible, which may explain
the variance in the measurements. Each sample
was placed in the crucible as a whole to simulate
mold conditions. Conduction and convection are
responsible for heat transfer rather than radiation,
despite the air content of the material being
around 50%. These differences are not visually
noticeable, so the term thermal conductivity is
applicable in a general context. STA/DSC
measurements were performed under argon to
prevent combustion and to induce pyrolysis of the
binder. The influence of chemical reactions on the
parameters requires further investigation.

The Role and Impact of 3D Printing

Technologies in Casting

The casting process is complex and involves
several steps such as making patterns by hand or
using machine tools, and creating cores and molds,
which opens up the possibility of applying 3D
printing technologies in the foundry. The core is
formed in a core box, and the pattern is used to
create the mold cavity and the core. Thus, making
the pattern, core and mold is the first step in
casting, but the processes for creating them can
vary significantly. Some of them are done by hand,
using machine tools, forging, firing clay or casting
with low melting point alloys. All of these processes
can be difficult and confusing, sometimes even
similar to the dilemma of "what comes first: the
chicken or the egg". There are many methods of
casting, such as sand casting, investment casting
and shell molding. Investment casting uses foam or
wax templates that are then melted out during the

molding process. Clay or foam is used to
produce the templates and the mold cavity dies can
be made by hand or by machine [27].

Conclusion

This study has demonstrated important aspects
regarding the mechanical properties and
manufacturing technology of 3D printed parts and
their interaction with aluminum casting. The
revealed asymmetry in tension and compression
highlights the need to consider the material
properties when using it in various applications. 3D
printed PLA, being stiffer than cast PLA, opens up
new possibilities for designing and creating parts,
but also requires a careful strategic approach to
heat treatment, as this can significantly affect the
strength of the product.

Using the investment casting process for 3D
printed parts has shown significant advantages over
traditional methods, especially in terms of cost and
waste reduction. The results confirmed that
investment casting can be an optimal solution for
obtaining metal parts with high accuracy and
quality, which is relevant for serial production,
including using recycled materials.

However, further research into the interactions
at the shell-template interface and the mechanisms
affecting strength is necessary to better understand
the processes occurring under these conditions.
This will allow for a more accurate prediction of the
characteristics of the final products. The
measurement methodology used, taking into
account all its nuances and potential sources of
errors, leaves room for improvement and increased
accuracy, which will contribute to the development
of this technology. In the future, to expand and
improve casting methods using 3D printed
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templates, it is advisable to conduct more detailed
thermomechanical and thermal analyses, which will
help to obtain a more complete understanding of
the properties of materials and their behaviour in
different temperature ranges. Taking into account
the above, the results of the work can have a
positive impact on industrial development and
innovative approaches in production, including
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TYWIHAEME

HKyMbICTbIH, @3ekTiniri. KasakctaH PecnybavKacbiHbiH, OHEPKICINTIK Aamybl iLKi KaxKeTTinikTepai
KaHafaTTaHAbIPYyFa YKoHe 3IKCMNOPTTbIK 2/1eyeTTi apTTbipyFa KabineTTi, KOCbIIFaH KyHbl »KOfapbl
eHAjipicTepai Keaengetin KanbinTacTblpydbl Tanan eveai. Metann 6yibiMaapbiH eHAIPYAIH,
aAaWTUBTI TEXHONOMUANAPbI, UHHOBALMANBIK Aamy d1eyeTiHe KapamacTaH, ¥KababIKTbiH KoFapbl
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MYMKIHAir  WweKkTeyni. byn d¢aktop onapabl Kannai eHaipicte navAanaHyabl LWeKTenai.
Ocbinaiwa, Kasipri 3amaHfbl FbIIbIMU KETICTIKTEPA] KoHe O03blK TeXHUKaNblK LWewimaepai
BipiKTipy HerisiHAe KyloAblH aHa TEXHONOrUANapblH 33ipfey KaHe eHrisy KasaKkcTaHzafbl
JKOFapbl TEXHONMOTUANDBIK aHe bacekere KabineTTi eHAipicTepaiH, TypaKTbl ©cyiH KamTamachbi3
eTyAiH MaHbI3gbl MiHAeTi 60nbin Tabblnaapl. MymbicTblH, Makcatbl. Yarinepai 3D 6acbin
WblFapyAbl KaHe 6ankplTblNaTbiH YAMAEPAI KylOAbl KO/M4aHA OTbipbin, Kypaeni niwiHaeri
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MbIHaAa: 3epTTey HITUXKenepi eHaipywinepre eH, TUIMA( KaHe yHempai eHgipic apictepiH
TaHZayFa KemekTecedi, Oyn 63 KeseriHAe LWbIFbIHAAPAbI a3aiTyfa KaHe ©HIM canacbiH
}KaKCapTyFa, COHbIMEH KaTap KopLuafaH OpTaHbl KOPFay KepCeTKIWTepiH KaKcapTyFa aKenea,.
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AHHOTAUMA

AKTyanbHoCTb paboTbl. MHAYcTpuanbHoe passuTre Pecnybanku KasaxctaH TpebyeT ycKopeHHoro
bopmMHUpOBaHMA NPOU3BOACTB C BbICOKOW [0H6ABNEHHOW CTOMMOCTbIO, cnocobHbIx obecneynTb
BHYTPEHHME NOTPEeBHOCTM U MOBbLICUTb 3KCMOPTHbLIN MOTeHuMan. ALAWUTUMBHbIE TEXHOMOTUU
NPOU3BOACTBA METa//IMYECKUX W3LENNIA, HeCMOoTpA Ha noTeHuMan Ans WHHOBALMOHHOIO
pasBUTUA, UMEIOT OrpaHUYeHHOE NPUMEHEHNE B TPAAULMOHHbIX OTPACAAX MALWMHOCTPOEHUA U3-
33 BbICOKOWM CTOMMOCTM o0bopyaoBaHua (Hanpumep, 3D-NpUHTEPOB A4/19 METaNNoB) W, Kak
CNneacTaue, BbICOKOM ce6ecTOMMOCTU NPOAYKLMK. ITOT GaKTOP OrpaHUYMBAET UX UCMNONb30BaHME
B CepUiUHOM npoussoacTBe. Takum ob6pasom, pa3paboTka M BHeApeHUEe HOBbIX TEXHOMOrMi
/INTbSA, OCHOBAHHbLIX HAa WHTErPaUMM COBPEMEHHbLIX Hay4YHbIX AOCTUMKEHWUIA U NepesoBbixX
TEXHUYECKUX PELUEHUI, ABAAETCA BaXKHOW 3ajauveit ans obecneyeHuWs yCTOMUMBOrO PoOCTa
BbICOKOTEXHO/IOTMYHBIX M KOHKYPEHTOCMOCO6HbIX Npou3BoacTB8 B KasaxcraHe. Llenb paboTbl.
PaspaboTka 1 BHeApPEHME TEXHOIOMMM NMPON3BOACTBA aNlOMUHMEBBIX OT/IMBOK COXKHOM GOpMbI C
ucnonb3oBaHmem 3D-neyatm mogenei U NUTbsA NO BbINAABAAEMbIM MOAENAM, YTO MO3BOAUT
CHWM3UTb NPOU3BOACTBEHHbIE 3aTPaTbl, COKPATUTL BPEMSA M3rOTOBJEHUA WM NOBbLICUTH KayecTBo
NPOAYKUMM A CTPATErMyeckmn BaXKHbIX OTpac/ielt NpoOMbILWAEHHOCTU. B npouecce nccneaoBaHus
NPUMEHEHbl MeTOAbl CPABHWUTENbHOTO aHa/lM3a W 3KCMEPUMEHTaNIbHbIE  UCCeA0BaHUs,
Hanpas/ieHHble Ha  WM3y4yeHUe MeXaHWYeCKMX CBOMCTB  W3A4eNMi,  W3rOTOBNEHHbIX C
MCNO/Ib30BaHNEM Pa3/INYHbBIX TEXHONOTMI, @ TaKKe ONTMMM3aumio napameTpos 3D-nevyatu gns
OOCTUMMKEHUA NYYLIMX XapaKTepUCTUK MPoAyKuMu. [oaydeHHble pesy/ibTaTbl MOKasanu, 4To
afaWTUBHbIE TEXHONMOrMM 06ecneymBaloT BbICOKYIO TOYHOCTb, MO3BOJIAOT CO34aBaTb C/NOMHbIe
reomeTpuyeckme Gopmbl U CHUNKAIOT oTxoadbl. OQHAKO ANA yNyyleHUA MeXaHUYeCKUX CBOWCTB
M34eNnin, TaKMX KaKk MPOYHOCTb M M3HOCOCTOMKOCTb, TpebyeTcA onTMMM3aumMsa MapameTpos
3KCTpy3mum npu 3D-neyatu. BbiBogpl McCnenoBaHMA MOATBEPNKAAIOT, YTO BbIGOP TEXHONOTMM
3aBUCUT OT KOHKPETHbIX YCI0BUIA 1 TpeboBaHWUit K U3genunto. AoAUTUBHbBIE TEXHONOTMM, HECMOTPSA
Ha UMEOLLMEC NPEeNMYLLECTBA, TPEDYIOT AaNbHEWLLNX UCCNeA0BAHUIA ANA YAYYLIEHUA CBOMCTB
KOHEYHbIX NPOAYKTOB. MMpaKTUYecKas 3HAYMMOCTb PaboTbl 3aK/OYAETCA B TOM,UTO Pe3ynbTaTbl
nccnenoBaHWA MOTyT COAENCTBOBATb NpPoOM3BOAMTENAM BbibpaTb Haubonee apdekTUBHbIE U
3KOHOMMWYHbIE METOAbI NMPOW3BOACTBA, YTO B CBOK OYEpPeAb NPUBEAET K CHUKEHWUIO 3aTpaT U
MOBbILEHWNIO KAYeCTBa NPOAYKLMK, a TaKKE YYYLLIEHMIO IKONIOTUYECKMX MOKas3aTenen.

Keywords: 3D-neyatb, /AuTbe MO BbINAABAAEMbIM MOAENAM, aNOMWHMEBbIE CMIaBbl,
aAAMTUBHbBIE TEXHONOMMM, NPOMbILLIEHHOE NPOU3BOACTBO, MHHOBALMOHHbIE NPOU3BOACTBEHHbIE
npoueccebl.
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