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ABSTRACT

Clay minerals are commonly used as adsorbents due to their wide availability, large specific
surface area, and cation exchange capabilities, making them suitable for removing heavy metal
ions from wastewater. This study investigated the activation of clay by acid and thermal treatment
to obtain an adsorbent for the purification of uranium from impurities such as iron and
magnesium. Acid modification of clay samples was carried out with sulfuric acid (15%) at a
temperature of 80-90 °C for 3 hours. While the activation of the clay using the thermal process
was performed at 600-650 °C for 12-24 hours. X-Ray Diffraction, Electron Paramagnetic
Resonance (EPR), and Fourier Transform Infrared Spectroscopy (FTIR) were used to analyse the
clay's chemical composition and structural changes before and after activation. FTIR identified
free OH groups and hydrated SiO2. EPR showed a high level of paramagnetic centers linked to
structural defects and oxygen vacancies, which contribute to the material's strong adsorption and
catalytic activity. After acid treatment, the clay particles exhibited a notable rise in specific surface
area, expanding from 35.2 m%g to 342.5 m%g. Additionally, the specific pore volume grew
substantially, increasing from 0.024 cm¥g to 0.30 cm¥/g.

Keywords: clay, acid activation, thermal activation, uranium.
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Introduction

In industrial water systems, silicon is present in
multiple physicochemical forms based on different
factors, including its solubility and degree of
aggregation: as monomeric soluble silicon dioxide

(Si0,), as colloidal aggregates (SiO,:nH,0), and in the
solid phase as sand, silt, or silicate minerals [[1], [2], [3]].
In uranium hydrometallurgy, the ionic and colloidal
forms are dominant, significantly affecting the efficiency
of technological processes, including sorption,
equipment corrosion, and scale formation [4]. There are
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different types of silicon depends on factors such as pH,
temperature, ionic strength, and what’s in the solution.
When uranium ores undergo in-situ leaching with
sulfuric acid, silicon primarily dissolves as an impurity
that reduces the efficiency of uranium extraction [4].
Sulfuric acid ion exchange process for uranium ores
reacts with aluminosilicate minerals such as kaolinite,
chlorite, hydromica, and coffinite, producing silicic acid
that can polymerize into high-molecular-weight
compounds [6]. These compounds accumulate and
infiltrate in anion exchange resins, causing significant
improvement in silicification, reducing uranium
capacity, increasing hydraulic resistance, impeding
desorption and denitration, and degrading mechanical
properties. Silicon content in waste resins may reach
12-15 wt.%, so removal is necessary either before
sorption or from saturated resins [[7], [8]]. Several
methods are available for removing silicon from
industrial solutions, including adsorption, ion exchange,
reverse osmosis, electrodialysis, chemical precipitation,
and extraction [[3], [4],[4]]. In uranium environments,
adsorption is preferred due to its selectivity and cost-
effectiveness. It offers low energy use, adsorbent
regeneration, environmental safety, and process
flexibility. Adsorption may occur through physical forces
(van der Waals) or chemisorption, which forms stronger
chemical bonds between the adsorbate and adsorbent
[[2], [9], [10]]. Physical adsorption occurs due to weak
intermolecular forces and the condensation of
molecules within the pores of a solid, whereas chemical
adsorption (chemisorption) involves the formation of
chemical bonds between the sorbate molecule and the
active sites on the adsorbent surface on the adsorbent
surface [[2],[11]]. Chemisorption results in the
formation of an adsorbate monolayer and is often
irreversible, making it particularly effective for the deep
extraction of target components. A thorough
understanding of adsorption mechanisms is necessary
for both the design and optimization of industrial
processes, as well as for the accurate characterization of
the porous structure of materials [12]. lon exchange is
used to purify, separate, and recover ion-containing
solutions using solid materials such as resins,
membranes, and minerals. However, this method
requires significant capital and operating costs,
especially when resin regeneration and waste disposal
are required [[13], [14], [15], [16]]. Chemical
precipitation is used to convert dissolved substances
into a solid phase, but is ineffective for removing trace
contaminants and produces large amounts of sludge
requiring further processing [[14], [15]]. Reverse
osmosis is @ membrane process that uses pressure to
selectively remove ions and molecules through a
semipermeable membrane. Electrodialysis allows for

the selective extraction of ions using an electric field, but
also produces concentrated waste streams [[15], [16],
[17], [18]. It is effective for desalination but is limited in
application due to the high cost of the membranes and
sensitivity to fouling [[19], [20], [21]]. Electrolysis is used
to extract elements from solutions but has limited
application in the context of silicon removal [22], [23],
[24], [25]]. Sulfuric acid in-situ leaching of uranium ores
results in the transfer of uranium and several other
elements from the ore-bearing rocks into the productive
solution, leading to contamination of the productive
solutions with ballast impurities. During the sorption
extraction of uranium, these impurities behave
differently and can be classified according to their
behavior as inert, depressant, or toxic. In sulfuric acid
environments, silicic acid is the most significant toxic
impurity. The transfer of silicon into productive
solutions is caused by reactions between sulfuric acid
and aluminosilicates, chlorites, hydromicas, and the
uranium-bearing mineral coffinite.

The goal of this study is to develop process modes
and parameters for producing effective chemical
adsorbents based on an aluminosilicate carrier, as well
as to study the distribution and behavior of silicon in
uranium sorption processing cycles.

Experimental part
Materials

Samples of kaolin ore from the Kostanay region
were preliminarily crushed using a jaw crusher, Allis
Mineral Systems (model N184T17FB12C), until a particle
size was achieved at which all the material passed
through a sieve with an aperture of 0.074 mm. The
resulting crushed material was then processed in a
Denver flotation cell equipped with a two-blade
impeller. During processing, water was added to obtain
a dense, homogeneous pulp; the solids content was not
quantitatively controlled. At the final stage, the pulp was
subjected to sieve analysis using Tyler sieves with
additional dilution by water.

Method for separating clay and sand
fractions from kaolin ore

The reactivity and practical of minerals are
largely determined by the degree of structural order
within their crystal lattices. The diversity of layered
silicates stems from the presence of not only silicon—
oxygen tetrahedra but also aluminum - andiron -
oxygen tetrahedra. When tetravalent silicon (Si%*) is
substituted by trivalent aluminum (AI**), charge
neutrality must be preserved through the

— 6
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incorporation of compensating cations such as K*,
Na*, or Ca?. The formation of active centers
requires the gradual disruption of
polyaluminosilicate frameworks. As a result, the
process flow has been improved by introducing a
preliminary separation of the ore into clay and sand
fractions using a hydrocyclone system [[26], [27],
[28], [29], [30]]. The results of test trials on clay—
sand separation are presented in Table 1.

Table 1 shows that ore separation concentrates
about 30% Al,03 and 50% SiO, of the feedstock mass
in the clay fraction. The conversion of Al;O; into the
clay fraction reaches 60—80%. As a result, adding the
siphon separation step to ore preparation
significantly impacts the process on a large scale; it
mechanically activates the material, essentially
"shaking" the aluminosilicate structures. Acid
activation of the original clay mass.

Acid activation removes Fe and Mg impurities,
breaks down inert minerals, and increases the
surface area and porosity of clay, enhancing its
adsorption and catalytic properties.

When treated with sulfuric acid (H,SO,), oxides
and hydroxides of transition and alkaline earth
metals are converted into soluble sulfate forms:

FE203 +3 HzSO4 -> F82(SO4)3 +3 H20
MgO + H,SO4 - MgS0O,4 + H,0

Furthermore, controlled acid treatment
facilitates the partial removal of adsorbed impurities

and improves access to the material's pore system.
However, excessively intense treatment can leach
out structural aluminum and destroy the underlying
aluminosilicate lattice, resulting in reduced product
quality. Therefore, it is necessary to carefully control
the acid concentration, process temperature,
treatment duration, and solid-to-liquid ratio.

Preliminary modification of the structure and
properties of mineral raw materials under the
influence of chemical and physical factors creates
optimal conditions for subsequent leaching and the
formation of a developed porous structure.

To perform the acid treatment, 100 g of calcined
and crushed clay material was loaded into the
reactor, then 1 liter of a 15% H,SO, solution was
added at room temperature, and the system was
heated to 80-90 °C. The process was carried out with
vigorous stirring (~300 rpm) for 3 hours, with
periodic sampling of the solid and liquid phases at
30, 60, 120, and 180 minutes to assess the reaction
kinetics. Upon completion of the treatment, the
mixture was cooled to ~40 °C and filtered, separating
the liquid and solid phases.

The precipitate was washed with several
portions of water until the filtrate pH reached
approximately 6.5-7.0 and the conductivity was
close to the initial value, monitoring the parameters
with a pH meter. The purified solid residue was dried
at 105 °C to constant weight.

Table 1 - Technological parameters of siphon-based ore separation: sieve analysis of the feed ore, detailing the mass fractions of
aluminum and silicon within the size classes of both the hydrocyclone overflow and underflow (sand) streams.

No. Distribution sio Distribution
Separation product Tormentation AlbOs Al,O3 2 SiO>2
G % % G % % G %
1 Raw ore 1866 100 20.97 391.3 60.75 | 1133
Clay 1323 71 23.95 316.8 81 56.78 | 751 66.3
Sands 543 29 13.72 74.5 19 70.35 | 382 33.7
2 Raw ore 1855 100 22.24 4125 61.4 | 1138
Clay 1292 69.6 25.91 334.75 81.1 56.72 | 732 64.3
Sands 563 30.4 13.81 77.75 18.9 7211 | 406 35.7
3 Source ore 3256 100 20.72 674.6 60.38 | 1965
Clay 1463 45 30.32 443.5 65.8 46.42 | 679 34.55
Sands 1793 55 12.88 231.1 34.2 71.7 | 1286 65.44
4s Raw ore 1960 100 22.88 448.4 56.12 | 1099
Clay 848.8 43.3 30.1 255.5 57 47.52 | 403 36.7
Sands 1111.2 56.7 17.35 192.9 43 62.63 | 696 63.3
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Figure 1 — X-ray diffraction pattern of kaolin clay after leaching

Table 2 — Phase composition of the sample determined by XRD

Component Formula Mass fraction, %
A Quartz SiO2 33.7
B Kaolinite 1A Al2(Si205)(OH)a 50.7
C Silicon dioxide SiO2 2.4
D Zeolite SiO2 13.2

Figure 1 and Table 2 X-ray diffraction (XRD)
analysis results show that the resulting material
does not meet the expected characteristics required
to form an active component based on the
metakaolin mineral. This result indicates incomplete
transformation of the original kaolinite into
metakaolin, which may be due to insufficient
dehydroxylation. Furthermore, the potential for the
formation of secondary silicate compounds leads to
a decrease in the proportion of free aluminum oxide
in the composition. These deviations limit the
potential for further use of the material as a
chemical adsorbent.

Thermal activation of kaolin clay

Thermal activation of clay minerals involves
treating natural clay at elevated temperatures,

which causes the removal of adsorbed gases and
water molecules and leads to the formation of a free
surface. However, upon reaching certain
temperatures characteristic of each specific mineral,
the crystal lattice can partially disintegrate or
completely collapse, which reduces the surface
activity of the material. Based on the results of
differential thermal analysis and thermogravimetry,
it was established that the sample contains: quartz -
less than 40%, kaolinite - about 50%, hydromica -
4.4%, chlorite - less than 1%, goethite - 1.6%, as well
as thermally inert components - less than 5%. When
heated, the characteristic features of the thermal
behavior of these minerals did not show noticeable
differences from the behavior of the components of
the original ore.
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Table 3 - Mineral and material composition of kaolin ore based on the results of thermal analysis

Figure 2 - Derivative diagram of the clay fraction
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Figure 2 and Table 3 illustrate the results of DTA-
TG-DTG analysis, which confirm the presence of
hydroxyl and carbonate compounds in the sample
and also allow us to determine the optimal range of
thermal activation temperatures — from 600 to 700
°C, at which the dehydroxylation of kaolinite is
completed and reactive metakaolin is formed
without significant loss of structure and with the
preservation of active adsorption centers. Up to 200
°C, a slight decrease in mass is observed, associated

with the removal of physically adsorbed moisture
and dehydration of the mineral surface. Around 250
°C - a small change in mass due to the removal of
hydroxyl groups from goethite (OH = 0.3%). In the
range of 400-550 °C, there is an intense
endothermic decrease in mass associated with the
dehydroxylation of kaolinite (OH = 7%), which leads
to the formation of metakaolin. Around 600 °C,
there is a weak peak of mica dehydroxylation (OH =
0.4%). In the range of 700-850 °C, CO, is released,
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corresponding to the decomposition of calcite
(CaCOs = Ca0 + CO,). Above 900 °C, recrystallization
of kaolinite begins with the formation of high-
temperature phases (mullite, quartz) [[31], [32]].

Thus, thermal activation of clay minerals is
possible at temperatures above 500°C. Puncture
losses contribute to the formation of voids and new
active centers, the structural elements of which in
zeolites are SiO4 and AlO,4 tetrahedra, connected at
their corners to form cavities and channels through
which hydrated cations, water, and other molecules
can diffuse [33].

Based on the above, the solid product after
leaching was subjected to additional thermal
activation at 600-650 °C for 12—24 hours to stabilize
the structure and increase the specific surface area.
The resulting activated material was analyzed using
X-ray diffraction (XRD), as shown in Figure 3 and
Table 4.

X-ray diffraction analysis revealed that after
heat treatment, partial amorphization of the
aluminosilicate component was observed in the
sample, accompanied by the disappearance of
characteristic kaolinite reflections. This confirms the
formation of metakaolin—an amorphous, reactive
phase formed through dehydroxylation and the
breakdown of the mineral's layered structure. The
diffraction pattern reveals an increase in the
amorphous background in the 15-35° 20 range,
reflecting an increase in the number of defective
structural regions acting as active adsorption sites.
The remaining quartz reflections and minor iron
silicate peaks correspond to thermally stable
impurities that do not participate in the formation of
the active component. Thus, the resulting
metakaolin possesses a developed defective surface
capable of effectively binding silicon in solutions and
providing increased sorption activity.
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Figure 3 — X-ray diffraction pattern of kaolin clay after heat treatment

Table 4 — Phase composition of the sample determined by XRD

Component Formula Mass fraction, %
A Silicon dioxide - Quartz SiO2 34.96
B Iron silicide (1.6/0.4) (FeaSi)o.a 2.74
C Silicon dioxide SiO2 26.2
D Metakaolin Al3Si,03(0H)s 36.1
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Results and Discussion

FT-IR analysis of the obtained chemical
adsorbent

The predominance of hydrated silica indicates a
highly amorphous matrix with inclusions of
crystalline Al and Fe phases (metakaolin). This
combination of phases explains the observed
combination of broad background bands and several
sharp peaks in XRD/IR: amorphous SiO, provides the
background "flat" component, while the crystalline
phases are responsible for the narrow peaks and
characteristic OH/Si—-O peaks. For technological
applications, this implies high reactivity and
absorption capacity (due to hydrated SiO,), as well
as the presence of stable mineral phases that
influence thermal stability and behavior during heat
treatment/chemical extraction.

The absorption spectrum in Figure 4 exhibits
various vibrations above 3000 cm™. Absorption at
3400 cm™ is attributed to absorbed water in the bulk
phase (film water and water in inclusions), while the
region around 3304 cm™ is associated with the
absorption of water molecules disturbed by the
crystal's surface field. Under the influence of this
field, the distances between the charges of water's
molecular dipoles are slightly increased compared to
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the average distance in the bulk phase. This reduces
bond rigidity and the vibration frequency.

Absorption at 3478 cm? in kaolin clay is
characteristic of molecular water. Deformation
vibrations of H,0 in mineral crystals are observed at
higher frequencies (1620 cm™). This is attributed to
the fact that water molecules in the crystal are
bound by stronger hydrogen bonds.

The absorption band for the practically free OH
group in kaolinite is around ~3600 cm?, the
absorption band of water is around ~3450 cm?, and
the absorption band for short hydrogen bonds O-
H...O is around ~3300 cm™. The spectrum band of
1620 cmis related to the deformation vibrations of
the OH bond. Thus, the crystalline form of the
original product is transformed predominantly into
an ionic state, which determines the
physicochemical properties of the leaching residue.

Study of the specific surface area and porosity
of the chemical adsorbent

The specific surface area and pore structure
parameters of the original kaolin clays and the
resulting chemical adsorbent were studied using
low-temperature nitrogen adsorption using the BET
method. The results show a significant change in
textural characteristics after activation treatment
(Table 5). The measurements were performed using
a SORBTOMETR-M instrument.

2000 1500 1000 500

Wavenumber cm-1

Figure 4 — FTIR spectra of chemical adsorbent

Table 5 — Specific surface area, specific volume and average pore size of the active component

Specifi A .
Sample Specific surface area, m?/g pecttic 3 verage pore size,
pore volume, cm angstroms
Original kaolin 35.2 0.024 1.52
Chemical adsorbent 342.5 0.30 1.95
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The starting material has a relatively low specific
surface area of 35.2 m?/g, a small specific pore
volume (0.024 cm3/g), and an average pore size of
about 1.52 A, which corresponds to the dense,
poorly developed porous structure of the natural
mineral.

After activation, a sharp increase in the specific
surface area to 342.5 m?/g is observed, exceeding
the initial value by more than an order of magnitude.
The specific pore volume increases to 0.30 cm3/g,
indicating  significant development of the
microporous and mesoporous The
average pore size remains virtually unchanged (1.95
R), indicating that the treatment primarily increases
the number of active pores rather than changes their
size.

Thus, the activation treatment ensures the
formation of a highly developed porous structure,
significantly increasing the specific surface area of
the material. This directly enhances the
effectiveness of the active component as a sorbent,
improving the accessibility of active sites and the
adsorption capacity of the material.

Study of the patterns of occurrence, content,
and form of silicon compounds at different stages
of processing uranium-containing solutions

To study methods for
poisoning of the resin, the behavior of silicon in a
uranium-containing solution was first studied.
Silicon dioxide, SiO,, is the anhydride of a series of
silicic acids, whose composition can be expressed by
the general formula xSiO; x yH,0, where x and y are
integers.

structure.

neutralizing silicon

x =1,y = 1:Si0; x H,0, i.e. H,Si03 — metasilicic
acid;

x =1,y =2:5i0; x 2H,0, i.e. H4Si04 — orthosilicic
acid;

x = 2, y = 1:25i0, x H,0,
dimethylsilicic acid.

i.e. HzSizOs -

According to many researchers, the solubility of
silicic acid at room temperature is 0.01-0.017%
(calculated as SiO,). As the temperature increases,
its solubility increases, reaching 0.04% at 94 °C.
Silicic acid is a very weak electrolyte. Its dissociation
constant is 2x10-10. The pH of an aqueous silicic acid
solution is approximately 4.0-4.5. Data on the
solubility of amorphous silicon dioxide are
presented in Table 6.

In natural waters, silicon compounds are found
in dissolved, suspended, and colloidal states, the
quantitative relationships between which are
determined by the chemical composition of the
water, temperature, pH, and other factors.

The dissolved forms are mainly represented by
molecular orthosilicic acid HiSiO4(SiO2-  2H,0),
metasilicic  H,Si03(Si02-H,0),  disilicic  H3Si,0s
(2Si02-H20), and other acids with different numbers
of SiO, and H,0, products of their dissociation and
association, as well as silicon-organic compounds.
Polymeric and colloidal forms of silicic acid have a
variable composition of the type mSiO; nH,O (m and
n are integers).

In agueous solutions, the monomer silicic acid
can be found primarily in five forms: HsSiO4, H3SiO*
, H2Si04%7, HSiO4*, and SiO4*. The ratio of silicic acid
forms in water is determined by the dissociation
constants of each of the stages. Figure 5 shows the
dependence of the distribution of forms of dissolved
silicon on the pH of the environment, from which it
follows that in natural waters, the main part of silicic
acid is in a molecularly dissolved form.

Therefore, during ion exchange, silicon begins to
be absorbed as the medium transitions to an alkaline
region, where it exists in an ionic form. This is
achieved in practice by a highly basic anion exchange
resin in the absence of strong acid anions. Thus,
silicon in a process uranium-containing solution in
the pH range up to 8.0 is monosilicic acid, which
undergoes a polycondensation reaction as shown in
Figure 5. In the pH range of 2.0 to 3.0, the
polycondensation rate is minimal. Silicic acid cannot
react chemically with other elements up to a pH of
8.0.

Table 6 — Dependence of the solubility of amorphous silicon dioxide on the pH of the solution at 25 °C

pH 1.0 2.0 3.0

4.2 5.7 7.7 10.26 10.6

0.014 0.015 0.015

Solubility, %

0.013 0.011 0.010 0.019 0.112
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Figure 5 — Dependence of the ratio of silicic acid forms on the pH of the medium

Conclusions

The process modes for producing the active
component for synthesizing chemical adsorbents
based on kaolin or were developed. Hydrocyclone
separation of kaolin ore enabled enrichment of the
clay fraction in Al,O3; to 60—80% of the total content
in the feedstock, ensuring high reactivity of
subsequent products. Acid activation of the resulting
clay mass with sulfuric acid (15%, 80-90 °C, 3 h)
allowed for the partial removal of iron and
magnesium impurities, increasing the availability of
the aluminosilicate  structure for  further
modification. To form the active phase, metakaolin-
heat treatment was performed at 600-650 °C for
12-24 hours. The results of differential thermal
analysis (DTA-TG-DTG) and X-ray diffraction (XRD)

confirmed the completion of  kaolinite
dehydroxylation and the formation of an
amorphous, reactive phase with a defective

structure capable of effectively interacting with
silicon compounds. The phase composition of the
final product includes quartz (34.96%), metakaolin
(36.1%), and amorphous silicon dioxide (26.2%),
which meets the requirements for materials used as
sorbents. The physicochemical characteristics of the
obtained chemical adsorbent showed a significant
improvement in textural properties compared to the

original kaolin: the specific surface area increased
from 35.2 m?/g to 342.5 m?/g, and the specific pore
volume increased from 0.024 cm3/g to 0.30 cm3/g.
This indicates the formation of a developed
microporous structure, ensuring high accessibility of
active centers for sorption. IR spectroscopy
confirmed the presence of free OH groups and
hydrated forms of SiO,.
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YpaHAbl Ta3apTy YLWiH KAO/IMHHEH 66eniHreH ca3gbiH KbIWKbINAbI KoHe

TEPMUANDIK aKTUBTEHYI
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XambapKpbi3bl 9., L KbinbiwkaHos M., 2 Bekbaesa /1.,

! panrumbaesa V., *“Moshera Samy

1 Kasakcman- bpumar TexHukanelk YHusepcumemi Aamamel, Kazakcmax

2}KLLIC Deep Core Analytics, Anmamel, Kazakcma+
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CapantamapgaH eTTi: 18 Haypsi3 2026
Kabbinganapl: 2 cayip 2026

Ca3 MUHepangapbliH aaeTTe aacopbeHTTep peTiHAe naiaanaHbliagpl, cebebi onap KomkeTimai
YKOHe aymaKTbl MeHLWiKTi 6eT aygaHbliHAA KaTUOH anmacy KabineTtiHe baiinaHbicTbl agcopbeHT
peTiHAe KeHiHeH KongaHbinagpl, 6yn onapAbl aFblHAbI CynaphaH ayblp MeTann MOHAAPbIH
KeTipyre kapamabl eTeai. byn 3epTTey Temip MEH MarHMit CUAKTbI KOCNanapaaH ypaHabl Ta3apTyFa
apHanfaH Kocna any yWiH Ca3AplH, KbIWKbI MEH YKaHEe TEPMUANDBIK OHAEY apKbl/ibl aKTUBTEHYIH
3epTTeai. Cas yArinepiHin, KplWKbIAAbIK MOANDUKALMACH! KYKIPT KbllWKblabiMeH (15%) 80-90 °C
TemnepaTtypaga 3 cafat 6owibl XKyprisingi. Caszabl TEpMUANbIK NPOLECTIH KOMEriIMEH aKTUBTEHAiIpY
600-650 °c Temnepatypasa 12-24 cafat iwiHae XKyprisingi. CasablH, XMMUANBIK KYPaMblH KaHe
aKTMBaLMAFa OeMiH KOHEe ofaH KeMiHri KypbinbIMAblK e3repicTepdi Tangay YWiH peHTreHaik
AndpaKumA, 3SN1eKTPOHAbI NapamarHUTTIK pe3oHaHc (IMP) xkaHe ®dypbe TypAeHAIpYiHiH,
nHbPaKpIsbin cnektpockonusacsl (FTIR) kongaHbingsl.boc OH TonTapbl aHe ruapatranfaH SiO;
FTIR kKemerimeH aHbIkTanabl. MNP KypbinbIMAbIK aKayNapMeH XKaHe OTTeriHiH, }eTicneywinirimeH
6aitnaHbICTbl NAapPaMarHUTTIK OPTaNbIKTapAblH, *KOFapbl AeHreiiH KepceTTi, byn maTepuanapiH,
KYLWTi aAcopbumackl MeH KaTanuTUKanbik 6enceHginirive biknan etesi. KpllKblAMeH eHaeyaeH
KeWiH ca3 BeslueKTepiHiH, MeHWiKTi 6eTki aygaHbl 35,2 m2/r-HaH 342,5 m?/r-fa geiiH KeHenin
anTapAbiKTal ecyiH kepceTTi. COHbIMEH KaTap, KeyeKTepaiH, MeHLWIKTi Keaemi aTapabiKTai ecin,
0,024 cm3/r-HaH 0,30 cm3/r-Fa aeitiH ecri.

TyiiiHOi ce30ep: cas, KpIWKbIIAbI aKTUBTEHAIPY, TEPMUANBIK aKTUBTEHAIPY, YPaH.
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Purification of metallic ions from technological solutions before sorption recovery
of rhenium under JSC Almalyk MMC
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ABSTRACT

In this article, rhenium’s distinct physicochemical characteristics, which make it essential for
petrochemistry, electrical technology, rocket and aviation engineering, and the manufacturing of
catalysts and high-precision tools, account for the metal's rising demand. The main source of
rhenium at JSC "Almalyk MMC" is the off-gases produced when molybdenum concentrates are
roasted, where rhenium is mostly found as Re:07. High selectivity and overall efficiency are
ensured by optimizing the process parameters at each of the multiple subsequent technical
Received: January 21, 2026 phases involved in rhenium recovery. Perrhenate sorption is less efficient when organic
Peer-reviewed: February 27, 2026 molecules and Mn?* and Cu?* ions are present in the process fluids. Oxidative-precipitation
Accepted: April 08, 2026 techniques were used for the first purification: Mn ions were oxidized and precipitated using
potassium permanganate, and Cu?+ ions were selectively precipitated using an ammonium
sulfide solution (NH4).S. ICP-OES was used to assess the composition of the solutions, while SEM
and EDS were used to examine the roasting gas-dust products. Using contemporary analytical
methods, a thorough investigation of the relevant phases of selective purification was conducted
for the first time at JSC "Almalyk MMC." It was shown that treating the solutions with KMnO4
and (NHa)2S efficiently eliminates interfering elements without causing rhenium or molybdenum
losses, thereby creating ideal conditions for the sorption of perrhenate ions later on. Manganese
and copper concentrations dropped from 1.44 to 0.0039 and 2.68 to 0.0036 g/I, respectively,
demonstrating the great purification process efficiency. Rhenium and molybdenum
concentrations did not alter during these phases, suggesting that they were fully preserved.

Keywords: sorption, ICP-OES, SEM, EDS, oxidative-precipitation treatment, molybdenum,
rhenium, and selective purification

Information about authors:

PhD in Chemistry, Associate Professor in Almalyk State Technical Institute; Doctoral Student (DSc)
in National University of Uzbekistan named after Mirzo Ulugbek, Tashkent, Uzbekistan. E-mail:
azizovakholida@gmail.com; ORCID ID: https://orcid.org/0000-0003-4406-5941

Azizova Kholida Mumin kizi

PhD in Technical Sciences, Chief Specialist in the Ministry of Mining Industry and Geology of the
Usmankulov Orif Naziraliyevich Republic of Uzbekistan, Tashkent. E-mail: usmankulovorifjon@gmail.com; ORCID ID:
https://orcid.org/0009-0003-8516-5065

Doctor of Chemical Sciences, Professor at the National University of Uzbekistan named after
Kattaev Nuritdin Turayevich. Mirzo Ulugbek, Tashkent. E-mail: ntkattaev@gmail.com; ORCID ID: https://orcid.org/0000-0002-
0276-2717

Doctor of Chemical Sciences, Professor in the Uzbek-Japan Innovation Center of Youth, Tashkent.

Kadirova Zukhra Chingizovna E-mail: zuhra_kadirova@yahoo.com; https.//orcid.org/0000-0002-2112-1886

Doctor of Technical Sciences, Professor at the National Research Technological University MISIS in

Yakubov Mahmud Mahamadjanovich Almalyk. E-mail: yakubovmahmud51@gmail.com; ORCID ID: https://orcid.org/0009-0008-8688-
7066
Doctor of Chemical Sciences, Professor at the National University of Uzbekistan named after
Akbarov Khamdam Ikramovich Mirzo Ulugbek, Tashkent. E-mail: akbarov_kh@rambler.ru; ORCID ID: https://orcid.org/0000-

0002-3225-2427

Introduction electrical engineering, petrochemistry, and in the

production of catalysts and precision tools [[1], [2],

The unique physicochemical properties and  [3], [4], [5]]. The primary industrial source of
high thermal stability of rhenium determine its rhenium is the off-gases generated during the
wide application in rocket engineering, aviation, roasting  of  sulfide  copper-molybdenum
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concentrates (MoS;), in  which rhenium is
predominantly present in the form of Re,0; [[6],
[71, [8], [9], [10], [11]]. Industrial recovery of
rhenium involves several sequential technological
stages, each requiring careful optimization of
process parameters to ensure high selectivity and
economic efficiency [[12], [13], [14], [15], [16]].

At JSC “Almalyk MMC,” copper—molybdenum
ores are processed by flotation [[17], [18], [19],
[20]], producing sulfide copper and molybdenum
concentrates. The initial processing stage includes
oxidative roasting of molybdenum sulfide
concentrates in electric tubular rotary furnaces at
temperatures of 600-650 °C to convert sulfides
before the subsequent leaching stage [21]. During
roasting, molybdenum disulfide is oxidized to
molybdenum trioxide according to the reaction:

MoS; + 3.50, - MoOs; + 250,

Simultaneously, rhenium sulfides are oxidized
to volatile rhenium oxides, predominantly Re,05:

Re,S; + 10.50; - Re,07 + 750,

The off-gases generated during roasting contain
sulfur dioxide and other volatile components, as
well as minor amounts of sublimated oxides of
rhenium and molybdenum [[22], [23]].

These gases undergo multi-stage purification
using dry dust-collection systems followed by wet
scrubbing units before being directed to sulfuric
acid production [24]. As a result, acidic
technological solutions enriched with rhenium are
formed [[25], [26], [27], [28]]. During wet gas
cleaning, dust particles are transferred into the
scrubber slurry (cake), which is subsequently
collected and stored as technogenic waste.
However, the high acidity, complex chemical
composition, and unfavorable physicochemical
characteristics of this material, including high
moisture content and poor filterability, complicate
its comprehensive processing and limit its
economic utilization.

Acidic scrubber solutions typically contain a
range of impurity ions that may interfere with
downstream hydrometallurgical processes. In
particular, the presence of transition metals such as
manganese, copper, and iron can influence solution

Table 1 - Chemical composition of molybdenum cake, %

chemistry, promote competing reactions, and
reduce the efficiency of subsequent recovery
stages.  Therefore, preliminary  purification
represents an important step in preparing
technological solutions for further processing.

Oxidative—precipitation methods are widely
used in hydrometallurgy for the removal of
interfering components due to their operational
simplicity, technological reliability, and
compatibility with strongly acidic media. Their
application to complex technogenic solutions
requires careful evaluation of purification efficiency
and the behavior of valuable components during
treatment.

This study aims to evaluate the effectiveness of
oxidative precipitation purification for the targeted
removal of interfering ions from acidic scrubber
solutions before downstream recovery processes
under the conditions of JSC “Almalyk MMC.”

This study presents one of the first systematic
assessments of oxidative precipitation purification
performed under highly acidic industrial conditions
(~300 g/L H,S0,4), where the behavior of impurity
ions differs substantially from that observed in
conventional laboratory systems.

Selection and Characterization of Research
Objects

Before the experimental work, the
compositions of process gases, dust, and
technological solutions formed during the roasting
of molybdenum concentrates were analyzed to
identify the primary sources of rhenium and
associated impurity elements. Particular attention
was given to the molybdenum-containing cake
generated at the wet gas-cleaning stage, since its
interaction with the scrubbing medium leads to the
formation of acidic solutions subsequently
subjected to purification.

The chemical composition of the molybdenum-
containing cake is presented in Table 1. The
analytical results indicate that the cake contains not
only molybdenum and rhenium but also significant
amounts of silicon, iron, copper, and other
elements that may transfer into the liquid phase
during wet gas treatment.

Product (%) Mo Re SiO2 Fe Cu Zn Au (g/t) Ag (g/t)
Cake 1 41.1 | 0.025 26.14 4.92 0.01 1.7 17.6 48.76
Cake 2 39.8 0.08 24.1 4.06 0.02 1.5 18.2 42.00
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The composition of gases and entrained dust
produced during the roasting of molybdenum
concentrate was also examined to better
understand the origin of both valuable components
and impurity ions in the scrubber solutions. Figure 1
shows a scanning electron microscope image of wet
molybdenum dust, confirming the presence of fine
particles capable of entering the scrubbing system
and influencing the chemical composition of the
resulting technological solutions.

Materials and Methods

Scrubber solutions collected from the industrial
wet gas-cleaning system during the roasting of
molybdenum concentrates at JSC “Almalyk MMC”
were used as the primary research material. Prior
to the experiments, the solutions were filtered
through paper filters to remove suspended solids.

The technological solutions were characterized
by a high sulfuric acid concentration (up to
approximately 300 g/L), ensuring strongly acidic
conditions throughout the experiments. The
volumes of reagents used during purification were
insufficient to cause significant dilution or
neutralization; therefore, the solution remained
strongly acidic during all treatment stages.

Purification Procedure

Selective purification was carried out in two
sequential stages.

At the first stage, the pre-filtered solution was
heated to 92 °C and treated with a 0.5 M potassium
permanganate (KMnQ,) solution. The mixture was
stirred using an electric mechanical stirrer at a
speed of 200 rpm for 40 minutes to promote

oxidation and precipitation of interfering ions. After
completion of the reaction, the solution was cooled
to room temperature and filtered to remove the
formed precipitate.

At the second stage, the filtrate was treated
with a 0.1 M ammonium sulfide ((NH4),S) solution
and stirred at 200 rpm for 20 minutes to facilitate
the precipitation of copper ions. The resulting light-
colored suspension was separated by paper
filtration, yielding a clarified solution suitable for
subsequent sorption processes.

Owing to the high initial sulfuric acid
concentration (~300 g/L), the reagent volumes did
not cause significant dilution or neutralization, and
the solution remained strongly acidic throughout
the purification process.

The purification procedure was repeated five
times under identical conditions, and the reported
results represent averaged values.

Analytical Methods

The morphology and elemental composition of
solid particles were examined using scanning
electron microscopy (SEM) coupled with energy-
dispersive spectroscopy (EDS).

The chemical composition of the technological
solutions before and after purification was
determined by inductively coupled plasma optical
emission spectrometry (ICP-OES).

Results

The analysis of off-gases and dust generated
during  molybdenum  concentrate  roasting
confirmed their role as the primary source of
rhenium and associated impurity elements entering
the scrubber solutions (Table 2, Fig. 1).

Table 2 - Composition and characteristics of off-gases and dust generated during molybdenum concentrate roasting

Parameters of off-gases Value Unit
Oxygen flow rate Vo 565,8 m3/h
Gas temperature T 140 °C

Dust loading z 3500 g/m3
=5 20%
5-10 22%

Dust particle size d, pm:

10-20 24%
20-40 16%
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Fig. 1 - Composition of off-gases and dust contributing to the formation of scrubber solutions
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Fig. 3 - SEM images and EDS spectra of dust particles formed during molybdenum concentrate roasting.

SEM-EDS analysis revealed the presence of fine
dust particles generated during the roasting of
molybdenum concentrate. The particles exhibited
heterogeneous  morphology, indicating the
entrainment of oxide phases from the high-
temperature zone. Elemental spectra indicated the
presence of Mo, S, O, Si, Fe, and trace amounts of

rhenium, suggesting the transport of oxidized
rhenium species into the dust phase. These
observations support the role of roasting dust as a
carrier of rhenium into the gas-cleaning system.
These observations are consistent with the transfer
of volatile rhenium species into the gas-cleaning
system during concentrate roasting.
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Fig. 5 - Changes in Fe®* ion concentration during
KMnO, treatment.

The presence of competing ions in strongly
acidic technological solutions may negatively affect
downstream recovery processes by occupying
active sites of anion-exchange sorbents. Therefore,
the removal or reduction of such components’
during pretreatment is considered an important
step in preparing solutions for further processing.

Scrubber solution samples were subjected to a
two-stage  oxidative—precipitation  purification.
Treatment with potassium permanganate resulted
in the oxidation of Fe?* to Fe®*, while Mn?* was
converted into insoluble MnQ,, forming a colloidal
precipitate that was subsequently removed by
filtration. As a result, 21.9% of iron and 99.7% of
manganese were removed (Figs. 5 and 6). The
oxidation and precipitation processes can be
described by the following reactions:

5Fe?* + MnO4~ + 8H" > 5Fe® + Mn?* + 4H,0
3Mn?* + 2MnO4~ + 2H,0 = 5Mn0,l + 4H*

Fig. 6 - Changes in Mn?* ion concentration during
KMnO, treatment.

The limited removal of iron is attributed to the
high stability of Fe3* sulfate complexes in strongly
acidic media, where iron predominantly remains in
soluble form.

Equilibrium modeling was performed using
Visual MINTEQ 3.1 to evaluate the speciation
behavior of iron and manganese in strongly acidic
sulfate media. The initial concentrations of the
technological solution constituents (Table 4),
together with the sulfuric acid concentration and
temperature (25 °C), were wused as input
parameters. Modeling results (Fig. 7) indicate that
under strongly acidic conditions, Fe3*
predominantly exists as soluble sulfate complexes
(FeSO4* and Fe(SO4);™), whereas Mn? is mainly
stabilized as MnSQO4(aq). Under oxidizing conditions,
manganese forms insoluble MnO,, explaining the
high degree of manganese removal observed
experimentally.

—122
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Fig. 7 - Distribution of iron and manganese species as a function of pH (0-2), calculated using Visual MINTEQ.

Table 4 - Elemental composition determined by ICP-OES (Thermo Scientific iCAP Pro)

Element Initial solution (g/L) Purified solution (g/L)
Nickel (Ni) 0.004 0.004
Iron (Fe) 2.01 1.57
Manganese (Mn) 1.44 0.0039
Rhenium (Re) 0.51 0.51
Molybdenum (Mo) 15.85 16.19
Vanadium (V) 0.019 0.019
Copper (Cu) 2.68 0.0036

At the second purification stage, treatment
with ammonium sulfide precipitated Cu?* ions as
CuS, achieving a copper removal efficiency of
approximately 95-100%, as confirmed by ICP-OES
analysis and supported by equilibrium modeling.

The elemental composition of the initial and
purified solutions was determined using ICP-OES
(Thermo Scientific iCAP Pro, USA), and the results
are presented in Table 4.

The results presented in Table 4 demonstrate a
substantial reduction in the concentrations of
major impurity ions following purification,
particularly manganese and copper. Manganese
concentration decreased from 1.44 g/L to 0.0039
g/L, while copper was reduced from 2.68 g/L to
0.0036 g/L, confirming the high efficiency of the
oxidative—precipitation process.

The  concentrations of  rhenium  and
molybdenum remained essentially unchanged,
indicating the absence of valuable metal losses
during treatment. The slight increase in
molybdenum concentration is within the analytical

uncertainty of the ICP-OES method and does not
indicate actual enrichment.

These findings confirm the effectiveness of
oxidative precipitation treatment for removing
interfering components from strongly acidic
technological solutions while preserving valuable
metals in the liquid phase.

Conclusion

Technological solutions obtained during the
processing of molybdenum concentrates at JSC
“Almalyk MMC” require preliminary purification to
remove interfering components prior to
downstream recovery stages. The results of this
study demonstrate that oxidative precipitation
treatment using potassium permanganate and
ammonium sulfide effectively reduces the
concentrations of major impurity ions, particularly
copper and manganese. Copper concentration
decreased from 2.68 g/L to 0.0036 g/L, while
manganese was reduced from 1.44 g/L to 0.0039

g/L.
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SEM-EDS analysis confirmed the presence of
oxidized rhenium species and molybdenum-
containing phases in the dust particles formed
during concentrate roasting. The purification
process did not result in detectable losses of
rhenium and preserved valuable metals in the
liquid phase.

These findings indicate that oxidative
precipitation treatment represents an effective and
technologically applicable approach for improving
the chemical composition of strongly acidic process
solutions by removing interfering ions while
maintaining the stability of valuable components.
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Anmanbik TKMK AK kafgaibiHAa peHuiiai copbuuanbik onmeH 6enin any
anpblHAA TEXHONOTUANDIK epiTiHginepai metann MoOHAApPbIHAH Ta3apTy
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AHHOTAUMUA
Byn makanasa peHuiAiH, epexiie (pU3NKaIbIK KoHEe XUMUSIBIK KaCHeTTepiH KapacThIPBII, MyHa-
XUMUACBHL, 3/IEKTP TEXHUKAchl, 3biMblpaH »KdHE aBMaLMA TEXHWUKACbIHZA, COHAaW-aK

KaTann3aTop/iap MEeH »KOofapbl ADNAIKTEri Kypanaap eHAipici yWiH aca MaHbi3abl eTeTiH epeKkLe
dU3NKa-XMMUANBIK KacueTTepiHe 6alinaHbICTbl OCBI  METallFa JIEreH CYPaHBICTHIH apTbin Kesne
JKaTKaHbl KapacTtbipblnagpl.«Anmansik TKMK» AK -ma  peHwWgiH, Herisri Kesi  monubaeH
KOHLLeHTPATTapblH KyWAipy KesiHge TysineTiH TyTiH rasgap OoJbln TaObUIAZBI, MyHAQ PEHUM
HerisiHeH Re,0; TypiHAe Oomaxsl. Penwiigi 6enin any bipHelle TEXHHKANBIK Ke3eHIEPICH
TYpaTbIHABIKTAH, MPOLECTiH, 9pbip caTbicbiHAaFbl MapameTpnepsi OHTalNaHAbIPY apKBUIBI
JKOFapbl CENEKTUBTINIK MeH Kainbl TMIMAINIKKE KOJ JKeTKi3iieai. TeXHONOrMANbIK epiTiHginepae
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OpraHuKasblK Mosekyigamap MeH Mn?* asHe Cu®** uoHgapbl  OoiFaH Kesje meppeHar
COpOUMSACHIHBIH THIMIIII ToMeH Ooylaigbl. A/fallKbl TasapTy YLWIiH TOTbIFY-TYHABIPY dAicTepi
KoNAaHbnapl:  Mn  MoHAapbl
TYHABIPbIAABI, an Cu?* noHaapbl aMMoHuit cynbduai (NH,),S epiTiHAiciH maiigananbin ceneKTUBTI

Kanui  NepMaHraHaTbiHblH,  KOMEriMeH  TOTbIKTbIPbI/IbIM
TYpAE TYHABIPY Kypri3inai. EpitiHainepaiH KypambiH 6afanay ywiH ICP-OES agici, an kyihgipy
KesiHgeri ra3-To3aH eHimzaepiH 3epTTey ywiH SEM kaHe EDS aaicTepi nanganaHbingsl. 3amaHaym
AHAZIMTUKANDBIK, d4icTepAi KongaHa oTblpbin, «Anmanbik TKMK» AK KafgalbiHAA CeNeKTUBTI
Ta3apTyAblH TUICTi Ke3eHAepiHe anfall peT KaH-KaKTbl 3epTTey Kyprisingi. EpitiHginepai KMnO,4
oHe (NHa),S peareHTTepiMeH oeHAOey peHuli MeH MOAUBAEHHIH, LWbIFbIHBIHCLI3 Keaepri
KeNTipeTiH Kocnanapabl TUIMAI TypAe KOATbIHAbIFbI, COHbIH, HITUXKECiHA4Ee KeWiHri neppeHaTt
MOHAAPbIHbIH, COPBLMACHI YIWIH OHTaMAbLI KaFhannap »KacanatbiHbl KepceTingi. MapraHew neH
MbIC KOHUeHTpaumachl colikecinme 1,44-teH 0,0039 r/n-ra geitin xaHe 2,68-aeH 0,0036 r/n-re
AediH TemeHgeni, Oyl TasapTy NpoueciHiH *ofapbl TimainiriH aanenpeiai. byn dazanapaa
peHuit MeH MONMBAEH KOHLEHTPALMACHI ©3reH JKOK, 6yn onapAblH TOMbIK CaKTanfaHblH
KepceTtes,.

TyliiH ce30ep: copbyus, ICP-OES, SEM, EDS, momebify-myHObIpy apKbiabl eHOey, moauboeH,
peHull, cenekmusmi masapmy.
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AHHOTAUMA
B 3TOi1 CTaTbe paccMaTpPMBatOTCA 0COBblE PU3NKO-XMMUUECKME XapPaKTEPUCTUKU PEHMSA, KOTOPbIe

AeNaloT ero HesameHUMbIM ANAa HepTEeXUMUM, INEKTPOTEXHUKWU, PAKETHOW M aBUALMOHHOM
TEXHUKM, a TaKXKe ONA MPOM3BOACTBA KATa/NM3aTOPOB M BbICOKOTOYHbIX MHCTPYMEHTOB, YTO
06bACHAET pacTyWmMit cnpoc Ha 3TOT MeTasn. OCHOBHbIM MCTOMHMKOM peHua Ha AO
"Anmanbikckuii TMK" asasoTca oTxogawme rasbl, obpasytowmeca npu ob»kure moambaeHoBbIX
KOHLLEHTPATOB, rAe pPeHWi B OCHOBHOM coaepuTca B Buae Re:07. BbicOKasa cenekTMBHOCTb U
obwasn adpdeKkTMBHOCTL obecneymBaloTcs 3a CYET ONTUMM3ALMM MapameTpoB npouecca Ha
KaXAOM M3 MHOECTBa NOCNeAyoWmUX TEXHUYECKUX 3TAnoB, CBA3AHHbIX C U3BIEYEHUEM PEeHUA.
Copbums neppeHata meHee 3GbEKTUBHA, KOrAa B TEXHONOTMYECKUX KUAKOCTAX MPUCYTCTBYIOT
opraHuMYecKkne MONEKY/bl U MOHbI Mn?* u Cu®*. [QnA nepBOi OYMCTKM BblIM MCMONb30BaHbI
MeToAbl OKUC/IUTENIbHOTO OCAaXKAEHWA: WMOHbI MapraHua O6biin OKUCNEHbl W OCaXKAEHbl C
MCNONb30BaHMEM MepMaHraHata Kaaus, a MoHbl Cu?* 6biaM  BbIBOPOYHO OCANKAEHLI C
ncnosnb3oBaHnem pactsopa cyibduga ammonusa (NHa)2S. ICP-OES Mcnonb3oBanu ANs OLEHKM
cOoCTaBa pacTBopos, B TO BpemAa Kak SEM un EDS wucnonb3oBanucb AnA u3ydeHWsa cocTaBa
pacTBopoB. 06XUr ra3onblieBbix NPoayKToB. Brnepsble B ycnosuax AO "Anmanbikckuin TMK" ¢
MCNO/Ib30BaHMEM COBPEMEHHbIX aHa/IMTUYECKUX MeTogoB 6bino NpoBefAeHO TuiaTesbHoe
nccnenoBaHve NPUMEHUMbIX CTaAuiA CEeNeKTUBHOM OYMCTKU. Bblio nokasaHo, yto obpaboTka
pactBopoB KMnOa 1 (NHa)2S apdeKkTMBHO ycTpaHAET MeluatoLme 31eMeHTbl, He Bbi3blBas NoTepb
peHus u monnbaeHa, yto obecneumBaeT MAeanbHble YCAOBUA ANA Nocieayoulen copbuum
neppeHaT-MoHoB. KOHUEeHTpauun mapraHua u meam cHusmnmcb ¢ 1,44 po 0,0039 u c 2,68 po
0,0036 r/n COOTBETCTBEHHO, YTO CBMAETE/IbCTBYET O BbICOKOM 3G GEKTUBHOCTM NMPOLLECCA OUYUCTKM.
KoHUEeHTpauMmn peHna u monubaeHa He M3MEHAAUCb B TedeHue 3Tux ¢as, YTo nossonser
NpeAnon0XKMTb, YTO OHU NONHOCTbIO COXPAaHUIMUCH.

Kntouesvbie cnosa: copbuus, ICP-OES, SEM, EDS, oKMCIUTENbHO-BOCCTAaHOBUTENbHAA 06paboTKa,
MOANBAEH, PEHWUI U CeNeKTUBHANA OYUCTKA
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ABSTRACT
Purification of lanthanum chloride from high-load zinc contaminants remains a major challenge in

producing grade 5N lanthanum oxides. This study investigates the process of matrix-driven
solvent extraction using tertiary amine N235 to treat a 1.41 M rare earth oxides (REO) industrial
lanthanum chloride feed containing 3000 mg/L zinc. Thermodynamic modelling with Medusa
Hydra and Langmuir isotherms revealed that the high chloride activity (> 4 M) of the matrix
induced significant changes in coordination towards the extractable [ZnCls]> complex. This
transition has a spontaneous Gibbs free energy of -14.68 kJ/mol. While the two-stage counter-
current flow sheet meets the industry target of less than 50 mg/L zinc, the five-stage configuration
achieves a four-log reduction to 0.23 mg/L, effectively achieving 99.999% purity. This reagent's
lean approach, using water-induced stripping, offers a sustainable and mathematically validated
framework for ultra-high purity rare earth finishes.

Keywords: lanthanum chloride, solvent extraction, zinc, N235, McCabe-Thiele.
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Introduction

Rare earth elements (REEs), from lanthanum
(La) to lutetium (Lu), are essential in modern
technologies such as communications, defence,
medicine, and clean energy due to their magnetic,
catalytic, and fluorescent properties. Global
demand has soared with the shift to a high-tech,
low-carbon economy, yet supply chains remain
vulnerable, especially for ultra-high (5N, 99.999%)
lanthanum oxide (La,0s) used in optical lenses,
capacitors, and photocatalysts [1]. Impurities such
as Zn severely degrade performance, disrupting

dielectric properties or the lattice structure [[2], [3],
[4]1.

Purifying industrial lanthanum chloride (LaCls)
solutions, often near saturation yet contaminated
with thousands of ppm Zn, is a key bottleneck in
hydrometallurgy [[5], [6]]. Conventional methods,
such as sulphide precipitation, generate hazardous
gases and fail to meet sub-ppm targets. lon
exchange suits only low-concentration, low-flow REE
solution rates [[7], [8]]. Solvent extraction using
organo-phosphonic acids, such as D2EHPA/PC-
88A/lonquest 801, incurs high cost [[9], [10], [11].
Tertiary amines such as N235 show promise for

— 28 —/———
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Table 1 - A performance benchmark of the matrix-driven N235 system against literature-reported organophosphorus
and solvating extractants for zinc removal

Extractant Impurity Extraction Stripping Ref
Medium Dzn Stages | Reagent : Stages
DEHPA Zn + Mn Cl-Zn-C 9 1+3 6M HCI 1+3 [18]
di-2-ethylhexyl phosphoric acid battery leach
liquor

Cyanex 923 Zn + Fe Steel pickle 5-100 3 0.8M 1 [19]
trialkyl phosphine oxides liquor CI- HNO3
D2EHPA + Zn Zn SO4* 20-80 n/r 0.45M 2 [20]
Cyanex 302 ZnS0O4[CS(NH)3] solution thiourea
2-ethylhexyl phosphonic acid mono- acid
2-ethylhexyl ester + bis(2,4,4-
trimethylpentyl) monothiophosphinic
acid
N503 Fe/Zn Spent pickle 278.92 4 0.4M [21]
N, N-di(1-methylheptyl) acetamide [CH3CONR2H]ZnCl3 : solution CI- HCl
N1953 Zn Spent pickle 3 H,S0,4 -> [22]
primary amine RNH3ZnCl3 solution CI- 5.39M

Zn
Aliquat 336 Zn Spent pickle [23]
quaternary ammonium salt From 17 g/L solution CI-
TOA Zn Spent pickle 5 2M [24]
tri-n-octylamine solution CI- HNO3
P507+P204 Zn Spent acid CI- 84.7% H,S04 [25]
2-ethylhexyl phosphonic acid mono- E-Zn
2-ethylhexyl ester + di-2-ethylhexyl
phosphoric acid
Cyanex 272, Zn Cobalt-Zn CI- 15 H,S04 [26]
bis(2,4,4-trimethylpentyl) phosphinic
acid

other metal separation, such as mini actinides and
REE [12], molybdenum recovery from copper leach
[13], but require a complexing agent such as tartaric
acid to form extractable anionic species [13][14].
Despite advances in zinc recovery from secondary
sources [[15], [16], [17] no reagent-free framework
leverages high-salinity LaCls matrices for deep
purification in concentrated REE streams.

Existing research, summarised in Table 1, mostly
studies Zn removal from spent pickle solution of CI
basis and the stripping with acid, overlooking matrix-
induced coordination shifts, limiting scalability from
99.9% industrial feed to 5N high-tech grades. This
study harnesses chloride activity in LaCls as a self-
salting agent for Zn removal via N235-based solvent
extraction, achieving <50 ppm and enabling 5N

purity.

Experimental section

Chemicals and reagents

Aqueous feed is an industrial-grade solution of
lanthanum chloride. The chemical properties are
summarised in Table 2. This solution is characterised
by a Total Rare Earth Oxide (TREO) concentration of
260 g/L (1.41 mol/L) and a base acidity of 0.012
mol/L (pH 1.92). A critical feature of this feed is a
significantly high zinc concentration of 3000 mg/L,
which represents the main impurity barrier to
achieving high-purity-grade lanthanum.

To establish a thermodynamic basis for zinc

removal, the stability of various zinc chloride
complexes has been modelled using the Medusa
Hydra software, as presented in Figure 1. The
coordination sphere is evaluated as a function of
chloride activity to confirm the self-salting potential
of the matrix.
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Table 2 - Characteristics of LaCls industrial solution

Acidity | REO La203 | Ce02  Pr6Nd11: Nd203 Sm203 Eu203 Tb40 7 Tm20 3 Y20 3 Yb20 3. Fe Zn
/REO | /REO
/REO /REO | /REO  /REO | /REO | /REO | /REO! /REO
(mol/L)  (mol/L) | (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (ppm)  (ppm)
0012 | 1.41 99.9 0.011 | 0.00 000 000 000 000 000 000000 144 | 3000
2 substituted quaternary ammonium cation, as shown
_ in Equation 2
1
— + —_ N
- =y fBN(org) + H( aq) + Cl( aq) =
2 0 Zmer (R3NH™CL7)(org) (2)
" . e where R represents the octyl chain.
Extraction occurs when the anionic complex
-2 R [ZnCl4)* has a strong affinity for the protonated
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 1 - Zinc species dominance diagram as a function
of pH activity and chloride volume in the high
Cl, high Zn LaClsz system

The dominance of the anionic species [ZnCl4)? at
chloride levels above 4 M, naturally provided by a
1.41 M LaCl; matrix, supports a very high selectivity
compared to conventional low-salinity
environments.

At the industrial feed acidity (pH 1.9) and high
chloride activity ([CI] 4.23M, or log [CI] 0.63), the
system is in the predominance field of the anionic
tetrachloride-zincate ~ complex [ZnCl;)*. The
quantitative transformation of Zn?* to the anionic
tetrachloride-zincate complex [ZnCl4)* is
represented by Equation 1.

Zn** (aq) +4C17 (aq) = [ZnCla]* ™ (qqy (1)

The organic phase is prepared using tri-iso-
octylamine (N235) (industrial grade, 98.5%) as the
extractor, diluted in sulfonated kerosene (Escaid
110) (industrial grade, 99.8%). Isopropanol (IPA)
(industrial grade, 99%) has been used as a polar
modifier to stabilise mixtures. Although previous
literature often used iso-butanol, this study
strategically chose short-chain alcohol IPAs over iso-
butanol to minimise overall viscosity and prioritise
mass transfer kinetics.

The organic mixture has been pre-treated with
an alkaline wash using an 8 wt.% sodium carbonate
solution to remove impurities. This is followed by
protonation with 4.5 M hydrochloric acid to form a

amine carrier RsNH*Cl-. This causes the target
species to be separated into organic phases through
the formation of stable ion pairs as described in
Equation 3.

2(R3NHYCI ) (org) + [ZnCl4]2_(aq)
= ([R3NH]2[ZnCl4]) (org) + 2CL( " aq) (3)

This is unlike the extracted zinc with primary
amine N1953 as RNH3ZnCl; and tri-n-octylamine
(TOA) as RsNHZnCl5[24].

Extraction and Analysis Procedures

Batch extraction tests were conducted in a 250
mL borosilicate glass beaker using an IKA RW20
digital overhead mixer at 700 RPM at an ambient
temperature of 25 + 2°C. For isotherm extraction
studies, the agueous-to-organic (A/O) ratio ranges
from 1:5 to 5:1. The sample is equilibrated for 15
minutes to ensure thermodynamic equilibrium [18].

After phase discharge, aqueous fines were
analysed for zinc using Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). The
concentration of metals in the organic phase is
determined by mass balance. The organic phase is
then stripped by contacting it with 0.1 M
hydrochloric acid (HCI) and deionized water to
assess the stripping efficiency. After separation, the
aqueous phase was analysed for zinc, lanthanum,
and total rare earth oxides (TREQ). Zinc is measured
using atomic absorption spectroscopy (AAS) while
REO and lanthanum are determined by ICP-OES. The
concentration of metals in the organic phase (Corg) is
determined by the mass equilibrium as in Equation
4,
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C _ (Cinit_cequil) X Vaq
org —

(4)

VOTg

Where Cinit and Cequil are the initial aqueous and
equilibrium concentrations, and V,q and Vqrg are the
aqueous and organic phase volumes, respectively.
The refining purity target has been set at a zinc
concentration of <50 ppm to meet stringent industry
specifications.

The distribution ratio, Dz,, which measures the
zinc equilibrium distribution between the organic
and aqueous phases, has been calculated using
Equation 5.

Dz, = [Zn]organic/[zn]aqueous (5)

To assess the loading capacity and equilibrium
behaviour, the initial Zn concentration was varied
from 10 to 2000 mg/L. The resulting data were fitted
to the Langmuir adsorption isotherm model as
Equation 6

qmK1Ce
qe = 1+KLCe (6)
where gm (mg/g) is the amount of Zn extracted
per unit of extractor mass, C. (mg/L) is the
equilibrium concentration in the aqueous phase, gm
is the maximum load capacity, and KL is the
Langmuir constant.

The spontaneity of the extraction process was
evaluated by calculating the standard Gibbs free
energy (AG°) from the equilibrium constant (K)
derived from the Langmuir model, as given in
Equation 7.

AG°® = —RTIn(K ) (7)

This  calculation  provides a  rigorous
thermodynamic assessment of coordination shifts in
the LaCls matrix.

From the isotherm, the McCabe-Thiele
construction method will be used to determine the
number of stages required to achieve 5N purity.

As in any continuous solvent extraction system,
the loaded organics must be efficiently stripped to
recover the extracted product. The barren organic
matter is then regenerated and recycled back to the
beginning of the system, repeating the process. In
REE recovery through a continuous solvent
extraction system, strong acids such as HCl are used
to remove the extracted elements. The water is used
to wash away the waste acids, produce a barren
organic backing, and is then treated, ready for
extraction. In this study, 0.1 M HCl and water were

compared for their ability to strip the zinc loaded at
N235 at an A/O of 0.5-10.

Results and Discussions

Distribution Coefficient: Extraction Rate

The distribution ratio (Dz,) in this LaCls matrix
exceeded 150 at low A/O, significantly surpassing
the DEHPA benchmark (Dz=45 in CI~ leach). This
demonstrates N235’s superior affinity for [ZnCls]*
at low A/O ratios, as shown in Figure 2 (a). Dz, drops
dramatically from over 20 to under 5 when the A/O
increases from 0.25 to 1.0 with 7% v/v N235. Higher
concentrations (40% to 99% extraction at A/O=2)

a)

15

kL

DZn

B30 N135

Extraction (%)

a 1 2 3 4 5
AMD

Figure 2 — Zn extraction from La chloride, a) the effect of
A/O on the distribution ratio, and b) the effect of N235
concentration and A/O on the extraction efficiency

further exacerbate this effect. Interestingly, the
Dzn values for 15% and 30% N235 are identical across
the higher A/O range (1.5 to 5.0). This indicates that
beyond a 15% concentration, the extraction is no
longer limited by extractant availability but is
instead governed by the aqueous speciation of the
[ZnCl4]?>~ complex. This supports the "matrix-driven"
hypothesis, where the 1.41 M LaCl; environment
dictates the maximum possible formation of

extractable anionic species, as illustrated in
Figure 2 (b).

Table 3 summarises Dz, values across N235
concentrations (7-30% v/v) and A/O ratios (0.25-
2.0), confirming peak extraction efficiency (>150)
under optimal, low A/O conditions and highlighting
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the system's robustness across industrial operating
windows. These data validate 7% v/v N235 as the
cost-effective choice for continuous modelling,
balancing high Dz, with minimal reagent use.

Table 3 - Distribution coefficients (Dzn) for N235
extraction from LaCls matrix

N235 | A/O A/O A/O A/O Extraction
(v/v%) 025 0.5 1.0 20 % (A/0=2)
7% >150 85 18 5 40%
15% 220 140 45 22 90%
30% 280 195 75 45 90%

The higher polarity of isopropanol effectively
dissolves the large ion pair complex (RsNH*),ZnCl,%,
preventing third phase formation and maintaining a
sharp interface even at maximum zinc loading.

The distribution ratio (Dz,) in this REE matrix
exceeds 150. This Dz, >150 in concentrated LaCls
exceeds DEHPA benchmarks (Dz=45) and Cyanex
923 (3 stages), due to [ZnCls]?*" stability vs cation
exchange limits of phosphonic at high salinity [27].

Equilibrium Modelling and Thermodynamic
Evaluation

Extraction data have been analysed to fit the
Langmuir isothermal model. The linearised Hanes-
Wool shape was used as Equation 8.

1 1
Z=—x+ (8)
y dm AmKL

The extraction balance has been carefully
modelled to assess the process efficiency for
handling a 3000 ppm zinc load. The data show a
strong correlation with Langmuir Isotherms, as
illustrated in Figure 3.

045

0.4

0,35
0.3

y = 0.0005K + 0.0799
R = 0.9975

Figure 3 - Plot of the Hanes-Woolf of the linearised
Langmuir fit

The linear regression analysis yields an R? value
of 0.9975, indicating a good fit. The maximum

loading capacity (gm) has been determined to be
2222 mg/L, indicating that the N235 system is well-
suited for  high-impurity  industrial  flows.
Furthermore, a standard Gibbs free energy (AG) of -
14.68 kJ/mol confirms that the extraction is
thermodynamically spontaneous. This is in line with
the extraction of Zn using DEHPA in the Zn-C battery
chloride leach solution, where AH was -245.59
kJ/mol and 100% extraction in one stage.

Multi-Stage Simulation for 5N Purity

The McCabe-Thiele diagram for the industrial
feed containing 3000 ppm Zn is shown in Figure 4(a).
The concentration profile is shown in Figure 4(b).
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Figure 4 — LaCls Zn extraction with 15% N235 at A/O 1.25
a) McCabe-Thiele construction, and b) stage
concentration profile

The LaCls purification circuit’s main goal is to
reduce zinc pollution from 3000 mg/L to <50 mg/L.
The McCabe-Thiele construction shows that a 2-
stage counter-current extraction with an A/O ratio
of 1:25 is enough to meet this commercial threshold.
This 2-stage configuration is highly efficient and
reagent-lean, unlike other systems that need 3
stages, such as Cyanex 923.

The concentration profile provides a deeper
scientific insight into the system's ultimate limits of
purification. Although two stages are sufficient for
bulk removal, linear developments on the
logarithmic scale indicate that the N235 carrier does
not experience loading inhibition at the trace level.
As seen in the profile, the zinc concentration
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decreases exponentially across 5 stages. By the final
stage, the concentration reached < 0.5 ppm,
indicating that the matrix-driven self-salting effect
was sufficient to bridge the gap from the 99.9%
industrial grade to the 99.999% high purity threshold
required for advanced optical and electronics
applications. By extending the circuit to 5 stages, the
system can achieve a 4-log reduction, reaching 0.23
mg/L Zn. This confirms that the same matrix-driven
self-salting mechanism used for bulk recovery can be
scaled to produce 5N (99.999) grade lanthanum,
offering a versatile flow sheet that can be adjusted
to meet the purity requirements of the final
application.

Extractor Stripping and Regeneration

The stripping study evaluated the comparative
efficiency of deionised water and 0.1 M HCI across
varying A/O ratios (Figure 5a) and stripping stages
(Figure 5b), using the McCabe-Thiele construction.
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Figure 5 - Zn stripping with water a) efficiency at
different A/O, and b) McCabe Thiele diagram at A/O 1.3

The results show that water is a superior
stripping agent, achieving almost quantitative
efficiency (about 100%) at 10 A/O. This significantly
outperforms the 92% efficiency observed with 0.1 M
HCI. Water stripping (100% at A/O 10) surpasses HCl
(92%) and thiourea systems, disrupting [ZnCls]*
without complexing. This high efficiency s

attributed to the water-induced separation
mechanism. When the concentration and acidity of
chloride decrease during contact with pure water,
the complex balance of ion pairs shifts back towards
the aqueous phase.

Although recent studies have successfully used
thiourea in hydrochloric acid media to remove zinc,
such a system relies on the formation of a strong and
stable complex to attract the metal into the aqueous
phase.

The McCabe-Thiele construction shows that a
three-stage counter-current stripping process at an
A/O ratio of 1:3 is sufficient to completely strip the
zinc from the organic phase. The absence of a high
chloride background destabilizes the [ZnCls]*
complex, causing it to decompose into Zn?* cations,
which are insoluble in the organic phase.

While previous studies reported a two-stage
stripping process, the three-stage stripping process
with water in this study resulted in a more
concentrated zinc strip liquor with a higher O/A ratio
and more favorable stripping chemistry.

Figure 6 summarises the complete extraction
and stripping mechanism. It depicts the transition
from the aqueous matrix to the organic phase,
followed by the next stage of green stripping using
deionised water. This water-induced separation is
the main sustainable feature of the proposed flow
sheet.

Flowsheet

The process flow sheet is depicted in Figure 7.
The successful integration of extraction and
stripping circuits demonstrates that the continuous
counter-current solvent extraction process is
technically superior and environmentally friendly
[[28], [271[29]]. It meets the 5N purity requirements
of the high-purity lanthanum application.

Conclusion

The study successfully demonstrated a high-
efficiency solvent extraction flow sheet for deep
purification of industrial-grade lanthanum chloride
solutions, specifically addressing continuous 3000
ppm zinc jamming. By investigating the chemical
mechanisms, it was established that the high
chloride activity ([CI] about 4.23 M) of the 1.41 M
LaCls matrix drives the displacement of quantitative
coordination. This transforms the hydrated zinc
cation into an anionic tetrachloride-zincate complex
([ZnCl4)%-), which is then selectively partitioned into
the organic phase N235 via ionic pairing.
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Figure 6 — Schematic diagram for Zn partition from concentrated LaCls solution through
N235 solvent extraction and water stripping
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Figure 7 - Flow sheet for continuous counter-current zinc extraction with N235 in LaCls and stripping with water

Thermodynamic evaluations using Langmuir
isotherms confirmed that the process was very
spontaneous (AG = -14.68 kJ/mol). The system's
robustness under high-load industrial flows is
confirmed by a maximum loading capacity of 2222
mg/L. Furthermore, a five-stage counter-current
simulation shows that the self-salting effect of this
matrix is sufficient to reduce the zinc concentration
to < 0.5 ppm. This bridges the gap from 99.9% purity
to the 99.999% (5N) threshold required for
advanced optical and electronic applications.

Finally, this research provides a sustainable, lean
reagent alternative to traditional purification
methods, complementing the cycle of recovery-to-
purification recently emphasised in this journal by
offering a high-purity aqueous finishing stage that
operates at ambient temperature. Future work

would focus on the organic stability and coextraction
of Fe.
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NaHTaH xnopwuai epitiHginepiH ywiHwi geHreni ammH sKCTPaKLUUACHI apKbi/bl
Ta3apTy: TePMOAUHAMUKANDIK YKaHe Ke3eHAiK 6aFanay
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TYRIHAEME

JlaHTaH XN0PUAJH MbIPbIL KYPambl }KOFapbl MblpbIlW KocrnanapbiHaH TasapTy SN KnacTbl naHTaH
oKcuaTepiH eHaipyae 6actbl Mmacene 6onbin Kana bepedi byn 3epTrey KypambiHga 3000 mr/a
MbIpbiw 6ap 1,41 M cupek KesgeceTiH ep okenarepi (CHO) KoHUeHTpaumackl 6ap eHAipicTik
NaHTaH XNOPUAIHIH, WKKI3aTbiH eHAey yWiH N235 ywiHwWwinik amuHiH NaiganaHbin, MaTpULANbIK,
Makana kengi: 19 Haypbiz 2026 epITKIWTI 3KCTpakumanay npoueciH 3epTreiai. Medusa Hydra »kaHe Langmuir usotepmanapbiH
CapanTamagaH eTTi: 26 Haypbis 2026 KO/AaHa OTbIPbIN, TEPMOAMHAMUKANbIK MOAeNbAeY MAaTPULLAHbIH, KoFapbl xnopuati 6enceHainiri
Kabbinganabl: 22 cayip 2026 (>4 M) aKkcTpakumanaHatbiH [ZnCls]? KeleHiHe Kapall KoopAuHauMaa alTapabIKTai esrepictep
TyAbIpaTbIHbIH KepceTTi. Bya aybicyabiH, e3airiHeH nainga 6onaTbiH TM66CTIH 60C aHepruAckl -14,68
kKx/Monb Kypainabl. EKi caTblibl Kapcbl TOK afbliHbl cXemacbl 50 Mr//i-4eH TOMEH MbIPbILTHIH,
OHAIpICTIK MaKcaTblHa cai bonca, Bec caTtbinbl KOHOUIYpaUMA TEPT NorapuPmaik TomeHaeTyA
0,23 mr/n-re peiiH kamtamachbi3 etegi, 6yn TMimai Typae 99,999% TasanbikKa KON KeTkisedi. byn
peareHTTiH YHeMAj TaCiNi, Cy apKblNbl anblHFAH CTPUNNUHITI NaliAanaHbIn, eTe XKofapbl TasanblKTbl
CUPEK KEe3AECETIH ep 3/1eMEHTTEPIH OHAEY YWiH TYPaKTbl KOHEe MAaTeMaTWKaibIK TypfblaaH
pacTanfaH Heri3 yCbiHaApl.

Tyiiin ce30ep: EpiTiHAi SKCTPaKLUMA, Mblpbil, naHTaH xnopugi, N235, McCabe-Thiele.
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AHHOTALMUA

OynCTKa NaHTaHa OT 3arpA3HUTENEN C BbICOKOM Harpy3Kon LMHKA OCTAEéTCA OO4HOM M3 OCHOBHbIX
3afay Npv NPOM3BOACTBE OKCMAOB NaHTaHa 5N Knacca. B gaHHOM wccnefoBaHMM mM3ydaeTcs
NPOLECC 3KCTPAKLMN PacTBOPUTENS C MOMOLLbIO MAaTPUYHOTO PAacTBOPUTENA C UCMONAb30BAHUEM
TpeTnyHoro amuHa N235 ans 06paboTKM MPOMBbILIEHHONM MOAAYM OKCUA0B PefKO3eMeNbHbIX
Noctynuna: 19 mapma 2026 anemeHToB (REO) ¢ cogeprkannem 3000 mr/n umHKa. TepMOAMHAMMUYECKOe MOZEMPOBaHMe C
PeueHanposaHme: 26 mapma 2026 nomolubto n3otepm Meay3bl fnapbl 1 JTaHIMIOPa NOKa3aso, YTO BbICOKAA XN0PUAHAA aKTUBHOCTb
MpuHATa B Nevatb: 22 anpens 2026 (> 4 M) maTpuubl Bbi3blBana 3HAYUTENbHbIE M3MEHEHMA KOOPAMHALMU B HanpaBAeHUU
3KCTpUpyemoro Komnsekca [ZnCls]>. ITOT nepexos MMeeT CMOHTaHHYK CBOGOAHYHO 3HEpruto
M66ca -14,68 KK/Monb. B TO Bpems Kak ABYXCTYyNeH4aTbli NPOTUBOTOKOBOW PACXOAHbIN NUCT
[OCTUraeT oTpac/ieBow Lenn — meHee 50 Mr/n uyHKa, NATUCTYNeHYaTas KoHGUrypaums goctmuraer
YeTblpéxnoragnyHoro cokpaweHna ao 0,23 mr/n, dakTMyecku gocturas umctotbl 99,999%.
Bepexnuebii NOAXo4 3TOrO peareHTa, MCMNONb3ylOWMWIA BoAAHOe yAaneHwe, npegnaraet
YCTOMYMBYIO U MaTEMATUYECKU BaJMAMPOBAHHYIO OCHOBY AJ1A MOKPbITUA M3 peaKo3eMesibHbIX
MaTepuanoB CBEPXBbICOKOM YNCTOTbI.

Kniouesbie c108a: IKCTpaKUUA PacTBOPUTENA, UMHK, xnopua naHTaHa, N235, McCabe-Thiele.
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ABSTRACT

The article presents the results of a qualitative analysis of circuits of autonomous current and
voltage inverters with cut-off valves. The influence of the charge on the switching capacitor in
parallel and series equivalent circuits on the restoration of the switching properties of the

Received: May 17, 2025 thyristors in the inverter power circuit is studied. It is shown that, due to the energy periodically
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accumulated in the inductive elements of the load, the voltage across the switching capacitor in
the cut-off state is higher than in a conventional parallel autonomous current inverter. This
ensures increased switching stability of the inverter. Consequently, the circuit of an autonomous
current inverter with cut-off valves remains operational in valve converters for variable-frequency
electric drives and maintains performance during sudden load surges and short circuits, since the
voltage on the switching capacitor does not depend on the load voltage. Thus, the charge on the
switching capacitor is preserved even when the load voltage drops sharply between thyristor
commutations.

Keywords: autonomous current inverter, inductive load, valve frequency converter, variable-
frequency electric drive, cut-off valves, commutation capacitor charge.
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Introduction

In modern industry, variable-frequency electric
drives based on valve converters play a critical role
in ensuring energy efficiency, precise speed control,
and operational reliability of technological
processes. However, traditional autonomous

current inverters (ACI) using thyristors encounter
significant challenges in achieving reliable forced
commutation, particularly under variable or shock
loads, low operating frequencies, and during
overloads or short circuits. In conventional parallel
ACI circuits, the voltage across the commutation
capacitor depends directly on the load voltage. This
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often results in insufficient reverse bias for thyristor
turn-off, leading to commutation failures and
reduced operational stability [[1], [2], [3], [4]].

These limitations are especially pronounced in
high-power applications in mining, metallurgy, and
transport sectors, where sudden load changes are
common and high commutation reliability is
essential. Although various auxiliary commutation
circuits have been proposed in the literature, many
of them still suffer from strong dependence on load
parameters, require oversized capacitors, or exhibit
limited overload capability.

A promising approach to overcome these
drawbacks is the use of cut-off valves (auxiliary
diodes or thyristors), which decouple the
commutation capacitor from the load during critical
intervals. This allows independent charging of the
capacitor and retention of a higher voltage.

Despite numerous studies devoted to modeling
and simulation of ACI [[2], [5], [6]], a detailed
qualitative analysis of the influence of cut-off valve
circuits on commutation processes — particularly
the charge dynamics of the switching capacitor in
series and parallel equivalent circuits under real
operating conditions, including overloads — remains
insufficiently addressed. This research gap
motivates the present study, which performs a
physico-mathematical qualitative analysis of such
circuits.

This study aims to conduct a qualitative analysis
of autonomous inverter circuits with cut-off valves
and to evaluate the effect of the switching capacitor
charge on the restoration of thyristor switching
properties, thereby enhancing the stability and
reliability of inverters for variable-frequency electric
drives.

The experimental part

Theoretical Analysis and Equivalent Circuits.

In quasi-steady-state mode, the capacitors in the
power circuit of an autonomous current inverter
(ACI) act as the primary source for compensating the
reactive power of the load and restoring the blocking
properties of the thyristors, thereby maintaining the
reactive energy balance:

Qu=0s (1)

where: Qs - is the reactive power required to
restore the thyristors’ blocking capability;

Q.- is the reactive power of the load.

Figures 1 and 2 illustrate that the voltage
waveform across the capacitors in a conventional
ACl without cut-off valves is nearly sinusoidal,
whereas in circuits with cut-off valves, it approaches
a trapezoidal shape. Reducing the capacitance value
leads to steeper voltage fronts and enrichment of
the load voltage with higher harmonics. This
redistribution of reactive energy significantly affects
commutation stability [[7], [8], [9], [10]].
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Figure 2 - Scheme (a) and time diagrams (b)
of a single-phase ACI with OV

A detailed analysis of the single-phase bridge
circuit with cut-off valves (Fig. 3) shows that at the
instant of commutation (t = 0), the reverse voltage
across the outgoing thyristors is higher due to the
energy stored in the load inductance. This enables
the cut-off diodes (or thyristors) to maintain the
charge on the switching capacitor independently of
the instantaneous load voltage.

Equivalent circuits (series and parallel) were
derived, and analytical expressions describing the
capacitor voltage and current during the recharge
intervals were obtained. The structure of the single-
phase ACI with DC cut-off is illustrated in Figure 4.
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Figure 3 - ACl with S: circuit (a); time diagram of the
capacitor voltage (b); replacement circuits (c, d).

Detailed Operation of the ACI with Cut-off
Valves

Consider the operation of a single-phase bridge
ACI with cut-off valves in quasi-steady-state mode
(Fig. 3). At the instant t = 0, when thyristors T3 and
T2 are turned on by the control system, thyristors T1
and T4 are instantly reverse-biased and turn off.
However, the cut-off diodes do not conduct
immediately because the absolute value of the
capacitor voltage exceeds the load voltage. The
capacitor discharge occurs through the series LC
circuit (contour 1-2-3-4-5-6-7-8, see equivalent
circuit in Fig. 3c).

When the capacitor voltage reaches zero, the
cut-off diodes open, and the load current and
capacitor voltage change polarity. The interval for
restoring the blocking properties of the outgoing
thyristors ends when the capacitor voltage reaches
a certain negative value.

To investigate the influence of the switching
capacitor charge in series and parallel equivalent
circuits, the cut-off diodes were replaced with
controlled thyristors, allowing a deliberate delay in
their turn-on. This makes it possible to adjust the
duration of the series and parallel recharge intervals.

Under simplifying assumptions, the system of
equations describing the circuit behavior was
derived as follows:

Ty <73 < (11 +72) (2)

For the case of replacing cut-off diodes with
thyristors, under the simplifying assumption i (t) =
I; = const, the following system of calculation
expressions can be obtained for a single-phase ACI
with cut-off thyristors:

U1’1 = rHId
- arcey (2]
TZ - !21 L

[201Lyl, - exp (—6177)]

Ull - rHId + Sin .{21 TZ Tl
U
=C (;1)
Id — T
where:
(3)

1
6, = —¢ 0, = ! :
Yoy T [@eLye) - 62

Ui1 = [Ugol = luc(zy + 12)|
Ui1 = uc (1) = uy(r1) = uy(0)

Here, 7, is characterized as the moment of
transition from a serial to a parallel recharge circuit
of a switching capacitor Sk.

Suppose the switching on of the cut-off
thyristors is delayed relative to the moment t=0 until
uc(tq11) = 0. is obtained. Then, in the interval 7,4,
a sequential replacement circuit of the charge Ck
operates. If you enter the intervalt,; for a parallel
circuit, then you can write the inequality:

T11+1 T21# T11+ Ty

Under the above assumptions, the system of
calculation ratios for ACI with cut-off thyristors has
the form:

U]:.ll = 0 ’
I
T21 = 20,
Uy = 1ty lq + 20, Lyly * exp (-61 T21),

(4)
711 =C* Uy /1y .

In the circuit with cut-off thyristorstg; = 711,
and in the circuit with cut-off diodesty = 7 +
75 Obviously, in the latter case, it is necessary to
have the expression U, (t) on the recharge interval
in a parallel circuit, and then the value of 5 ' is found
from the solution of the equation:

Uc(t2)=0. (5)

Analysis of the obtained expressions reveals the
following key advantages of ACI circuits with cut-off
valves:

a) Due to the energy stored in the load
inductance, the voltage across the switching
capacitor in the cut-off state is higher than in a
conventional parallel ACI at the moment of
commutation.

—— 40 ——
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b) The capacitor voltage is independent of the
load voltage and operating frequency, which
ensures reliable operation of the inverter in variable-
frequency drives, even at low frequencies.

c) The charge on the switching capacitor is
preserved even during sharp decreases in load
voltage between commutations. This provides
stable switching under sudden load surges and
short-circuit conditions.

d) The use of cut-off thyristors allows controlled
variation of the ratio between series and parallel
recharge durations, offering additional flexibility in
circuit design.

Complete decoupling of the commutation circuit
from the load circuit in a single-phase ACl is achieved
only when cut-off valves are used [[11], [12]].

Figure 4 - Single-phase ACI circuit with DC cut-off.
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Figure 5 - Single-phase bridge ACI with cut-off valves: (a)
circuit diagram; (b) switching circuit through D1 and Dk;
(c) switching circuit through D2 and D3;

(d) time diagrams.

Compensation of the reactivity of the load in the
AIS is carried out due to the reactive current valves
and the capacitance of the filter Cy, connected to the

power source E; or due to inter-phase interactions.
It will be shown below that the separation of the L
From the C, circuit is possible in a single-phase AlS
only in the presence of OF [[13], [14]].

Let's consider the operation of a single-phase
bridge circuit of an Al with an OV (Fig. 5).

Discussion of the results

The qualitative analysis demonstrates that the
introduction of cut-off valves (diodes or auxiliary
thyristors) fundamentally improves the
commutation process in autonomous current
inverters. The main advantage arises from the
decoupling of the switching capacitor recharge
circuit from the load during critical intervals. As a
result, the voltage across the capacitor at the
moment of thyristor turn-off is significantly higher
than in conventional parallel autonomous current
inverters (ACl), which directly enhances switching
stability.

Interpretation of the results shows that the
voltage on the commutation capacitor becomes
largely independent of the instantaneous load
voltage and operating frequency. This property is
particularly valuable for variable-frequency electric
drives operating at low speeds or under fluctuating
loads, where traditional circuits often lose
commutation reliability.

Comparison with previous research confirms the
obtained findings. In conventional ACI schemes,
commutation depends heavily on load parameters,
which frequently leads to failures during overloads
and short circuits [[15], [16]]. The analyzed circuits
with cut-off valves successfully overcome this
limitation, which is consistent with earlier reports on
auxiliary commutation techniques [[17], [18], [19],
[20]]. The observed increase in stored energy from
the load inductance further supports the higher
reverse bias voltage, aligning with theoretical
expectations for forced-commutated thyristor
inverters.

Limitations of the study

The present work is based on qualitative
theoretical analysis and idealized equivalent circuits,
assuming ideal circuit elements. In real devices,
losses, parasitic parameters, and non-ideal thyristor
recovery characteristics exist, which may
quantitatively affect the predicted commutation
margins. No new laboratory experiments on a
physical prototype were conducted in this study;
validation relied on analytical consistency and data
from previously published works.
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Future research plans

The next stage of the research should include
detailed numerical simulation using SPICE or
MATLAB/Simulink models with real thyristor
parameters, followed by experimental testing on a
scaled laboratory prototype under controlled
overload and short-circuit conditions. Quantitative
comparison of commutation margins, efficiency, and
harmonic distortion with conventional circuits will
provide stronger practical recommendations for
industrial implementation, particularly in mining and
other heavy industries.

Conclusion

The conducted qualitative analysis has shown
that the use of shut-off valves in autonomous
inverter circuits provides a significant improvement
in commutation stability and overall operating
reliability. Owing to the decoupling of the
commutation capacitor from the load circuit, the
capacitor is able to retain its maximum voltage
between switching intervals, which makes the
commutation process substantially less dependent
on load conditions. This feature is especially
important under variable load operation, overloads,
and short-circuit modes, where conventional
inverter circuits may experience a deterioration of
switching performance. The study confirms that the
proposed circuit solutions create more favorable

conditions for restoring the blocking properties of
thyristors and ensuring stable inverter operation
over a wider range of operating regimes. Therefore,
inverter circuits with shut-off valves can be
considered a promising technical solution for valve
frequency converters used in adjustable-speed
electric drives, particularly in high-power industrial
applications characterized by severe and rapidly
changing load conditions. In addition, the identified
operating principles may be extended to the
development of both current-source and voltage-
source inverter systems with enhanced reliability
and improved dynamic characteristics. Future
research may be directed toward detailed
guantitative evaluation, simulation-based
verification, and experimental validation of the
proposed circuit approaches under real operating
conditions.
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HatukeciHae aXbIpaTKbILW KAanaHAapbl 6ap aBTOHOMABI TOK MHBEPTOPbIHbIH CXeMachl aliHbIMasbl
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AHHOTALUMUA

B cTaTbe NpeacTaBneHbl pe3ynbTaTbl KAYECTBEHHOTO aHA/IM33 CXEM aBTOHOMHbIX MHBEPTOPOB TOKA
N HaNpPAMKEHWA C 3aMOPHbIMM (OTCEYHBIMM) BEHTUAAMU. MccneaoBaHo BAMAHME BENMUMHDI 3apAaa
KOMMYTMPYIOLLErO KOHAEHCaTopa B MapasnesibHbiX U NoC/AeA0BaTeNbHbIX CXeMaX 3aMeLLeHUa Ha
BOCCTaHOB/IEHME KOMMYTALMOHHbIX CBOWCTB TUPUCTOPOB CUAOBOM Lenu MHBepTopa. MoKasaHo,
41O 6narogaps aHEPrum, NepUOAMYECKM HAKANIMBAEMON B MHAYKTUBHbLIX 3NEMEHTAX HarpysKku,
HanpssKeHne Ha KOMMYTMPYIOWEM KOHAEHCATope B OTK/YEHHOM COCTOAHMM Bbllle, Yem B
06blYHOM nNapanieNbHOM aBTOHOMHOM WHBEPTOpPe TOKa. JTo obecneymsaeT nosblleHUe
KOMMYTALLMOHHOM YCTOMYMBOCTU MHBEPTOPA. B pe3ynbTaTe cxema aBTOHOMHOTO MHBEPTOPA TOKA
C 3aNOPHbLIMU BEHTUIAMM COXPaHAET PaboTOCNOCOBHOCTb B BEHTU/IbHBLIX NpeobpasoBaTensx ans
YaCTOTHO-PEryanpyembiX 31EKTPONPUBOAOB M OCTaétcAa paboTocnocobHOM Mnpu BHE3amnHbIX
6pOCKax HarpyskM M KOPOTKMX 3aMbIKaHMAX, MOCKO/IbKY HanpsKeHWe Ha KOMMYTUPYIOLLEM
KOHAEHCATOPE HE 3aBUCUT OT HAMPAKEHUA HArpy3ku. Takum obpasom, 3apsas KOMMYTUPYIOLLEro
KOHA,EHCATOPA COXPAHAETCA AaXKe NPU PE3KOM CHUMKEHWUM HANPAXKEHMS HArPy3KU B MPOMENKYTKaX
MeXay KOMMYTaLMAMU TUPUCTOPOB.

Kniouesble cnoea: aBTOHOMHbIN WHBEPTOP TOKa, 3anopHble BEHTWUIN, KOMMyTMpyI'OLLI,VIl‘/II
KOHAEeHCAaTop, KOMMYTaLMOHHaA yCTOI‘/’IHMBOCTb, l'IaCTOTHO-DeI'yI]l’lpyeMbIl\;I 3NEeKTponpuBoA,.

—— 43 ——


mailto:j.toshov@tdtu.uz
https://orcid.org/0000-0003-4278-1557
https://orcid.org/0000-0003-4278-1557
mailto:aisaule89@mail.ru
https://orcid.org/0009-0005-1325-5576
https://orcid.org/0009-0005-1325-5576
mailto:y.sarsenbayev@satbayev.university
https://orcid.org/0000-0002-8887-1171
https://orcid.org/0000-0001-6834-8490
https://orcid.org/0000-0002-9262-4683
https://orcid.org/0000-0002-2641-571X
mailto:erzhan_aiu@mail.ru
https://orcid.org/0009-0008-0095-576X
https://orcid.org/0009-0008-0095-576X

2028; 344(1):38-45 ISSN-L 2616-6445, ISSN 2224-5243

UHpopmayusa 06 asmopax:

Jlokmop mexHu4ecKux HayK, npogeccop TAWKEHMCKO20 20Cy0apCMBEeHH020 MeXHUYeCKo20
Towoe Masoxup bypuesuy yHUsepcumema umeHu Ucnama Kapuma, 100095, Anma3zapckuli palioH, yauya YHusepcumemckas
2, TawkeHm, Y3bekucmaH. E-mail: j.toshov@tdtu.uz; ORCID ID: https://orcid.org/0000-0003-
4278-1557

PhD dokmopaHm Kaghedpsl Aemomamu3ayuu npou3soo0cmeeHHbix npoyeccos, KapazaHOuHcKuli
mexHu4ecKkuli yHusepcumem umeHu A. CaeuHosa, 100027, np. HypcynmaHa Hasapbaesa, 56,

Menad Aii T
endukbaesa Alicayne TakeHosHa KapazaHda, Kazaxcmax. E-mail: aisaule89@mail.ru; ORCID ID: https://orcid.org/0009-0005-

1325-5576
PhD, floueHm, 3a8edytowuli Kagpedpoli sHepzemuku, Satbayev University, 050013, ya. Cambaesa.
CapceHbaees EpnaH Anuackaposuy 22, Aamamel, KaszaxcmaH. E-mail:  y.sarsenbayev@satbayev.university; ORCID ID:

https://orcid.org/0000-0002-8887-1171

Jokmop PhD, OdoueHm Kagedpbl Asmomamusayuu npou3eo0CMBeHHbIX MPoYeccos,
KapazaHduHckuli mexHuveckuli yHusepcumem umeHu A. CaeuHosa, 100027, np. HypcynmaHa
Hasapbaesa, 56, KapazaHda, KazaxcmaH. E-mail: smagulovakk@mail.ru; ORCID ID:
https://orcid.org/0000-0001-6834-8490

Cmazynosea Kapweiza KaHamosHa

Jlokmop mexHu4YecKux HayK, npogeccop Kagedpsl Iaekmpuyeckue MAWUHbI U MpusooHoe
obopyodosaHue, TawkeHMCcKuli 20cydapcmeeHHbIl mexHu4eckuli yHusepcumem umeHu Ucnama
Kapuma, 100095, Anma3zapckuli palioH, ynuya YHusepcumemckas 2, TawkeHm, Y36ekucmaH. E-
mail: shumarov1951@mail.ru; ORCID ID: https://orcid.org/0000-0002-9262-4683

Omapos LLlyxpam badpemduHosuy

Ph.D., doueHm, 3asedyrouuli Kagedpol Inekmpuyeckue MawuHsl u npueodHoe obopydosaHue,
TawkeHmckuli 2ocydapcmeeHHblli mexHudyeckuli yHusepcumem umeHu MWcaama Kapuma,
100095, Anma3zapckuli palioH, ynuya YHusepcumemckas 2, TawkeHm, Y36ekucmaH. E-mail:
abrorobidovich@mail.ru; ORCID ID: https://orcid.org/0000-0002-2641-571X

Mynamoe A6pop A6udosuy

PhD dokmopaHm kagedpsbl AeBmomamu3ayuu npou3soocmeeHHbIx npoyeccos, KapazaHAuHckuli
mexHu4ecKuli yHusepcumem umeHu A. CaeuHosa, 100027, np. HypcynmaHa Ha3apbaesa, 56,
KapazaHda, KazaxcmaH. E-mail: erzhan_aiu@mail.ru; ORCID ID: https.//orcid.org/0009-0008-
0095-576X

A60bikeHos EpycaH KaHamynel

References

[1] Volkov AV, Kosenko Al. Issledovanie energeticheskikh parametrov asinkhronnogo elektroprivoda na baze avtonomnogo
invertora toka [Investigation of the energy parameters of an asynchronous electric drive based on an autonomous current inverter].
Electrotechnical and Computer Systems. 2011; 3(79):40-42. (In Russ).

[2] Umarov Sh, Sapaev Kh, Mirsaidov M, Ruzmatov A. Ensuring design reliability of three phase parallel inverter with cut-off
valves by improving the efficiency of its mathematical modeling. Meterials of compliance with AIP Conf. Proc. 2023; 2552(1).
https://doi.org/10.1063/5.0111343

[3] Egorov AN, Semenov AS, Fedorov OV. Prakticheskiy opyt ispolzovaniya pribora POWER FLEX 7000 v gornodobyvayushchey
promyshlennosti [Practical experience of using the POWER FLEX 7000 device in the mining industry]. NSTU Publishing House. 2017;
4:86-93. (In Russ).

[4] Rakhmonov IU, Ushakov VYa, Niyozov NN, Kurbonov NN. Prognozirovanie elektropotrebleniya s pomoshchyu neyronnykh
setey c LSTM [Forecasting electricity consumption by LSTM neural network. Bulletin of the Tomsk Polytechnic University. Geo Assets
Engineering]. 2023; 334(12):125-133. (In Russ.). https://doi.org/10.18799/24131830/2023/12/4407

[5] Cahyana, Verrell C, Kriswanda D, Aulia GA, Yusra NA, Marta H, Sukri N, Safarov JE, Sultanova ShA. Properties comparison
of oxidized and heat moisture treated (HMT) starch-based biodegradable films. Polymers. 2023; 15(9):2046.
https://doi.org/10.3390/polym15092046

[6] Rakhmonov IU, Ushakov VYa, Niyozov NN, Kurbonov NN. Prognozirovanie elektropotrebleniya na osnove metoda glavnykh
komponent (PCA) [Forecasting electricity consumption using the principal component analysis method. Bulletin of the Tomsk
Polytechnic University]. Geo Assets Engineering. 2024; 335(12):198-209. (In Russ.)
https://doi.org/10.18799/24131830/2024/12/4731

[71 Zhu S, Liu K, Qin L, et al. ‘Global assessment of the asymptotic stability of three-phase inverters with saturation’, electron
energy analysis. 2018; 11(9):1556-1565.

[8] Mekhtiyev A, Dunayev P, Neshina Y, Alkina A, Aimagambetova R, Mukhambetov G, et al. Power supply via fiber-optical
conductor for sensors of mine working monitoring system. Eastern-European Journal of Enterprise Technologies. 2023; 5(5(125)):
15-23. https://doi.org/10.15587/1729-4061.2023.289775

[9] Chen SL, Gerner FM, Tien CL. General film condensation correlations, Exp. Heat Transfer. 1987; 1:93-107.
http://dx.doi.org/10.1080/08916158708946334

[10] Toshov ZhB, Rahutin MG, Toshov BR, Baratov BN. Tracking prevention in roller cone bit drilling. Eurasian Mining. 2024;
1:62-66. https://doi.org/10.17580/em.2024.01.15

[11] Kubin M, Hirs J, Plasek J. Experimental analysis of steam condensation in vertical tube with small diameter. Int. J. Heat Mass
Transfer. 2016; 94:403-410.

[12] Rabatuly M, Myrzathan SA, Toshov JB, Nasimov J, Khamzaev A. Views on drilling effectiveness and sampling estimation for
solid ore minerals. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2026; 336(1):5-14.
https://doi.org/10.31643/2026/6445.01

—— 44 ——


mailto:j.toshov@tdtu.uz
https://orcid.org/0000-0003-4278-1557
https://orcid.org/0000-0003-4278-1557
mailto:aisaule89@mail.ru
https://orcid.org/0009-0005-1325-5576
https://orcid.org/0009-0005-1325-5576
mailto:y.sarsenbayev@satbayev.university
https://orcid.org/0000-0002-8887-1171
https://orcid.org/0000-0001-6834-8490
https://orcid.org/0000-0002-9262-4683
https://orcid.org/0000-0002-2641-571X
mailto:erzhan_aiu@mail.ru
https://orcid.org/0009-0008-0095-576X
https://orcid.org/0009-0008-0095-576X
https://doi.org/10.1063/5.0111343
https://doi.org/10.18799/24131830/2023/12/4407
https://doi.org/10.3390/polym15092046
https://doi.org/10.18799/24131830/2024/12/4731
https://doi.org/10.15587/1729-4061.2023.289775
http://dx.doi.org/10.1080/08916158708946334
https://doi.org/10.17580/em.2024.01.15
https://doi.org/10.31643/2026/6445.01

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

[13] Roetzel W. Laminar film condensation in tubes; calculation of local film resistance and local adiabatic mixing temperature,
Int. J. Heat Mass Transfer. 1973; 16:2297-2304. http://dx.doi.org/10.1016/0017-9310(73)90015-X

[14] Seban RA, Hodgson JA. Laminar film condensation in a tube with upward vapor flow, Int. J. Heat Mass Transfer. 1982;
25:1291-1300. http://dx.doi.org/10.1016/0017-9310(82)90123-5

[15] Chen SL, Gerner FM, Tien CL. General film condensation correlations, Exp. Heat Transfer. 1987; 1:93-107.
http://dx.doi.org/10.1080/08916158708946334

[16] Toshov JB, Eshkuvatov LM, Smagulova KK, Zheldikbayeva AT, Rabatuly M, Tashbayev NN, Madaminova G. Study of Steam
Condensation on Vertical Finned Tubes. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2026;
338(3):21-28. https://doi.org/10.31643/2026/6445.25

[17] Liao Y, Guentay S, Suckow D, Dehbi A. Reflux condensation of flowing vapor and non-condensable gases counter-current to
laminar liquid film in a vertical tube, Nuclear Eng. Des. 2009; 239:2409-2416.

[18] Rabatuly M, Demin VF, Kenetaeva AA, Steflyuk YuYu, Toshov JB. Evaluation of modern methods and techniques for
calculating parameters during coal bed degassing. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.
2025; 334(3):110-120. https://doi.org/10.31643/2025/6445.33

[19] Toshov JB, Fozilov DM, Yelemessov KK, Ruziev UN, Abdullayev DN, Baskanbayeva DD, Bekirova LR. Povysheniye stoykosti
zub'yev burovykh dolot za schet izmeneniya tekhnologii ikh izgotovleniya [Increasing the durability of drill bit teeth by changing their
manufacturing technology]. Obrabotka metallov (tekhnologiya, oborudovaniye, instrumenty) [Metal processing (technology,
equipment, tools)]. 2024; 26(4):112—124. (In Russ.). http://dx.doi.org/10.17212/1994-6309-2024-26.4-112-124

[20] Oumayma Boukria, El Mestafa El Hadrami, Aysha Sameen, Amna Sahar, Sipper Khan, Jasur Safarov, Shakhnoza Sultanova,
Frangoise Leriche, Abderrahmane Ait-Kaddour. Biochemical, physicochemical and sensory properties of yoghurts made from mixing
milks of different mammalian species: a review. Foods. 2020; 9(11):1722.

—— 45 ——


http://dx.doi.org/10.1016/0017-9310(73)90015-X
http://dx.doi.org/10.1016/0017-9310(82)90123-5
http://dx.doi.org/10.1080/08916158708946334
https://doi.org/10.31643/2026/6445.25
https://doi.org/10.31643/2025/6445.33
http://dx.doi.org/10.17212/1994-6309-2024-26.4-112-124

2028; 344(1):46-54

ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2028/6445.05
Mining & Mineral Processing

@creative
commons

Biogenic Amine Determination by High-Performance Liquid Chromatography
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ABSTRACT

This study focuses on the solid phase extraction of biogenic amines (BAs) using a sol-gel adsorbent
immobilized with a hydrazone ligand, named 2-hydroxy-5-nitrobenzaldehyde-2,4-
dinitrophenylhydrazone. The hydrazone compound was synthesized and characterized through
Fourier Transform Infrared Spectroscopy (FT-IR) and Nuclear Magnetic Resonance (NMR)
spectroscopy. The efficiency of the sorbent material for extracting BAs was evaluated using the
solid phase extraction (SPE) method. Key experimental parameters affecting BA extraction,
including pH, equilibrium time, ligand concentration, and biogenic amine (BA) concentration, were
systematically investigated. The results indicated a strong recovery of BAs from aqueous samples,
demonstrating a significant affinity between the sol-gel matrix containing the hydrazone ligand and
the target analytes. The findings demonstrate that incorporating the hydrazone ligand resulted in
a marked enhancement of extraction efficiency at a concentation of 17 x 10 M. Notably, the
method exhibited high selectivity for aliphatic biogenic amines such as putrescine (PUT),
cadaverine (CAD), and spermidine (SPD). This extraction method was successfully applied to food

samples, yielding good recovery rates.

Keywords: HPLC, SPE, extraction, Bas, Sol-Gel.
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Introduction

Biogenic amines (BAs) are low-molecular-weight
nitrogenous compounds primarily formed through
the decarboxylation of amino acids, as well as
through amination and transamination reactions
during metabolic processes. This decarboxylation
removes the a-carboxyl group, vyielding the
corresponding amine [1]. BAs can have aliphatic,
aromatic, or heterocyclic structures and are found in
various food products, biological fluids, and
environmental samples. The study of BAs is
significant because they serve as biomarkers in
toxicological risk assessments and indicators of food
quality [2].

The toxicological effects of BAs vary significantly,
with toxicity values largely dependent on the

efficiency of detoxification mechanisms for each
compound. Food products that undergo natural
fermentation, such as cheese, soybean products,
and alcoholic beverages, are particularly susceptible
to BAs due to the presence of contaminating
microflora that exhibit amino acid decarboxylase
activity [3]. Numerous studies have reported the
presence of BAs in various contexts, including
human tissues [3], plants [4], and food products like
fish and seafood [[5], [6]], meat products [[7], [8]],
bean products [9], fruits and vegetables [[10], [11]],
and beverages [[12], [13]]. Notable biogenic amines,
such as histamine, tyramine, putrescine, cadaverine,
spermidine, and spermine, are significant due to
their physiological activity and potential adverse
health effects at high concentrations [14].
Therefore, accurately determining the levels of
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biogenic amines is crucial for food quality control,
clinical analysis, and environmental monitoring.

Several analytical methods, including liquid-
liquid extraction (LLE), liquid-phase microextraction
(LPME), solid-phase extraction (SPE) [15], and solid-
phase microextraction (SPME) [16], as well as
techniques such as spectrophotometry [17],
capillary electrophoresis [18], gas chromatography
[19], and high-performance liquid chromatography
(HPLC) [20], have been developed for this purpose.
Among these, HPLC is particularly favored for its high
sensitivity, selectivity, and compatibility with a wide
range of analytes. However, directly measuring
biogenic amines can be challenging due to their high
polarity, lack of strong chromophores, and low
concentrations in complex matrices [21]. Therefore,
an effective sample preparation step is often
necessary to enhance detection limits and minimize
matrix interferences. The SPE method has emerged
as a widely used sample preparation technique due
to its simplicity, high enrichment capability, and low
solvent consumption. The effectiveness of this
method largely depends on the type of sorbent
material used [22]. Recently, the development of
selective and chemically modified sorbents has
garnered significant attention. Notably, sol—-gel
technology offers considerable advantages for
sorbent preparation, including high chemical and
thermal stability, controllable porosity, and the
ability to immobilize functional organic ligands
within an inorganic framework [[23], [24]]. This
study aimed to extract biogenic amines (BAs) using a
solid-phase method with a sol-gel adsorbent that
had been modified with the hydrazone ligand 2-
hydroxy-5-nitrobenzaldehyde-2,4-dinitro phenyl
hydrazone. The amounts of these amines were then
measured with high-performance liquid
chromatography (HPLC).

Experimental part

Materials

2,4-Dinitrophenylhydrazine (DNPH) (Aldrich), 2-
Hydroxy-5-nitrobenzaldehyde (Fluka), cadaverine
(CAD) dihydrochloride, histamine (HIS)
dihydrochloride, putrescine (PUT) dihydrochloride,
B-phenylethylamine (PEA) dihydrochloride,
spermidine (SPD) trihydrochloride, tryptamine (TRY)
hydrochloride, and tyramine (TYR) hydrochloride
were all obtained from Sigma-Aldrich. Dansyl
chloride (Dns-Cl) (Fluka), hydrochloric acid (Across),
L-glutamic acid monosodium monohydrate (Across),

sodium hydroxide (Across), sodium hydrogen
carbonate  (Across), sulfuric acid (Across),
tetraethoxysilane (TEQS) (Sigma-Aldrich), and
tris(hydroxymethyl)aminomethane (Tris) (Sigma-
Aldrich) were also used. All chemicals and reagents
were used as received without further purification.

Instruments

Elemental analysis (CHN) of the ligand and its
sorbent material were carried out using a Perkin—
Elmer 240011 elemental analyzer. Infrared analysis
was performed on a Perkin—Elmer 2000 FT—IR unit
using a KBr system. The structure of the ligand was
further confirmed by H NMR using a Bruker 400 MHz
spectroscopy. Thermogravimetric analyses (TGA)
were carried out using a Perkin—Elmer Thermo
Gravimetric Analyzer TGA 7 under nitrogen gas,
scanning rate of 10 °C/min. A Perkin-Elmer Lambda
35 (dual beam) spectrophotometer was used to
record the spectra of the ligand and sorbent
material. A Perkin Elmer 200-series HPLC unit
consisting of a pump, vacuum degasser, auto
sampler, diode array detector, and Cis ODS Hypersil
column (250 x 4.5 mm, 5 um) was used. The mobile
phase was acetonitrile: water: methanol: (60: 25: 15)
at a flow rate of 1.0 mL min™.

Synthesis of 2-hydroxy-5-nitrobenzaldehyde-
2,4-dinitrophenylhydrazone

The ligand was synthesized as previously
reported by Tameem et al. [25]. A solution
containing 0.0057 M (1.6 g) of DNPH in 30 mL of
ethanol was thoroughly mixed with 0.0081 M (1.35
g) of 2-hydroxy-5-nitrobenzaldehyde in 10 mL of
ethanol. An orange solid precipitate formed, which
was then filtered and dried overnight in an oven at
70 °C. The yield was 2.65 g (94%), with a melting
point of 300 °C (Figure 1).

Preparation of the sorbent

The sorbent was prepared as previously
reported [25]. The ligand was physically immobilized
in the silica sol-gel matrix by stirring a mixture of
TEOS (3.28 mL), ethanol (4.56 mL), and HCI (0.36 mL,
4 M) in a 50 mL beaker for 15 minutes to create a sol
solution. An appropriate amount (0.017 g) of the
hydrazone ligand (L), dissolved in 10 mL of THF, was
added to the sol solution and stirred vigorously for
45 minutes. After homogenization, the mixture was
aged in an oven at 60 2C for 2 days. The sol-gel
product was then soaked in water for 1 day for
conditioning and subsequently dried at 60 2C. A
blank sorbent was prepared similarly, without the
ligand.

— 47 ——



2028; 344(1):46-54

ISSN-L 2616-6445, ISSN 2224-5243

Extraction of biogenic amine

The extraction process of BAs was conducted
according to our previously reported method [[25],
[26]] using a batch extraction technique. A 25 mg
sorbent was placed in a glass vial with 1 mL of a BAs
standard mixture (100 mg L-1) and 4 mL of 0.1 M Tris
buffer (pH 8-10). The vial was then shaken
mechanically at room temperature for 30 minutes.
After the equilibrium period, the mixture was
processed as previously described [25]. The
percentage of extraction was calculated using the
following equation:

%E = COC x100

0

where, Co and C are the BA concentration (mg. L’
1) in the solution before and after extraction,
respectively.

Results and discussion

Extraction of biogenic amine

The extraction process of BAs was conducted
according to our previously reported method [[25],
[26]] using a batch extraction technique. A 25 mg
sorbent was placed in a glass vial with 1 mL of a BAs
standard mixture (100 mg L-1) and 4 mL of 0.1 M Tris
buffer (pH 8-10). The vial was then shaken
mechanically at room temperature for 30 minutes.
After the equilibrium period, the mixture was
processed as previously described [25]. The
percentage of extraction was calculated using the
following equation:

c,-C

%E = x100

0

where, Co and C are the BA concentration (mg. L’
1) in the solution before and after extraction,
respectively.
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Figure 1 - HNMR of 2-Hydroxy-5-nitrobenzaldehyde-2,4-
dinitrophenylhydrazone

Characterization of sol-gel sorbent

Solid UV-Vis analysis

The FTIR analysis did not provide conclusive
evidence of hydrazones in the gel matrix, as the
spectra of the blank and the sorbent were too
similar. This lack of distinction is likely due to the
very small amounts of ligand present in the network,
a challenge noted by other researchers [[27], [28]].
Subsequently, solid-state UV-Visible analysis was
conducted. A comparison was made between the
free ligand and its corresponding sol-gel sorbent
using solid-state UV-Vis spectroscopy in the 200 to
800 nm range. The free ligand exhibited a maximum
absorption (Amax) at 382 nm, which displayed a red
shift compared to the sol-gel sorbent, which had a
Amax of 381 nm (Figure 2). The notable difference
between the spectra of the blank and the sorbent
provides strong evidence for the successful
incorporation of the hydrazone ligand into the sol-
gel network. This slight shift may be attributed to
intermolecular interactions between the ligand and
silica, which could alter the characteristics of the
absorption spectra [[27], [28]]

0.5
0.4
0.3
ABS 0.2
0.1

0

-0.1 4 . T : T T )
200 300 400 500 600 700 800

Wavelength (nm)

Figure 2 - UV-Vis spectra of (1) the blank sol-gel sorbent,
(2) free ligand (2) and (3) sol-gel sorbent

HPLC conditions

An earlier HPLC method [25] was utilized to
separate BA using a three-solvent mobile phase
mixture: methanol (MeOH) (0.0 - 20%), water (20 -
40%), and acetonitrile (ACN) (50 - 70%). The flow
rate was maintained between 0.8 and 1.4 mL min™
at ambient temperature. The optimal separation
occurred at a flow rate of 1.0 mL min~" with a mobile
phase  composition of  60:25:15  (v/v/v)
(ACN:H,0:MeOH). Under these conditions,
dansylated amines were detected at 254 nm, and all
components of BA were eluted in under 18 minutes.
To assess the linearity of the response, a standard
mixture of BA was prepared, ranging from 0.001 to
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50 mg L™, and injected. Calibration graphs for each
BA were created by plotting the peak area against
concentration

Optimized parameters for extraction

The effect of pH

The study examined the impact of sample pH on
extraction efficiency. It was determined that the
optimal pH range for the quantitative extraction of
BA lies between 8 and 11 (Figure 3). Within this
range, the sorbent achieved extraction efficiencies
close to 100%, particularly for SPD, followed by CAD
and His. Deprotonation occurs at the N-H amino
group [[26], [29]], enhancing delocalization
resonance and creating additional charge
interactions between the protic BA and the N-H
group. This finding underscores the significant role
of ligand polarity in the interaction between the
studied sorbent material and amines within this pH
range [26]. Conversely, the low extraction efficiency
observed in acidic conditions may result from the
high ionization potential of BA at lower pH levels or
repulsion between the protic BA and the protic (N-
H) group on the ligand. Additionally, the sorbent
material contains a ligand with an extra polar OH
group, which may enhance electrostatic interactions
with BA.

100
80 D;

v o0 Y
20 EFE’

0 A

pH

Figure 3 - Effect of pH on the extraction of
BA (20 mg LY).

Effect of contact time

The effect of contact time on the extraction
efficiency was studied by shaking the BA mixture
with the adsorbent, ranging from 5 to 60 min at
optimum pH 9. Good extraction (%E > 70 %) was
observed after 5 min of contact time for all studied
amines (Figure 4). The process was maximized after
30 min of contact time, especially for SPD, CAD, and
PUT. No significant effect on extraction was
observed after this. Therefore, 30 min contact time
was chosen for subsequent studies [30].

100 -
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40 -
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L ]

5 15 Time (r30n) 60

Figure 4 - Effect of contact time on the extraction of
BA (20 mg L'Y); pH 9.

Effect of ligand concentration in the sol - gel
network

The effect of the concentration of the
immobilized ligand on the extraction efficiency of
BAs was also examined. A 25 mg sample of the
adsorbent with varying ligand concentrations
ranging from 8.5 to 68 x 10 M was used to extract
20 mg L?! BAs from an aqueous solution at the
optimal pH of 9. More than 80% of BA was extracted
when 17 x 103 M of the ligand was used (Figure 5).
Increasing the ligand concentration beyond this
point did not further enhance extraction efficiency.
In contrast, no extraction was observed in the
absence of the ligand (Blank sol-gel). These results
indicate that the addition of the hydrazone ligand
significantly improved extraction efficiency [31].

100 B
95 = ﬂ'\l('R
90 B art
%E B A
85 = @aru
80 {[{E E T
75 i it %
0,0085 0,017 0,0255 0,034 0,068
Ligand Concentration (mg.L?)

Figure 5 - Effect of ligand concentration on the
extraction of BA, pH 9, contact time 30 min.

Effect of biogenic amine

Five different concentrations (5.0-500 mg L?) of
BAs were used to evaluate the extraction efficiency
and capacity of the sorbent. It was found that at
lower concentrations (5 mg L), most of the studied
BAs, including SPD, TRY, P

UT, CAD, and HIS were extracted efficiently
(100% extraction) (Figure 6). The sorbent
demonstrated high extraction efficiency for SPD
even at 500 mg L-1. However, a decrease in
extraction efficiency was observed at concentrations
higher than 200 mg L™X. Among the BAs, the aromatic
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compounds (HIS, TYR, PEA) were extracted the least
effectively within this concentration range [33].

100

0 EITRY
60

%E 40 B PEA
20
0

PUT

5 50 100 200 400 500

BAs Concentration (mg.L1)

Figure 6 - Effect of biogenic amine (BA) concentration
on the extraction.

Capacity of sorbents

The capacity of the sorbent material was found
to be dependent on the initial concentration of
these analytes in the solution (Figure 7). As the
concentration of SPD, PUT, CAD, and HIS increase,
the capacity value of the sorbent also increases (PUT
> HIS > SPD > CAD). The highest value of the capacity
was found for PUT (0.0023 - 0.220 mmol g). The
capacity of this sorbent is slightly inferior when
compared to the sorbents based on silica gel
immobilized aliphatic amines and imprinted organic
— inorganic hybrid (e.g., 0.1 - 3.1 mmol g™) but
higher than the sorbents based on the immobilized
ligands such as crown ethers (0.0016 — 033 and
0.0038 —0.00086 mmol g™) [[34], [35]].
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Figure 7 - The capacity of sorbent (mmol g1) with
different concentrations of BA.

Adopted extraction conditions

The adopted extraction conditions were: pH, 9;
contact time, 30 min; ligand concentration, 17x1073
M; sorbent mass, 25 mg; and room temperature, 25
°C.

Extraction of BA from food samples

The proposed method was applied for the
extraction and determination of biogenic amines
(BAs) in ketchup. Table 1 presents the recovery
results. Representative chromatograms of the

unspiked sample extract (Figure 8) and the spiked
sample (5 mg L BA) before and after extraction
(Figure 9) are included. The effectiveness of the
sorbent in removing BA from the sample matrices is
evident. All food samples achieved satisfactory
recoveries of over 85% for the spiked 5 mg L BA.
Additionally, good recoveries were observed for
putrescine (PUT), cadaverine (CAD), and spermidine
(SPD). These high recovery rates for PUT, CAD, and
SPD from food matrices suggest that this method
can be successfully applied for determining these
BAs in various foods [[36], [37], [38]].

Table 1 - Recoveries (%) of BA from spiked (5 mg L BA)
ketchup food sample.

BA

TRY | PEA | PUT | CAD | HIS | TYR | SPD

%E | 93.7 | 85.6 | 100 | 100 | 90.1 | 88.0 | 99.0

+SD | 1.9 2.0 13 | 01 0.3 0.8 0.0

- SV L

Figure 8 - Chromatogram of ketchup extract.
Peak identification.

SN

] ‘\ ‘ \ ‘ TYR
" |
o] ‘ l \ por IS I\\
|V VI o 2 i
E I ”j-"/\ A \
4 L f WAV SPD
'\.f\\___ \J \ e J \\ N
E (b)
1 v RY worenn™ ne
-1 WA J\ \_ s

Figure 9 - Chromatogram of ketchup extract,
spiked with 5 mg L'! BA, (a) Before extraction and
(b) after extraction.
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Conclusion

The hydrazone ligand, synthesized and
immobilized within a sol-gel matrix, was evaluated
for its performance in solid-phase extraction (SPE) of
biogenic amines (BAs). Derived from 2-hydroxy-5-
nitrobenzaldehyde-2,4-dinitrophenylhydrazone,
this sorbent demonstrated marked selectivity
towards aliphatic biogenic amines, including
putrescine (PUT), cadaverine (CAD), and spermidine
(SPD). The enhanced extraction efficiency stems
from the strong interaction between the hydrazone-
containing sol-gel matrix and the target analytes.
This approach proved effective for extracting

biogenic amines from  ketchup samples.
Furthermore, hydrazone compounds offer a
significant advantage over crown ether-based
sorbents by enabling straightforward single-step

synthesis at ambient temperature [[25], [38]].
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UmmobunusaumanaHraH 2 ruapokcn-5 HUTpobeHsanbaerng,
2,4-pnHnNTpodeHNUNrNAPa3oHAbI KaTTbl pa3asnbl IKCTPAreHTTi 30/1b reniH
KO/14aHa OTbIPbIN }KOFapbl OHIMA CYUbIK XpomaTorpadua apKbiibl
6uoreHai amuHAaepAi aHbIKTay
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1Cupm yHusepcumemi, Cupm, /lusus
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TYRIHAEME

byn 3epTTey
AVHUTPOdEHMATMAPA30H AereH aTaybl 6ap
KongaHbin 6uoreHai amuHgepai (BA) KatTbl dasanbl sKCTpaKuusnayra apHanfaH .

MMMOBUAM3aLMANaHFaH 2-TUAPOKCU-5-HUTpOobeH3anbaerma-2,4-

rMAPasoH /IMraHabIMEH  30/Nb-TeNb afcopP6EHTIH
f'mapasoH
Kocblabicbl UK kaHe AAMP cneKTpocKonuAcbl apKblibl CMHTE3Aenin, cunatranabl. Katrol dasansl

M i:4 2026
aKa/na Kenal: 4 Haypel3 3KCTPaKLMACbIHA

CapantamagaH eTTi: 14 cayip 2026
Kabbinganabl: 29 cayip 2026

aKcTpakumanay  (KP3) apiciH KongaHy apKbiibl 6uoreHai amuHaepain,
copbumanbik maTepuanapliH, TMiMmainiri 6aranaHapl . BuoreHai amuHAepAiH, 3KCTpaKuuAcbiHa acep
eTeTiH Heri3ri 3KCNepMMEeHTTIK napameTpsiep: COHbIH iWwiHae pH, Tene-TeHAIK yaKbITbl, AUraHA,
KOHLEHTPaLMACbl KaHe K®PI KOHUEHTpauuAcbl KyWheni Typae 3eptrengi. Hatukenep cynbl
yArinepgeH 6uoreHai amuHAepAiH, Kofapbl Aapexkene KannblHa KenTipinreHiH Kepcetti, 6yn
r'mapasoH AuraHatapbl 6ap 304b-reAb MaTpuuUacbl MeH HbICaHaNbl aHaNWUTTep apacbiHAAfbI
aliTap/IbIKTal KaKbIHABIKTbI KepceTTi. AiiTa KeTcek byn agic nyTpecumH (PUT), kagaspuH (CAD)
aHe cnepmuauH (SPD) cuakTbl anudaTTbl BUOreHAi amUHAEPre KoFapbl CENEKTUBTINIK KepCeTTi.
YKaKCbl 3KCTpaKLMA KOpCeTKIWTepiH KaMTaMacbi3 eTy apKplabl Byn agici TaFam yarinepiHe caTTi

KO/ AaHbINAbI.

TyliiH ce30ep: }OCX, K®3, akcTpakuma, buoreHai ammHaep , 30/1b -refib.
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OnpeaeneHne 6MOreHHbIX aMMHOB METOA0M BbiCOKO3()PEKTUBHOMN }KUAKOCTHOMN
Xpomatorpadum c ucnonb3oBaHuem TBepA0Pa3HOro sKCTpareHTa Ha OCHoBe
30/1b-renfi,, UMMobMNIN30BaHHOIO Ha 2-rMAPOKCU-5-HUTpobeH3anbaernae u
2,4-pnHutpodpeHnnrnapasoHe

*IAbdassalam Abdelhafiz Tameem, ‘Salam Salhin Mohamed, *Afiyah S. Alnaas, 2Eny Kusrini

1YHueepcumem Cupme, Cupme, Jlugus
2YHusepcumem WHOoHe3uu, enok 16424, 3anadHas Asa, NHOoHe3usA

AHHOTAUMUA

[aHHoe uccnepoBaHWe MOCBALWEHO TBepAodasHOM 3IKCTpakumum 6GuoreHHbix amuHos (BA) ¢
MCMONb30BaHUEM 30/1b-resIeBOro aacopbeHTa, MMMOBUAN30BAHHOTO TMAPA30HOBbLIM JIUTAHAOM,
Ha3BaHHbIM 2-TMAPOKCU-5-HUTPOBEeH3aNbAErVA-2,4-AUHUTPODEHUNTUAPA3OHOM. TMAPasoHOoBOE
coeauHeHve 6blNo CUHTE3MPOBAHO U OXapaKTepU3oBaHO ¢ NomoLbto MK-cnekTpockonuu n AMP-

Noctynuna: 4 mapma 2026 cnekTpockonuu. GdeKTUBHOCTb COPOLMOHHOIO MaTepUana ANA SKCTPAKLUKU BUOreHHbIX aMUHOB
PeueH3unposaHnue: 14 anpena 2026 OLUeHMBanNacb C MCNONb30BaHWEM MeToga TBepgodasHoW  akcTpakuum  (TD3).  Bbian
MpuHATa B nevatb: 29 anpena 2026 CUCTEMATMYECKU WUCCNeA0BaHbl KAOYEBble 3KCNEePUMEHTaNbHble napameTpbl, BAMANOLWME Ha

IKCTPaKLUMIO BUOreHHbIX aMUHOB , BK/IOYasA pH, Bpems AOCTUKEHWUA PaBHOBECUSA, KOHLLEHTPaLMIO
NUraH4a M KOHUEHTPauMio BMOreHHbIX aMMHOB. Pe3ynbTaTbl MOKasasM BbICOKYH CTeneHb
n3BaeYeHNa BUOreHHbIX aMMHOB U3 BOAHbIX 06Pa3LL0OB, 4EMOHCTPUPYA 3HAUYMTENbHOE CPOACTBO
MeKAY 30/1b-Te/IeBON MaTpULEN, COAEpsKalLEen rMaPa3oHOBbIN NraHa, U LeNEBbIMM aHaIUTaMU.
MprmeyaTenbHO, YTO METOZ, NOKa3as BbICOKYHO CENEKTUBHOCTb MO OTHOLIEHUIO K anndaTUHeckum
6MOreHHbIM aMMHaM, TaKMM Kak nyTpecuumH (PUT), kagasepuH (CAD) u cnepmugm (SPD). JaHHbIi
MEeTOZ 3KCTPaKuMu Bbin yCrewHo MNpuMMeHeH K 0bpasuam NuLEBbIX NPOAYKTOB, obecrneuyms
XOpOoLIMe NoKasaTenn u3sBiedeHus.

Kntouesole cnoea: BOXKX, TOI, skcTpaKums, BUOreHHble aMUHbI, 301b-Tefb.
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ABSTRACT

Addressing corrosion and wear in assemblies, components, machine parts, and equipment
operating in aggressive environments under severe wear conditions remains a pressing challenge
and continues to draw focused scientific attention. This work aimed to investigate how the key
magnetron sputtering parameters (working pressure, plasma current, and process-gas flow rates)
affect the surface morphology, microstructure, and composition of TiN and CrN films deposited
under different conditions. Microstructural analysis revealed that, across the investigated
parameter window, the films exhibit a columnar cross-sectional architecture and a smooth surface
morphology with no visible defects, showing no pronounced differences between the deposition
regimes. After 30 min of deposition, the film thickness ranged from 0.17 to 0.46 um for TiN and
from 0.59 to 3.46 um for CrN, depending on the sputtering conditions. The results demonstrate
that plasma current and working pressure have a strong effect on film thickness and chemical
composition, whereas variations in the working-gas flow rate exert a coupled influence on
thickness, microstructure, and the stoichiometry of TiN and CrN layers. Elemental analysis further
indicates that increasing the pressure to 0.65 Pa increases oxygen incorporation in the films.
During chromium sputtering, raising the plasma current to 1.5 A leads to film delamination. For
TiN, a balanced regime with a moderate N2 flow is preferable, providing a reasonable growth rate
and a composition close to stoichiometric. For CrN, the range of stable operating conditions is
substantially broader, and the process parameters have a more pronounced impact on its
structure and composition. These findings can support the design of TiN/CrN wear-resistant
multilayer coatings produced by magnetron sputtering for protecting machine parts and
equipment against wear and corrosion.

Keywords: working chamber pressure, plasma discharge current, nitrogen flow rate, film
elemental composition, film thickness.
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Introduction

The durability of parts and components
operating in aggressive environments under intense
friction and wear (mechanical engineering,
transport, chemical and petrochemical industries,
power generation, and related sectors) remains a
critical challenge. Premature failure of such
components under service conditions can lead to
substantial economic losses [1]. Improving the
tribological and corrosion performance of
contacting surfaces largely determines their service
life, operational safety, and reliability [[2], [3], [4],
[5]]. For this reason, enhancing the tribo-corrosion
behaviour of frictional surfaces continues to be a key
focus of scientific research.

One of the most effective approaches to
addressing this challenge is surface engineering
through the deposition of coatings with high wear
resistance, hardness, and corrosion resistance
[[6],[7]1[8]]. Metal-nitride coatings are widely
employed for these purposes because they combine
features typical of covalent compounds with those
of ionic crystals. The incorporation of nitrogen alters
bond energy, expands the crystal lattice, increases
interatomic distances, and raises the lattice
parameter, imparting distinctive physical and
chemical properties to these compounds [[9], [10]].

Metal-nitride coatings can be produced by
chemical vapour deposition (CVD), physical vapour
deposition (PVD), and related methods. Selecting an
appropriate deposition route is crucial because it
directly affects coating microstructure and
performance. In practice, metal-nitride coatings are
predominantly fabricated by PVD processes; among
them, magnetron sputtering (MS) is one of the most
frequently used techniques. MS enables control over
coating structure and composition by adjusting
process parameters such as working pressure,
plasma discharge current, reactive-gas flow rate,
substrate bias, and others [11].

Pressure governs the energy and transport of
species, thereby affecting film densification and
porosity; discharge current/power controls the
growth rate and the degree of ionization; the
nitrogen flow rate regulates nitride stoichiometry
and the onset of the target “poisoning” regime;
substrate bias intensifies ion bombardment,
increasing density and adhesion while promoting
the build-up of residual stresses; and temperature
determines adatom mobility and crystallinity [[12],
[13]]. For multilayer coatings (e.g., TiN/CrN), these
parameters  additionally  control interfacial
sharpness, bilayer periodicity, and stress

partitioning, which collectively define the
mechanical, tribological, and corrosion
performance.

For nitride coatings (TiN, CrN, TiAIN/CrAIN), the
key requirements are the optimization of working
pressure and nitrogen flow together with strict

composition control to ensure high density,
hardness, corrosion resistance, and thermal
stability. For carbonitrides and

multicomponent/multilayer systems (TiCN, TiAICrN,
AICrSiN, TiN/CrN), additional critical factors include
regulating carbon-containing gases, distributing
power between targets, and controlling
architectural parameters (layer period, interface
sharpness, and the balance of residual stresses).

Among PVD-derived metal-nitride coatings,
titanium nitride (TiN) and chromium nitride (CrN)
attract sustained interest because they offer a
favourable combination of high hardness, strong
adhesion, wear resistance, corrosion resistance, and
thermal stability, making them versatile for a wide
range of applications [[9], [14]]. However,
quantitative “parameter = structure/composition”
relationships for individual TiN and CrN coatings
remain under active investigation. Several studies
have examined how sputtering conditions (pressure,
gas flow, current density, ionization) affect
composition, microstructure, and residual stresses
in TiN and CrN films. At low pressure and moderate
plasma currents, TiN typically forms a NaCl-type
cubic structure with a preferred (111) or (200)
orientation. For example, study [15] showed that
increasing the working pressure from 2 mTorr to 9
mTorr changes grain orientation and increases
oxygen incorporation in TiN coatings. Increasing the
nitrogen fraction during titanium sputtering
(nitrogen and argon flow rates: 9.0 and 51 sccm)
while reducing pressure to 2 Pa has been reported
to decrease vacancy concentration and increase
coating density, as demonstrated by Wei B. and co-
workers [16].

For CrN. Bai H. and others [91 demonstrated that
both the deposition method and souttering
parameters affect nitrogen content and defect
pooulation in CrN coatings and. conseauentlv. their
mechanical behaviour. The authors of [171 reported
that residual stress and hardness depend stronglv on
the souttering regime. The authors found that
increasing the deposition pressure from 2 to 4. 5.
and 7 mTorr reduced film deformation and
increased the oxveen content. The pronounced
effect of substrate bias was attributed to enhanced
ionization of film-forming species. In [181. the
influence of MS parameters on the tribological
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performance of CrN coatings was examined. Thin
CrN films were deposited at pressures of 0.4 and 4
Pa; after testing, the coating synthesized at 0.4 Pa
exhibited less surface damage due to its higher film
density, and its hardness was higher by 5 GPa.

Overall, studies on TiN and CrN deposition
indicate that controlling MS parameters enables
tuning of composition (metal-to-nitrogen ratio and
oxygen incorporation), microstructure (grain size
and texture), and, consequently, key properties such
as hardness and wear resistance. This knowledge
underpins the design of multilayer coating systems
and the optimization of deposition regimes for
practical applications (e.g., tooling and mechanical
engineering). In this context, the present work
investigates the structure and composition of TiN
and CrN films as a function of magnetron sputtering
parameters (pressure, plasma current, and working-
gas flow rate) to support the subsequent design of
TiN/CrN multilayer coatings.

Experimental part

TiN and CrN films were deposited by direct-
current magnetron sputtering (DCMS) in a high-
vacuum system developed by the authors,
employing two separate magnetrons (APEL-MRE100
and MKE-95/100; Applied Electronics, Tomsk,
Russian Federation). A 99 mm diameter VT1-0
titanium target (VostokMetService, Ust-
Kamenogorsk, Kazakhstan) and a 75 mm diameter
ERKh-1 chromium target (Ural Metall Export—
Kazakhstan, Astana, Kazakhstan) were used.
Polished p-type single-crystal Si(100) substrates (SW
GmbH, Schramberg, Germany) with dimensions of
10 x 10 mm were mounted inside the chamber on a
200 mm-diameter substrate holder. The chamber
was evacuated to a base pressure of 5x1073 Pa using
diffusion and rotary pumps (2NVR-60D;
Vakuummash, Kazan, Russian Federation). The
chamber pressure was monitored with a Televac CC-
10 vacuum gauge (The Fredericks Company, USA).
The substrates were then ion-cleaned at 0.3 Pa with
a plasma current of 40 mA and an accelerating
voltage of 2.5 kV for 20 min using an APEL-IS-21CELL
ion source (Applied Electronics, Tomsk, Russia).
After ion etching, the cleaned substrates were
positioned opposite the corresponding magnetrons
for TiN and CrN deposition.

The following deposition parameters were
maintained throughout: substrate bias -100 V,
deposition time 30 min, target-to-substrate distance
300 mm, and argon flow rate 1.3 L/h. Argon and
nitrogen flow rates were regulated using RRG-12

flow controllers (Eltochpribor, Moscow, Russia). For
TiN deposition, the plasma current was varied
between 0.5 and 2 A, the working pressure between
0.3 and 0.65 Pa, and the nitrogen flow rate between
0.08 and 0.11 L/h. For CrN deposition, the plasma
current ranged from 0.5 to 1.5 A, the working
pressure from 0.3 to 0.65 Pa, and the nitrogen flow
rate from 0.08 to 0.2 L/h.

Film thickness and morphology were evaluated
by scanning electron microscopy (SEM) using a JXA-
8230 microscope (JEOL, Tokyo, Japan) equipped
with an energy-dispersive X-ray spectroscopy (EDS)
system for elemental analysis.

Graphs and figures were prepared using
OriginPro SR1 10.1.0.178 and CorelDRAW
25.0.0.230.

Results and Discussion

Microstructural analysis confirmed that, under
the investigated conditions, the deposited films
exhibit a columnar cross-sectional morphology and
a smooth microstructure without visible defects.
Depending on the sputtering parameters, after 30
min of deposition, the TiN and CrN thicknesses
ranged from 0.17 to 0.46 um and from 0.59 to 3.46
pum, respectively. Under identical magnetron
sputtering conditions, the CrN deposition rate was
approximately 3.5 times higher than that of TiN. The
effects of the individual MS parameters on TiN and
CrN films are discussed below.

Effect of Working Pressure in the MS Chamber

Based on the preceding results, the working
pressure during titanium and chromium sputtering
was set to 0.45 and 0.65 Pa while maintaining a
nitrogen flow rate of 0.08 L/h. The thicknesses of TiN
and CrN films synthesized at 0.65 Pa were lower than
those obtained at 0.3 and 0.45 Pa. At elevated
pressure (0.65 Pa), the TiN and CrN growth rates
decrease due to an increased frequency of collisions
in the plasma, which reduces the kinetic energy and
mean free path of the sputtered species. This trend
is consistent with previous reports [[15],[18]].
During titanium sputtering, increasing the pressure
from 0.45 to 0.65 Pa decreased the TiN deposition
rate from 0.16 to 0.13 um/min, whereas during
chromium sputtering, the CrN deposition rate
decreased from 0.50 to 0.38 um/min.

SEM examination of the surface morphology of
TiN and CrN films deposited at 0.45 and 0.65 Pa
revealed a smooth, uniform surface, with only
occasional, randomly distributed nuclei. Figure 1
summarizes the surface morphology and EDS-
derived composition. The left-hand images (x250)
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show a dense and homogeneous microstructure
without pronounced defects. Both titanium nitride
and chromium nitride surfaces exhibit a similar,
uniform contrast, indicating good film continuity.
The small number of micron-sized nuclei observed
on the TiN and CrN surfaces may be associated with
droplet-phase formation or microdroplets, a
phenomenon occasionally reported for magnetron
sputtering processes [[19], [20]]. Their low areal
density suggests stable deposition conditions.
Notably, the surface morphology did not change
appreciably with variations in pressure, plasma
current, or nitrogen flow rate; therefore, only cross-
sectional images are discussed in the following
sections.

The right-hand plot in Fig. 1 shows the chemical
composition of the films as a function of working
pressure. Elemental analysis indicates that
increasing the pressure to 0.65 Pa increases the
oxygen content to 26.45 at.% in CrN and to 10.32
at.% in TiN, which may adversely affect tribological
performance. The increase in oxygen content with
increasing pressure has been reported by many
researchers [[15], [17], [18]]. This effect is commonly
attributed to the incorporation of residual gases
during film growth and to the pronounced affinity of
Cr for oxygen.

On the basis of the pressure-dependent results,
subsequent deposition experiments were
conducted at 0.45 Pa. However, given the relatively
low nitrogen content in CrN films, a higher nitrogen
flow rate during chromium sputtering is required to
promote nitride formation.

Effect of Magnetron Sputtering Plasma Discharge

Current
To examine the influence of the MS plasma

discharge current on the structure and composition
of TiN and CrN films, films were deposited on Si
substrates at a chamber pressure of 0.45 Pa with a
nitrogen flow rate of 0.08 L/h and an argon flow rate
of 1.3 L/h for 30 min.

During titanium sputtering, plasma currents
below 0.5 A led to deviations of TiN from
stoichiometry due to changes in the discharge zone,
whereas currents above 2.0 A caused overheating of
the magnetron housing. Similar behaviour has been
reported in [[21],[22]]. Figure 2 presents a cross-
sectional SEM image and the dependence of the TiN
deposition rate and film thickness on the plasma
current. The cross-section clearly reveals the “film-
substrate” interface. The film exhibits a dense
microstructure without cracks or visible defects.
Thickness uniformity across the cross-section
confirms stable deposition conditions and efficient
mass transport of species to the substrate. As shown
in the right panel of Fig. 2, increasing the plasma
current results in an approximately linear rise in
deposition rate from 5 to 15 nm/min, leading to a
film thickness of ~0.5 um. The chemical composition
of TiN films as a function of plasma current is
summarized in Table 1, where reducing the current
is accompanied by changes in the titanium and
nitrogen contents. Because the film deposited at 2 A
exhibited a composition closest to stoichiometric,
and given that titanium has a lower sputtering yield
than chromium, the plasma current for titanium
sputtering was fixed at 2 A in subsequent
experiments.

a) CrN 0.45 Pa CrN 0.65 Pa

TiN 0.45 Pa
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Figure 1 - Surface morphology (a) and chemical composition (b) of TiN and CrN films as a function of working pressure
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Figure 2 - Cross-sectional SEM image of the TiN film at 2 A (a) and the dependence of deposition rate
and film thickness on plasma current (b)

Table 1 - Chemical composition of TiN films deposited at plasma currents from 0.5to 2 A

Sample Plasma current, A Ti N (o]
7-1 2 43.25 55.4 1.35
7-2 1.5 43.1 53.8 3.1
7-3 1 39.5 59.3 1.2
7-4 0.5 32.2 62.5 5.3

During chromium sputtering, plasma currents
above 1.5 A led to film delamination, which is
attributed to an excessively high deposition rate and
the build-up of residual stresses. This can degrade
the adhesion durability of the CrN film, ultimately
leading to delamination, as also reported in [[9],
(17], [23]].

Figure 3 provides cross-sectional SEM images of
the CrN film and shows the dependence of
deposition rate and film thickness on plasma
current. The deposition rate increased from 0.02 to
0.11 um/min as the plasma current was raised,
resulting in film thicknesses ranging from 0.5 to 3.46
pum. The higher growth rate can be explained by the
intensification of ion-plasma processes, including a
greater probability of ionization of sputtered species
and an increased deposition efficiency [24]. The
relatively small thickness scatter, shown as error
bars, indicates good reproducibility of the
deposition process.

Table 2 summarizes the composition of CrN films
deposited at plasma currents from 0.5t0 1.5 Ain 0.5
A increments. Elemental analysis shows that
increasing the plasma current markedly reduces the
oxygen content in the film, while the chromium
fraction increases. At the lower current of 0.5 A,
oxygen from residual chamber gases is incorporated
into the growing film. Raising the current to 1.0-1.5
A increases the density of energetic ions in the

plasma, thereby promoting nitridation [[25], [26]].
As a result, the chromium and nitrogen contents
increase, whereas the oxygen level decreases.

Based on the current-dependent deposition
results, a plasma current of 2 A was selected for
titanium sputtering and 1 A for chromium sputtering
as the working regimes for subsequent experiments.

Effect of Nitrogen Flow Rate during MS

The influence of nitrogen flow rate on the
stoichiometry of individual TiN and CrN films was
examined at a constant argon flow rate of 1.3 L/h.

For TiN films, the nitrogen flow rate was varied
between 0.08, 0.18, 0.36, and 0.54 L/h. Under these
conditions, a decrease in the TiN deposition rate was
observed with increasing nitrogen flow (Fig. 4). This
behaviour can be attributed to a reduction in the
effective sputtering yield of the titanium target
caused by the formation of a TiN compound film on
the target surface; in addition, the density and
kinetic energy of titanium species reaching the
substrate decrease due to a higher collision
frequency in the gas phase [[27], [28]]. In other
words, the process transitions from a metallic mode
to a reactive regime. Figure 4 shows the deposition
rate as a function of nitrogen flow rate together with
the corresponding TiN film compositions. As the
nitrogen flow increases, the titanium fraction
decreases, whereas the nitrogen content rises.
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Figure 3 - Cross-sectional SEM image of the CrN film at 1 A (a) and the dependence of deposition rate
and film thickness on plasma current (b)

Table 2 - Chemical composition of CrN films deposited at plasma currents from 0.5to 2 A

Sample Plasma current, A Cr N (o]
1 0.5 60.5 12.69 26.81
3 1 79.75 13.03 7.22
2 1.5 81.3 12.66 6.04

Across all regimes, the nitrogen content was in
the range of 44-56 at.% and titanium in the range of
36-47 at.%. Based on the composition data, 0.08 L/h
is the optimal nitrogen flow rate for forming TiN.
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Figure 4 - Elemental composition and deposition rate of
TiN films as a function of nitrogen flow rate

For CrN layers, the nitrogen flow rate was varied
at 0.08, 0.12, 0.18, 0.22, and 0.26 L/h. As in the TiN
case, increasing the nitrogen flow initially reduced
the CrN deposition rate, after which the rate levelled
off. However, unlike TiN, CrN films exhibited a
substantially higher growth rate (0.055-0.057
pm/min), consistent with the higher sputtering yield
of chromium [29]. Elemental analysis (Fig. 5) shows

that increasing the nitrogen flow decreases the
chromium content from ~80 to ~67 at.% while
simultaneously increasing the nitrogen fraction to
~25 at.%. This behaviour indicates a transition from
a metallic or nitrogen-deficient Cr(N) state toward a
nitride phase approaching CrN; nevertheless, even
at the maximum nitrogen flow, the composition
remains shifted toward metal-rich stoichiometry.
The elevated oxygen content (up to ~21 at.% at
intermediate N2 flow) suggests a tendency of CrN
films toward oxygen contamination, which may be
associated with the high chemical reactivity of
chromium [[30], [31], [32], [33]].
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Figure 5 - Elemental composition and deposition rate
of CrN films as a function of nitrogen flow rate
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Thus, optimizing the nitrogen flow rate is a key
lever for controlling both the deposition rate and the
stoichiometry of TiN and CrN coatings. For TiN, a
balanced regime with a moderate N, flow is
preferable, providing a reasonable growth rate
together with a composition close to stoichiometric.
For CrN, the range of stable operating conditions is
substantially broader, indicating higher process
robustness during reactive magnetron deposition.

Conclusions

The present work investigated the structure and
composition of TiN and CrN films as a function of key
magnetron sputtering parameters (pressure, plasma
current, and process-gas flow rates) to support the
design of TiN/CrN multilayer coatings. The main
conclusions are as follows:

e The experiments showed that plasma current
and working pressure strongly affect film
thickness and chemical composition, whereas
variations in the working-gas flow rate exert a
coupled influence on thickness, microstructure,
and layer stoichiometry.

e For TiN deposition, a near-optimal regime was
identified at a working pressure of 0.45 Pa, with

titanium sputtered at an N2 flow rate of 0.08
L/h and a plasma current of 2 A.

e For CrN deposition, a working pressure of 0.45
Pa, a plasma current of 1 A, and an N2 flow rate
of 0.22 L/h were found to be optimal; however,
the N2 flow rate requires further refinement.

Further studies will focus on a more detailed
assessment of film properties under the identified
operating regimes and on evaluating the behaviour
of these layers within a TiN/CrN multilayer
architecture.
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(KbicbiM,  Nnasma

KaFgannapbiHaH

ArpeccuBTi OpTaja KaHe KapKblHAbl TO3Y KafAalblHAA KYMbIC iCTEWTIH TopanTap, Kypamzac
benweKTep, MaWMHaNap MeH }Kabablk 3N1eMeHTTepiHiH KOPPO3MACbI MEH TO3Ybl MACENECIH LWeLly
©3eKTi XKaHe epeKle fblNbiMW Hasap aygapaTbiH HbicaH 60nbin Tabbliagbl. Byn KYMbICTbIH,
MaKcaTbl 3pTypi WwapTrapaa TyHabipbiaFaH TiN xaHe CrN KabblKLWanapblHbIH, MOPGONOrMACHIHA,
MWKPOKYPbIIbIMbIHA K9HE KypamblHa MarHeTpoHZAbIK TO3aHAATYAblIH, HErisri napameTpaepiHiH,
TOrbI,
MWKPOKYPbINIbIMAbIK Tangday 3epTTenreH Kaffannapha KenfeHeH, KumacbiHoa 6GafaHanbl
KYPbINbIMbl KaHe Teric 6eTi Mopdonornanbi, KepiHeTiH akaynapbl KOK KabblKwanapablH,
KaNbINTacaTblHbIH, ONApAblH MWMKPOKYPbIIbIMbI KOPiHETIH akaynapgaH 60c KoHe walublpay
anTapbIKTan
napameTpaepiHe 6aiinanbicTbl, 30 MUHYTTLIK TYHAbIPY Ke3iHge TiN »kaHe CrN KabblKwanapbIHbIH,
Ka/blHAbIFbl ColiKeciHwe 0,17-0,46 mKkm-re aeiiH xaHe 0,59-3,46 MKM -re geiiH apanbifblHAA
60n14b1. FKyprisinreH }Kymbic HOTUNKENEPiHE CyeHe OTbIPbIN, N1a3MasblK TOK NeH KblCbIM KabblKLua
KaNblHAbIFbIHA MEH XMMMANbIK KYypPamblHA eneyni biIKknan eTeTiHiH, an KYMbIC rasbl afblHbIHbIH,
e3repyi TiN kaHe CrN KabaTTapblHblH, KaNblHAbIFbIHA, KYPbIIbIMbIHA YK9HE KYpPaMblHbIH,
CTEXMOMETPUACBIHA KelleHAi 3cep eTeTiHiHi aHbIKTanapl. JNeMeHTTIK Tangay HaTuxenepi
Kbicbimapl 0,65 Ma-fa AeliH apTTbipy KabblKwanapaafbl OTTeri meswepiH eceTiHiH KepceTTi.

KYMbIC ra3fapblHblH,  afblHbl)  9cepiH  3epTTey. HaTukeciHae

alblpMaLUbINbIK, ~ KOPCeTNenTiHiH  aHbIKTagpl. To3aHaaTy
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Xpomapl TO3aHAATy KesiHAe nnasma TorbiH 1,5 A-fa  geiiiH  yaFalTy  KabblKLWaHbIH
KabblplwaKTaHybiHa aKenegi. TiN KabblKWwanapbl YLWiH 6cy *KblngaMablfblH Kabblngayra 6onaTbiH
AeHreinai cakTali oTbIpbIn, CTEXMOMETPUAFA KAKbIH Kypamabl KamTamacbi3 eTeTiH N afbliHbIHbIH,
opTalla MaHAEPIHAErM KOMMPOMMUCTIK pexknum Konainbl. CrN ywiH TypaKTbl pexxMumaep AnanasoHbl
efdyip KeH, }XaHe KypblibiM MeH Kypamfa Y/IKeH acep eTedi. ANbiHFaH HaTUXKeNep MawuHanap
MeH Kabablk 6enwekTepiH TO3y MeH KOppOo3UALAH KOpFfayfa KOMAAHbLIATbIH MArHeTPOHAbIK,
TO3aH4aTy aaicimeH KenkabatTbl To3yra Te3imai TiN/CrN kabbliH KyienepiH kobanay KesiHae
naiganbl 601ybl MYMKIH.

TyiiiH ce30ep: KamepaHblH, KYMbIC KbICbIMbl, MAa3ManblK pPaspag TOrbl, a30T afbiHbIHbIH
KbIIAAMAbIFbI, KabblKLUAHbIH 31€MEHTTIK Kypambl, KabblKWaHbIH, KaNblHAbIFbI.
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AHHOTALMUA

PeweHune npobaembl KOPPO3UM U U3HOCA Y3/10B, KOMMNOHEHTOB, AieTaNei MaLmH v 060pya0BaHUM,
paboTatoWwmx B YCAOBUAX arpecMHon cpegn U UHTEHCMBHOTO M3HOCA, ABAAETCA aKTY/IbHbIM U
ABNAETCA 06bEeKTOM 0coboro HayyHoro BHUMaHuA. Llenblo Hactoswel paboTbl ABAsAnach
nccnepoBaHMe BAUAHWA OCHOBHbIX MapaMeTpOB MarHETPOHHOTO pacnblieHus (4aBneHue, TOK
nnasmbl, MOTOK paboumnx rasoB) Ha MopdONOrMI0, MUKPOCTPYKTYPY M coctaB naeHok TiN u CrN,
OCaXKAEHHbIX B Pa3HbIX YCAOBUAX. B pe3ynbTaTe, MUKPOCTPYKTYPHbIV aHanu3 nokasas, YTto npu
NCCNeAOBaHHbIX PeXMmax GOpMUPYIOTCA MJIEHKU C KONIOHHOM CTPYKTYpOi MO norepeyHomy
CEYEHUIO U TNAAKOW MOBEPXHOCTHOM MOPGONOrMeNn MMKPOCTPYKTYpa KOTporo 6e3 BUAMMbIX
AedeKTOB M CyLLEeCTBEHHO He OT/IMYaloLWEerocs OT PeXMMOB HanblieHua. B 3aBucumoctn ot
napameTpoB pacnblieHus npu 30 MUHYTHOW OCaXKAeHWU TOALMHA NAeHOK bbino B Npeaenax ot
0,17 po 0,46 mkm n ot 0,59 o 3,46 mkm gna TiN u CrN, coorBeTcTBeHHO. 1o pe3ynbTatam
npoBeAEHHbIX PaboT YCTAaHOBNEHO, YTO TOK MAasMbl M [3BAEHWE CYLLECTBEHHO B/MAIOT Ha
TO/ILLMHY M XMMUYECKUI COCTaB NIEHOK, TOrAa Kak M3MeHeHWe noToka paboyero rasa okasbiBaeT
KOMM/IEKCHOE BAWAHWE Ha TO/LWMHY, CTPYKTYpYy M cTexmomeTpuio coctaBa cnoés TiN u CrN.
Pe3ynbraTtbl 3n1€MeHTHOro aHasM3a MoKasanun, 4Yto npu yBennveHun pasnenua go 0,65 MMa
BO3pACTaeT CoAEepIKaHWe KMcnopoaa B NaeHKax. B cnyyae pacnbiieHMM Xxpoma noBbIWEHWUA TOKa
nnasmel go 1,5 A npuBoAMT K OTCNoeHuo nieHkn. Ana nneok TiN npegnoytuteneH
KOMMPOMMCCHBIW PEXUM C yMEpPEHHbIM NOToKOoM N2, obecneynBatowumii npuemaemyto CKOpocTb
pocTa u 6n3KyI0 K cTeXMoMeTpuyeckoin Komnosmumio. Ana CrN gManasoH cTabuibHbIX PEXMMOB
CYWECTBEHHO WKMpe W nposaBaneT 6o/blWero BAWAHME Ha CTPYKTYpy M cocTas. [osyyeHHble
pe3ynbTaTbl MOTYT BbITb MOAE3HbI NPU NPOEKTUPOBAHMM MHOTOC/IOMHOM CUCTEMbI M3HOCOCTOMKOTO
nokpbiTis TiN/CrN MeTogom MarHeTPOHHOrO Pacrbl/IeHUs!, KOTOPbIE UCMONb3YETCA A/ 3aLMUTbI
OT MU3HOCA M KOPPO3UK AeTanei MalnH uamM 06opyLo0BaHMN.
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ABSTRACT

Through a comparative analysis, this study investigates the development, simulation, and
application of mathematical models for integrated analysis of copper rod production in order to
improve product quality, reduce costs, and minimize risks. The purpose of this article is achieved
by creating mathematical descriptions of real processes, which are then used to conduct computer
experiments. In contrast to the traditional molecular dynamic methods, this study used
information technology to obtain the characteristics of the flow field in technological equipment.
The novelty lies in: integration of thermomechanical modeling with an optimization algorithm;
introduction of a criterion minimizing mechanical property variation; consideration of reduction
and redistribution effects on roll wear; possibility of adaptive real-time control. An information
analysis of the profiles of copper melt flow velocities in a wide range of temperatures in the Copper
Rod Production Plant Kazkat is presented. Information Technology fulfils the need to address the
problem of determining the optimal values of temperature, rolling speed, and other parameters
to achieve the best quality and productivity of copper rod production processes. Based on these
findings, this study proposes the optimization directions for the temperature field profile in the
rolling rolls, which leads to a decrease in roll wear and an increase in the uniformity of the wire
rod structure, focusing on improving microstructural properties.

Keywords: simulation, copper, computer modelling, melt, information technology, numerical
method.
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Introduction

The economic growth of Kazakhstan is providing
local enterprises with the necessary goods and
materials produced at the national level that meet
high-quality standards and scientific algorithms for
theoretical research. In the mining and metallurgical
industry, there is a need to create high-quality
products that meet the needs of the market, as well
as the creation of scientific algorithms for the study
of metals with different physical properties and
inhomogeneities. Simulations of technological
processes in metallurgical production, such as
process modeling in metallurgical production, is

aimed at solving production problems with molten
systems for approaching sustainable efficiency.

Contribution [1] combines molecular dynamic
methods, the properties of Al, and the matrix
composite.

This study presents a new technology for low-
carbon hydrogen metallurgy based on hydrogen
instead of carbon and a method for producing pig

iron for a reducing smelting furnace [2].

This article focuses on the simulations of
technological processes in metallurgical production.
The study presents a new technology associated
with copper staves. The method of mathematical
modelling and analysis of slag crust in the bosh was
conducted [3]. The solutions to numerous problems
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and technical indicators associated with the copper
slag crust were investigated.

This study is concerned with microstructure
evolution in high stacking fault metals and alloys, «it
is relevant to the high-temperature extrusion of
aluminum alloys» [4].

Recommendations are proposed for
technological optimization and the use of
technologies to create an integrated low-carbon
metallurgical system, storage technologies, and
carbon cycling technologies [5].

The purpose of this article is to provide local
enterprises with the necessary goods and materials
produced at the national level that meet high-quality
standards and scientific algorithms for theoretical
research for the production of «titanium sponge
from concentrates of the Satbaevskoye deposit in
Kazakhstan. The article uses an innovative approach
for obtaining titanium slag from low-grade
Kazakhstan ilmenite concentrates characterized by a
high content of refractory components» [6].

To experiment, the water model of the oxygen
with recommendations for technological
optimization and the use of technologies to create
an integrated metallurgical system, storage
technologies, carbon cycling technologies, and the
effects of a new retaining wall device are proposed

for innovative research [7].
One of the most resource-intensive and

strategically important industries is the production
of copper rods, which have various physical and
chemical characteristics. This trend is the demand of
society for high-quality materials with high-
performance properties. To solve the corresponding
technological problems, it is necessary to use
mathematical modelling tools and informatization,
cognitive tools, which make it possible to study the
static or dynamic characteristics of the object under
study [[8], [9]]. The purpose of this article is to
simulate technological processes in metallurgical
production, as process modeling in metallurgical
production is aimed at solving production problems
with molten systems for approaching sustainable

efficiency.
To experiment with recommendations for

technological optimization and the use of
technologies to create an integrated metallurgical
system, technologies for creating retaining walls for
innovative research are proposed for the
development of the metallurgical industry [10].
Modeling of technological processes in metallurgical
production is aimed at solving production problems
using various microstructures to achieve sustainable
efficiency [11].

The solution of production problems at modern
metallurgical enterprises is carried out using the
Recommendation for Technological Optimization,
aimed at an analytical solution based on differential
equations proposed in [12].

Recommendations are offered on the use of
technologies for the purpose of technological
optimization of production, storage technologies,
cycling technologies, modelling [[13], [14], [15], [16],
[17], [18]].

Theoretical framework

Particular attention should be paid to
intensifying work on the creation of a new copper
smelter that meets modern environmental
requirements [[19], [20]]. The importance of the
metallurgical industry and non-ferrous metallurgy
for the economy at present can hardly be
overestimated - the bulk of all spheres of production
enjoy the results of metallurgical production.
Metallurgy is of great importance for the
development of national production and ensuring
the modernization of the economies of countries,
their integration into the world economy [[21], [22],
[23], [24], [25], [26]].

The above technologies use high-quality
scientific and technical problems [[27], [28]]. The
study of various areas made it possible to design the
most optimal option for cognitive studies on
intellectual results [[29], [30], [31]].

There is a movement of convective flows or
thermodynamic flows, where the bulk force divides
the flow into the bottom layer and the main flow.
The main flow moves upwards, and the denser lower
layer descends, creating circulation and mixing of
the medium, as when heated from below [[32], [33],
[34]].

Mathematical modelling is a powerful tool for
achieving a competitive advantage in the production
of copper rods. Kazakhstan has significant copper
reserves, which makes the production and export of
copper rod a key area for the development of the
mining industry. This study fulfils the need for
determining the optimal values of temperature,
rolling speed, and other parameters to achieve the
best quality and productivity of copper rod
production processes. Mathematical modelling of
the copper rod process aims to optimize the
temperature field profile, which leads to an increase
in the uniformity of the wire rod structure at the
Copper Rod Production Plant Kazkat. The production
of copper at modern metallurgical enterprises is
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carried out using the following technologies: SCR,
SMS Contirod, UPCAST Outokumpu.

The production scheme of copper rods is
presented in Figure 1.
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Figure 1 - Production scheme of copper rods

CopperRod

At present, the copper industry in the country is
represented by the production of copper
concentrate products. Half of the exported materials
fall on the share of ore concentrates and metals,
which occupy the most important place in the list of
products exported from the country [[27], [35],
[36]].

It is well known that the approximation of
hydrodynamic equations leads to nonlinear systems
of algebraic equations. Consequently, their
numerical solution is associated with significant
computational difficulties. In this regard, various
approaches to the construction of operator-splitting
schemes for the Navier-Stokes equations in the
sense of weak approximation were considered.

Let us outline the general principle for
constructing splitting schemes for the Navier—Stokes

equations. In a bounded domain Qe RS, we

consider a system of nonlinear stationary equations
subject to prescribed boundary conditions. In
addition, a temperature model of a heterogeneous
melt is formulated with specified initial and
boundary conditions.

Monitoring and analyzing melt motion
constitute the central problem of this study. It is
assumed that the external forces acting on the melt
under boundary conditions are known, and that the
initial velocity field is specified in the case of
unsteady flow. The physical and mathematical
model of melt motion is formulated in a coordinate
system in which the computational domain
associated with the melt remains fixed.

The metal melt moved along the inclined chute
of the metallurgical equipment. This study aims to

address obtaining high-quality products with ever-
increasing demand from machine builders while
minimizing the costs of their production. The
modelling framework is based on the fundamental
principles of continuum  mechanics and
thermodynamics. The motion of the molten copper
is described using the Navier—Stokes equations for
incompressible viscous flow (1)-(3):
Continuity equation:

V-9=0 (1)
Momentum conservation equation:
09 )
Yol E+(19 V)3 |=uv?9-Vp+pf (2)
Energy equation (with thermal conductivity)
pc, (%Tw VTJ T 3)

For steady-state flow conditions:

a8 _
ot

with initial boundary conditions:

9o =%, =t,(x), 9s=0t[;=0,  (4)
where:
& — velocity vector of the melt;
p — density;

p — pressure;

4 — dynamic viscosity;

f — gravitational acceleration vector;
¢, — specific heat capacity;

6 — thermal conductivity.

Let the metal melt move along the inclined chute
of metallurgical equipment. The physical and
mathematical model of this technological process is
built under the assumption that the length of the
trough is infinite, the metal melt moves along the
axis of the trough in such a way that the velocity
function » depends only on the variable XYy
whereas, the pressure function depends on the
variable z. Such motions are called steady-state
motions. As a result, we obtain a model with
isothermal motion of the melt, in which density p
and viscosity ¢ are constant. Hence, the metal melt
moves along the inclined chute of metallurgical
equipment, as given in Navier-Stokes equations
form (5). The change in pressure is negligible from
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section to section, keeping the same value in a given
section. Such motions are called steady-state
motions. Thus, based on (5), we obtain the following
equation (6).

1o
P OX
1w,
poy
ow 1op o o o (5)
o—=—>—+¢& st—+— |
oz p oz ox* oy° oz
9 o,
oz
2 2
%:ﬂ[a@)?+aay—?} (6)

The right side of (6) depends of XYy
coordinates, the left side depends of z coordinate.
Let us the main statements of hydrodynamics:

dp__4p

dz i

A is the chute length.

When the melt flows through an inclined trough,
there is a movement of convective flows or
thermodynamic flows, where the bulk force divides
the flow into the bottom layer and the main flow.
Internal friction forces slow down the movement of
the atoms of the lower layer. This deceleration is
transferred from one layer to another along the
entire flow to the surface of the copper melt; there
is a free surface of the metal melt. So, the pressure
will be equal to the atmospheric pressure.

This study aims to address the angle of
inclination, which is equal to ®, a volumetric force,

. A
andisequalto F, =7£S|n®=7p. So

2 2
A 22,090, xsine=0.  (7)
oX oy

ow
0=0y=0, =0, y=1, %0, x=1, (g)

Calculations were constructed for industrial
equipment at the Copper Rod Production Plant
Kazkat. We obtained data from industrial partners or
public repositories.

Production of copper rods requires a constant
search for technical solutions aimed at reducing
harmful impurities and oxygen to the lowest

possible concentrations. The study of various areas
made it possible to design the most optimal option
for copper rods using modern Continuous Casting
and Rolling Technology. We conduct cognitive
studies on intellectual results with existing measures
of copper melt velocities. As a result, the problem
of decision-making is solved using the proposed
cognitive measure of similarity to check its
applicability.

Modern achievements in this area have led to
the production of high-quality copper at the Copper
Rod Production Plant Kazkat, in Figure 2. The
technological scheme of the equipment is shown in
Figure 3.

T
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Figure 3 - Technological scheme of SCR Plant Kazkat,
measurements are given in [mm)]

Numerical Modelling

Using Equations (9) — (11), we calculated the
numerical values of the melt flow parameters for the
Copper Rod Production Plant Kazkat business
perimeter for the lower chute with an inclination
angle of 39, as shown in Fig. 4:

S:M, 9)
2

A is arc length, o'is chord, h—is segment
arrow:
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o =80[mm], h=16[mm],
MJUH(%Z):Jsou(lsg):
87.6[mm?]. (10)

B [87,6-ﬂ—80(ﬂ—16

L2 )]:1675.2[mm2]- (11)

The average flow velocity of the copper melt is equal

to Umigaie = 042 [ 7]

260

4106

240

Figure 4 - Section of lower chute (measurements
given in [mm])

The governing Navier—Stokes equations (5)—(6)
were discretized using the finite volume approach.

ijqﬁdv +([lpgu -1ids = [TV fidS + [ S,V (12)
atv S S \Y

¢ is a general transported variable (e.g., velocity
component or energy),

I is the diffusion coefficient,

S, is the source term,

i nis the outward unit normal vector on the surface.

Spatial discretization of the convective terms
was performed using a second-order upwind
scheme (13) to achieve higher-order accuracy and
reduce numerical diffusion. Time integration was
performed using a second-order implicit scheme
(14), which ensures enhanced temporal accuracy
and improved stability characteristics of the
numerical solution.

O :¢P+V¢p'(rf _Fp); (13)

P denotes the upstream control volume,

r; , T, are position vectors of the face center and

cell center, respectively.
The transient term is discretized using the

second-order backward formula

(BDF2):

differencing

(%jnﬂ _ 3¢n+1 _4¢n +¢n—1 (14)
at 2At ’

which vyields second-order

0(At?).

The scheme is implicit because the unknown

temporal accuracy

value ¢"*' appears in the discretized equation and is

obtained by solving the resulting algebraic system.
In the calculations of the numerical scheme
Ax=Ay =0,02we used constant time step sizes

At =0,001. Calculated profiles of flow velocities v
and U are shown in Fig. 5.

Figure 5 - (a) transverse v and
(b) longitudinal U melt flow velocity profiles

A structured computational grid with local
refinement in the near-wall regions was employed
to ensure accurate resolution of boundary layer
phenomena. The mesh was selectively refined in
areas with high velocity and pressure gradients to
improve predictions of wall shear stresses and heat
transfer, while maintaining a reasonable overall cell
count and computational cost. A structured grid
with local refinement near walls was used.

Three grid levels were tested:

e 1.2x10° cells

e 3.8x10° cells

e 9.5x10° cells

Grid independence was achieved when the
variation in mean velocity was below 2%.

The simulation and application of mathematical
parameters include movement of convective flows
or thermodynamic flows, the bulk force, and internal
friction forces when the melt flows in an inclined
trough.

The temperature dependence of the dynamic
viscosity was described by the Arrhenius-type
equation:

Hmodel(T) = Aexp (RQ_T) (25)
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A =3.2x10"*Pas
Q = 39,000J/mol
R = 8.314J/(mol-K)

The strength of the relationship between the
experimental data and the values calculated using
(15) was evaluated using the coefficient of nonlinear
multiple correlation (16), together with an
assessment of its statistical significance using the
Fisher criterion (17).

The coefficient of nonlinear multiple correlation
was determined as:

-1) i ( Yexpi = Yealc )2

R= 1= (16)
n k 1)Z(yexp| yexp)
i=1
2 _ J—
F :—R 5 n—rnl’ (17)
1-R m
Yexpi €Xperimental value
Yeaei Calculated value,
Vexp,i mean experimental value,
N number of experimental data points,
M number of independent variables in the

regression model.

Let us construct an algorithm for calculating the
viscosity of a copper melt and establish the
dependence of viscosity on temperature. The results
are presented in Table 1 and Figure 6.

Table 1 - Calculated and experimental data [37] of the
viscosity

exp == calc

Figure 6 — The copper viscosity as a function
of temperature

Comparison between the proposed model and
experimental viscosity data of liquid copper in the
temperature range 1355-1635 K demonstrates
excellent agreement, R? = 0.91, MAPE = 1.34%. The
maximum deviation 5.8% occurs near the melting
temperature, likely due to structural fluctuations
and the assumption of constant activation energy. In
In the range 1435-1635 K, the model accuracy
remains within 1%, confirming its suitability for
engineering
calculations.

The coefficient of determination is calculated
using the standard formula for model validation:

RZ =1- SSres ,
SS

tot

SSreS :Z('uexp _ﬁmodel )2 Is the sum of Squared
residuals,
SSit = Z(:uexp_ﬁexp)z is the total sum of squares,

The correlation coefficient R=0.986626 is high,
therefore, and shows the correctness and adequacy
of our verification of theoretical results.

A Relative | o5 esenting the total variance of the experimental
(model— Error d
T Heap Heale exp) (%) ata.
c g oy 1S the mean experimental viscosity.
Tm =1355 4.5 4.24 -0.26 -
1395 4.2 4.10 -0.10 -2.4 5 —
1435 4.0 3.97 0.03 0.8 R R SSres SSuc | Hewp
1475 3.5 3.85 -0.00 0.00
1515 3.75 3.74 001 | -0.03 0986626 | 0.91 | 0.0795 |0.842 | 3.869mPA
1555 3.65 3.63 -0.02 -0.05
1595 3.55 3.53 -0.02 -0.06
1635 345 | 344 001 | -003 Results and Discussion
MAPE - - 1.34

The copper flow velocity distribution profiles at
1355K, 1395 K, 1435 K, 1475 K, 1515 K, 1555 K, 1595
K, and 1635 K are presented in Figures 7 — 14 and
Tables 2-9.
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Table 2 - Data from numerical calculations of the copper
melt motion at 1355 K

Table 7 - Data from numerical calculations of the copper
melt motion at 1555 K

Table 3 - Data from numerical calculations of the copper
melt motion at 1395 K

y | 0.00 -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X
0.00 0.4422 | 0.4342 | 0.4142 | 0.3801 | 0.3324 | 0.2711
10.00 | 0.4341 | 0.4280 | 0.4073 | 0.3732 | 0.3250 | 0.2642
20.00 | 0.4142 | 0.4070 | 0.3872 | 0.3520 | 0.3053 | 0.2442
30.00 | 0.3801 | 0.3730 | 0.3523 | 0.3190 | 0.2710 | 0.2105
40.00 | 0.3320 | 0.3250 | 0.3051 | 0.2712 | 0.2243 | 0.1623
50.00 | 0.2710 | 0.2640 | 0.2440 | 0.2101 | 0.1620 | 0.1023

Table 4 - Data from numerical calculations of the copper
melt motion at 1435 K

y | 0.00 -10.00 -20.00| -30.00 -40.00 -50.00
X
0.00 0.4823 | 0.4742 | 0.4511] 0.4142 | 0.3620 | 0.2962
10.00 | 0.4740 | 0.4670 | 0.4440| 0.4072 | 0.3555 | 0.2880
20.00 | 0.4513 | 0.4440 | 0.4232| 0.3851 | 0.3330 | 0.2660
30.00 | 0.4140 | 0.4070 | 0.3850] 0.3490 | 0.2964 | 0.2290
40.00 | 0.3620 | 0.3550 | 0.3333] 0.2960 | 0.2442 | 0.1770
50.00 | 0.2962 | 0.2883 | 0.2660] 0.2290 | 0.1770 | 0.1120

Table 5 - Data from numerical calculations of the copper
melt motion at 1475 K

y | 0.00 -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X
0.00 0.5231 | 0.5137 | 0.4901 | 0.4500 | 0.3940 | 0.3210
10.00 | 0.5140 | 0.5070 | 0.4820 | 0.4420 | 0.3859 | 0.3131
20.00 | 0.4900 | 0.4820 | 0.4590 | 0.4181 | 0.3610 | 0.2890
30.00 | 0.4500 | 0.4420 | 0.4178 | 0.3780 | 0.3210 | 0.2490
40.00 | 0.3939 | 0.3860 | 0.3610 | 0.3213 | 0.2660 | 0.1920
50.00 | 0.3209 | 0.3128 | 0.2890 | 0.2490 | 0.1920 | 0.1210

Table 6 - Data from numerical calculations of the copper
melt motion at 1515 K

y | 0.00 | -10.00 | -20.00 | -30.00 | -40.00 | -50.00 S To00 | 1000 | 2000 | 3000 | 20.00 | 50,00
X X
000 | 0.4021 | 0.3963 | 0.3774 | 0.3461 | 0.3032 | 0.2471 0.00 0.6111 | 0.6002 | 0.5721 | 0.5250 | 0.4589 | 0.3752
10.00 | 0.3932 | 0.3900 | 0.3722 | 0.3400 | 0.2972 | 0.2412 ;8'88 2'60‘2’2 LS 0'563; 503k 0'4223 0'3662
2000 | 0.3773 | 0.3711 | 0.3520 | 0.3210 | 0.2783 | 0.2223 : 220N R0 6 ONIRO.> 2 R0 oSO 0,627 TR )
3000 | 0.5253 | 0.5159 | 0.4882 | 0.4420 | 0.3753 | 0.2903
30.00 | 0.3461 | 0.3402 | 0.3213 | 0.2913 | 0.2471 | 0.1923 2000 104590 T 02501 T0a221 103750 103092 102253
40.00 0.3030 | 0.2973 | 0.2783 0.2470 | 0.2051 0.1484 50.00 0.3750 | 0.3660 | 0.3370 0.2900 0.2250 0.1410
50.00 | 0.2472 | 0.2410 | 0.2220 | 0.1910 | 0.1480 | 0.0922

Table 8 - Data from numerical calculations of the copper
melt motion at 1595 K

y 0.00 -10.00 | -20.00 | -30.00 -40.00 -50.00
X
0.00 0.6011 | 0.6432 | 0.6130 | 0.5631 | 0.4922 | 0.4023
10.00 0.6430 | 0.6340 | 0.6028 | 0.5530 | 0.4822 | 0.3922
20.00 0.6132 | 0.6030 | 0.5740 | 0.5230 | 0.4521 | 0.3620
30.00 0.5633 | 0.5532 | 0.5230 | 0.4733 | 0.4020 | 0.3110
40.00 0.4920 | 0.4822 | 0.4520 | 0.4022 | 0.3330 | 0.2412
50.00 0.4021 | 0.3920 | 0.3622 | 0.3110 | 0.2410 | 0.1511

Table 9 - Data from numerical calculations of the copper
melt motion at 1635 K

y 0.00 -10.00 | -20.00 | -30.00 -40.00 -50.00
X
0.00 0.6988 | 0.6880 | 0.6560 | 0.6020 | 0.5270 | 0.4301
10.00 0.6880 | 0.6772 | 0.6450 | 0.5910 | 0.5160 | 0.4190
20.00 0.6560 | 0.6449 | 0.6131 | 0.5590 | 0.4840 | 0.3871
30.00 0.6020 | 0.5909 | 0.5591 | 0.5060 | 0.4301 | 0.3331
40.00 0.5270 | 0.5160 | 0.4842 | 0.4302 | 0.3562 | 0.2580
50.00 0.4300 | 0.4190 | 0.3870 | 0.3330 | 0.2580 | 0.1620

The physical picture is: when the melt flows

y 0.00 | -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X

0.00 0.5659 | 0.5630 | 0.5300 | 0.4870 | 0.4260 | 0.3470
10.00 | 0.5560 | 0.5550 | 0.5210 | 0.4780 | 0.4170 | 0.3390
20.00 | 0.5301 | 0.5280 | 0.4958 | 0.4522 | 0.3910 | 0.3129
30.00 | 0.4870 | 0.4850 | 0.4520 | 0.4091 | 0.3469 | 0.2690
40.00 | 0.4260 | 0.4240 | 0.3910 | 0.3469 | 0.2882 | 0.2081
50.00 | 0.3470 | 0.3450 | 0.3131 | 0.2689 | 0.2080 | 0.1310

through an inclined trough, there is a movement of
convective flows or thermodynamic flows, where
the bulk force divides the flow into the bottom layer
and the main flow. The main flow moves upwards,
and the denser lower layer descends, creating
circulation and mixing of the medium, as when
heated from below. Internal friction forces slow
down the movement of the atoms of the lower layer.
When the melt flows in an inclined trough, this
deceleration is transferred to the surface of the
copper melt [8].

The simulation and application of mathematical
models for integrated analysis of copper rod
production may show manufacturing abnormalities,
production efficiency, and reliability.

We have developed a mathematical model for
calculating the melt flow rate profile at different
temperatures in process equipment, starting from
the melting point of copper. We built graphs of
isolines of the flow velocities of melted copper in the
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technological equipment Copper Rod Production
Plant Kazkat. Calculations showed the heterogeneity
of the structure of the copper melt near the melting
point. Calculations showed that the number of
contours at low temperatures, such as 1355 K, is
smaller. It was also analytically established that the
number of contours at higher temperatures, such as
1595 K, is smaller. This is due to the thermal
weakening of the metal properties of the copper
melt, which is the cause of structural defects in the
production of copper rod.

By analysing early, simulation and application of
mathematical models improve decision-making,
resource allocation, and operational expenses for
process optimization and quality control. The
recommended approach to the issues and
technological processes for increased efficiency and
profitability.

Verification of the melting parameters with
manufacturing parameters at Plant Kazkat shows
fulfils to optimize the temperature field profile,
which leads to an increase in the uniformity of the

wire rod from 0.62 [?] to 0.05 [?] Therefore, it

is important to take into account that the minimum
flow rate of the melt will be at the bottom of the
trough, the highest flow rate will be at the surface of
the melt. The melting parameters with
manufacturing parameters at Plant Kazkat include
movement of equations (5) and (6).

Let us calculate the number of isolines at the
specified temperatures. The maximum isoline value
of the velocity profiles of the copper melt movement
at Plant Kazkat equipment at the specified
temperatures was 28 at 1555 K, and are presented
in Figure 15.
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Figure 15 - The isoline value

The numerical methods show that the average
value of the mathematical model velocity is

approximately equal to the average velocity of the
copper melt flow v = 0.4 [%]

Mathematical and numerical modelling of the
copper rod process aims to optimize the
temperature field profile. The technological
temperature field profile at Plant Kazkat equipment
was in the range of 1425-1553 K and shows the
correctness and adequacy of our verification of
theoretical results.

Below is an example calculation demonstrating
the reduction in tensile strength variation and the
increase in ductility. We compare 10 batches before
and 10 batches after optimization in Table 10.

Table 10 - Batches before and after optimization

Batch | Tensile Strength o,, MPa Similar Example for Ductility

No S, %
Before After Before After
optimization | optimization | optimization | optimization

1 560 538 21.8 22.6

2 525 542 22.1 22.9

3 545 540 21.5 22.7

4 530 536 22.3 22.8

5 555 544 21.7 22.5

6 520 539 22.0 22.9

7 548 541 21.6 22.6

8 535 537 22.2 22.7

9 562 543 21.4 22.8

10 528 540 21.9 22.6

Mean | 540.8 540.0 21.85 22.71

value

Calculation of the standard deviation presented
at equation (18)

— )2
n-1
Standard deviation before optimization s; and after
optimization s, is equal to

~ 14.8 MPa, s, = 2.7 MPa.

Technological spread +2s,=429.6 MPa.
Technological spread +2s,=45.4 MPa.
So, variance comparison (F-test):

2 2
S 14.8 219
F=3,F="""; F ~2>~30.
2.7 7.3

Critical value for n=10 at 95% confidence is 3.18.
Since:
F=30>3.1.

The difference in variances is statistically significant.
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Calculation of ductility increase

22.71—-21.85

— 0fy = 0
2185 100% = 3.9%
Ductility increased by approximately 4%.

As a result of implementing the optimization
model, the standard deviation of tensile strength
decreased from 14.8 MPa to 2.7 MPa, corresponding
to a reduction in technological variation from +29.6
MPa to 5.4 MPa. The F-test confirmed statistical
significance at a 95% confidence level.

The average elongation increased from 21.85%
to 22.71%, corresponding to 39% increase in
ductility.

In practice, the following groups of methods are
commonly used for wire rod rolling process
optimization:

- Empirical technological schedules;

- Regression-based statistical models;

- Finite Element Method (FEM) simulations;

- Machine learning approaches;

- The proposed integrated

model.

Advantages of the proposed integrated model
combine: physical-mathematical description of
deformation; thermal balance modeling;
optimization algorithms; statistical validation (Table
11).

Quantitative performance comparison of the
proposed integrated model is presented in Table 12.

optimization

Table 11 - Advantages of the proposed integrated model

Table 13 - Initial assumptions for a medium-capacity

plant

Annual production volume

Q = 120.000t/year

Average product value

C, = 8.500USD/t

Baseline defect rate

d, = 2.5%

Expected reduction in
defect rate

Ad = 1.0%

Annual energy
consumption for melting
and casting

E, = 45.000MWh

Specific energy
consumption, MWh/t

espec = 0.52MWh/t

Expected energy savings

3%

Estimated implementation
cost (software integration,
training, system
calibration)

I = 450.000USD

Annual loss due to defects
before optimization

Ly = 25.5millionUSD

Economic effect after
optimization (defect
reduction by 1%)

AL = QAdC, =
10.2millionUSD /year

Annual energy savings:

Eg = 0.03 « 45.000 =
1.350MWh

Assuming an electricity
cost of

C, = 110USD/MWh

Annual energy savings

S, =1350-110 =
148.500USD /year

Criterion Empirical | Regression | FEM | ML :&fjﬁted

Accounts for Reduction in roll C, = 1.2millionUSD /

process - + + - + maintenance costs if year

physics annual roll maintenance

Temperature | _ + + + |+ costs

modeling

Real-time R R R The model reduces wear- Sm=015-12 =

applicability related costs by 15% 180.000USD /year

Roll wear
- - - + + +

prediction Total annual economic S, ~

Adaptability | — + - + + ‘ total =~

Industrial benefit 10.53millionUSD /year
. .. + + + * +

applicability

Table 12 - Quantitative performance comparison F:g:)m on investment ROI = %'100% ~
~ 0,

Indicator Empirical Regression :\r;l'i)edg;lated P - = 2260% i
o ayback period Toayback = = 100% ~
strength +25-30 MPa | #18-20 MPa | +8-12 MPa 0.5monts
variation
Increasein | 4o, 1-2% 3-5% , - _
elongation Unlike  empirical and  regression-based
rR:;L‘z’t?g; 0-5% 5-8% 15-25% approaches, the proposed model provides a
Scrap comprehensive thermomechanical description of
reduction up to 1% 1-2% 2-3% the rolling process and enables multi-objective

—— 74 ——
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optimization. Compared with finite element
modeling, the model has significantly lower
computational complexity and is suitable for real-
time industrial applications. This ensures reduced
mechanical property variation, lower roll wear, and
improved stability of wire rod quality.

To evaluate the feasibility of implementing the
proposed viscosity-based optimization model in
copper wire rod production, a quantitative
economic analysis was performed.

The implementation of the proposed model
demonstrates (Table 13):

- Extremely high
(>2000%);

- Payback period of less than one month;

- Significant reduction in defect-related losses;

- Measurable energy savings;

- Extended roll service life.

Even under more conservative assumptions, a
defect reduction of 0.3—0.5%, the payback period
remains within several months, confirming strong
industrial feasibility.

return on investment

Conclusions

A mathematical and computer model and the
numerical integration algorithm for calculating the
melt flow rate profile at different temperatures in
process equipment, starting from the melting point
of copper, were developed.

The wvalidation of theoretical results,
mathematical model, and the numerical integration
algorithm show the recommended approach to the
issues and technological processes for increased
efficiency and profitability. The proposed model
fulfils to optimize the temperature field profile,
integration of thermomechanical modeling with an
optimization algorithm; introduction of a criterion
minimizing  mechanical property  variation;
consideration of reduction and redistribution effects
on roll wear; possibility of adaptive real-time
control.

The technological temperature field profile at
Plant Kazkat equipment was in the range of 1425-
1553 K, and the best melting occurred at 1555 K.

The strength of the relationship between the
experimental data and the values calculated using it
was evaluated using the coefficient of nonlinear

multiple correlation, together with an assessment of
its statistical significance. The correlation coefficient
R=0.952734 is high, therefore, and shows the
correctness and adequacy of our verification of
theoretical results.

The numerical calculations show that the
average elongation increased from 21.85% to
22.71%, corresponding to 3.9% increase in ductility.
Comparison between the proposed model and
experimental viscosity data of liquid copper in the
temperature range 1355-1635 K demonstrates
excellent agreement R? = 0.91, MAPE = 1.34%. The
maximum deviation 5.8% occurs near the melting
temperature, likely due to structural fluctuations
and the assumption of constant activation energy. In
In the range 1435-1635 K, the model accuracy
remains within 1%, confirming its suitability for

engineering
calculations.

Unlike  empirical and  regression-based
approaches, the proposed model provides a

comprehensive thermomechanical description of
the rolling process and enables multi-objective
optimization, has significantly lower computational
complexity, and is suitable for real-time industrial
applications.

This ensures reduced mechanical property
variation, lower roll wear, and improved stability of
wire rod quality. The implementation of the
proposed model demonstrates extremely high
return on investment (>2000%); payback period of
less than one month; a significant reduction in
defect-related losses; measurable energy savings;
extended roll service life.

Confiicts of interest. The authors declare that they
have no conflicts of interest in this work.

CRediT author statement: S. Kazhikenova:
Conceptualisation, Methodology, Software; G.
Shaikhova: Data curation, Writing draft preparation; S.
Shaltakov: Visualisation, Investigation, Validation; A.
Shaltakova: Reviewing and Editing.

Acknowledgements.

This work was supported by the Ministry of
Science and Education of the Republic of Kazakhstan
[grant numbers AP23486482, 2024-2026].

Cite this article as: Kazhikenova SSh, Shaikhova GS, Shaltakov SN, Shaltakova AN. Modeling and Solving Problems of Sustainable
Efficiency of Technological Processes in Metallurgy. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral
Resources. 2028; 344(1):65-78. https://doi.org/10.31643/2028/6445.07



https://doi.org/10.31643/2028/6445.07

2028; 344(1):65-78 ISSN-L 2616-6445, ISSN 2224-5243

MeTtannypruagasbl TEXHONOTUAMNDIK NPOLECTEPAIH, TYPaKTbl THIMAiniri
MmacenenepiH mogenbaey KaHe wewy

KaxkukeHosa C.LU., Wanxosa I.C., LUantakos C.H., LlanTakosa A.H.

3b6inkac CarbiHo8 ameiHAarbl KaparaHOa mexHUKasbiK yHusepcumemi, Kazakcmad

TYAIHAEME

MaKanaga eHim canacblH »aKcapTy, LWbIFbIHAAP MEH TayeKengepai asanTy maKcaTbiHAA MbIC
WUNEeMAiK OHAIPICIH MHTerpauunanbiK Tanaay YLiH MOAeNbAey KaHe MaTeMaTUKaNbIK Moaenbaepai
KYPY 9aicTepi KapacTbipbingbl. MyprisinreH 3epTrey MaKcaTbl  HaKTbl  NpouecTepaiH,
MaTeMaTMKa/bIK CMMATTaManapbiH ¥Kacay apKblibl JKy3ere acagbl, 0Nap KeliH KOMNbTePAiK
Taxipubenep Kyprisy ywiH KongaHbliagbl. JacTypai MOneKynanblk AMHAMUKANbIK aAicTepaeH

Makana kengi: 20 Kaxmap 2026 aviblpMaLublIbIFbl, By 3epTTeyae aknapaTTbiK TEXHONOTUAHBI NakidanaHy apKbl/ibl afblH BPICiHIH,
CapanTamagaH eTTi: 25 aknaH 2026 CMMATTaManapbiH  TEXHONMOTUANBIK  KabaplKTap  nakganaHapl. KaHanbik  Kenecige:
KabbingaHapl: 4 mamelip 2026 TepMOMeXaHMKanbIK mopenbaeyai OHTalNaHAabIpy anroputmimeH MHTEerpaumanay,

KpUTEPUINEPA] EHTi3y, MEXaHMKaNbIK KaCMeTTepAiH, e3repyiH asaunTy, aygapblay KesiHae To3ybiH
a3aiTy, HaKTbl yaKblT pexuminge berimpenriw 6ackapy MymkiHgiri Kazkat mbic TasklwanapbiH
OHAIpY 3aybITbiHA@ MbIC  6asKbITy afblHbIHbIH,  KeH ayKbIMAAFbl KblNAaMAbIKTaPbIHbIH,
npodungepiHiy, aknapaTTblK Tanaaybl YCbiHbIAFaH. AKNapaTTblK TexHonornanapAbl KongaHa
OTbIPbIN, MbIC TAAKLIANAPbIH OHAIPY NPOLECTEPiHAE €H, KaKCbl cana MeH eHIMAINIKKe KO KeTKi3y
YWWiH OHTalNbl TeMNepaTypa MIHAEPIH, UNEMAEY KbINAAMABIFbIH KaHe Backa Aa napameTpaepai
aHblKTay Macenenepi wewingj. Ocbl HITUXKENEepre CyMeHe OTbIPbIN, Oopamaapaarbl TemnepaTypa
OpiCiHiH NpoduNiH OHTalNaHAbIpy 6olbIHIWA 6aFbITTap YCbIHbINABI, BYN PONUKTIH TO3YbIH a3aiTyFa
JKOHe CbIM TaAKLacbl KypblNbIMbIHbIH, BipKesKiniriH apTTbipyFa aKeneai, MUKPOKypbIAbIMAbI
YKaKcapTyfa Hasap aygapagp!.

TyliiH ce3dep: Mogenbaey, MbIC, KOMMbIOTEPNIK MoAdenbaey, 6ankbiTy, aKnNapaTTbiK
TEXHONOrMANAP, CaHABIK dAjC.
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AHHOTAUMA
B craTbe paccMOTpeHbl MeTOAbl NPUMEHEHWUA, MOAENUPOBAHMA U CO3JaHUA MaTemaTUYeCKUX

Moaenei oNs MHTErPUPOBAHHOIO aHaNM3a NPOU3BOACTBA MELHOM KaTaHKM C LeNbio MOBbILLEHNUA
KayecTBa MNPOAYKLUMWM, CHUMNKEHMA 3aTpaT M  MUHMMM3AUMKM pUCKoB. Llenb nposoaumbix

nccnepoBaHUn AOCTUrAETCA NYTEM CO3[aHUA MaTeMATUUYECKMX ONUCaHWI peasibHbIX NPOLECCoB,
MNoctynuna: 20 aHeaps 2026

PeueHsnpoBaHue: 25 ¢pespansa 2026
MpuHaTa 8 nevaTb: 4 mas 2026 TPAANLUMOHHbBIX METOA0B MONEKYNAPHOM AMHAMUKM, MPUMEHEHbBI UHPOPMALIMOHHbIE TEXHOI0TUN

KOTOpble 3aTeM MUCMONb3YIOTCA ANA NPOBEAEHUA KOMMNbIOTEPHbIX 3KCNEepUMeHTOoB. B oTanume ot

ANA NONYYEHUA XAPAKTEPUCTMK MONA NOTOKA B TEXHO/IOTMYECKOM 060py,EI,OBaHVIVI. Hosu3Ha
3aK/0YaeTca  B:  UHTerpauymm  TepmMOMEXaHUYeCKOoro MoAe/IMpOoBaHMA C  airOPUTMOM
onTummnsauunu; BeegeHuUe Kputepuna, MMHUMUIUPYHOLLEro BapUaunio MeXaHUYeCKUx CBO;ICTB,‘
paccMmoTpeHue BANAHWUA nepepacnpeseneHna yMeHblleHUA Ha M3HOC NepeBopoTa; Bo3amoXHOCTb
afanTMBHOrNro ynpasieHUA B pPealbHOM BpPEeMEHWU. ﬂpe,ﬂ,CTaBﬂeH MHd)OpMaLI,VIOHHbII‘/’I aHanus

npo¢Mne|7| CKOpOCTeVI Te4YyeHuA pacniaBa meau B WMPOKOM AMana3oHe TemnepaTyp Ha 3aBoje
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KasKkaT no Npon3BoACTBY MeAHOM KaTaHKU. C NOMOLLbI0 MHOOPMALMOHHbBIX TEXHONOTUIA peLleHbl
334a4n OnpefeneHns ONTUMaNbHbLIX 3HAYEHMI TeMnepaTypbl, CKOPOCTM MNpoKaTa U APYrux
napameTpos A/A AOCTUNKEHWA Hauaydyllero Kadectéa M NPOM3BOAMTENbHOCTU MPOLLECCOB
Npou3BOACTBa MeAHOW KaTaHKW. Ha OCHOBaHMM NPOBEAEHHbIX WMCCAEA0BaHWIA MPEeAsioKeHbI
HanpasieHna onTMMM3aumMM npoduna TemnepaTypHOro MNOAA B BajiKax, YTO MNPUBOAUT K
CHUMKEHMIO U3HOCA PY/IOHA W YBENIMYEHUIO PAaBHOMEPHOCTM CTPYKTYPbI KaTaHKM, C aKLEHTOM Ha
YAyYLEHNE MUKPOCTPYKTYPbI.
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ABSTRACT

The article is devoted to the development of a methodology for microstructural and thermal
verification of the quality of an industrial Ti-10V-2Fe-3Al triple vacuum arc remelted ingot
produced by UK TMP JSC. It was established that all zones of the ingot demonstrate a two-stage
thermal evolution characteristic of the B-metastable Ti-10V-2Fe-3Al alloy: decomposition of the
metastable B phase (*520-570 °C) and an endothermic a->B phase transformation (=950-1120
°C). It was found that the enthalpy of the exothermic decomposition of the B matrix increases by
approximately 60—80% in the lower zone of the ingot. The width of the phase transition (AT)
correlates with an increase in microsegregation. It was also determined that the enthalpy of the
endothermic a->B transformation decreases from the bottom part of the ingot toward the steady-
state crystallization zone (Middle-1), which correlates with a reduction in the microsegregation
parameters obtained from SEM—EDS profiles (AC_max, oC, Leorr). Thus, thermal analysis confirms
the absence of a pronounced vertical gradient of structural stability and can be used as a validating
criterion for the integral electrode quality index. For the first time, a quantitative correlation
between SEM-EDS profiles and DSC-DTG characteristics has been proposed. Thermal analysis is
suggested as an independent validator of microsegregation. An approach to the quantitative
evaluation of microsegregation based on SEM-EDS profiles using the parameters AC_max, oC, Leorr,
and ACOqieca) has been developed. Additionally, the use of an integral chemical index lchem, and a
critical threshold I“nem is proposed for electrode quality control using thermal analysis results.

Keywords: Ti-10V-2Fe-3Al triple-remelt alloy, vacuum arc melting, DSC-DTG and SEM-EDS
analyses, a/B phase transformations, thermal decomposition analysis.
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Introduction

depth—factors that cannot be completely
eliminated solely by increasing the number of

In industrial titanium metallurgy, vacuum arc
remelting (VAR) remains the fundamental
technology for producing large ingots, while triple
VAR is used as a method to reduce inclusions,
stabilize the molten pool, and improve chemical
homogeneity [1]. However, even with multiple
remelting cycles, risks of crystallization defects
persist:  macrosegregation, local segregation
channels, “hot top” defects, inhomogeneity of the
solidification zone, and variations in molten pool

remelts. Studies on VAR defects emphasize that the
evolution of macrosegregation during different
stages of triple VAR remains a distinct scientific
problem requiring a combination of experimental
and modeling approaches [[2], [3]].

A modern trend is the control of structure and
segregation through melting regimes and pool
management: melt depth, mushy zone width,
thermal gradients, and solidification rate. These
aspects are actively developed in numerical VAR
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models, including multilevel and multiscale
approaches [4].

The quality of a VAR ingot is determined not only
by chemical composition but also by the trajectory
of heat and mass transfer and arc/gap stability,
which influence the pool profile and solidification
conditions. Therefore, methods that “read” quality
through structural-chemical markers
(microsegregation, oxygen-enriched zones, a/p
morphology) and link them to thermal signals of
phase transformations and melting are becoming
increasingly important [[5], [6]].

Control of the VAR process and ingot quality
today relies on electrode gap control, melt pool
modeling, and structure prediction. Arc gap control
and melting stability are widely discussed. For Ti-
10V-2Fe-3Al (Ti-1023), it has been shown that
automatic electrode gap regulation (via maintaining
average voltage and using specific pulse/polarity
modes) significantly affects remelting stability and
indirectly influences homogeneity and defect
formation. This research direction is important as it
links VAR “process maps” with industrial ingot
quality [[7], [8], [9]].

VAR modeling as a tool for segregation
prevention is considered a source of critical data.
Models have evolved from axisymmetric to
3D/multiscale (arc > pool > solidification = grain
structure). Key references include multiscale 3D VAR
models (process-oriented coupling of
arc/pool/solidification), multiscale modeling of
microstructure formation in Ti-6Al-4V, and models
validated for Ti-10V-2Fe-3Al aiming to reproduce
pool profiles and solidification behavior [[4], [10]].

Additionally, modern solidification simulation
approaches (e.g., CAFE methods) demonstrate that
modeling is becoming a practical tool for selecting
process parameters, although experimental
validation remains necessary to confirm real
homogeneity.

Macrosegregation and its persistence remain
among the most critical defects, as they can survive
subsequent heat treatment and degrade properties.
For triple VAR, it is emphasized that repeated
remelting does not always guarantee elimination of
macrosegregation without process optimization
([11], [12], [13]].

Channel segregation and its relation to
processing are also highly relevant. In industrial
ingots, channel segregation typically appears in
characteristic zones (often 1/4-3/4 of the radius),
with morphology correlated to pool profile and

steady/transient remelting regions [[14], [15], [16]].
These defects may be associated with local oxide
particles, directly linking to oxygen enrichment and
ax-phase risks.

From a technological perspective,
microsegregation of B-stabilizers (Fe, V) and oxygen
should be considered as “hidden” quality markers.
For Ti-1023, Fe microsegregation is critical due to
the risk of B-flecks and property degradation. SEM—
EDS is widely used to quantify these effects,
including diffusion and homogenization behavior of
Fe. This confirms that SEM—EDS profiles are not
merely illustrative but serve as a quantitative quality
control tool. Oxygen plays a separate role, affecting
phase equilibria (B-transus), promoting local
strengthening or embrittlement zones, and being
difficult to accurately assess without spatial
resolution beyond bulk chemical analysis [[17], 18],
[19]].

Thermal analysis using high-temperature
analyzers is also a universal tool for quality control
of Ti alloys, particularly for determining B-transus
and phase transformations via DSC/STA. DSC is
widely used for evaluating B-transus, composition
effects, oxygen influence, and thermokinetics.
Literature emphasizes that DSC can be faster and
more objective than purely metallographic
methods. Thermal analysis allows evaluation of
melting intervals, phase transitions, and heating rate
effects. For Ti alloys, phase transformations and
melting behavior are sensitive to processing
conditions and material state (including heating rate
effects). Some  studies demonstrate the
determination of liquidus/solidus temperatures
using DTA as a classical approach for obtaining
technologically significant temperatures [[20], [21],
[22]].

This work proposes the development of a
methodology for microstructural and thermal
verification of the quality of an industrial Ti-10V-2Fe-
3Al triple VAR ingot through metrological coupling of
spatial chemical heterogeneity (SEM-EDS profiles)
and thermokinetic analysis (STA/DSC/TG), as well as
the introduction of the Ichemcrit criterion as a
decision-making tool for rejection or correction of
triple remelting parameters and charge preparation.

Initial materials

The object of the study was a triple vacuum arc
remelted (VAR) ingot of Ti-10V-2Fe-3Al, produced by
vacuum arc melting in accordance with the
customer’s specification: Al — 2.60-3.40%, V —
9.00-11.00%, Fe — 1.60-2.20%, O — max. 0.13%.
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The objects of investigation for SEM—EDS and
DSC/DTG analyses were three electrode zones:
samples taken from the “top”, “middle 1”, “middle
2”, and “bottom” regions of the ingot.

Technology for the production of titanium
ingots in a vacuum arc furnace (VAR)

The triple vacuum arc remelted Ti-10V-2Fe-3Al
alloy was produced on an industrial scale at Ust-
Kamenogorsk Titanium and Magnesium Plant JSC.
The VAR furnace configuration used for producing
the Ti-10V-2Fe-3Al alloy is shown in Figure 1.

Legend for the schematic: 1 — electrode feed drive;
2 — furnace chamber; 3 — melting power supply;
4 — busbars and cables; 5 — plunger-type electrode
holder; 6 — water jacket with mold (crystallizer);
7 —vacuum duct; 8 —rotating column; 9 — coordinate
adjustment system; 10 — load cell system; 11 - TV
camera system; 12 — oil booster pumps.

Figure 1 — Schematic of the VAR furnace

The industrial Ti-10V-2Fe-3Al alloy ingot was
produced by triple vacuum arc remelting (VAR).
Multiple remelting was applied to minimize
macrosegregation, improve chemical homogeneity,
and stabilize the molten pool depth.

The main technological parameters for each
remelting stage are presented below:

1st remelting: mass of melted metal — 4.5 t;
melting time — 7 h 40 min; electrode area— 500 mm?;
2nd remelting: mass — 4.4 t; time — 10 h; electrode
area — 600 mm?; 3rd remelting: mass — 4.4 t; time —
21 h 40 min; electrode area — 680 mm?>.

The density of titanium was taken in the range
of 4.67-4.75 g/cm3.

The first remelting was carried out in a mold
with a diameter of 620 mm. The mass melting rate
was 9.90 kg/min (1st electrode), 7.49 kg/min (2nd
electrode), and 7.96 kg/min (3rd electrode). The
formation of a residual disk with a height of at least
40 mm ensured melt pool stability and controlled
solidification.

A key technological parameter was cooling
under residual pressure in the VAR chamber: 10
hours after the first and second remelting stages and
8 hours after the third. The average voltage in the
steady-state phase was 29.8-33.3 V with a solenoid
coil operation periodicity of *3 s, ensuring arc
stability and thermal regime control.

The calculated electrode composition was
identical for all remelting stages: Al — 3.25%, V —
9.7%, Fe —1.95%, O — 0.105%, C — 0.011%.

The selected processing conditions ensured
process reproducibility and minimization of
macrosegregation.

Research methodology, sampling, and
homogeneity control strategy

To assess structural and chemical homogeneity,
samples were taken from four characteristic zones
along the ingot height: “top”, “middle 1”7, “middle
2”, and “bottom”. Additionally, each ingot was
divided into three sections with transverse cuts
performed: at a distance of 40 mm from the top,
from the central steady-state zone, and at a distance
of 40 mm from the bottom.

This approach made it possible to analyze the
vertical distribution of elements and identify
potential zones of non-steady crystallization.

The chemical composition of all studied samples
meets the specification requirements for Ti-10V-
2Fe-3Al, confirming the effectiveness of triple VAR in
terms of macrochemical homogeneity. Further
analysis of structure and elemental distribution was
carried out using SEM—EDS and DSC/DTG methods
to identify microsegregation, local oxygen
enrichment, and to perform thermal verification.

The study employed scanning electron
microscopy (SEM) and energy-dispersive
spectroscopy (EDS) using a JEOL JSM-7000 system.

Thermal analysis was performed using a STA 449
Jupiter NETZSCH thermal analyzer with heating up to
2000 °C.

For SEM-EDS investigations, key magnifications
were selected to reflect the technological
relationship of structure formation within the ingot:
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— 500x — general structure, primary phase
distribution;
— 1000-2000x — morphology of a plates;

— 5000x — local features, dispersed particles,
segregation zones.

Thus, the study focused on identifying: vertical
chemical gradients (increase of V or Fe upward or
downward); distribution of [-stabilizers during
remelting; presence of oxygen or carbon
segregation; oxygen enrichment in the upper part
due to interaction with residual gas in VAR; and
oxygen accumulation at a-phase boundaries as an
early stage of a,—TisAl formation.

SEM-EDS Analysis Results

As a result of analyzing the morphological
evolution of the a/B structure, the following
features along the ingot height were identified.

“Top” zone. At magnifications of x3000-5000,
thin parallel stepped layers, individual loose
fragments, and isolated fine particles are observed.
According to EDS data, Ti dominates (TiKa peak ~4.5
keV), with pronounced V and Al peaks, as well as
elevated carbon content. The surface is generally
smooth with minor defects; the increased carbon
content is likely associated with the final stage of
remelting and surface-related processes.

“Bottom” zone. Clusters of rounded and
irregularly shaped particles are identified between
the matrix steps, morphologically corresponding to
non-metallic inclusions (oxide or slag fragments).
Pronounced layering and the presence of large
defects are observed, indicating structure formation
under unstable initial remelting conditions and
possible dendritic segregation. The Ti content is
~83.5-84 wt.%, while V and Al concentrations are
close to nominal values, and no pronounced vertical
gradient of B-stabilizers is detected. The carbon
content is lower than in the top zone, confirming its
predominantly surface-related nature in the upper
section.

“Middle-1" zone. The structure is characterized
by the most uniform lamellar morphology: a plates
are well-bonded and aligned, the surface is relatively
smooth, and the number of inclusions is minimal.
The chemical composition is stable and closest to
the nominal composition of Ti-10V-2Fe-3Al. Low
carbon content and the absence of pronounced
oxygen peaks indicate minimal gas saturation and
oxide defects. This zone corresponds to a steady-
state remelting regime and uniform formation of the
o/P structure.

“Middle-2” zone. A layered and split structure is
observed, with the presence of oxide phases and
film-like inclusions. EDS data confirm the presence
of local structural defects. Since the “middle-1” zone
reflects a stable crystallization regime and the
highest structural homogeneity, the SEM-EDS
results for this sample are presented in Figures 2—4.
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Figure 2 — SEM elemental analysis results over the
surface area of the “middle 1” zone
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Figure 3 — EDS mapping results of the “middle 1” zone

Figure 4 — SEM micrographs of the “middle 1” zone

As a result of analyzing the vertical distribution
of Al-V-Ti, no pronounced chemical gradient along
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the ingot height was identified. This confirms the
high efficiency of triple VAR, which ensures melt
homogenization and suppression of segregation,
positively affecting phase stability, uniformity of the
o/B structure, and reproducibility of mechanical
properties.

SEM-EDS data show that the V content in all
studied zones (top, bottom, middle-1) is within
~9.3-9.9 wt.%, Al — 2.5-3.1 wt.%, while the slight
increase in Ti from the top to middle-1 falls within
the measurement error. No significant vertical
segregation of B-stabilizers was detected.

Thus, the Ti-10V-2Fe-3Al ingot is characterized
by complete chemical uniformity along its height.
The variation in the concentrations of the main
alloying elements does not exceed 1-1.5% (Al and V
— within +0.5-1.0%, Ti — ~83—-86%), which, for an
industrial ingot weighing 4.5 t, indicates the high
quality of the performed triple VAR process.

Macrohomogeneity in V and Al is confirmed by
SEM-EDS: triple VAR effectively suppresses
macrosegregation of B-stabilizers along the ingot
height. Microdefects are distributed according to
technological zones: bottom — non-metallic
inclusions/layering  (initial  remelting  stage,
interaction with the baseplate/crucible); middle-1 —
minimal defects (steady-state regime); middle-2 —
film-like/oxide inclusions (local disturbances in
charge preparation/purity); top — surface reactivity
and elevated carbon content (final stage/surface
processes).

Development of a methodology for electrode
quality control based on SEM-EDS profiles

The obtained SEM—EDS profiles of V, Fe, Al, and
O distribution along scan lines in the “top”, “middle
1”7, “middle 2”, and “bottom” zones make it possible
to transition from qualitative assessment to a
guantitative electrode quality criterion based on
microsegregation parameters.

The following diagnostic indicators are
proposed: the maximum deviation of B-stabilizer
concentrations (V, Fe) from the mean value along
the scan line,
ACpax = max |G — C|; the standard deviation of
concentration:

5C = \[%z;;l(a' — ()2 (1)

the correlation length L.r — the characteristic
size of chemically heterogeneous regions,
determined from the autocorrelation function of the

profile (the distance at which the correlation
coefficient decreases to 1/e); local oxygen
enrichment:

ACo %) = Co, 10c- Co (2)

For the central zone of the ingot (“middle-1"),
the values of ACax and oC are minimal, and Leor is
small, corresponding to fine-scale, statistically
averaged microsegregation. In the lower part of the
ingot, these parameters increase, reflecting the
formation of more extended chemically
heterogeneous regions. Based on these quantities,
an integral index of chemical heterogeneity is
introduced:

Ichem = alACmax " a_sc , A_ALcorr
[

25+ 3 + %4 8 (3)

Lref CO,ref

where a; are weighting coefficients (determined
empirically), and Lrr M Co,ref — are normalization
parameters.

A threshold value lqem™ (critical chemical
inhomogeneity index) is defined. If the condition
lchem < 1M em is satisfied, the electrode is considered
compliant with homogeneity requirements; if the
threshold is exceeded, adjustment of the triple VAR
regime or rejection of the billet is required.

Thus, the proposed index transforms SEM—EDS
analysis from a descriptive tool into a quantitative
method of incoming quality control. Incorporation
of this criterion into the charge preparation protocol

enables closure of the technological chain
“briquette - electrode - ingot” and ensures
reproducible alloy structure under industrial
conditions.

Results of thermal analysis (differential
scanning calorimetry) DSC/DTG

Thermal analysis by DSC/DTG provides

information that is not accessible through SEM/XRD
analysis, namely: the temperatures at which
structural transformations begin, thermal markers
of phase rearrangements, high-temperature
anomalies, temperature indicators of local
microzones/defects that manifest only at elevated
temperatures, as well as the solidus—liquidus
interval of alloys.

The aim of the thermal analysis using differential
scanning calorimetry (DSC/DTG) was to determine
the thermo-microstructural properties of the triple
VAR  Ti-10V-2Fe-3Al  ingot, including the
identification of temperature transformation
gradients along the ingot height.
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Figure 5 presents the results of the thermal
analysis, including DSC/DTG thermograms of the Ti-
10V-2Fe-3Al ingot.
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Figure 5 — DSC/DTG thermograms along the height of the
Ti-10V-2Fe-3Al ingot for different zones

Table 1 presents the results of the thermal
analysis of the zones of the industrial Ti-10V-2Fe-3Al

ingot.

Table 1 — Summary thermal analysis of the zones of the
industrial Ti-10V-2Fe-3Al ingot (triple VAR)

Zone T, Phase Structural mechanism
peak interpretation and diagnostic
(°C) significance
Middle- | 685.3 Stage-wise Precipitation of
1 decomposition of | dispersed a/w phases;
metastable B reflects initial
microsegregation of B-
stabilizers
764.7 o coarsening Redistribution of V and
Fe; indicator of B-matrix
homogeneity
914.3 Onset of a—>B Dissolution of secondary
transformation a; marker of transition
toward the B-region
1352.2 | P stabilization Completion of solid-
state homogenization;
indicator of steady-state
remelting
1495.8 | Solidus Onset of partial melting
of segregated domains;
sensitive indicator of
microsegregation
1547.7 | Main melting Increase in liquid phase
stage fraction; reflects
compositional
distribution
1610 Liquidus Completion of melting;
melting interval AT
characterizes chemical
homogeneity
Middle- | 526.9 Decomposition of | Precipitation of w/early
2 metastable B a; indicator of local
heterogeneity
975 Onset of o> transition; degree
precipitate of phase stability
dissolution
1123 Peak of a—>p Stabilization of B-matrix;
transformation reflects structural
energy rearrangement
Top 566.1 Solid-state B Dispersed a
decomposition precipitation; influence
of final remelting stage
975 a->B transition Dissolution of
precipitates; uniformity
of phase structure
1449 Upper limit of Stabilization before
solid-state region | melting; absence of
premature partial
melting
Bottom | 547.6 Enhanced B Intensive a/w
decomposition precipitation
975 Onset of a—>B Phase dissolution;
broader transformation
range
1013.4 | Multi-stage a—>p Non-uniform
transformation dissolution; presence of
local compositional
domains
1399.9 | End of solid-state | P stabilization; absence

region

of melting up to 1400 °C

—— Q4 ——
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It was established that all zones of the ingot
exhibit a characteristic two-stage thermal evolution
typical of the B-metastable Ti-10V-2Fe-3Al alloy:
decomposition of the metastable  phase (<520-570
°C) and the endothermic a->B transformation
(=950-1120 °C). The analysis of the zones revealed
the following:

The “middle-1” zone is characterized by the
smoothest transitions and minimal staging,
confirming a steady-state crystallization regime
during triple VAR.

The “bottom” zone exhibits additional staging
(=1013 °C) and more pronounced exothermic
effects, indicating increased microsegregation
formed during the initial stage of remelting.

Only in the “middle-1" zone, the solidus (<1496
°C) and liquidus (=1610 °C) temperatures were
identified, which made it possible to evaluate the
melting interval and confirm the absence of
macrosegregation along the ingot height.

Figure 6 shows the dependence of the relative
enthalpy of phase transformations on the ingot
height.

16

14

AH, J/g

: : .
H13 CepenuHa-2 Bepx
Zone

Cepeauna-1

Figure 6 — Dependence of the relative enthalpy of phase
transformations on the ingot height

It was established that the enthalpy of the
exothermic decomposition of the B-matrix increases
by approximately 60-80% in the lower zone of the
ingot. The width of the phase transformation
interval AT correlates with increasing
microsegregation. The minimum values of AH and AT
in the “middle-1” zone confirm a steady-state
crystallization regime.

The thermograms demonstrate a clear
dependence of the energetics of phase
transformations on the position along the ingot
height: the middle-1 zone shows minimum enthalpy
and narrow transitions - maximum homogeneity;

the bottom zone shows increased AH and
broadened transitions -> macro- and
microsegregation, AH values for endothermic

transformations along the ingot height Table 2.

Table 2 — AH values for endothermic transformations
along the ingot height

Zone AH, T_{U.%B} T_{max Tsolidus, Tiiquidu

J/g | onset, °C a->pB}, °C s, °C
°C

Botto | 1.7 ~975 1013.4 - -

m

Middl | 1.4 ~975 1123 - —

e-2

Top 13 ~975 — — —

Middl | 1.0 914.3 1352.2 1495.8 1610

e-1

The “bottom” exhibits the maximum
relative enthalpy of the endothermic transition
(AHendo = 1.7 J/g), which is associated with a more
pronounced staging of the a—=>p transformation and
increased microsegregation of B-stabilizers.

The “middle-2” zone is characterized by a
pronounced a->f transition peak at 1123 °C (AHendo
= 1.4 )/g), reflecting active dissolution of precipitates
and redistribution of alloying elements.

The “top” zone shows a less pronounced
endothermic effect (AHendo = 1.3 J/g), corresponding
to a more uniform phase structure after the final
stage of remelting.

The “middle-1” demonstrates the
minimum AHe,do, = 1.0 J/g and a smooth
transformation behavior. It is also the only zone
where the melting interval (1495.8-1610 °C) is
recorded,
liquidus
homogeneity.

The enthalpy of the endothermic a—> transition
decreases from the lower part of the ingot toward

zone

zone

allowing evaluation of the solidus—
range and confirming high chemical

the steady-state crystallization zone (middle-1),
correlating with a reduction in microsegregation
parameters obtained from SEM-EDS (ACnax, 0C,
Lcorr).

An increase in microsegregation directly
correlates with a rise in the enthalpy of phase

transformations and a widening of temperature
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intervals, confirming the consistency between SEM-
EDS and DSC/DTG approaches.

Thus, thermal analysis confirms the absence of a
pronounced vertical gradient in structural stability
and can be used as a validation criterion for the
integral electrode quality index.

Thermal verification (DSC)

To validate the lchem index (which integrates the
contribution of B-stabilizers and oxygen), a thermal
component is introduced:

— presence/intensity of the PB-phase
decomposition (=520-570 °C),
staging/broadening of the a—>B transformation
(=950-1123 °C), and the appearance of an additional
marker (~1013.4 °C) as an indicator of large-scale
heterogeneity (Lecorr T);

— for the “middle-1” zone — control of the
solidus—liquidus interval as an integral indicator of
homogeneity;

— confirmation of SEM—EDS results using DSC—
DTG data: the higher the macro- and
microsegregation (ACax, 0C, Lcorr), the wider the

transition

melting interval AT_melt = Tiiquidus — Tsolidus due to
the presence of local compositions with different
melting temperatures. The observation of a well-
defined solidus—liquidus pair and the absence of
premature melting in other zones within 1400-1450
°C confirm the absence of severe macrosegregation
and the correctness of the triple VAR regime.

A “thermal indicator” has been developed: the
number of stages/peaks in the a—>p transition
range, the transition width AT, and the presence of
early melting or expansion of AT yet.

Thus, SEM—EDS determines the cause (spatial
profile of chemical inhomogeneity), while DSC-DTG
captures the consequence (thermodynamic and
kinetic response of the structure). The integration of
these
qualitative assessment to a verifiable quality control
protocol for industrial electrodes and ingots.

methods enables the transition from

Conclusion

Thus, for the first time, a quantitative
correlation between SEM-EDS profiles and DSC
characteristics has been proposed. Thermal analysis
is suggested as an independent validator of
microsegregation.

Triple vacuum arc remelting ensures high
chemical homogeneity of the main alloying
elements (Ti, V, Al, Fe), as confirmed by SEM-EDS
through the absence of a pronounced vertical
gradient.

The results of thermal analysis (DSC/TG) confirm
the SEM-EDS findings regarding the absence of a
significant gradient along the ingot height. It has
been established that the intensification and staging
of B-phase decomposition and a—>f transformation
effects are characteristic of the lower zone of the
ingot, which is consistent with increased
microsegregation parameters (ACpax, 0C, Lcorr).

A methodology for microstructural and thermal
verification of the quality of an industrial Ti-10V-2Fe-
3Al triple VAR ingot has been developed using DSC-
DTG and SEM-EDS analyses. This approach is based
on quantitative evaluation of microsegregation
through SEM-EDS profiles using the parameters
AChax, 0C, Lcorr, AC, (local), as well as the
application of the integral index Ihem and the
threshold 1" .., for electrode quality control.
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Ti-10V-2Fe-3Al TUTaH KOPbITNACbIHbIH YL M3pPTe BaKyyMAbl-A0FaNbiIK KalTa
6anKbITYy apKbl/ibl a/IblHFAaH OHEPKACINTIK KYMMaCbIHbIH, CanacblH
MUKPOKYPbIZIbIMADIK }KaHEe TepMUANDbIK BepudpuKaymuanay agictemeciH asipney
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TYRIHAEME

Makana «BckemMeH TUTaH-MarHUii KombuHaTtbl» AK-aa anbiHFaH Ti-10V-2Fe-3Al KopbITNacbIHbIH,
YW M3pTe BaKyymAbl-A0FanbIK KalTa BankbiTyaaH KeWiHr eHepKaCinTiK KyMMacbiHbIH, canacbiH
MUKPOKYPLINbIMABIK, KIHE TepmMUAnbIK BepuduKaumanay aaictemeciH asipneyre apHanfaH.
KylimaHblH, 6apablk aimakTapbl B-metaTypakTbl Ti-10V-2Fe-3Al KopbiTnacbiHa TaH €Ki caTblibl
TEPMUANDBIK IBOOLUMA  CUMATTAMacblH KOPCETETiHI aHbIKTanabl: mMeTacTabunbai B ¢asaHblH,
biAbipaybl (x520-570 °C) KaHe aHA0TeEPMUANBIK a—>B daszanbik KaiTta Kypbiaybl (x<950-1120 °C).
B-MaTpUL,aHbIH 3K30TEPMUANDBIK biAbIPAY SHTANbMUACHI KYWMaHbIH TOMEHTi aiimaFbiHAa WamameH
60—-80%-fa apTaTblHbl aHbIKTanabl. Pasanbik aybicy eHi AT mMuKpocerperaumaHbiH, apTybiIMeH
KoppenauuanaHagbl. IHAOTEPMUANBIK O—>B aybICyblHbIH, SHTANbNUACHI KyWMaHbIH, TybiHeH
TYPaKTbl KyWAeri KpuctangaHy aimasbiHa (Middle-1) aeiiin TomeHaeiTiHi aHbiKTanapl, 6yn SEM-
EDS  npodunbaepiHe  COMKEC  MUKpOCerperaums  napameTpiepiHiH, — TemeHaeyimeH
KoppenaumanaHagpl (AC_max, oC, Lcorr). byn SEM-EDS npodunbaepi 60oibiHWA anbiHFaH
MMKpocerperaumsa napametpaepiib, (AC_max, oC, Lcorr) TemeHaeyimeH CcaiKec Kenegi.
KopTbiHAaplnait kene, anfaw pet SEM—EDS npodunbaepi meH DSC-DTG cvnaTTramanapbl apacbiHaa
CaHAbIK KOPPEeNnAuMA YCbIHbIAAbI, an TEPMUANbIK TangayAbl MUKpOcerperauusaHbiH, Tayencis
Ba/MAaTopbl  peTiHAe  MaWdanaHy  ycbiHbingbl  SEM—-EDS  npodunbaepi  HerisiHae
MuKpocerperaumsaHbl ACmax, oC, Leor aHe ACO(N0K.) napameTpsiepi apKblibl caHaplK bafanay
Tacini asipneHai. CoHbIMEH KaTap, TEPMUAAbIK Tanday HaTUXKenepi HerisiHae 3N1eKTpoATapAblH,
canacbiH 6aKbinay YWiH MHTerpangplk KepCeTKil lcem »KoHe WeKTi MaH [“phem KONAAHY
YCbIHbINABI.

TyiiiH ce30ep: Ti-10V-2Fe-3Al yw mapTe KailTa 6anKbITbiIFaH KOPbITNACbI, BaKyyMAbl-40FaNblK
6anKkbiTy, DSC—DTG skaHe SEM—EDS Tanaaynapsi, a/B dasanbiK aybicynap, TEpMUANbIK biablpayabl
Tanpay.
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Pa3spaboTka MeToAUKU MUKPOCTPYKTYPHOI U TepMUUYECKO BepupuKaumm
KauecTBa NPOMbILIEHHOro camtka Ti-10V-2Fe-3Al TpoitHoro

BaKyyMHO-4yroBoro nepennasa

"MamyTosa A.T., 24enywraHosa T.A., *Mishra B.
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PeueH3nposaHue: 16 mapma 2026
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AHHOTALMUA

CraTba MnocBAlLeHa paspaboTke METOAMKUM MUKPOCTPYKTYPHON M TepMUYecKoi BepuduKaumm
KayecTBa NPOMbIWAEHHOro canTKa Ti-10V-2Fe-3Al TpoitHoro BakyymHo-ayrosoro nepensasa AO
YK TMK. VYcTaHOBAEHO, 4YTO BCe 30Hbl CAUTKA LEMOHCTPUPYIOT XapaKTepHylo ans B-
meTactabunbHoro cnnasa Ti-10V-2Fe-3Al AgByXCTaAWHYIO TEPMMYECKYIO 3BOJIIOLMIO: pacnag,
meTactabunbHoi dasbl B (x520-570 °C), saHgoTepmUuyeckas a—>P nepectpoika (=950-1120 °C).
YCTaHOB/IEHO, YTO 3HTANbMMA IK30TEPMUYECKOro pacnaja B-matpuupl yBennuusaetca Ha ~60—
80% B HWKHel 30He cauTKa. LupuHa dasoBoro nepexoga AT KOppenvpyert € yBenUYeHUEM
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MUKpoOcerperaummn. YCTaHOBNEHO, YTO 3HAYEHWEe SHTaNbNUKU SHAOTEPMUYECKOro a—> P nepexosa
YMEHBLUAETCA OT HUXKHEN YacTu CIUTKA K 30He yCTaHOBMBLUECA Kpuctanmsaumm (CepegunHa-1),
4YTO KOppesnvpyeT CO CHWMKEHMEM MapameTpoB MUKpocerperauun no SEM-EDS npodunam
(AC_max, oC, Lecorr). Takum 06pa3om, TEPMWUYECKUIA aHaNU3 NOATBEPNKAAET OTCYTCTBUE
BbIPa*KEHHOIO BEPTUKANIbHOMO rpagueHTa CTPYKTYPHOM CTabUABHOCTU U MOXKET MCNONb30BaTbCA
KaK BaNMAMPYIOWNIA KPUTEPUIA MHTErPasbHOrO MHAEKCA KayecTsBa 31eKkTpoda. Takum obpasom,
BrnepBble MNPea/NoKeHa KoAu4yecTBeHHasa Koppenauua SEM-EDS npoduneit ¢ DSC-DTG
XapaKTEPUCTUKAMK, NPEAJIONKEHO TEPMMUYECKUIA aHaNU3 MUCNONb30BaTb KaK He3aBUCUMbIN
Ba/MAATOP MUKpocerperaumn. PaspaboTaH Noaxos K KONMYeCTBEHHOM OLeHKe MUKpOcerperaLmm
no npodpunam SEM-EDS uepe3 napameTpbl ACmax, oC, Lcor ¥ ACO(NOK.) U npepnoxeHo
MCMNONb30BaTb WHTErpasbHblii MoKasaTenb lcem U nopor [hem ANA KOHTPONA KauecTsa
3N1EeKTPOA0B C NOMOLLBIO Pe3yNbTaTOB TEPMUYECKOrO aHau3a.

Kniouesble cnoea: cnnas TpoliHoro nepennasa Ti-10V-2Fe-3Al, BakyymHo-ayrosas nnaska, DSC-
DTG v SEM—EDS aHanusbi, a/B- pasosble nepexoibl, aHasmM3 TEPMUYECKOrO Pas3/ioKeHUA.
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Assessment of the mineral composition, microstructure, and energy properties of
the sample from the Shargun coal field based on instrumental analysis methods
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ABSTRACT

In this scientific article, the material composition and microstructure of the sample obtained from
the Shargun coal deposit were studied based on complex instrumental methods. Based on the
conducted research, the elemental composition was determined using an AL-NP-5010A X-ray
fluorescence spectrometer, and microscopic analyses were carried out with an increase of up to
1600 times. The spectrometric analysis showed that the high intensities of silicon and aluminum
Received: March 5, 2026 are due to the high proportions of kaolin and quartz, which are aluminosilicates. Also, the
Peer-reviewed: March 18, 2026
Accepted: May 8, 2026

detection of iron, calcium, and sulfur indicated the presence of additional sulfides in the iron and
carbonate phases. Based on the results of microscopic analyses, it was established that the coal
sample has a heterogeneous and porous structure, and the mineral inclusions within the organic
matrix are located in a dispersed and clustered state, characterized by micro porousness. At the
same time, the proportion of the mineral phase area according to the morphometric assessment
was 18-27%, and the micro-porousness coefficient was in the range of 0.12-0.20. It was observed
that the angular shape of the particles and the polydisperse granulometric composition
correspond to the Rosin distribution. From the integral analysis of the obtained results, it was
established that the high content of aluminosilicates and iron oxides increases the susceptibility
to ash formation and slagging processes. Also, the presence of porous microstructures and
microcracks made it possible to increase the reactivity of the process of heat treatment and
gasification.

Keywords: spectrometric analysis, Microscopic analysis, granulometric composition, fluorescent
spectrometer, Shargun coal.
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Energy Strategy of the Republic of Uzbekistan until
2030 identifies two key strategic objectives: the

Indroduction

The modernization of Uzbekistan’s energy
sector has become one of the country’s foremost
policy priorities, with particular emphasis on
ensuring energy security and the smart use of
domestic fuel and raw material resources. The

gradual improvement of energy efficiency and the
reduction of the environmental impact of energy
production [1].

This strategy, revised in 2026, places special
emphasis on the efficient use of local fuel resources
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- including the country’s existing coal reserves -
through comprehensive processing, increased
energy output, and the adoption of waste-free
technologies for extracted coal minerals. When coal
is used as an energy source, several properties are
critically important: its thermic value, ash content,
mineral composition, and the concentration of
harmful  impurities. A  thorough scientific
investigation of the material composition of coal raw
materials, therefore, forms the practical foundation
for implementing the national energy strategy [2].

The Shargun coal mine is one of the most
significant domestic fuel sources, situated in the
southern part of the Republic. Its coal is intended for
use in thermal power plants (TPPs), various local
industrial enterprises, and centralized district
heating systems. Similarly, the Angren coal mine,
located in the Kurama and Chatkal mountain ranges,
serves as the primary fuel source for Angren TPP JSC.
The material composition of coal from both the
Shargun and Angren deposits directly influences a
range of key technological parameters during
combustion:

1) Melting temperature and degree of slag
formation;

2) Fouling and deposit
heat-transfer sections of boilers;

3) Accelerated corrosion of
components;

4) Emissions of CO, and other harmful gases into
the atmosphere;

5) Overall energy efficiency.

buildup in the

equipment

One of the central challenges in achieving the
energy efficiency targets set out in the national
strategy [3] is balancing increased energy output
with environmental sustainability. Meeting these
goals requires accurate quantification of key
elemental constituents in coal - including silicon,
calcium, sulfur, aluminum, and iron - alongside the
implementation of  appropriate processing
technologies [4]. For example, sulfur content in coal
minerals has a direct bearing on environmental
performance, while aluminum and silicon are
primary contributors to ash and slag-related
problems.

Within the framework of Uzbekistan’s 2030
strategy, expanding electricity generation capacity
and optimizing the role of coal in the national fuel
mix are both explicit objectives. Achieving these
aims requires scientifically grounded analysis of coal
quality and the application of optimized enrichment
and processing technologies. In this context, modern
analytical methods - particularly X-ray fluorescence
spectrometry (XRF) - enable rapid and accurate

determination of coal’s material composition using
standard laboratory equipment.

In this study, the material composition of a
Shargun coal sample was analyzed using an
AL-NP-5010A X-ray fluorescence spectrometer. The
results carry direct practical relevance to the goals of
the national energy strategy: improving energy
efficiency, ensuring environmental sustainability,
and advancing waste-free coal processing
technologies. The findings provide a scientific basis
for refining and optimizing coal enrichment
methods.

Experimental part

The subjects of this study are representative
brown coal samples of grade B-1 obtained from two
deposits: the Shargun coal deposit in the
Surkhandarya region, located in the south of
Uzbekistan, and the Angren coal deposit in the
Tashkent region. Both deposits play a significant role
in the republic’s solid fuel and energy system,
serving as primary fuel sources for local heating
networks, thermal power plants, and industrial
enterprises [5].

Prior to analysis, all coal samples were prepared
under laboratory conditions to ensure their
representativeness. Sample preparation followed
established standard procedures (Fig. 1),
encompassing drying, crushing, screening, grinding,
and mixing stages [6].

The samples were dried to a constant mass at
temperatures between 70°C and 100°C, eliminating
the influence of residual moisture on sample weight
and ensuring the required analytical accuracy [7].
The dried samples were subsequently ground to a
particle size of 0.074 mm, as this fine fraction
optimizes the interaction between X-rays and the
sample surface, improving measurement reliability
[8].

An AL-NP-5010A X-ray fluorescence
spectrometer and associated laboratory equipment
were used to determine the elemental composition
of the coal samples. XRF analysis is a modern
analytical method for the in-depth investigation of
elemental composition in solid materials. The
method is based on the excitation of atoms within
the analyzed samples under the influence of
radiation and the emission of a characteristic
secondary fluorescence spectrum, the intensity of
which is  proportional to the elemental
concentration. The XRF method is widely used for
the rapid and comparatively high-precision
determination of the oxide composition of coal and
mineral raw materials.
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Figure 1 - Sample preparation scheme for research

The analysis was carried out at an accelerating
voltage of 45 kV and a current of 300 pA, providing
optimal energy conditions for the detection of
various elements in the coal. Based on the analysis
results, the major elements with high probability of
occurrence were identified: silicon, aluminum,
calcium, iron, and sulfur - elements that govern the
mineral composition and ash-forming properties of
the coal. The elevated concentrations of Si and Al
indicate the presence of clay minerals, which serve
as the primary factor responsible for increased ash
yield during coal combustion. Since iron compounds
may occur in the form of oxides or sulfides, they
raise the risk of slag formation on the steam boiler
surfaces at TPPs and accelerate the corrosion
process. Sulfur content, in turn, is the principal cause
of the formation of harmful combustion by-products
(9l

The analytical data reported here were obtained
under scientific project AL-9124093979,
‘Development of Coal Enrichment and Gas
Production Technology for the Construction
Materials Industry’. These results constitute a
preliminary analytical report on the
mineral-chemical composition of Shargun coal and
provide a scientific basis for evaluating its energy
efficiency and industrial applicability.

Results and Discussion

X-ray fluorescence spectrometric analysis of the
Shargun coal sample was performed using an
AL-NP-5010A spectrometer, and the material and
mineralogical-chemical composition was
determined from well-resolved spectral peaks. The
results are summarized in Tables 1 and 2. The
highest spectral intensities corresponded to silicon
(Si), with characteristic peaks at approximately 1.74
keV and intensities of 7,000—8,000 cps, indicating
the predominance of aluminosilicate mineral
phases. Aluminum (Al) peaks were recorded at
approximately 1.49 keV with intensities of
4,500-5,500 cps, confirming the presence of
aluminosilicate clay minerals such as kaolinite -
AlSi,0s (OH)s and (Kozs (H30)o2s) Alx (SisAl) O
((H20) 0.75 (OH) 0.25)2 [10].

Table 1 - Elemental composition of the Shargun coal
sample (XRF analysis)

T/r Elements | (cps) Quao/rltlty,
1 Carbon (C) 6703.0 40.585
2 Nitrogen (N) 5080.0 30.758
3 Oxygen (0) 3576.0 21.652
4 Aluminium (Al) 87.0 0.527
5 Silicon (Si) 25.00 0.151
6 Phosphorus (P) 19.00 0.115
7 Sulphur (S) 18.00 0.109
8 Sodium (Na) 522.00 3.161
11 Calcium (Ca) 33.00 0.200
12 Iron (Fe) 149.00 0.902
13 Gallium (Ga) 13.00 0.079
14 Germanium (Ge) 12.00 0.073
15 Arsenic (As) 32.00 0.194
16 - - -

Table 2 - Elemental composition of the Angren coal
sample (XRF analysis)

B-1
T/r -
Elements | (cps) Quantity,

%
1 Carbon (C) 6621 47.2
2 Oxygen (0) 5257 37.5

3 Aluminium (Al) 698 5
4 Silicon (Si) 464 3.3
5 Phosphorus (P) 347 2.5
6 Sulphur (S) 262 1.9
7 Iron (Fe) 209 1.5
8 Calcium (Ca) 167 1.1
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A spectral peak in the energy range of
approximately 2.30-2.35 keV, recorded at a
moderate intensity of 2,000-3,000 cps, is attributed
to sulfur (S). This finding indicates the presence of
sulfide minerals such as pyrite (FeS,) and provides
scientific justification for the formation of SO, during
coal combustion [11].

Iron (Fe) peaks were detected at approximately
6.4 keV, with intensities in the range of 1,500-2,500
cps. The presence of iron-bearing minerals in the
coal is a key factor promoting slagging and deposit
formation in thermal equipment during combustion
[12].

Calcium (Ca) peaks were recorded at
3.69 keV at low-to-medium intensities of
1,000-1,800 cps, indicating the presence of
carbonate minerals such as calcite (CaCOsz) and
dolomite (CaMg(CO3s),). Calcium compounds exert a
significant influence on coal combustion behavior
and ash mineralogy, particularly in determining ash
melting temperature and slagging tendency [13].
Furthermore, the relatively high intensities of
Low-energy peaks (1-3 keV) compared to the overall
spectrum indicate that the mineral fraction of the
coal is substantial relative to its organic fraction,
which is characteristic of brown coal.

A comprehensive interpretation of the XRF
results confirms that the elevated intensities of Si
and Al reflect the predominance of aluminosilicate
minerals in the Shargun coal sample, while the
detection of Fe and S signals the presence of pyrite
(FeS;) and related sulfide phases. These
characteristics collectively increase ash yield during
combustion, promote slagging, and reduce the
operational efficiency of TPP steam boiler units [14].
The low intensity of heavy metal peaks in the
high-energy spectral region further indicates that
metallic components are present only at trace levels,
with aluminosilicate phases dominating the mineral
fraction [15].

Based on the obtained spectral data, it can be
concluded that the Shargun coal sample is a
relatively high-ash fuel, and its direct use requires
optimization of combustion and processing
parameters. The high concentrations of Si and Al
reduce heat exchange efficiency when the coal is
used directly as fuel in thermal power plants and
industrial applications. The presence of sulfur and its
conversion into toxic gases during combustion poses
environmental risks -  providing scientific
justification for the implementation of gas
purification technologies prior to atmospheric
discharge.

The XRF analysis results for the sample obtained
from the Angren coal deposit (Table 2) show that
this coal differs significantly from Shargun coal in
terms of its chemical and mineralogical composition.

The carbon content of the sample is 47.2%,
which is higher than that recorded for the Shargun
coal sample. However, the elevated oxygen content
(37.5%) also indicates a high degree of oxidation in
this sample [16].

Spectral analysis revealed that the aluminum
and silicon contents in the Angren brown coal are
5.0% and 3.3%, respectively, both higher than the
corresponding values for the Shargun coal. The
predominance of aluminosilicate minerals such as
kaolinite and quartz were confirmed in this sample.
These elevated concentrations lead to substantial
ash formation and slag buildup on equipment
surfaces during combustion [17]. Furthermore, the
sulfur content of the Angren brown coal sample is
1.9%, which is considerably higher than that of the
Shargun coal sample.

Overall, the XRF spectral data obtained from
Figures 2 and 3 confirm that the coal samples from
both the Shargun and Angren deposits belong to the
brown coal type, are characterized by the
predominance of aluminosilicate mineral phases,
and require thorough technological evaluation prior
to their use in industrial, energy, and broader
economic applications.

L

Figure 2 - Spectral intensity of the elements present in
coal samples from the Shargun deposit

A\ .k

Figure 3 - Spectral intensity of elements present in coal
samples from the Angren brown coal deposit
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Morphological and particle size analysis of the
Shargun coal sample was carried out using optical
microscopy at magnifications ranging from 50x to
2,000x. At 50x magnification, particles displayed
irregular, angular, and polyhedral geometries (Fig.
4), consistent with the fragmentation patterns
produced by mechanical grinding.

Figure 4 - Microscopic images of a sample from the
Shargun coal deposit

The magnified images clearly reveal that the coal
particles possess polyhedral, multi-angular, and
irregular geometric shapes. This morphology
confirms the high mechanical resistance of the coal
to grinding and its rigid fractional composition. The
angular structure of the particles indicates a dense
mineralogical arrangement and the presence of
inorganic mineral phases, including quartz and
aluminosilicates [18].

Visual morphometric analysis indicated that the
average equivalent particle diameter ranged from
approximately 0.2 to 2.5 mm. Particle shape was
assessed using the circularity factor
(Equation 1):

c="% 1

where S is the projected particle area, and P is

the particle perimeter. The measured values of

C<0.7 confirms that the particles possess angular

and irregular morphologies, reflecting the

mechanical strength of the coal and its response to
grinding.

At magnifications of 200-400x, light-colored
mineral inclusions with high reflectivity were
identified within the organic matrix. The area
fraction of these mineral phases, determined by
image segmentation, ranged from Fm/Ft=0.20 to
0.27, where Fm is the mineral phase area, and Ft is
the total image area. These values confirm a
significant mineral content and are consistent with
the Si and Al intensities recorded by XRF. The
morphology of these inclusions - predominantly
platy and granular - is characteristic of silicate

phases, particularly kaolinite (Al,Si,Os(OH)s) and
quartz (SiO) [[19], [20], [21], [22]].

At magnifications of 800-1,000x, a well-
developed porous structure was clearly visible.
Porosity was quantified by image analysis according
to Equation 2:

=32 (2)

where Vp is the pore volume, and Vt is the total
volume. The calculated porosity ranged from
vy=0.10 to 0.20, consistent with the high porosity
characteristic of brown coal. This pore structure is a
key parameter governing the reactivity, adsorption
capacity, and desorption behavior of the material
[23]. At 1,600x magnification, mineral inclusions
were observed to be distributed within the organic
matrix as discrete, fine-grained clusters. The average
mineral particle  diameter ranged  from
approximately 5 to 60 um, and the particle size

distribution followed a log-normal function
(Equation 3):
=1 _M)
f(d) = = exp (- 3)

This distribution is consistent with the natural
sedimentary origin of the mineral phases [24, 25].

Comparative analysis of fractions at equivalent
magnification revealed that finer fractions exhibit
more uniform and finely dispersed mineral phases,
whereas coarser fractions contain larger,
heterogeneously distributed mineral inclusions. The
particle size distribution of the granulometric
composition  was  characterized using the
Rosin—Rammler equation (Equation 4):

R(d) = exp [— (dio )n] (4)

where do is the characteristic diameter and n is
the distribution modulus.

Microphotographs also revealed lamellar (platy)
textures, indicating a low degree of coalification
(metamorphism) and the presence of vitrinite and
inertinite macerals in the organic fraction.

The integrated microstructural and
spectrometric analysis demonstrates that the
Shargun coal sample is a brown coal characterized
by a heterogeneous, highly mineralized, and porous
structure with a substantial mineral fraction. This is
reflected in the ash formation relationship
(Equation 5):

—— 94 ——
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Sosh < Si0,+Fe;05+Al,0; (5)

which shows that increasing concentrations of SiO,,
Fe,0s, and Al,O; directly raise the ash yield upon
combustion. Accordingly, microscopic analysis of the
mineral phases and their spatial distribution within
the coal matrix provides scientific justification for
the necessity of comprehensive beneficiation
(enrichment) of Shargun coal prior to its use as fuel.

Conclusions

Combined XRF spectrometric and optical
microscopic analyses - carried out at magnifications
of up to 1,600x - enabled a comprehensive
mineralogical, chemical, and microstructural
characterization of coal from the Shargun deposit.
The high spectral intensities of silicon and aluminum
confirm an elevated content of aluminosilicate
minerals, primarily kaolinite and quartz. The
detection of iron, calcium, and sulfur signals the
presence of pyrite and related sulfide phases, as well
as carbonate minerals.

Microscopic imaging revealed a heterogeneous
particle morphology characterized by angular and
polyhedral forms, with mineral inclusions dispersed
in clusters throughout the organic matrix. The

mineral phase area fraction ranged from 0.20 to
0.27, and the polydisperse particle size distribution
confirms that the sample belongs to the brown coal
type, distinguished by a highly mineralized and
highly porous structure with microporosity values of
y=0.10-0.20.

Integrated interpretation of the analytical
results indicates that the elevated concentrations of
aluminosilicates and iron oxides increase the coal's
susceptibility to ash formation and slagging during
combustion. At the same time, the developed
porous microstructure and the presence of
microcracks enhance reactivity during thermal
treatment and gasification. Taken together, these
findings  demonstrate  that  comprehensive
beneficiation of Shargun coal is a necessary
prerequisite for its efficient and environmentally
responsible use as a fuel source.
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LLlapFyH Kemip KeH OpPHbIHAH a/ibiHFaH YATiHIH, MMHEpPanAabiK KYPaMbliH,
MMUKPOKYPbIIbIMbIH }K9HE HEepPreTUKa/iblK KacueTTepiH acnanTbiK Tanpay agicrepi
HerisiHge 6afanay

! Waponos X., 2 Maxmapesxabos 1., 3 Pabatynbl M., ! JamuHos T., 3Belicembaii 4.C., 3 Catbek B.A.

Ucnam Kapumos amoiHOarbl mawikeHm Memaekemmik TexHuKanoik YHueepcumemi, TawkeHm, 636ekcmat
2@36ekcmaH Pecniybnukacsl Mpe3udeHmi SKimuwinizi #aHbiHOaFb! Binlim canaceiH KAMMAMAcel3 emy yammelK azeHmmizi, TawkeHm, 836excma
39. CarbiHo8 ameblHOaFrbl KaparaHAbl mexHuKaselK yHusepcumemi, KaparaHdel, KazakcmaH

TYWIHAEME

Makana kengi: 5 Haypei3 2026
CapanTtamagaH eTri: 18 Haypeiz 2026
KabbingaHapl: 8 mameip 2026

Byn fbinbiMu makanaga LUapfyH Kemip KeH OpHbIHAH anblHFAH YAriHIH 3aTTblK Kypambl MeH
MMUKPOCTPYKTYpacbl KelweHAi acnanTblK a4icTep HerisiHae 3eptrenai. MyprisinreH 3eptreynep
HaTUXKeCiHAE 3neMeHTTiK Kypam AL-NP-5010A peHTreH-bayopecueHTTiK CNekKTpoMeTp KemerimeH
aHbIKTaNApl, MUKPOCKONUANLIK Tangaynap 1600 ecere [eliH  yAKeUTYMeH Kyprisingi.
CneKTPOMETPUANDbIK Tanzaay HITUXKECIHAE KPEMHWA MeH asloMWHUI 3N1eMEeHTTEPIHIH, *KOFapbl
WMHTEHCUBTIANIM KA0/IMH MEH KBapLTbIH, a/llOMOCUIMKATTap TYPIHAEr ¥KoFapbl yneciHe 6aiinaHbICTbI
eKeHi kepceTingi. CoHAan-aK Temip, KanbUWi KaHe KYKIpPT 31eMeHTTepiHiH, aHbIKTanybl Temip
Kypamzac »aHe KapboHaTTbl ¢dasanapga Kocbimwa cynbbuatepaid, 6ap ekeHiH KepceTei.
MWKPOCKONUANBIK TaNaay HITUNKeNepiHe CyMeHe OTbIpbIn, KOMIp YATICIHIH, SPTEKTI KaHe KeyeKTi
KYPblAbiMbl 6ap eKeHi, an opraHuKaablk MaTpMLa iWiHAeri MMHepanapblK KOCbiHAbINAP AMUCNepCTi
JKOHE Knactepni Kyiae OpHanackaHbl, MUWKPOKEYEKTINIKNeH CUnaTTanaTtbiHbl aHblKTanabl.
CoHbIMeH KaTap, mopdomeTpuanbik baranay bolibiHwa MuHepanapl ¢pasa ayaaHblHbIH, yaeci 18—
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27 % Kypaiapl, an MMKpOKeyeKTiNiK koadduumenTi 0,12-0,20 apanbifbiHaa 6onapl. BenwekTepaiy,
BypbIWTLIK MNilWiHi MeH NoAMAUCNEepCTi rPaHY/IOMETPUANBIK Kypambl PO3MH TapanyblHa caikec
KeneTiHi atan  eTinreH. A/blHFAaH  HITUXKeNepAiH  WHTerpanaplK  Tanfdaybl  HerisiHae
ANOMOCUINKATTAP MEH TeMip OKCUMATEPiHiH, »KOFapbl Kypambl KyA Ty3iny »KaHe lWnak Tysiny
npouectepiHe  6eliMAiNiKTI  apTTbipaTbiHbl  aHbIKTangpl. COHbIMEH  KaTap, KeyeKTi
MWKPOKYPbIIBIMAAP MEH MUKPOXKAPbIKTapAblH, 60/ybl TEPMUANBIK 6HAEY KaHe rasgaHablpy
npouecTepiHae PeaKTUBTINIKTIH, XofapbliayblHa MYMKiIHAIK Bepeai.

TyiiiH ce30ep: cNeKTPOMETPUANDBIK TanAay, MUKPOCKOMUANBIK Tanaay, rpaHyIOMETPUANBIK Kypam,
dnyopecueHTTi cnektpometp, LLIapfFyH Kemipi.
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OueHKa MUHEepPasibHOro COCTaBa, MUKPOCTPYKTYPbI U IHEPreTMYecKux CBOMUCTB
06pasua 13 LLlapryHCcKoro yrosibHoro noas Ha 0CHOBe MeToA0B

MUHCTPYMEHTA/IbHOIro aHa/in3a

! Waponos X., 2 Maxmapesxabos L., 3 Pabatynbl M., ! JamuHos T., 3Beiicembaii 4.C., 3 Catbek B.A.
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2 HauuoHanbHoe azeHmMcmeo no obecneyeHuto Kayecmea 06pasosaHus npu AOmuHucmpayuu MpesudeHma Pecrybauku Y36ekucmaH,
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AHHOTALMUA

B [OaHHOM Hay4yHOW CTaTbe M3y4YeHbl BELLECTBEHHbIM COCTaB M MUKPOCTPYKTypa obpasua,
nosy4yeHHoro u3 LLlapryHCKOro yronbHOro MeCTOPOXKAEHMA, Ha OCHOBE KOMMAEKCHbIX
MHCTPYMEHTaNbHbIX MeTofoB. [1o pesynbTaTam NpoOBeAEHHbIX UCCAef0BaHWUKA onpeaenéH
3/1EMEHTHbII COCTaB C UCNO/Ib30BaHWeM peHTreHodayopecLeHTHOro cnekTpomeTpa AL-NP-5010A,
a MMKPOCKOMWYECKME aHaNM3bl BbINOMHEHbI Mpu yBenndeHun Ao 1600 pas. MposBeaéHHbIN
CNEeKTPOMETPUYECKUI aHaNM3 MOKasas, UYTO BbICOKAA MHTEHCUMBHOCTb 31€MEHTOB KPeMHUA U
aNtOMUHUA 0bycnoBieHa 3HAYUTENbHOW [0Nell KaoNMHA M KBapua B BuUAE a/NlOMOCU/INKATOB.
TakKe OobHapy)KeHUe 3N1EeMEHTOB Kefes3a, KanbLua U cepbl CBUAETENbCTBYET O MPUCYTCTBUM
[ONONHUTENbHBIX CyNbOUA0B B KENE30COAEPHKALMX U KapboHaTHbIX ¢dasax. Ha ocHosaHuu
pe3ynbTaToB  MUKPOCKOMUYECKMX aHA/NM30B YCTaHOB/AEHO, 4To obpasel, yrna obnagaer
HEO4HOPOAHOM M NMOPUCTON CTPYKTYPOI, @ MUHEpPabHbIe BKIHOYEHUA B OPraHUYecKon maTpuue
pPacnonoXeHbl B AUCNEPCHOM U K1aCTEPHOM COCTOAHUM, XapaKTepnu3yeMom MUKPOMOPUCTOCTbIO.
Mpwv 3TOM fonA Naowaan MruHepanbHow ¢asbl, N0 MOpPGOMETPUYECKON OLLeHKe, cocTaBaseT 18—
27 %, a KO3IPPUUMEHT MUKPOMOPMUCTOCTU HaxoamuTca B amanasoHe 0,12-0,20. OTmeyeHo, yYTo
yrnosatas ¢opma YacTul, M NOAUMAMUCNEPCHBIM FPAaHYSOMETPUYECKUI COCTaB COOTBETCTBYHOT
pacnpegeneHnto Po3nHa. B pe3ynbTaTe MHTErpanbHOro aHasM3a MOAYYEHHbIX AaHHbIX
YCTAaHOBNEHO, YTO BbICOKOE COAepXKaHMe aJlOMOCWU/IMKAaTOB M OKCUAO0B Kenesa MoBbllLaeT
CKNIOHHOCTb K npoueccam 30/1006pa3oBaHnA M WAAKoBaHMA. Kpome Toro, Hananuve nopucTbixX
MWKPOCTPYKTYP M MUKPOTPELLMH NO3BOIAET NOBbLICUTL PEAKLMOHHYIO CMOCOBHOCTb MPOLLEeccoB
TepMoobpaboTKM 1 rasmdukaumnm.
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ABSTRACT

Open-pit slope stability is one of the key factors determining the safety and efficiency of open-pit
mining operations. With increasing pit depth, growing complexity of rock mass structure, and in-
tensification of mining activities, the need for advanced methods for studying slope stability based
on digital technologies is steadily increasing. The aim of this study is to systematize and compara-
tively analyze modern methods for investigating open-pit slope stability, taking into account their
capabilities and limitations under mining conditions. The paper presents an analytical review of
computational geomechanical approaches, geodetic instrumental methods, terrestrial laser scan-
ning, UAV-based photogrammetry, and satellite radar interferometry (InSAR). A comparative anal-
ysis of these methods is performed based on key parameters, including data type, spatial coverage,
and capabilities for deformation analysis. The results show that each method has specific ad-
vantages and limitations related to data characteristics, observation conditions, and analytical po-
tential. It is established that none of the methods, when used individually, provides a complete
and reliable description of slope stability. The highest level of informativeness is achieved through
the integration of different methods within comprehensive analytical approaches. The results of
this study provide a systematic understanding of the role of modern digital methods in slope sta-
bility research and confirm the nepcnekTtusHoctb of developing integrated digital systems for mon-
itoring and assessing open-pit slope stability.

Keywords: Slope stability, Computational Method, Instrumental Method, Terrestrial Laser Scan-
ning, Earth Remote Sensing, Integrated Digital System.
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Introduction

Open pit slope stability is one the key factors de-
fining safety and productivity of open pit mining op-
erations. Increase of open mine depths, growing
complexity of rock massif structure and intensifica-
tion of mining operations lead to slope failures, dis-
turbance of production processes and significant

economic losses. In this regard, the study of the sta-
bility state of open pit slopes remains an actual sci-

entific and practical task in the mining industry.
Currently, a wide range of methods are used to

research the open pit slope stability, including com-
putational geomechanical approaches, instrumental
geodetic observations, and remote sensing meth-
ods. Digital technologies gained their momentum,
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these are terrestrial laser scanning, photogramme-
try based on unmanned aerial photography, SAR in-
terferometry and numerical modeling have been sig-
nificantly developed to obtain spatial data on the ge-
ometry of slopes and the development of defor-
mation processes.

Modern studies of the open pit slope stability
are increasingly based on the use of digital methods
that expand possibilities of assessing the condition
of open pit slopes and analyzing the development of
deformation processes. At the same time, the ap-
plied methods are focused on solving various prob-
lems of stability research, including assessment of
the current condition of slopes, identification of po-
tentially dangerous zones, analysis of deformation
mechanisms and justification of deformation devel-
opment forecast, which conditions need for their
comparative and integrated consideration.

The aim of this study is to systematize and com-
paratively analyze modern methods for investigating
the stability of open-pit slopes, taking into account
the capabilities of digital technologies and assessing
their applicability in open-pit mining conditions. The
study examines the capabilities and limitations of
computational, geodetic, and remote sensing meth-
ods, compares them according to key parameters,
and determines the role of their integration in the
analysis and prediction of deformation processes.

In this context, the following research questions
are addressed: which methods provide the most in-
formative description of open-pit slope stability,
what are the limitations of their application under
real mining conditions, and to what extent the inte-
gration of different approaches improves the relia-
bility of stability assessment and deformation pre-
diction.

Analytical Review of Modern Methods of
Studying the Open Pit Slope Stability

Computational Methods

Computational methods of assessing open pit
slope stability traditionally occupy a central place in
the practice of open pit mining operations design
and operation. Their basis is analysis of the limit
equilibrium of the rock massif with determination of
the stability coefficient for the assumed failure sur-
face. Classical methods, such as the methods of
Fellenius, Bishop, Yanbu, Spencer and their modifi-
cations, have become widespread due to their rela-
tive ease of implementation and normative confi-
dence [[1], [2], [3]].

Application of computational methods allows
for taking into account geometrical parameters of
slopes, physical and mechanical properties of rocks,
and influence of underground waters and external
loads. At the same time, these approaches, as a rule,
assume a priori setting of the failure surface shape
and use of averaged massif characteristics, which
significantly limits their applicability under the con-
ditions of complex geological structure and pro-
nounced structural heterogeneity of rocks [[2,
[[4]].

Introduction of numerical modeling methods,
including finite element, finite difference and dis-
crete element methods, has ensured further devel-
opment of classical design schemes. Numerical mod-
els allow for analyzing the stress-strain state of the
massif in two- and three-dimensional presentation,
for taking into account the layer-by-layer structure,
tectonic disturbances and stages of mining opera-
tions [[5], [6]]. The application of such approaches
expands possibilities of studying the mechanisms of
slope failure and assessing influence of various fac-
tors on their stability.

In one of the studies [7], computational meth-
ods are complemented by multiple-factor analysis
oriented at identifying key geological and geome-
chanical factors that determine slope stability. At
the same time, classification and empirical ap-
proaches based on the use of integral indices of the
massif state are used, which allow for performing
rapid assessment of stability, but they are of general
nature and expedient mainly for preliminary analysis
(81, [91].

A number of studies address risks and typical
methodological errors that occur in calculations of
open pit slope stability. It is noted that the reliability
of the obtained results is largely determined by the
quality of the input data, correctness of the choice
of the calculation scheme and validity of the ac-
cepted assumptions [4]. These aspects become par-
ticularly important when assessing stability in spe-
cific environments including layered massifs, man-
made formations and non-metallic mineral open pit
mines [[10], [11], [12]].

Computational methods provide a basic engi-
neering assessment of open pit slope stability and
remain an important tool for geomechanical analy-
sis. At the same time, their application is not ori-
ented at operative detection of deformations and di-
rect analysis of hazardous processes development.
In this regard, it is advisable to consider computa-
tional methods as a part of complex approaches that
provide for the integration of computational models
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with the results of instrumental geodetic observa-
tions and remote sensing data, which is discussed in
the following sections of this review.

Geodetic Instrumental Methods

Geodetic instrumental methods are widely used
in the study of the open pit slope stability as an in-
strumental basis for obtaining data on the defor-
mations of rock massifs. In contrast to computa-
tional approaches, geodetic observations make it
possible to record actual slope displacements in
time, which provides a transition from computa-
tional stability assessment to the analysis of its cur-
rent state [[13], [14]].

The tacheometric method is traditionally used to
study deformation processes in the zones of poten-
tial instability of open pit slopes. Repeated high-pre-
cision measurements of survey marker coordinates
allow for identifying directions and velocities of dis-
placements, and for assessing nature of defor-
mations, which is an important part of the rock mas-
sif stability analysis. At the same time, the point na-
ture of tacheometric observations and the need to
ensure direct visibility between the instrument and
the object of observation limit the possibilities of
spatial analysis of the slope condition, especially in
case of their considerable length and complex con-
figuration [[15], [16]].

Satellite geodetic methods based on the use of
GNSS technologies are applied in the studies of open
pit slope stability to form time series of displace-
ments and arrange quasi-continuous observations.
The use of stationary GNSS points allows for analyz-
ing dynamics of deformation processes and identify-
ing trends in their development, which is taken into
account when assessing massif stability under the
conditions of active mining operations [[17], [18]].
However, it should be emphasized that the accuracy
and reliability of GNSS measurements in deep quar-
ries can be reduced due to the screening of satellite
signals, reflection from the surfaces of mining equip-
ment and structures, and influence of dynamic
loads, which requires a reasonable choice of obser-
vation schemes [18].

The joint use of tacheometric and satellite geo-
detic measurements is applied in the studies of open
pit slope stability. This approach improves the relia-
bility of open pit slope stability assessment due to
mutual validation of data and compensating for the
limitations of individual methods. Geodetic data in
this case are used not only to record deformations,
but also to analyze compliance of the actual behav-
ior of the slope with the design geomechanical mod-
els [[13], [14]].

The scientific literature discusses the issues of
methodological support of the geodetic observa-
tions in the open pit slope stability studies, including
selection of the system of survey markers and work-
ing survey markings, justification of the frequency of
measurements and methods for the results pro-
cessing. Correct interpretation of geodetic data is a
key condition for their use in stability assessment
and in the process of making engineering decisions
[[16], [19]].

Geodetic methods play an important role in
studying the open pit slope stability, while providing
highly accurate reliable information on the actual
deformations of the rock massifs. At the same time,
the limited spatial coverage and point nature of the
observations necessitate their integration with
other numerical methods of stability studies to en-
sure a holistic understanding of the slope stability
condition.

Terrestrial Laser Scanning

Terrestrial Laser Scanning (TLS) has become
widespread in recent years in the study of open pit
slope stability due to the possibility of obtaining a
detailed three-dimensional representation of their
geometry. Unlike point geodetic measurements, TLS
provides a continuous description of the slope sur-
face with high spatial detailing, which significantly
expands the possibilities of analyzing their condition
[[20], [21], [22]].

One of the key areas of TLS application is the
study of geometric parameters of slopes and their
changes with time. Comparison of three-dimen-
sional models formed based on multiple measure-
ments by terrestrial laser scanning allows for detect-
ing spatial displacements of the slope surface, ana-
lyzing the distribution of deformations and localizing
zones of potential instability. Such data are used to
assess the nature of deformation behavior of slopes
and to clarify understanding of their failure mecha-
nisms [[22], [23]].

The main advantage of TLS is the possibility of
detailed analysis of structural features of rock mas-
sifs. Based on point clouds, the fracture systems, lay-
ering and other structural elements that determine
the kinematic conditioning of slope stability are
identified. The use of laser scanning data increase’s
reliability of stability assessment due to a more ac-
curate specification of the geometry and orientation
of structural disturbances in geomechanical models
[[24], [25]].

TLS data have been successfully used in the ver-
ification of computational models of open pit slope
stability. Comparison of the results of numerical
modeling and actual deformations detected by laser
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scanning data allows for refining the calculation
schemes and improve the validity of engineering de-
cisions [[20], [26]].

Application of terrestrial laser scanning has a
number of limitations. These include dependence of
the data quality on the observation environment,
presence of shadow zones, and the need for com-
plex processing and interpretation of point clouds. It
is noted that the TLS results themselves do not allow
for judging the stability reserve of slopes unambigu-
ously without the use of computational and analyti-
cal methods, which emphasizes the auxiliary, alt-
hough important, nature of this approach in the sys-
tem of stability studies [[23], [26]].

Terrestrial laser scanning is used for detailed
spatial analysis of the geometry and structural fea-
tures of open pit slopes, while providing a detailed
description of their geometry and structural fea-
tures. The greatest information content of TLS is
achieved when it is used as a part of complex ap-
proaches that provide for integration of laser scan-
ning data with the results of geodetic observations,
photogrammetry and computational geomechanical
analysis [[20], [22]].

Photogrammetry Based on Unmanned Aerial
Photography

In recent years photogrammetric methods
based on unmanned aerial photography have be-
come widespread in the studies of open pit slope
stability due to that they combine efficiency, high in-
formation content and ability to cover large areas.
Use of unmanned aerial vehicles (UAVs) allows for
obtaining detailed images of open pit slopes and ad-
jacent areas, based on which digital surface models
are formed; the latter are used to analyze the geo-
metric condition of slopes and identify signs of de-
formation processes [[27], [28]].

Photogrammetric processing of aerial photog-
raphy data is usually implemented using Structure
from Motion (SfM) methods, which ensures con-
struction of three-dimensional slope models and
their subsequent comparison in time. Multitemporal
analysis of digital surface models makes it possible
to detect changes in slope geometry, analyze
changes in the shape and volume of surface ele-
ments and record development of deformation pro-
cesses, which is important in the studies of open pit
slope stability [[29], [30]].

Numerical models allow for analyzing dynamics
of deformation processes and identifying prelimi-
nary potential instability zones. At the same time, it
is of fundamental importance to ensure sufficient
accuracy of the three-dimensional models and cor-
rectness of geodetic referencing, since these factors

determine the validity of the use of photogrammet-
ric data in slope stability studies [31].

A significant advantage of photogrammetry
based on unmanned aerial photography is the possi-
bility to perform surveys under the conditions that
are complicated or unsafe for ground-based obser-
vations. This makes it possible to obtain information
on the condition of slopes along their entire length
and in hard-to-reach areas, which expands the pos-
sibilities of spatial analysis of the open pit slope sta-
bility compared to point instrumental methods
[[27], [32]].

Studies show that photogrammetric methods
have a number of limitations for the performance of
open pit slope stability studies. These include de-
pendence of the results quality on meteorological
conditions, illumination, and survey equipment
characteristics, and the possible decrease in accu-
racy in areas with poor surface texture. Moreover,
three-dimensional models derived from UAV data
usually require verification by ground-based geo-
detic observations or laser scanning when they are
used for engineering stability assessments [[28],
[31]].

Photogrammetry based on unmanned aerial
photography is widely used for spatial analysis of the
condition of open pit slopes, especially at the stage
of identification and localization of deformation pro-
cesses. The greatest information content of this ap-
proach is achieved when it is integrated with terres-
trial laser scanning, geodetic observations and com-
putational geomechanical models, which ensures a
comprehensive study of the open pit slope stability
[[30], [32]].

Earth Remote Sensing Methods (InSAR)

Earth remote sensing methods based on satel-
lite radar interferometry (InSAR) have become wide-
spread in the studies of open pit slope stability due
to the possibility of detecting deformations of the
earth surface at large areas. Unlike ground-based in-
strumental methods, INSAR ensures spatial analysis
of deformation processes without the need to place
measuring instruments directly on the slopes, which
is especially relevant for large and hard-to-reach
mining objects [[33], [34]].

Modern interferometric approaches, including

permanent scatterer methods (PS-InSAR) and small-
basis methods (SBAS), allow for generating temporal
series of displacements and for analyzing the dy-
namics of deformation processes in open pit mines
over long periods of operation. The obtained data
are used to identify zones of stable and unstable be-
havior of massifs, and to assess trends in defor-
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mation development, which is of fundamental im-
portance when studying the stability of open pit
slopes [[35], [36]].

Use of InSAR methods is most appropriate for
early detection of deformation processes preceding
the development of dangerous stability failures.
Analysis of spatial and temporal patterns of displace-
ments allows for identifying areas with progressive
deformations and for using the obtained infor-
mation to justify engineering decisions aimed at en-
suring stability of open pit slopes [[33], [37]].

At the same time, there are difficulties with the
interpretation of InSAR data in the studies of open
pit slope stability due to a number of methodological
limitations. These include the single-component na-
ture of the measured displacements along the satel-
lite line of sight, influence of atmospheric effects,
and decrease in accuracy under the conditions of in-
tensive anthropogenic changes in relief. In this re-
gard, InSAR data require comparison with the results
of ground-based geodetic observations and other
sources of information on the rock massif condition
[[36], [38]].

Use of InSAR as a part of complex approaches al-
lows for increasing the reliability of the studies of
open pit slope stability due to the mutual comple-
mentation of spatial and point data, and refining of
models of deformation behavior of massifs [[33],
(38]].

Radar interferometry methods are widely used
for spatial analysis of deformation processes related
to the stability of open pit slopes. The greatest prac-
tical value of InSAR is manifested when it is used as
a part of integrated digital stability research systems
that provide for the joint use of satellite data,
ground-based instrumental observations and com-
putational geomechanical models, which creates
prerequisites for the transition from deformation re-
cording to analyzing and forecasting their develop-
ment [[34], [35]].

A comparative analysis of the considered meth-
ods shows that they differ in terms of the nature of
the data obtained, spatial coverage, and capabilities
for analyzing deformation processes. Computational
methods are focused on engineering assessment of
slope stability and allow the analysis of loading sce-
narios; however, they do not reflect the actual be-
havior of the rock mass. Geodetic instrumental
methods provide highly accurate measurements of
displacements, but are limited by the point-based
nature of observations. Terrestrial laser scanning
and photogrammetry enable the acquisition of spa-
tial data on slope geometry, although their applica-

tion depends on acquisition conditions and data pro-
cessing. Satellite interferometric methods (InSAR)
allow the analysis of deformation over large areas
and long time periods; however, they require careful
interpretation and comparison with ground-based
measurements. The results of the comparative anal-
ysis of the methods are presented in Table 1.

Table 1 - Comparative Analysis of Methods
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coverage - limitation
capability
Computa . .
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based assessment ns
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3D spatial Local to ¥ Shadow
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structure
UAV Surface .
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m-metry n
Radar . )
. Wide- Deformatio Interpreta-
InSAR displace- .
area n trends tion
ments

Thus, none of the methods considered individu-
ally provides a complete and reliable description of
the stability state of open-pit slopes, which necessi-
tates their combined application within integrated
approaches.

Integrated Digital Systems and Prospects for
the Methods Development

Modern trends in the development of methods
for studying open pit slope stability are character-
ized by the transition from the use of separate in-
strumental and computational approaches to the
formation of integrated digital systems. Such sys-
tems combine data from geodetic observations, la-
ser scanning, photogrammetry, satellite interferom-
etry and computational geomechanical analysis,
which allows for considering slope stability as a dy-
namic state of rock massifs [[26], [39]].

The integration of heterogeneous data sources
significantly expands possibilities for studying the
open pit slope stability. The joint analysis of geospa-
tial and point measurements allows a more com-
plete description of massif deformation behavior,
while revealing the relationship between geometric
changes, structural properties and stress-strain state
of massifs [[40], [41]]. This approach contributes to
improving the reliability of interpretation of the ob-
served deformations and reduction of uncertainty in
the stability assessment.

— 103 ——



2028; 344(1):99-108

ISSN-L 2616-6445, ISSN 2224-5243

A separate innovative direction in the develop-
ment of integrated systems is associated with the
use of methods of data mining and elements of arti-
ficial intelligence. Approaches based on the applica-
tion of neural networks and machine learning algo-
rithms are increasingly used for predicting the stabil-
ity indicators for open pit slopes based on a set of
geological, geomechanical and monitoring parame-
ters [42]. Use of such methods allows for identifying
patterns in large amounts of data and more vali-
dated assessments of stability status.

Efficiency of the integrated digital systems is
largely determined by the quality of the input data
and correctness of the methodical organization of
their joint analysis. The difference of spatial and
temporal scales of observations, heterogeneity of
measurement accuracy and lack of unified data har-
monization procedures remain significant methodo-
logical limitations in the studied of the open pit slope
stability [[26], [39], [43]].

The integrated digital systems represent a prom-
ising direction in the development of methods for
studying open pit slope stability. Their use creates
prerequisites for transition from isolated recording
of deformations to complex analysis and forecasting
of deformation behavior of rock massifs, which is the
key task in ensuring the safety of open pit mining op-
erations [[42], [43]].

Conclusion

The paper presents the analytical review of
modern methods of studying open pit slope stability
from the point of view of introduction and develop-
ment of digital technologies. Computational geome-
chanical approaches, geodetic instrumental meth-
ods, terrestrial laser scanning technologies, photo-
grammetry based on unmanned aerial photography,
and satellite radar interferometry methods are con-
sidered. The analysis performed shows that each of
the considered approaches has specific capabilities
and limitations that determine specifics of their use
in the studies of the open pit slope stability.

It is shown that computational methods retain a
key role in engineering assessment of slope stability,
but under the conditions of complex geological
structure and dynamic development of deformation

processes, their use requires mandatory comparison
with instrumental observation data. Geodetic meth-
ods provide reliable information on actual slope dis-
placements, but due to the point nature of observa-
tions, they have limited opportunities for spatial
analysis of stability conditions. Digital methods
based on laser scanning, photogrammetry and Earth
remote sensing significantly expand the possibilities
of stability studies due to the formation of spatial
representation of slope geometry and the properties
of deformation processes development.

Analysis of literature sources indicates that the
greatest information content in the study of open pit
slope stability is achieved by integrating data ob-
tained by different methods. Formation of inte-
grated digital systems allows for considering slope
stability as a dynamic state of rock massifs, for taking
into account spatial and temporal peculiarities of de-
formation development and for increasing validity of
conclusions on the stability state.

At the same time, it was revealed that further
development of methods for studying open pit slope
stability is largely constrained by the lack of unified
approaches to the coordinated interpretation of the
data of different scales and complexity of their joint
use within a single methodological scheme. In this
regard, improvement of the analysis and interpreta-
tion the actual scientific and practical task remains
for digital monitoring data remain a relevant scien-
tific and practical problem, with the focus on the
transition from the fixation of deformations to a rea-
sonable analysis and forecasting of their develop-
ment.

Therefore, the results of the review confirm fea-
sibility of the integrated use of computational and
numerical methods in the study of open pit slope
stability and emphasize prospects for further re-
search focused on the development of integrated
digital approaches and improving the efficiency of
safety of open pit mining operations.
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Tay-KeH }XYMbICTapblH UM pAaHAbIPY KaFpabiHAa Kapbepnik 6eTKelnepain
TYPAKTbINbIfbIH 3€pTTey dAiCTepiHe aHANUTUKANDIK, LLIONY

*BuwHescKas H.A., Oxwuruna C.B., Oxwurun C.T., Ky6aiiaynnmua Y.A., Baitranm P.K., ba6axaHos P.T.

3binkac CarbiHo8 ambiHOaFsl KaparaHObl mexHuKansiK yHusepcumemi, KaparaHoel, Kazakcmax

TYRIHAEME

Kapbepnik eHicTepaiH TYPaKTbI/IbIFbl AlWbIK TAay-KeH }KYMbICTAPbIHbIH, KAYyinci3airi MeH Tuimainirid
aWKbIHAANTLIH Herisri dakTopnapablH 6ipi 6onbin Tabbinagbl. Kapbepaepdin TepeHaeyiHe, XblHbIC
MACCUBIHIH, F€ONOMMANBIK  KYPbUIbIMbIHBIH, KYPAENEHYIHE KOHE Tay-KeH KYMbICTapblHbIH,
KapKbIHAbINbIFBIHBIH, apTyblHa HGalnaHbICTbl LUOPAbIK TEXHONOIUANAPFA HEri3aenreH Kapbepnik
eHicTepAiH TYPaKTbINbIFbIH 3epTTey 9A4iCTepiH KoNAaHy KaxeTTiniri apta Tycyge. Ocbl 3epTTeyaiH,
MaKCaTbl — aLlblK Tay-KEH }YMbICTapbl }KaFAanblHAA KONAAHBUTY MYMKIHAIKTEPi MeH LeKTeynepiH
ecKepe OTbIpbIN, KapbepiK eHicTepaiH, TYPaKTbI/IbIFbIH 3epTTeyAiH 3aMaHayu a4icTepiH XKyreney
Makana kengi: 26 kaimap 2026 JKOHEe canbiCTbipManbl Tangay »Kyprisy. MymbicTa ecenTik reoMexaHUKanblK Tacingepre,
CapanTamapaH eTri: 22 cayip 2026 reofesunANbiK acnanTbIK a4icTepre, XepycTi a3epAik CKaHep/ey TEXHONOMMANaPbIHA, YLWKbILICHI3
Kabblnaanapi: 8 mameip 2026 yly annapaTrapblHa HerizgenreH GoTorpammeTpuasa, COHAaN-aK CNYTHUKTIK paanonoKaLmanbik,
HTepdepomeTpUuA aaicTepiHe aHaNUTUKa/bIK LONY YCbIHbIIFAH. DaicTepre AepeKkTep Typi,
KEHICTIKTIK KaMTy kaHe gedopmaumanbik npouectepai Tangay MyMKIHAIKTepi CUAKTbI Herisri
napameTpaep 6oMbIHLLIA CaNbICTBIPMANbI TaNAay *Kyprisingi. Opbip a4icTiH, KONAAHbINY canacbiH
aliKbIHAANTBIH ©3IHAIK apTbIKLWbIIbIKTapbl MeH LekTeynepi 6ap ekeHi KepceTinreH. MKeke
KapacTbIpblaFaH 9AiCTePAiH, eLWKAWCbIChl KapbepiK eHiCTEPAIH TYPAKTbIUIbIK KaFAalbIH TONbIK api
CeHimaj cunaTTalh anManTbIHbl aHbIKTaNAbl. EH KoFapbl aknapaTTbi/bIK 9PTYPAi 94icTepAi KeleHai
Tacingep anacbiHAa bipiKTipy KesiHae KON XeTKisinesi. ANbIHFaH HATUXKeNep Kapbepik eHicTepaiH
TYPAKTbINbIFbIH 3epTTeyaeri 3amaHayu LMpPAbIK saicTepAiH, OpHblI MeH peni Typanbl TyTac TYCiHiK
KaNbINTaCTbIPbIN, ONapAblH MOHUTOPWHT NeH Bafanayfa apHanfaH UHTerpaumanaHfFaH Luubpabik
KyWenepiH AambITyAblH NepcneKkTUBanbl eKeHiH aAanenaenai.

TyliiH ce30ep: 6GeTKeWHiH, TYpPaKTblAbIFbl, €CenTey aAiCi, acnanTbliK 34iC, Xepaeri fnasephik
CKaHepey, Mepai KalbIKTbIKTaH 30HATaY, MHTerpaumuanaHFad LMOpPAbIK sKyle.
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AHHOTALUMUA

YCTOWYMBOCTb KapbePHbIX OTKOCOB ABNAETCA OAHUM U3 K/toUYEBbIX GaKTOPOB, ONpeaenstowmx 6es-
0nacHOCTb M 3GPEKTUBHOCTb OTKPbITbIX FOPHbIX paboT. C yBenuyeHnem rnybuHbl Kapbepos,
YCNO¥KHEHUEM re0N0rMYecKoro CTPOEHUA MacCMBOB U MHTeHCUbMKaLMeN ropHbix paboT Bo3pac-
TaeT Heo6X0AMMOCTb MPUMEHEHUA METOA0B UCCNeA0BaHUA YCTOMYMBOCTM KapbepHbIX OTKOCOB,
OCHOBaHHbIX Ha MCNO/Ib30BaHUKN LUOPOBbIX TEXHONOTMI. LieIblo HAacTOALLEro UccnefoBaHUA AB-
NAETCA CUCTEMATM3ALMA U CPAaBHUTE/IbHBINA aHANU3 COBPEMEHHbIX METOA,0B UCCNeA0BaHUA YCTOMN-
UYMBOCTM KapbepHbIX OTKOCOB C YYETOM MUX BO3MOYKHOCTEN U OrPaHUYeHUit B YCI0BUAX OTKPbITBIX

Moctynuna: 26 aHeaps 2026 ropHbix paboTt. B pabote npeactaBneH aHaUTUYECKMI1 0630p PACHETHBIX FTeOMEXaHUYECKUX Noa-
PeueHsuposaHue: 22 anpens 2026 XOA0B, re0AE3NYECKUX MHCTPYMEHTANbHBIX METOAOB, TEXHOIOTUIN HA3EMHOTO 1Ia3E€PHOT0 CKaHW-
MpuHaTa B nevatsb: 8 masa 2026 poBaHusA, pOTOrpaMmeTpumn Ha OCHOBE BECMUNOTHOIN a3POPOTOCHEMKH, a TaKKe METOA0B CMYTHU-

KOBOW PafyMoNOKaLMOHHON MHTeppepoMeTpUM. BbINONHEH CPAaBHUTENbHBIV aHaNU3 MeToA0B Mo
KNIOYEBbIM MapameTpam, BK/OYAsA TUM SAHHbIX, MPOCTPAHCTBEHHBIN OXBAaT M BO3MOXKHOCTU aHa-
nu3a fedopmaumoHHbIX npoueccos. [oKasaHo, YTo Kaxablit U3 meTofoB obnasaeT cneumduye-
CKUMW NPEUMYLLECTBAMU U OTPAHUYEHWUAMU, ONpeaenstowmmmn 061acTb ero npuMeHeHus. Ycra-
HOB/IEHO, YTO HU OAMH U3 METOA0B, PACCMATPUBAEMbI OTAE/NbHO, He obecneynBaeT NosHOTO U
[LOCTOBEPHOrO OMUCAHMA COCTOAHMA YCTOMYMBOCTU KapbepHbIX OTKOCOB. Hanbonblias nHpopma-
TUBHOCTb AOCTUIAeTCA NPU MHTErpPaLym PasMyHbIX METOZLO0B B PaMKax KOMMNIEKCHbIX MOAX0A0B.
Mony4yeHHble pe3ynbTaTbl GOPMUPYIOT LESIOCTHOE NPeACTaBNeHUE O PONU COBPEMEHHbBIX Lndpo-
BbIX METOA,0B B UCCAEA0BAHUM YCTOMUMBOCTU KapbePHbIX OTKOCOB M MOATBEPKAAIOT NEPCNEKTUB-
HOCTb Pa3BUTUA. UHTErPUPOBAHHBIX LUPPOBbLIX CUCTEM MOHUTOPUHIA U OLEHKM UX YCTOMUYUBOCTM.

Knrouesvie cnosa: yCTOVIHMBOCTb OTKOCa, paC"IeTHbII‘;I meToa, MHCprMeHTaﬂbelﬁ meTosa, Hazem-
HOe Nla3epHOoe CKaHnpoBaHMe, ANCTaHUMOHHOE 30HAMPOBaHKUe 3eman, UHTErpnpoBaHHaA Ll,Md)pO-
BaA cuctema.
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ABSTRACT

This paper presents the results of a study aimed at improving the reliability of predicting hidden
fracturing in the near-contour rock mass adjacent to underground mine workings at a polymetallic
mine. The relevance of the study is associated with the fact that hidden discontinuities are not
always identified during conventional visual inspection of the rock mass, which increases the risk
of local collapses and complicates the selection of support parameters. The work aimed to
improve methods for predicting hidden fracturing through the integrated application of ground-
penetrating radar profiling, three-dimensional surveying, spatial fracture mapping, and
geomechanical modeling. The study included analysis of the mining and geological conditions of
the deposit, laser scanning of mine working sections, spatial fracture analysis in ShapeMetriX,
numerical modeling in RocTunnel3, and GPR profiling using the GROT 12N system. It was
established that the highest reliability of hidden fracturing prediction is achieved through the
sequential integration of 3D survey data, spatial fracture analysis, and GPR investigation. The
practical effect of the proposed approach lies in improving the validity of selecting existing support
schemes rather than introducing new support types.

Keywords:  hidden fracturing, rock mass, underground mine workings, ground-
penetrating radar profiling, laser scanning, fracture mapping, geomechanical
modeling, mine support.

Information about authors:

Bakhtybayev N.B. Candidate of Technical Sciences, Director of the Mining Research Group LLP, Karaganda,
Kazakhstan. E-mail: bakhtybayev@minrg.com; ORCID ID: https.//orcid.org/0000-0002-9816-9765
Executive Director of the Mining Research Group LLP, Karaganda, Kazakhstan. E-mail:
Abil O.A. orazabil@minrg.com; ORCID ID: https://orcid.org/0000-0001-9939-9039
PhD, Senior researcher of the Mining Research Group LLP, Karaganda, Kazakhstan. E-mail:
Bakhtybayeva A.S. bakhtybayeva_a@minrg.com, ORCID ID: https.//orcid.org/0000-0001-7163-6274

Introduction

The stability of underground mine workings is
largely determined by the structural condition of the
surrounding rock mass, primarily by the presence of
fractures that form weakened zones and potential
failure surfaces. Under conditions of underground
mining, hidden fracturing represents a particular
hazard because such discontinuities are not exposed
on the contour of workings and cannot always be
reliably identified by visual inspection alone [[1], [2],
[3]]. This reduces the reliability of assessing the state
of the sidewall rock mass and may lead to local
collapses, roof slabbing, block formation, and
disturbances to normal mining operations.

For a polymetallic mine, predicting hidden
fracturing is of practical importance because
geotechnical disturbances have been recorded in
workings where hazardous discontinuity planes could

not be reliably identified by visual observations.
Analysis of mining-geological and geotechnical
documentation showed that manifestations of
instability are most often observed near junctions,
while some hazardous disturbances remain hidden.

Modern studies indicate that the most reliable
results in detecting hidden fracturing are achieved by
combining direct and indirect methods, including
structural  mapping, seismic and electrical
tomography, ground-penetrating radar, and
numerical modeling [[1], [2], [3], [4], [5], [6]]. At the
same time, the quantitative prediction of fracture
parameters and the spatial localization of hidden
weakened zones remain the most challenging
aspects [[4], [5], [6]].

Recent studies show that the prediction of
hidden fracturing in underground excavations is
developing along four main directions: high-
resolution GPR imaging, integration of geophysical
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methods, digital fracture mapping from 3D data, and
geomechanical interpretation for support design [[3],
[71, [8], [9], [10], [11], [12], [13], [14]]. In the first
direction, ground-penetrating radar has proven to be
a promising tool for detecting concealed fractures,
disturbed zones, moisture-related heterogeneities,
and shallow structural discontinuities in rock masses
[[3], [9], [10], [11], [16]]. At the same time, its
efficiency strongly depends on signal attenuation,
lithological contrast, moisture, metallic interference,
and the correctness of radargram interpretation [[9],
[10], [15], [16]]. Recent work has therefore focused
not only on fracture detection itself, but also on
improving image quality, interpretation robustness,
and data constraints [[10], [15], [16]].

A second active direction is the integration of
GPR with other geophysical methods. In fractured
and heterogeneous rock masses, single-method
interpretation often remains ambiguous because
similar anomalies may be caused by fracturing, water
saturation, lithological contacts, or altered zones [[2],
[7], [8]]. For this reason, recent studies increasingly
combine GPR with electrical resistivity tomography,
borehole logging, seismic methods, or joint inversion
strategies [[7], [8]]. Hasan et al. showed that non-
invasive geophysical data can be linked to rock mass
quality indicators [[2], [7]], while Huayllazo et al.
demonstrated that ERT-supported interpretation can
improve the identification of fractured zones and
geomechanical inferences [8]. Yuan et al. proposed a
GPR workflow constrained by logging data for

fractured rock mass detection [10]. These
developments are  especially relevant for
underground mining, where local geological

complexity and limited access often make single-
method diagnosis insufficient [[3], [8], [10]].

The third major trend concerns the transition
from conventional visual mapping to digital
characterization of discontinuities using LiDAR,
photogrammetry, and point-cloud-based analysis [6].
This is highly relevant for mine workings where
access is restricted, exposure conditions are
incomplete, and shotcrete masks part of the
structural pattern [[6], [12]]. Recent work has shown
that semi-automatic extraction of discontinuity
parameters from 3D data can significantly improve
the consistency of fracture orientation analysis and
the geometric basis for stability assessment [[6],
[12]]. The value of such digital methods lies not only
in documenting visible fracture traces, but also in
building a coordinate-consistent structural model
that can then be transferred into geomechanical
calculations [[6], [11], [17]]. This is directly aligned

with the present study, where LiDAR and
ShapeMetriX are used as the first step before
geomechanical analysis and targeted GPR profiling
[[18], [19], [20]].

The fourth direction is the integration of
structural observations into geomechanical and
probabilistic stability analysis. Recent studies indicate
that the engineering effect of fracture
characterization is maximized when mapped
discontinuities are not treated as descriptive
information only, but are further used to assess
parameter inversion, stress sensitivity, and support
adequacy [[12], [13], [13], [14]]. This is particularly
important in underground excavations affected by
intersecting fracture sets and local weakening [11].
Recent publications address stress-field selection,
inversion of surrounding rock parameters, and
support-related geomechanical interpretation in
fractured ground [21]. These studies support the
logic of the present work, in which fracture geometry
obtained from 3D mapping is used to guide
RocTunnel3 modeling and to prioritize GPR survey
locations [[18], [22]].

This study aimed to investigate and improve
methods for predicting hidden fracturing in a rock
mass under conditions of a polymetallic mine
through the integrated use of ground-penetrating
radar profiling, three-dimensional surveying, and
spatial fracture mapping, as well as to develop
recommendations for refining the selection of
support types and parameters for underground mine
workings.

Low-angle fault Low-angle fault

Longitudinal fault

Longitudinal fault

Longitudinal fault Il

Longitudinal fault Il
) 3

Figure 1 — Layout of faults at the polymetallic deposit

Experimental part

The study included experimental investigations
using laser scanning, ground-penetrating radar
profiling, and specialized software packages
RocTunnel3 and ShapeMetriX. At the first stage, mine
workings were visually inspected in order to identify
sections suitable for instrumental investigation
within the fault-controlled zone (Figure 1). It was
found that a significant part of the workings had
been covered with shotcrete. Therefore, six
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unshotcreted sections located at the +335, +315,
+295, +275, +255, and +235 m levels were selected
for detailed study. An example of an investigated
section is shown in Figure 2.

Figure 2 — Section No. 6 at the +235 m level

To obtain spatially oriented models of the
workings, a Greenvalley ARTGEO LIGRIP 02 LITE
(Figure 3) handheld laser scanner was used. Scanning
was carried out along the contours of all selected
sections, as well as at observation stations with
naturally exposed fractures. Based on dense point
clouds, three-dimensional models of the investigated
sections (Figure 4-5) were constructed [18].

Figure 3 — Handheld LiDAR Greenvalley
ARTGEO LIGRIP O2 LITE

Figure 4 — Example of a 3D model of the processed section

Figure 5 — 3D model of the observation station

Spatial fracture analysis was performed in the
ShapeMetriX software package (Figure 6), where
fracture surfaces, strike azimuths, dip angles, and
fracture sets were identified from digital models. The
obtained data were then used as input for
geomechanical analysis in RocTunnel3, where the
formation of potentially unstable wedges and blocks
was assessed. This approach made it possible to
move from a generalized assessment of the rock
mass to the analysis of its actual spatial fracture
structure [[18], [22]].

N

Figure 6 — Identification of fracture systems in
ShapeMetriX software

Ground-penetrating radar profiling of the near-
contour rock mass was carried out using the GROT
12N radar equipped with a 2 m antenna (Figure 7).
Under polymetallic mine conditions, a hodograph-
based measurement approach was applied, which
made it possible to determine the depth of reflecting
boundaries, the geometry of structural disturbances,
and the electrophysical properties of the medium
[[3], [4]]. According to the field program, GPR
investigations were performed at four sections
located at the +315, +295, +275, and +255 m levels.
The interpretation quality was significantly affected
by metallic support elements, wet clay-rich deposits
on the surface, and the high electrical conductivity of
the medium.
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F transporting the
tery and transmitter

Figure 7 — General layout of the GROT 12N
ground-penetrating radar

In the investigated workings, the use of
alternative geophysical methods was limited by
water saturation and the presence of metallic
support elements, including mesh and rock bolts.
Under such conditions, ERT and other resistivity-
based or electromagnetic methods may be
significantly distorted by conductive water and metal
inclusions. Seismic methods are less suitable for
rapid local near-contour investigation because they
require more complex acquisition geometry under
underground operating conditions. Therefore, GPR
was considered the most suitable method for the
selected task, while LiDAR-based fracture mapping
and geomechanical modeling were used to improve
the reliability of interpretation (Figure 8).

Figure 8 — Process of ground-penetrating radar
survey along the floor

Results and Discussion

The performed investigations showed that visual
inspection of the rock mass under polymetallic mine
conditions does not provide sufficient information
about the actual condition of the near-contour rock

mass. Fine wet deposits, shotcrete coverage, and
secondary infill of fractures reduce the reliability of
determining the number, orientation, and aperture
of fractures by conventional visual mapping.

Laser scanning and subsequent processing in
ShapeMetriX made it possible to identify fracture
systems and obtain a spatially oriented model of the
rock mass structure. This provided reliable initial data
for stability assessment and for planning targeted
GPR investigations.

According to the results of geomechanical
modeling in RocTunnel3, the most hazardous zones
are associated with intersections of fracture systems
and with locally weakened sectors of the rock mass
where wedge and block failure structures may form.
Using Section No. 3 at the +275 m level as an
example, the factors of safety for the sidewall rock
mass were determined, thereby allowing the
localization of zones requiring additional verification
by GPR (Figure 9).

Legend E

Figure 9 — Factor of safety of the side rock mass of Section
No. 3 at the +275 m level in RocTunnel3 software

Ground-penetrating radar profiling confirmed
the presence of hidden weakened zones that could
not be detected on exposed surfaces of the workings.
In addition to potentially disturbed areas, radargrams
revealed zones of increased mineralization
characteristic of ore bodies (Figures 10-12).
Considering the combined effect of interference
factors under deposit conditions, the GROT 12N
radar provided an effective investigation depth of up
to 18 m [[18], [22]].

As a result of the work, an integrated
methodology for predicting hidden fracturing was
developed, including section selection, 3D surveying,
spatial fracture mapping, geomechanical modeling,
and targeted GPR profiling.
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Figure 13 — Flowchart of the methodology for

predicting

hidden fracturing

The obtained results show that under
polymetallic mine conditions, the highest reliability
of predicting hidden fracturing is achieved through
the integration of laser scanning, spatial fracture
mapping, geomechanical modeling, and ground-
penetrating radar investigation [[3], [4], [5], [6], [7],
[8]]. This approach makes it possible to first record
the actual geometry of the working and visible
fracturing, then develop a calculated scheme of
possible block-type failures, and only after that
perform targeted GPR profiling to identify hidden
discontinuities.

The practical significance of the results lies in the
possibility of a more accurate selection of support
parameters. The performed analysis showed that the
current mine support regulations already include a
sufficient set of support methods and support types,
including anchor, friction, steel-polymer, cable, and
reinforced schemes. Therefore, the main direction of
improvement should not be the introduction of new
support types but rather the enhancement of the
validity of selecting existing solutions while taking
into account the actual spatial fracture structure of
the rock mass [18].

The proposed methodology (Figure 13) s
especially advisable when opening new levels, driving
capital mine workings, working in areas with
complicated geological structure, water inflows, and
signs of instability in the surrounding rock mass.

The present study had an experimental and
methodological character and was primarily aimed at
testing the applicability of an integrated workflow for
hidden fracturing prediction under actual mine
conditions. For this reason, a full quantitative
validation of the method, including statistical
performance assessment  and large-sample
comparison with documented instability cases, was
beyond the scope of the current work. These aspects
represent an important direction for further
research.

Conclusion

1. Hidden fracturing was found to be one of the
key factors controlling local instability of the near-
contour rock mass in underground workings of a
polymetallic mine.

2. Conventional visual inspection does not
provide sufficient completeness in identifying
hazardous zones under conditions of shotcrete
coverage, secondary fracture infil, and complex
tectonic structure of the rock mass.

3. An integrated methodology for predicting
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hidden fracturing was developed based on the
sequential use of LiDAR surveying, spatial fracture
mapping, RocTunnel3 modeling, and GPR profiling
with the GROT 12N system.

4. The application of the integrated approach
improves the reliability of identifying hidden
weakened zones and enhances the engineering
justification for selecting support parameters.

5. The main practical conclusion is that
improvement of the technological regulation should
be aimed at refining the conditions for applying
existing support schemes rather than expanding the

range of support types.
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eKeHi KepceTingi.

3epTTeyaiH  makcatbl

Makanaga nosiMMeTansl KeHiliHiH, »KepacTbl Tay-KeH Kas3banapbliHblH, Xarncapaac mMaccuBiHAeri
JKaCbIPbIH }KapbIKLIAKTbIbIKTEI 6oMKay Adn4iriH apTTbipyFa bafbliTTanfaH 3epTrey HaTukenepi
YMbICTbIH,  ©3€KTiniri  KacblpblH y3inimaik  6y3binbicTapaplH, 6akplnayFa
Ko/mKeTiMai 6eTTepae apdaibim bGaikana 6GepmenTiHAiriMeH KaHe ocbiFaH 6alinaHbICTbl Tay
PKbIHBICTAPbl MACCUBIH ASCTYPAi BU3yanabl TEKCEPY Ke3iHAE aHbIKTaIMal KafybIMeH TycCiHAipineai,
6y KeprinikTi onbipblnynap KayniH apTTbipbin, 6ekiTy napameTpnepiH TaHaayabl KUblHAATagbl.
reopagapnbik npodunbgey, ywenwemai Tycipinim, KapblKWwaKTapabl
KEHICTIKTIK KapTanay XaHe reomexaHuKanblk moaenbaeyai KelweHai KongaHy HerisiHae »acblpbiH
JKAPbIKLWAaKTbINbIKTbI 6OMKaAY a4icTepiH *eTinaipy 6onapl. Mymbic 6apbiCbiHAA KEH OPHbIHbIH, Tay-
KEH-TeONOTUANDBIK KaffaainapbiHa Tangay Kacangbl, kasba ydackenepiHe nasepnik ckaHepiey
Kyprisingi, ShapeMetriX 6afgapnamacbiHAA KAPbIKWAKTbIABIKTBIH,  KYPbIIbIMAbIK  Tangaybl,
RocTunnel3 6afmapnamacbiHga caHablk mogenbaey kaHe «IPOT 12H» reopagapbl apKblibl
reopagapnbik, npodunbaey opbiHAANAbI. HacbiPbIH }KaPbIKWAKTbIbIKTbI 60MKAYAbIH, €H, KoFapbl
ceHimainiriHe 3D-Tycipinim, KypbIIbIMABIK TaN[ay KaHe reopafap/iblK 3epTrey AepeKTepiH AaNeKTi
Typae OGipiKTipy apKbiabl KON »KeTKisineTiHi aHblKTanabl. Taxipnbenik HaTuKe »KaHa b6ekity
Typ/iepiH eHrisyfie emec, KongaHbiCTafbl 6ekiTy cynbanapbiH TaH4ayAblH, HEri3giniriH apTToipyaa

Tyiiin  ce3dep:

YaCblpblH KAPbIKWAKTbIIbIK, Tay »bIHbICTApPbl MacCWBi, »epacTbl Tay-KeH
Kasbanapbl, reopagapiabik npodunbaey, Na3epNiK CKAHEPNEY, KAPbIKWAKTapAbl KEHICTIKTIK
KapTanay, reomexaHuKanblk Mogenbaey, Kasbanapabl 6ekity.
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AHHOTAUMA
B cTaTbe paccMoOTpeHbl pe3ynbTaTbl  WUCCAEAOBaHWUM, HampaBAeHHbIX Ha  MOBblleHWe

A0CTOBEPHOCTM NPOrHo3a CKprTOﬁ TpewmnHoBaToCTH I'IpVI60pTOBOFO maccusa B6ausu noasemMHbIX
FOPHbIX BblpaﬁOTOK NoONMMETaNNNYEeCKOro pyaHuKa. AKTyaI]bHOCTb paﬁOTbI oﬁycnosneHa Tem, 4To
CKpbITble pas3pbiBHble HapyweHuUA He Bcerga BbliABNAKOTCA NpU TPagnuMOHHOM BU3Ya/iIbHOM

obcnefoBaHWM MaccvBa, UTO MOBLIWAET PWUCK IOKaNbHbIX BbIBA/IOB U OCNOXKHAET Bbl6OP
MNoctynuna: 15 anpena 2026

PeueHsnposaHwue: 25 anpena 2026
MpuHATa B nevaTb: 28 mas 2026

napameTpos KpensneHus. Llenblo uccnefosBaHus ABNANOCH COBEPLUEHCTBOBAHME METOA0B
NPOrHo3a CKPbLITON TPELMHOBATOCTM Ha OCHOBE KOMMIEKCHOrO MPWMEHeHUA reopagapHoro
npodUANPOBaHNA, TPEXMEPHOM CbeMKM, MPOCTPAHCTBEHHOTO KapTUPOBaHUA TPeLWMUH U
reoMexaHM4Yeckoro MoaenupoBaHua. B paboTe BbIMNONHEHbl aHa/sU3 TOPHO-FE0NOrUYECKUX
YCNOBUIA MECTOPOXKAEHUA, Nla3epHOe CKaHMPOBAHWE YYaCTKOB BbIPAabOTOK, NPOCTPAHCTBEHHbIN
aHanu3 TpewmHosatocTh B ShapeMetriX, uucneHHoe mopgenuposaHve B RocTunnel3 w
reopagapHoe npodunmposaHve reopagapom «MPOT 12H». YcTaHoBNeHo, 4TO Hambosbluas
[OCTOBEPHOCTb NPOrHO3a AOCTUrAaeTCA NPW NOCNeA0BaTENbHOM MHTErpaLMmn AaHHbIX 3D-CbeMKky,
NPOCTPAHCTBEHHOIO aHaNM3a TPELLMHOBATOCTM U reopajapHoro obcnegosaHua. MokasaHo, YTo
NpPaKTUYeckuii apdeKT 3akNyaeTca B NOBbILEHMM 06OCHOBAHHOCTM BbIGOPA Y¥Ke AEeNCTBYIOLWNX
CXeM Kpen/eHus, a He BO BBEAEHUM HOBbIX TUMOB KpenMu.

Kntoveeble ca06a: cKpbiTas TPELLMHOBATOCTb, FOPHbIM MaccuBs, NMOA3eMHble FOpHble BbIPabOTKH,
reopagapHoe  npoduaMpoBaHMe,  Nla3epHOe  CKaHMPOBaHWE,  KapTMpOBaHWE  TPELUWH,
reomexaHnM4yeckoe MOAENIMPOBAHUNE, KpenieHue BbipaboToK.
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