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Abstract. This study provides a thermodynamic analysis of phase equilibria and compound stability in the W—Ti—C-Co system
using ab initio modeling, the Materials Project database, and HSC Chemistry 6. The focus is on identifying stable and metastable
phases relevant to composite materials based on refractory metals and carbon with cobalt and titanium as alloying elements. Calcu-
lations yielded a list of characteristic phases, quaternary and ternary phase diagrams (Ti-W-C, Co-Ti-C, Co-W-C), Ellingham-
type stability diagrams, and interfacial reaction maps. Mechanical properties were assessed via bulk and shear moduli, showing
WC as the hardest and TiCo as the most ductile phase. The study predicts the likely formation of ternary carbides (W-Co, W-Ti),
which strongly influence material properties. Fourteen interfacial reactions were identified, including carbide and intermetallic
formation. Ellingham analysis showed Co.C is unstable above ~400°C, and Co7Ws is unfavorable at all temperatures, while
WC remains stable up to ~1400°C, beyond which W2C dominates. These results deepen the understanding of phase behavior
in multicomponent metal — carbon systems and support the development of thermally stable, mechanically optimized materials.

Keywords: thermodynamic modeling, phase diagram, Ellingham diagram, refractory materials, phase stability, bulk modu-

lus, shear modulus.
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1. Introduction

In the context of increasing operational demands on cut-
ting and forming tools, there is a growing need to develop
new types of hard alloys with enhanced strength, thermal
stability, and wear resistance [1, 2]. Among these, particular
attention is given to dual-carbide cemented carbides based on
the W—C-TiC—-Co system, which are distinguished by their
combination of high hardness and thermochemical stability
[3]. However, the development of new compositions requires
a deep understanding of phase equilibria and interfacial in-
teractions in multicomponent systems, including rare and
metastable compounds.

Of special interest is thermodynamic modeling and the con-
struction of phase stability diagrams (Ellingham diagrams) and
phase dominance maps for systems involving transition metals
and carbon. The application of density functional theory (DFT)
methods allows for a quantitative assessment of formation
energies and the construction of highly accurate phase dia-
grams. These approaches have been successfully implemented
in systems analogous to W-Ti—C—Co [4, 5], while the Materi-
als Project database [6] offers a comprehensive platform for
automated access to thermodynamic and structural properties of
compounds based on ab initio calculations.

Previous studies have shown that W—Ti systems exhibit
pronounced asymmetry in mixing energies and limited mutu-
al solubility, particularly in the BCC lattice structure [7].
These features significantly affect phase stability and the
formation of intermetallic compounds. At the same time,
experimental investigations into Co-Ti and Co-W interac-
tions have enabled the construction of isothermal sections
and the identification of stable phases at temperatures rang-
ing from 1273 to 1473 K [8].

In the W-C-Ti-Co system, carbide phases such as WC,
TiC, and complex carbides of the (Ti,W)C type play a key
role. These compounds are characterized by high cohesive
energy, low self-diffusion coefficients, and increased metasta-
bility, making them especially relevant for high-temperature
applications [9]. Furthermore, the stability of phase bounda-
ries critically determines the reliability and service life of
cemented carbides. To analyze interfacial interactions, phase
reaction and phase dominance diagrams are constructed
using computational tools based on the Materials API [6, 10].

The objective of this study is to construct phase diagrams
and evaluate the thermodynamic stability of phases in the
W-C-Ti-Co system using quantum mechanical modeling,
machine learning, and statistical analysis.
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2. Materials and methods

To construct the phase diagram and analyze phase equi-
libria in the quaternary W—-C-Ti—Co system, a comprehen-
sive approach based on ab initio modeling within the frame-
work of density functional theory (DFT) was employed. The
primary source of input data was the Materials Project data-
base [10, 11, 5], which contains structural and energetic
characteristics for over 100,000 inorganic compounds ob-
tained through standardized DFT calculations.

To improve the accuracy of the electronic state descrip-
tions for the transition metals W, Ti, and Co, formation en-
thalpy calculations were carried out using a hybrid
GGA/GGA+U scheme. The use of GGA+U potentials al-
lowed for correction of d-electron delocalization and ensured
a more reliable assessment of compound stability [1]. The U
parameters were selected in accordance with semi-empirically
calibrated values provided by the Materials Project [10].

Phase diagrams were generated using the PDApp soft-
ware, a component of the Materials APl-a REST-based
interface providing access to data on energies, composi-
tions, and crystal structures [2, 7]. The calculations were
based on the convex hull method, which made it possible to
identify thermodynamically stable and metastable phases at
a given temperature. Structural data were primarily sourced
from the ICSD database, which contains experimentally
validated lattice parameters, symmetries, and atomic coor-
dinates [13].

To predict not-yet-discovered but potentially stable com-
pounds, the modeling incorporated a machine learning—based
approach [4]. This method combined data from known phas-
es with DFT results, allowing for an expanded exploration of
the phase space in the W-C-Ti—Co system. Probabilistic
models were used to evaluate the stability of hypothetical
compounds, enabling the prediction of possible stable phases
not represented in experimental databases.

The morphology of interfacial boundaries and the evolu-
tion of phases under non-equilibrium conditions were studied
using phase-field modeling [14], which accounted for kinetic
aspects of phase transformations at high temperatures. This
was especially relevant for assessing the stability of carbides,
known for their high cohesive energy and metastability.
According to [9], at 0 K, the median metastability of carbides
reaches 144 meV/atom, compared to only about 20
meV/atom for most other compounds.

The methodology applied in this work provides high ac-
curacy in constructing phase stability diagrams, identifying
stable phases, and analyzing the behavior of the W—-C-Ti-Co
system under conditions that closely resemble those of real-
world hard alloy synthesis.

3. Results and discussion

3.1. Thermodynamic modeling of phase equilibria and
construction of the phase diagram for the W—-C-Ti-Co
system

The phase diagram of the quaternary W—C-Ti—Co system
was constructed based on data obtained using the PDApp
software and the Materials Project database. The analysis
focused on thermodynamic stability, metastability, and po-
tential decomposition pathways of compounds, carried out
through the construction of phase stability diagrams and
convex hull projections in composition space.

The resulting phase diagram reflects the thermodynamic
stability of compounds in the W—C-Ti—Co system at temper-
atures up to 1000 K (Figure 1). The diagram’s nodes are
color-coded according to stability: green indicates thermody-
namically stable phases, while yellow and red denote meta-
stable compounds, whose degree of instability is defined by
their positive energy deviation from the convex hull surface.
The color of the rhombus overlaid on each node represents
the magnitude of this deviation, ranging from moderate (yel-
low) to high (red) metastability.

Energy Above Hull
(eV/atom)

0.05

Ti
Ti,Co .

TiCo i
Tico, CoO

Co,W

Figure 1. Phase diagram of the W-Ti-C—Co system

The black lines connecting the nodes represent projec-
tions of the Maxwell convex hull onto the compositional
space. These connections form what are known as Gibbs
triangles, with each vertex corresponding to a stable phase.
Any point within such a triangle can be described as a mix-
ture of the three phases located at its vertices. The phase
composition and ratios of this mixture are determined by
the lever rule, applied here in a higher-dimensional compo-
sitional space.

Special attention is given to green nodes overlaid with
colored rhombuses, which indicate the presence of metasta-
ble «satellite» phases that share similar chemical composi-
tions with certain «primary» stable compounds but differ in
crystal structure. Examples of such systems include CosW,
Ti,C, TigCs, and TiCos. The existence of competing structur-
al modifications can have important implications for synthe-
sis conditions and the thermal history of the material.

To assess the potential mechanical properties of the com-
pounds shown in the diagram, Table 1 presents their for-
mation and decomposition energies, shear modulus, bulk
modulus, and Pugh’s ratio (G/B) [3]. Pugh’s ratio serves as
an indicator of a material’s tendency toward plastic or brittle
behavior: values below 0.5 suggest ductility, while values
above this threshold indicate brittleness. The elastic modulus
values were derived using machine learning algorithms
trained on large DFT-based datasets [15].

The TiCo phase exhibits the lowest Pugh’s ratio (G/B)
among all compounds considered in the W-Ti—C—Co system,
indicating its highest propensity for plastic deformation. In
contrast, the WC phase displays the highest elastic moduli,
reflecting its exceptional stiffness and potential brittleness
under mechanical loading. Below are the crystal structures
and brief descriptions of the equilibrium and metastable
phases identified through the modeling of the system.
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Table 1. Stable and metastable phases in the W-Ti—C—Co system
Stable Phases

Formation | Shear Bulk Pugh’s
Phase energy, modulus  modulus ratio
eV/atom G, GPa B, GPa (G/B)
CosW -0.084 140 179 0.782
Ti,C - 0.644 78 139 0.561
Ti,Co -0.285 74 154 0.481
TisCs -0.719 115 170 0.676
TiC -0.81 176 253 0.696
TiCo - 0.401 61 163 0.374
TiCos - 0.262 83 194 0.428
Tiw - 0.02 94 206 0.456
wC -0.123 279 385 0.725
Co,W,C - 0.067 130 320 0.406
Metastable Phases
Decomposition Shear Bulk Pugh’s
Decomposes .
Phase energy, into modulus  modulus ratio
eV/atom G, GPa B, GPa (G/B)
Co,C 0.108 C+Co 110 257 0.428
CoWiC oogg  COWAWC 29 308 0419
ComnC, 0018 COWeWC g g o4z
TisCs 0.05 TigCs + TIC | 130 194 0.670
TisWC,4 0.025 WC + TiC 184 280 0.657
TisWCs 0.019 WC +TiC 183 274 0.668
. TiCoz +
TiCo, 0.006 Tico 90 204 0.441
TiWC, 0.07 WC + TiC 187 304 0.615
W,C 0.065 WC +W 167 334 0.500
WoCy 0.072 WC +W 149 337 0.442

Cobalt carbide Co,C

The compound Co,C crystallizes in the orthorhombic
crystal system, space group Pnnm, and adopts a hydrophilite-
type structure (Figure 2).

Figure 2. Crystal structure of the Co:C phase

Its crystal structure is three-dimensional. Co?" ions are in
a trigonal planar coordination with three equivalent C* at-
oms; all Co—C bond lengths are 1.90 A. Each carbon atom
(C*) is surrounded by six equivalent Co*>" atoms, forming
CCos coordination octahedra that share edges and corners.
The octahedral tilt angles are approximately 52°, indicating a
distortion from ideal geometry and reflecting specific bond-
ing features within this phase.

Titanium-cobalt intermetallics

The Ti,Co phase crystallizes in the cubic space group Fd-3m
and features a three-dimensional crystal structure (Figure 3).

Figure 3. Crystal structures of titanium—cobalt intermetallics:
Ti:Co, TiCo, TiCo:, TiCos

Two crystallographically distinct Ti positions are present.
In the first site, the Ti atom is in a 12-fold coordination with
six equivalent Co atoms; all Ti-Co bond lengths are 2.49 A.
In the second site, the Ti atom displays a distorted fourfold
coordination with Co, comprising two shorter Ti—Co bonds
at 2.53 A and two longer ones at 2.87 A. Co atoms are situat-
ed in a 9-fold coordination environment, each surrounded by
nine Ti atoms.

The TiCo compound adopts the tetraauricupride-type
structure and crystallizes in the cubic space group Pm-3m.
The crystal structure is three-dimensional. Ti atoms occupy
body-centered cubic positions and are coordinated by eight
equivalent Co atoms, with uniform Ti—Co bond lengths of
2.58 A. Likewise, Co atoms are in a body-centered cubic
coordination, each surrounded by eight equivalent Ti atoms.

The TiCo, phase crystallizes in the hexagonal space
group P63/mmc and adopts a hexagonal Laves-type struc-
ture. The structure is three-dimensional and includes five
crystallographically distinct titanium atomic sites. At each
site, a titanium atom is coordinated in a 12-fold geometry
with four titanium atoms and twelve cobalt atoms. In the first
site, there is one shorter Ti-Ti bond (2.83 A) and three long-
er ones (2.89 A). The Ti—Co bond lengths range from 2.75 to
2.77 A. In the second site, the bonding pattern is similar,
with one shorter (2.83 A) and three longer (2.89 A) Ti-Ti
bonds, and Ti—Co bond distances also ranging from 2.75 to
2.77 A. At the third site, all Ti-Ti bond lengths are 2.89 A,
with Ti—Co distances again falling within 2.75-2.77 A. In the
fourth and fifth sites, all Ti-Ti bonds measure 2.89 A. The
Ti-Co bonds consist of six shorter (2.75 A) and six longer
(2.76 A) distances.

Cobalt atoms occupy three crystallographically distinct
sites. In the first and second sites, each cobalt atom is sur-
rounded by six titanium and six cobalt atoms, forming mixed
CoTisCos cuboctahedra sharing faces, edges, and vertices. In
the first cobalt site, there are three shorter (2.36 A) and three
longer (2.37 A) Co—Co bonds; in the second site, all Co—Co
bonds are 2.35 A. In the third site, the local structure is simi-
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lar, though the Co—Co bonds include two shorter (2.29 A)
and two longer (2.41 A) distances, indicating some anisotro-
py in the coordination environment.

The compound CosTi adopts the uranium silicide struc-
ture type and crystallizes in the cubic space group Pm-3m.
The structure features a three-dimensional coordination net-
work. Titanium atoms are coordinated by twelve equivalent
cobalt atoms, forming TiCos, cuboctahedra. These polyhedra
are interconnected: they share vertices with twelve equiva-
lent TiCoi2 units, edges with twenty-four equivalent Co-
TisCog cuboctahedra, and faces with six TiCoi, and twelve
CoTisCog units. All Ti-Co bond lengths are 2.55 A.

Cobalt atoms, in turn, are coordinated by four equiva-
lent titanium atoms and eight cobalt atoms, forming Co-
TisCog cuboctahedra. These structures share vertices with
twelve similar CoTisCog units, edges with eight TiCo1, and
sixteen CoTisCog units, and faces with twelve TiCoi, and
four CoTisCos cuboctahedra. All Co—Co bond distances are
also 2.55 A.

Ternary tungsten—titanium carbides

TisWCs adopts the caswellsilverite-type structure
(NaCrSy) and crystallizes in the trigonal space group R—-3m
(Figure 4).

Ti,WCs

Figure 4. Crystal structures of ternary tungsten—titanium car-
bides: TisWCs, TisWCqs, TiWC:

The structure is three-dimensional and features two crys-
tallographically distinct Ti** sites. In the first site, the Ti%*
ion is coordinated by six C* atoms, forming TiCs octahedra.
These octahedra are corner-sharing with three equivalent
TiCs octahedra and three WCs octahedra, and edge-sharing
with three WCs and nine other TiCgs octahedra. The tilt an-
gles between corner-sharing octahedra range from 0° to 1°.
Ti—C bond lengths vary slightly, with three shorter bonds at
2.16 A and three longer ones at 2.18 A.

In the second Ti** site, the ion is also surrounded by six
C* atoms, forming TiCs octahedra that are connected via
both corner- and edge-sharing. The tilt angles between adja-
cent octahedra also fall within the 0 e-1° range, and Ti-C
bond lengths measure 2.17 A and 2.18 A. The W** ion is
coordinated by six equivalent C* atoms to form regular WCs
octahedra. These octahedra share corners with six TiCs octa-
hedra and edges with six TiCs and six WCs octahedra. The
tilt angles are 0°, and all W—C bond lengths are 2.17 A.

There are three crystallographically distinct C* sites. In
the first site, the C* atom is bonded to six Ti** ions, forming
CTis octahedra that share edges and corners. Tilt angles
range from 0° to 1°. In the second site, the C* atom is also
coordinated by six equivalent Ti** ions, forming a similar
environment with no observable tilt (0°). In the third site, the
C* ion is coordinated by three Ti** and three W** ions, form-
ing CTisWs octahedra that share both edges and corners, with
tilt angles also in the range of 0° to 1°.

WTIC, also crystallizes in the caswellsilverite-type
structure (R-3m) and exhibits a three-dimensional frame-
work. The Ti* ion is coordinated by six equivalent C*
atoms, forming TiCs octahedra. These polyhedra share
corners with six WCs octahedra and edges with six TiCs
and six WCsg octahedra. The tilt angles are 0°, and Ti-C
bond lengths are 2.17 A. The W** ion is likewise coordinat-
ed by six equivalent C* atoms in WCs octahedra. These are
corner-sharing with six TiCe octahedra and edge-sharing
with six TiCe and six WCg octahedra. The octahedra are
nearly ideal, with 0° tilt angles and W-C bond lengths of
2.18 A. Each C* ion is bonded to three equivalent Ti** and
three equivalent W*" ions, forming mixed CTisW3 octahe-
dra that are interconnected via shared edges and corners.
The tilt angles are 0°, indicating high symmetry and a high-
ly regular crystal structure.

3.2. Calculation of stability and phase dominance dia-
grams in the W-Ti—C-Co system

To analyze phase interactions at the interface between
primary and secondary phases, interfacial reaction diagrams
were constructed using the Interface Reaction App software.

Figure 5 shows the interaction diagram between the WC
and Co phases. Only a single reaction (Reaction 1) is possi-
ble between them. The interaction between tungsten carbide
and cobalt can lead to the formation of the intermetallic
compound CosW and elemental carbon.

0.75C0+0.25WC—0.25CosW+0.25C  (E= -2.222 ki/mol). (1)

WC-Co Reactions

Atomic Fraction of WC [x in xWy sCos + (1 - x)-Co]
0 0.2 0.4 .8

ant Atom

gy per Reactz

® 0.75Co +0.25WC — 0.25 CoW +0.25C

Molar Fraction of WC [x in x-WC + (1 - x)-Co]

Figure 5. Interfacial reaction diagram between WC and Co
phases
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Figure 6 presents the interaction diagram between the
WC and Ti phases. Four possible reactions (Reactions 2-5)
can occur between them. The interaction of tungsten carbide
with titanium may lead to the formation of the intermetallic
compound TiW, titanium carbides Ti.C, TigCs, and TiC, as
well as elemental tungsten.

0.75Ti+0.25WC—0.25TiW-+0.25TiC (E = -41.64 ki/mol);  (2)
0.667Ti+0.333WC—0.333Ti,C+0.333W (E = -54.23 ki/mol); (3)
0.615Ti+0.385WC—0.077TisCs+0.385W (E = -60.28 ki/mol); (4)
0.5Ti+0.5WC—0.5W-+0.5TiC (E = -66.32 kJ/mol). )

WC-Ti Reactions

0.75 Ti +0.25 WC — @25 TiW + 0.25 Ti,C

0.667 Ti +0.383 WC — 0.333 Ti,C + 0.333 W
0.615 Ty'+ 0.385 WC — 0.077 Ti;Cs + 0.385 W
05Ti+0.5WC —~0.5W+05TiC

Figure 6. Interfacial reaction diagram between WC and Ti
phases

Figure 7 presents the interaction diagram between the
CosW and Ti phases. Four possible reactions (Reactions 6-9)
can occur between them. The interaction between the inter-
metallic compound CosW and titanium may lead to the for-
mation of intermetallics TiCos, Ti»Co, TiCo, TiW, as well as
elemental tungsten.

0.125Co3W+0.875Ti—0.375Ti,Co+0.125TiW (E =-27.34 kiimol); (6)
0.143C0sW~+0.857Ti—0.429Ti,Co+0.143W (E = -30.69 ki/mol); (7)
0.25C0sW-+0.75Ti—0.75TiCo+025W (E =-49.83kJimol);  (8)
0.5C0sW+0.5Ti—0.5TiCoz+0.5W (E = -34.22 ki/mol). ©)

Co,W-Ti Reactions

0.5CoW +0.5Ti — 0.5TiCoy +0.5W

0.125 CosW + 0.875 1 — 0.375 Ti,Co + 0.125 TiW
0.143 Co,W + 857 Ti — 0429 Ti,Co + 0.143 W

0.25CoW +0.75Ti —+ 0.75 TiCo + 0.25 W

Figure 7. Interfacial reaction diagram between CosW and Ti
phases

0.9C0+0.1TigCs—0.3TiCos+0.5TiC (E = -18.26 kl/mol);  (10)
0.75C0+0.25TisCs—0.75TiCo+1.25TiC (E=-27.86 ki/imol). (11)

Figure 8 presents the interaction diagram between the
TigCs and Co phases. Two possible reactions (Reactions 10—
11) can occur between them.

TigCs-Co Reactions

/
/

/
[ 0.75Co + 025 TigC;s —+ 0.75 TiCo + 1.25 TiC

0.9 Co+ 0.1 TiyC; 0.3 TiCoy + 0.5 TIC
—

Figure 8. Interfacial reaction diagram between TisCs and Co
phases

The interaction of TigCs carbide with cobalt may lead to
the formation of the intermetallic compounds TiCos and
TiCo, as well as TiC carbide.

0.9C0+0.1TisCs—0.3TiCoz+0.5TiC (E = -18.26 ki/mol);  (10)
0.75C0+0.25TigCs—0.75TiCo+1.25TiC (E = -27.86 ki/mol). (11)

Analysis of the interfacial reaction diagrams indicates
that a variety of chemical transformations are possible within
the W-Ti—C—Co system, resulting in the formation of inter-
metallic compounds and carbides. The most energetically
favorable reactions occur between WC and Ti (particularly
those forming TiC and W), as well as between CosW and Ti.

Figure 9 shows the phase stability diagram (Ellingham
diagram) for the W-Ti—Co-C system, constructed using the
HSC Chemistry 6 software package. The diagram illustrates
the change in Gibbs free energy (AG) of formation for vari-
ous compounds as a function of temperature. It should be
noted that the diagram includes only those phases for which
data are available in the HSC Chemistry 6 database. Specifi-
cally, information is lacking on Ti-W and Ti—Co intermetal-
lics, as well as on lower titanium carbides and ternary car-
bides based on tungsten and cobalt.

kJ/mol Delta G (Ellingham)

1800
1300
800

300

" Co0)

=200

0 500 1000 1500 2000
Temperature °C
Figure 9. Ellingham-type phase stability diagram for the W-
Ti—Co-C system

Based on the phase stability diagram, it can be concluded
that Co,C is thermally unstable at temperatures above approx-
imately 400°C, which limits its applicability in high-
temperature processes. Metallic cobalt (Co°) retains moderate
stability but does not form stable carbides at elevated tempera-
tures. Tungsten carbide (WC) remains stable up to ~1400°C;
above this temperature, the more stable subcarbide W2C be-
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comes dominant. The compound Co7Ws is thermodynamically
unstable across the entire temperature range (AG > 0).

The phase dominance diagrams shown in Figure 10 were
constructed using the HSC Chemistry 6 software package.

(@)

log pC(g) Predominance Diagram for Ti-W-C System
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Figure 10. Phase dominance diagrams for ternary systems:
(a) - Ti-W-C, (b) — Co-Ti-C, (c) - Co-W-C

These diagrams reflect the thermodynamically most sta-
ble phases in the corresponding ternary systems at a given
temperature and the partial pressure of one component, as-
suming the vapor pressure of the second component remains
constant. The diagrams were constructed for the Ti-W-C
(Figure 10a), Co-Ti-C (Figure 10b), and Co-W-C (Figure
10c) systems. The obtained data enable assessment of the
phase stability under conditions approximating real-world
processes and contribute to a deeper understanding of phase
transformations in multiphase metal — carbon systems.

4, Conclusions

As a result of the conducted research using thermody-
namic modeling and the Materials Project ab initio database,
a comprehensive analysis of phase equilibria and compound
stability in the multiphase W-Ti—-C-Co system has been
carried out. Based on the calculations, a list of stable and
metastable phases characteristic of the system was compiled,
and a corresponding quaternary phase diagram was con-
structed. For each identified phase, bulk and shear moduli
were calculated, enabling a comparative analysis of their
mechanical properties. It was established that tungsten car-
bide (WC) is the hardest compound in the system, while the
intermetallic TiCo exhibits the highest ductility.

The analysis confirmed the possibility of forming several
stable ternary carbide phases, particularly tungsten—cobalt
and tungsten—titanium compounds, both in stable and meta-
stable forms. The constructed Ellingham phase stability dia-
grams, interfacial reaction diagrams, and phase dominance
diagrams for the ternary subsystems Ti-W-C, Co-Ti-C, and
Co-W-C demonstrated the thermodynamic feasibility of
new phase formation at interfaces between components.
Fourteen potential reactions were identified, indicating the
potential for a wide range of intermetallic and carbide com-
pounds to form as a result of interactions between primary
and secondary phases.

Thus, the obtained results not only expand current under-
standing of phase transformations in refractory metal — car-
bon systems, but also provide a foundation for the targeted
selection of composite materials with tailored mechanical
properties, as well as for optimizing synthesis and heat
treatment parameters.
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Anmarna. Ocoi 3eprreyne W-Ti—C—Co kyiiecingeri (asanbik Terne-TeHIIK MeH KOCBUIBICTAPJBIH TYPAKThLUIBIFbIHA
TEepMOJMHAMUKAIBIK TaJay >kacaiasl. 3epTTey ab initio Monenbiey, Materials Project nepexkxopsr sxone HSC Chemistry 6
OaFmapramainslK TaKeTi HerisiHme >Kyprisuimi. Herisri makcaT - koOadbT I[EH THUTAH JIETHPJICYII 3JEMEHTTEP PETiHIe
KOJIIAHBUIATBIH OTKa TO3IMAI MeTauljap MEH KOMIpPTEKKE HEri3JlelireH KOMITO3MLMUIBIK MaTephaiyapaa Ty3ulyli MYMKiH
TYpaKkTHl KoHE MeTacTaOwipai Qasamapasl aHbIKTay. EcenTeynep HOTIDKECiHIE jXyiere ToH QasamapislH Ti3iMmi, TepT
KOMIIOHEHTTI JKOHE YIII KOMIOHEHTTI ¢azansik quarpammanap (Ti-W-C, Co-Ti—C, Co-W-C), DiuHreM THIITI TYPaKTHIIBIK
JuarpaMmainapsl MeH (asanblk e3apa opeKkeTTecy KapTaiapbl jxkacaiasl. DazanapblH MEXaHHMKAJBIK KACHETTepl KOJeMIiK
JKOHE BIFBICY MOJYJIBAEP] apKbUIbl OarajaHjibl: €H KaTThIChl — Bosib(pam kapoumi (WC), an eH wminrim Kockuisic — TiCO
uaTepMeTammai. 3eprrey 6apsicsinga W—-Co sxone W—T1 KypaMIsI YIITIK KapOUATEPAIH TY31Ty BIKTHMAJJIBIFBI )KOFaphl eKeHi
aHBIKTABI, Oy MaTepHay KacHeTTepiHe aWTapiblKTaii acep ereai. bapnerbl 14 bikTuMan (asanblk e3apa opeKerTecy
peakuusaCchl AHBIKTABI, OJIAPABIH IMIHJE OpPTYPJl HHTEPMETAIIBIK JKOHE KapOMATIK KOCBUIBICTAp Oap. DIuIMHreMm
nuarpammaceiaa caiikec, Co,C ~400°C sxorapsl TemrepaTypajia TepMUSUIBIK Typakchi3, an Co7We GapibIk TemrepaTtypana
TEepMOJMHAMUKAIIBIK, TYPFhIIaH Typakcels. WC ~1400°C neiiin TypakThl Oombln Kaia Oepei, oJaH jKOFapbl TeMIlepaTypasia
W,C 6acbim (azazna Oonansl. bys HoTHXKEIep METaUI-KOMIPTEK KOIIKOMITIOHEHTTI JXyHenepinzeri ¢pa3ary3iiyal TepeH TyCiHyre
JKOHE JKBUTY TYPAKTBUIBIFBl MEH MEXaHHKAJIBIK KACUETTEP1 J)KOFaphl skaHa MaTepHaiiapAbl xkobanayra Heri3 0oasl.
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AHHOTanusi. B Hacrosmem uccIeOBaHWM IIPEACTAaBICH TEPMOJMHAMHYECKHH aHamu3 (a30BBIX pPAaBHOBECHH U
ycroiuuBocT coequneHuii B cucteme W—Ti—C—Co ¢ ucrnionb3oBanueM ab initio MojenupoBanus, 6a3bl qaHHbBIX Materials
Project m mporpammaoro kommiekca HSC Chemistry 6. OcHOBHOe BHUMAaHHE YICICHO BEISBICHUIO CTaOWIBHBIX U
METacTaOMIbHBIX (a3, XapaKTepHBIX Ul KOMIO3UIMOHHBIX MaTepHalOoB HAa OCHOBE TYTOIIABKHX METAJUIOB W YTJIEpPOAa C
nobaBkaMH KoOanbTa W THTaHA. IIpoBeneHHbIE pacdeThl MO3BOJMIM ONPEICIUTh IEPEUeHb XapaKTepPHBIX (a3, MOCTPOHUTH
YETBEPTHYHYIO U TpoitHbie (ha3oBsie auarpammsl (Ti-W-C, Co-Ti-C, Co-W—C), auarpaMMBbl YCTOHYHBOCTH TUTIA DIUTHHIEMA
U KapThl MeX(a3HbIX peakuui. MexaHH4ecKue CBOMCTBA OLCHUBAJKCH MO 3HAUYEHHSIM OOBEMHOTO M CABHIOBOTO MOAYJICH:
kapoun Bosbdppama (WC) okazancsi cambIM TBepAbIM, a uHTepMeTammun TiCo — Haubonee IIACTHYHBIM. YCTaHOBJIEHA
BBICOKasi BEPOSITHOCTh 00pa3oBaHMsi TpoiHbIX kapoumoB (W—Co, W-T1i), cyniecTBEHHO BIMSIOIIUX Ha CBOICTBa MaTepHaa.
BeisBiens! 14 BO3MOXHBIX Mexk(Da3HBIX peaklyii, BKIO4Yas 00pa3oBaHue KapOHI0B U HHTEPMETAUINAOB. AHAIN3 AUArPaMMBbl
DnmuHremMa nokasan, uto coenuHenne Co,C Tepmuuecku HeycToiunBo Beiie ~400°C, a Co7We TepMOIUHAMUYECKH HEBBITO-
IeH Bo BceM TtemmeparypHoMm mamamaszone. WC crabumen mo ~1400°C, mocme dwero momumuupyer W.C. PesynpraThi
HCCIIEZIOBaHMS CIIOCOOCTBYIOT YIITyOJICHHOMY NMOHHMaHHUIO (pa3000pa3oBaHMS B MHOTOKOMIIOHEHTHBIX METaJUI-yTJICPOJHBIX
cucteMax W (opMHPYIOT HaydHylo 0a3y JuId CO3IaHUS TEPMOCTOMKHMX MAaTe€pHalioB C 3a/JaHHBIMH MEXaHWYECKUMH
CBOWCTBaMH.
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Abstract. Thermomechanical processing of steels is an advanced process for producing high-strength steels. Low-alloy
high-strength steel grades have a wide range of applications in the production of large-diameter pipes for transporting oil and
gas. The application of API grades like X70 steels in pipe rolling production has led to a reduction in metal consumption and
energy expenses for their production. Warm rolling or controlled rolling is one of the advanced technological modes of steel
processing, which is described in this article. Therefore, it needs to be emphasized that high-strength low-alloy (HSLA) steels
have gained significant attention due to their superior mechanical properties and cost-effectiveness in various industrial appli-
cations. Thermomechanical processing (TMP) plays a crucial role in optimizing the microstructure and mechanical perfor-
mance of these steels. This paper explores the fundamental principles of TMP, including controlled rolling, accelerated cool-
ing, and precipitation strengthening. The impact of processing parameters on grain refinement, phase transformations, and
mechanical properties is discussed. Advances in TMP techniques, such as direct quenching and ultra-fast cooling, are also
highlighted. Understanding these processes enables the development of HSLA steels with enhanced strength, toughness, and
weldability. The paper also contains experimental part regarding to plane strain compression test results, which is modelling
thermomechanical processing of HSLA steels.
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transformation, precipitation strengthening.
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1. Introduction

The rapid development of the oil and gas industry has led
to an increase in hydrocarbon consumption and, accordingly,
to the construction of main oil and gas pipelines. According-
ly, there was a need to produce large diameter pipes. The
development of steel grades from the X50 to X100 series has
led to a decrease in metal consumption and an increase in
strength characteristics.

High-strength low-alloy (HSLA) steels are a class of steel
designed to provide improved mechanical properties com-
pared to conventional carbon steels while maintaining cost
efficiency. These steels achieve their superior strength and
toughness through microalloying and TMP. The key to opti-
mizing HSLA steel properties lies in carefully controlling
deformation and thermal cycles during processing [1].

This paper provides an in-depth analysis of TMP, includ-
ing its effects on grain refinement, precipitation strengthen-
ing, and phase transformations. The latest advancements in
processing techniques are also discussed.

TMP combines mechanical deformation with controlled
thermal treatments to manipulate the microstructure of HSLA
steels. It includes grain refinement to enhance strength and
toughness, controlled phase transformations for microstructur-
al optimization and precipitation strengthening through micro-
alloy additions such as Nb, Ti, and V etc. [2-7].

TMP typically involves the following key stages [8]:

©2025. U.K. Kakimov, A.A. Kaipova
u.kakimov@satbayev.university; a.kaipova@satbayev.university

1. Controlled rolling, where deformation is applied at
specific temperature ranges to control recrystallization and
grain size.

2. Accelerated cooling, when rapid cooling rates adjust phase
transformations, refining microstructure and enhancing strength.

3. Precipitation hardening, the controlled formation of fi-
ne precipitates to improve yield strength.

1.1 Effects of TMP on microstructure and properties

One of the primary benefits of TMP is its ability to refine
grain structure. Fine-grained microstructures enhance yield
strength, toughness, and resistance to brittle fracture. The
application of controlled rolling below the recrystallization
temperature suppresses grain growth, resulting in finer struc-
tures [8-10].

The microstructural evolution during TMP significantly
affects the final properties of HSLA steels. The key phase
transformations include ferrite formation at high tempera-
tures, improving ductility; bainitic or martensitic transfor-
mation in accelerated cooling, enhancing strength; retained
austenite stabilization for improved toughness.

Microalloyed HSLA steels contain Nb, Ti, or V, which
form fine precipitates during processing (Figures 1, 2). These
precipitates hinder dislocation movement, improving yield
strength without compromising ductility. The precise control
of precipitation kinetics is essential for achieving the desired
mechanical performance.
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Figure 1. Influence of microalloying elements on recrystalli-
zation stop temperature in steel 0.07C-0.225Si-1.40Mn [2]
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Figure 2. Effects of different strengthening mechanisms [2]

Grain refinement is a strengthening mechanism that pro-
vides the advantage of high strength combined with a low
impact transition temperature (ITT). Unlike other strengthen-
ing methods, grain refinement improves or maintains tough-
ness without compromising it.

In ferritic steels, grain refinement is typically achieved
through thermomechanical processing. This involves precise
control over austenite grain growth, which is suppressed
using microalloying elements such as titanium (Ti) and nio-
bium (Nb) during the reheating and rough rolling stages.
These elements form stable precipitates that pin the grain
boundaries of austenite, preventing excessive grain growth.

As a result, the austenite grains become pancaked-
flattened due to deformation — by the end of the rolling pro-
cess. Upon cooling, the transformation from austenite (y) to
ferrite (o) leads to the formation of fine ferrite grains, thereby
achieving the desired grain refinement.

Another key parameter associated with grain refinement is
the interfacial boundary area (Sy) of ferrite grains. It is neces-
sary to highlight that a higher S, resulting from austenite pre-
transformation, contributes significantly to ferrite grain re-
finement. For this reason, the steel is reheated above the aus-
tenite recrystallization temperature (Trxn) and then subjected
to rolling, promoting the formation of fine, equiaxed grains
compared to the basic coarser structure. Consequently, the
decrease in grain size leads to rise significantly of grain
boundary area, thereby enhancing the Sy value simultaneously.

1.2. Advanced thermomechanical processing techniques

Recent advancements in TMP have led to novel techniques
designed to further enhance HSLA steel properties. Some
notable developments include Direct quenching (DQ), rapid
quenching immediately after controlled rolling improves hard-
ness and strength; Ultra-fast cooling (UFC), extreme cooling
rates enhance the formation of bainitic and martensitic micro-
structures; Thermal-mechanical control processing (TMCP)
(Figure 3), an optimized combination of rolling and controlled
cooling enhances strength-toughness balance [3].
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Figure 3. Schematic diagram of controlled rolling [5]

A major difference between thermomechanical pro-
cessing (TMP) and conventional hot rolling (CHR) lies in the
reheating, rough rolling, and final rolling temperatures,
which are generally higher in CHR than in TMP. Moreover,
TMP employs a faster cooling rate following the finishing
rolling stage compared to CHR, contributing to significant
differences in microstructural evolution.

Further development in this field led to the improvements
of recrystallization-controlled rolling (RCR) — a variant of
CR. In RCR, both rough and finishing rolling passes are
carried out above the austenite recrystallization temperature
(Trxn), ensuring the formation of fine, equiaxed austenite
grains. During cooling, these transform into fine ferrite
grains, thereby enhancing the mechanical properties of the
final steel product.

The advent of controlled rolling (CR) marked a pivotal de-
velopment in steel processing, with its primary objective being
the precise control of microstructure evolution during defor-
mation. This is achieved by conducting rolling operations
within the non-recrystallized austenite region, which promotes
the formation of refined ferrite grains upon transformation.

1.3. Applications of thermomechanical processed HSLA
steels

HSLA steel processed via TMP are widely used in indus-
tries requiring high strength and toughness, including light-
weight components with high crash resistance in automotive
industry, structural beams and bridges with superior load-
bearing capacity in construction; high-strength, weldable
steels for oil and gas transportation in pipeline industry;
tough and corrosion-resistant materials for marine environ-
ments in shipbuilding. In automotive industry in terms of
weight reduction enables lighter vehicle designs while main-
taining safety and performance, in shipbuilding considering
weight saving TMP improves fuel efficiency without com-
promising structural integrity.

2. Materials and methods

2.1. Sample preparation and characterization procedure

Experimental samples (60x30x10 mm) are machined and
prepared in form of rolled plates of steel grade S460, similar
to X70 [11-13]. The composition of the steel is shown in
Table 1. Evaluated region of samples is rolling-transverse
direction. Therefore, deformed samples were cut along in
longitudinal direction and the cross section of transverse
direction was assessed for microstructural analysis. Then
samples were mounted, grounded manually, polished down
to 1um and etched in 2% nital for 20 sec. The samples di-
mensions are schematically shown in Figure 4.
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Table 1. Chemical composition for plate steel S460

Alloying element %

C 0.13
Si 0.49
Mn 1.49
Ni 0.019
Cu 0.012
Cr 0.061
Mo 0.002
\% 0.071
Nb 0.035
Ti 0.003
Al 0.039
- 60 _ 10,
. | ‘
b q ‘ 8
Vi

42

Figure 4. Experimental sample dimensions [4]

2.2. Plain strain compression test

Samples were deformed at four temperatures: 800°C,
750°C, 725°C and 700°C. Chosen temperatures considered
as intercritical region on FesC diagram and employed as
finishing rolling temperature range for thermomechanical
processing. Tools of deformation is shown in Figure 5.

Figure 5. Deformation tool for plane strain compression test [5]

PSC test started with heating of the sample at a rate of
13°C/s up to 1050°C in two minutes. Then the sample was
cooled down to the temperature of intercritical region and held
up to 250 seconds. Then samples were deformed at ¢ = 0.3 and
further subjected to accelerated cooling (10°C/s) down to room
temperature. In Figure 6 PSC test is shown schematically.

2.3. Metallographic analysis

Samples were observed on a light microscope with mag-
nification of 50x and 100x. Each of the micrographs taken
was assessed by quantitative method to carry out the metal-
lographic analysis to define ferrite grain size [13].
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Figure 6. Schematic diagram of PSC test

2.4. Measurement of hardness

Measurement of the hardness of deformed and non-
deformed regions of the samples, the Vickers hardness test
was employed [14-15]. A measured hardness data is shown
in Table 1.

3. Results and discussion

3.1. Modelling of flow stress

The flow stress of samples was measured according to
the good practice guideline [5]. The flow stress curves are
shown in Figure 7. The maximum stress value (o = 310 MPa)
was indicated at 700°C, whereas the minimum stress value
(0 =255 MPa) was at 750°C. The deformation at 800°C
shows stress value equal to 264 MPa.

350

+700°C
m725°C
750°C
B800°C

valent stress, MPa

Equi

0 0.05 0.15 02

Equivalent strain

0.25 0.35
Figure 7. Equivalent stress vs. equivalent strain curve at dif-
ferent deformation temperature range

The flow stress curves of four samples show different
yield points. The maximum value was observed at 700°C
(o =230 MPa), whereas the minimum value was at 800°C
(o =130 MPa). Nevertheless, the yield point of the deformed
specimen at 750°C was higher than that at 725°C, measuring
160 MPa and 155 MPa, respectively.

Static recovery is the primary mechanism and can be ap-
plicable in explaining all the observed flow stress curves.
The initial rise in stress during work hardening persists until
it reaches a stable level, where the increased dislocation
density is counterbalanced by dynamic recovery (Figure 7).
This is evident in the steady-state strain, which is followed
by a constant flow curve. Such mechanism is usual for met-
als having high staking fault energy [16].
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3.2. Microstructural analysis both regions (Table 2). The grain size of ferrite in Figure 8(b)
In the Figure 8(a) the grain size of ferrite in the deformed ~ Of deformed zone is decreased to 38% and the volume frac-

zone is nearly half that of the undeformed zone, while the ~ tion is raised approximately to 10% comparing to unde-
volume fraction of ferrite remains approximately the same in ~ formed zone.

Temperature, Undeformed zone Deformed zone

800

750

725

700

Figure 8. Microstructure of undeformed (left) and deformed (right) zones of the sample at deformation temperature
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Table 2. Results of quantitative analysis of micrographs

Grain size,
L=(to.gs, n1)-S(L), pm

Volume fraction of ferrite,
Vv, CVO

No. of a sample and
deformation tem-

perature Deformed Undeformed Deformed = Undeformed
Sample 1 (800°C) 3.5+0.16 6.2+0.25 | 56.1+£3.045 51.7+2.44
Sample 2 (750°C) 7.1+£0.37 = 11.4+0.52 = 62.6+2.77 | 57.5£3.31
Sample 3 (725°C) 8.7+0.35 = 10.4+0.36 = 66.3+2.30 = 60.7+3.71
Sample 4 (700°C) 8.7+0.41 9.5+0.41 66.2+2.61 = 60.6+3.20

The deformation at 725°C shows flattened grains accord-
ing to the microstructure in Figure 8(c). Nevertheless, the
ferrite grain refinement as well as the volume fraction has no
significance. There are some coarse ferrite grains in de-
formed zone after treatment at 700°C Figure 8(d). The ferrite
grain refinement and the ferrite volume fraction of unde-
formed and deformed zones are insignificant according to
Table 2.

The deformation at 800°C indicates a tremendous ferrite
grain refinement compared to other deformation tempera-
tures. As is shown in Table 2, the difference between the
ferrite grain sizes deformed at 800°C (~3.5 um) approxi-
mately three times less than at 700°C (~8.7 pum).

Typical characteristic of all microstructures in the unde-
formed zones is the presence of distinct ferrite grains with
austenite islands, whereas the distribution of the two phases
in the deformed zones follows a different pattern. Therefore,
the microstructure of deformed zone at 800°C consists of
refined ferrite grains along with fine residual austenite. Nev-
ertheless, defamation at 750°C microstructure of the ferrite
grains is elongated flattened shaped along the grain bounda-
ries of the austenite-ferrite interface. Microstructure of de-
formed samples at 725°C and 700°C shows elongated ferrite
grains with residual austenite in deformed zones.

The volume fraction of ferrite in the assessed microstruc-
tures ranges from 56.1% to 66.2% in the deformed zones and
from 51.7% to 60.6% in the undeformed zones (Table 2).
Generally, the difference in volume fraction between de-
formed and undeformed zones among all samples is approx-
imately 5%. Nonetheless, theoretical calculation of ferrite
and austenite volume fractions indicate that this difference
changes depending on the deformation temperature. As
shown in Table 2, the ferrite volume fraction at 800°C is
around 65%, whereas at 725°C, it increases to 82%. These
values are derived from the Fe-C phase diagram, which does
not account for alloying elements. Alloying elements such as
Mn, Co, and Ni influence phase transformation temperatures
like Ari, suggesting that the ferrite volume fraction in the
studied HSLA steel may deviate from theoretical predictions.
Furthermore, the theoretical calculation of ferrite volume
fraction does not consider the impact of deformation at spe-
cific temperatures.

3.3. Hardness

As shown in Table 3, the highest hardness (502.1 HV)
was recorded in Sample 3 at 725°C, while the lowest hard-
ness (332.7 HV) was observed in the deformed Sample 1 at
800°C. Notably, the hard difference between the deformed
and undeformed zones of Sample 1 is minimal, measuring
approximately 330 HV in both zones. However, in Samples 3
and 4, this difference is substantial, exceeding 40%. The
significant increase in hardness following deformation at
700°C and 725°C can be attributed to the characteristics of
the flow stress curves.
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Table 3. Hardness of deformed and undeformed zones of the
samples

Hardness by Vickers, HV

Number of Sample 1 | Sample 2 Sample 3 Sample 4
measurements
Deformed zone
1 352 407 452 532
2 330 378 434 474
3 321 389 507 438
4 348 389 612 413
5 313 401 506 482
Average 332.7 392.8 502.1 467.8
Undeformed zone

1 304 254 339 245
2 329 297 313 245
3 329 329 317 259
4 348 276 269 290
5 329 283 239 259
Average 327.8 287.8 295.4 259.6

3.4. Summary of thermomechanical processing aspects

Thermomechanical processing is a critical technology for
optimizing the properties of HSLA steels. By refining grain
size, controlling phase transformations, and enhancing pre-
cipitation strengthening, TMP enables the production of
steels with superior mechanical performance. Advances in
TMP techniques continue to improve the efficiency and
applicability of HSLA steels across various industries. Fur-
ther research into innovative processing methods will pave
the way for next-generation high-performance steels.

There was much research fulfilled corresponding to
thermomechanical processing of HSLA steels. Plenty of
success in this field was achieved by the University of Shef-
field. It was found proper cooling rate and intercritical strain
during processing to improve steel production performance
and mechanical properties of HSLA steels [16, 17]. As it is
mentioned in [15], implementing intermediate forced cooling
(IFC) shortens the inter-pass holding time, which is a major
drawback compared to conventional rolling process [16].
Nevertheless, applying this method in an industrial setting is
considered challenging. Therefore, the research was conduct-
ed using a plane strain compression test, followed by model-
ing with the finite element method. The key distinction be-
tween this research and the present study is that the former
examines the impact of IFC on mill productivity, whereas the
current work focuses on microstructural evolution during
intercritical processing.

4. Conclusions

To summarize this research, it needs to be emphasized
that considerable grain refinement of the ferrite was observed
during the deformation at 800 °C, with an average grain Size
of 3.6 um. High ferrite volume fraction was assessed for
sample 3 at 725°C and obtained 66.3%. The difference be-
tween theoretical and actual volume fractions can be ex-
plained by influence of alloying elements (Mn, Co and Ni).
The highest value of macro hardness was observed in Sample
3 at 725°C (502.2 HV). Thus, hardness increases significant-
ly just above the temperature of Ars.

The modelling of flow stress curves shows remarkable
increase in stress at intercritical temperatures, influenced by
initial work hardening followed by dynamic recovery. There-
fore, during intrcritical processing dynamic recrystallization
process is not preferred. Deformation in intercritical regions
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is beneficial for the ferrite grain refinement to obtain ul-
trafine ferrite grains. Corresponding results suggest warm
deformation at 800°C to achive required grain refinement,
whereas benefits in hardness can be obtained at 725°C.
Therefore, indicated temperatures need to be considered
critical during thermomechanical processing.
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HSLA 0oaTTapblH TEPMOMEXaHUKAJBIK OH/IEY: HIOJLY
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AnpaTna. bonarrapabl TepMOMEXaHUKAIBIK OHJICY — KOFapbl Oepik OojaTTapabl amyablH KETiInipinreH nporeci. Temen
JIeTUpIIeHIeH OepiKTiri )oFapsl 00JaT MapKagapbl MyHail MEH ra3ibl TaChIMajlayFa apHAFAaH YJIKeH TUaMeTpili KyObIpiapabl
OHJIIpy/le KeH ayKbIMJIbI KomanyFa ue. Kyosip unemaey enmipiciaae X70 Mapkaisl 0oaaTTapabl KOJJaHy METaIIbI TYTBIHYIbI
JKOHE OJIapBl OHIIpYyTe apHaIFaH YHEPTUs IIBIFBIHAAPHIH a3aiiTyra okenmi. JKeutel mireMaey HeMece OakbpIIaHATBIH WIIEMICY
OCBI MaKaJlaJia CUMaTTajFral 0oJaT OHIEY IIH 03bIK TEXHOJIOTHUIBIK PEXXUMIEPIHIH Oipi 60bIm Tabbu1anbl. COHIBIKTaH, TOMEH
nerupyieHren Oepiktiri sxorapel (HSLA) Oosarrap >KOFapbl MEXaHUKAIIBIK KacHETTEpiHE JKOHE OPTYPJi OHEPKAICINTIK
KoJiaHOaapaa YHeM/IUIirine OalnaHbICThl alTapibIKTail Ha3zap aylapraHblH aTall ©TKeH JKOH. TepMOMEXaHUKAIBIK OHAEY
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(TMO) ocsl GoaaTTapIslH MUKPOKYPBUIBIMBIH JKOHE MEXaHUKAJIBIK OHIMIUIIIIH OHTaWIaHABIPYAa IIENIYI PeIl aTKapaibl. by
JKYMBIC OaKBUIAHATHIH WIEMICYAl, KapKBIHIBI CANKBIHIATYIBI XKoHEe TyHOara TycyMeH OepikTeHmipyni xoca amranma, TMO
HETI3r1 MPUHIUOTEPIH 3epTTeiai. OHIey mapaMeTpliepiHiH JOHMAI ycakTayra, (ha3alblK ©3repiCTepre XOHE MEXaHUKAJIBIK
KacHeTTepre ocepi TalkbUIaHambl. Tikened IIBIHBIKTBIPY JKOHE YJIBTpPa KApKBIHIBI CAJIKBIHAATY CHSIKTHI TMO omictepiHiH
JKETICTIKTEpl A€ aranm eTiireH. byi mporectepai TYCiHy OEpiKTiri, KaTTBUIBIFBI KoHE Micipiny KaOinmeri »xoraper HSLA
OomarTapelH Jkacayra MyMKiHOik Oepexi. Conpaii-ak Makamaga HSLA 0OonaTTapblHBIH TEPMOMEXAHHUKAIBIK OHICYIH
MOJICJILICUTIH JKa3bIK e(OpPMANUIHBI 0ACy ChIHAFBI HOTIOKEJIEPIHE KATHICTHI TOXIpUOETiK OeiMi Oap.

Heezizei co30ep: HSLA 6orammapol, mepmomMexanukanivl oHoey, MUKDOKYPLIbIM, OAKbLIGHAMbBIH ULEMOeY, KAPKbIHObL
cankplnoamy, @azanvlk mypieHoipy, mynoaza mycymer 6epikmeHoipy.

Tepmomexanndeckas o0padorka crasneit HSLA: O030p

VY K. Kakumos”, A.A. Kaumosa
Satbayev University, Awvuamei, Kazaxcman
*Aemop ons koppecnondenyuu: U.kakimov@satbayev.university

Annoranusi. Tepmomexanuyeckass 00paboTka cTajell sBISeTCs MEepeOBBIM MPOLECCOM NPOU3BOJCTBA BBICOKOIPOYHBIX
craneil. HuskonerupoBaHHble BBHICOKOIPOYHBIE MapKd CTajd UMEIOT LIMPOKUH CIEKTP NPUMEHEHHUs B NPOU3BOJCTBE TPYO
0O0JIBIIOrO AMaMeTpa Uil TPaHCIOPTUPOBKK He(TH U raza. [IpumeHenue craneir mapku X70 B MpoOW3BOJCTBE TPyOOIpOKaTa
IIPUBEJIO K CHUKCHUIO pacxoia MeTajllla U SHEpro3arpaT Ha UX Ipou3BOACTBO. Telas NpokaTka WM KOHTPOJIUpyeMas Ipo-
KaTKa SBIISIETCS. OJTHUM U3 MEPEIOBBIX TEXHOJIOTHYECKHX METOIOB 00pabOTKHU CTalM, KOTOPBIH ONKCaH B AaHHOH craThe. [1o-
3TOMY HEOOXOIMMO MOTYEPKHYTh, YTO BBHICOKONIPOYHEIC HU3KONernpoBaHHble (HSLA) crany mpuBIIEKIN 3HAYHTEIEHOE BHU-
MaHHe Onarofapsi CBOMM INPEBOCXOJHBIM MEXaHHYECKHM CBOMCTBAM M SKOHOMHYECKON A((EKTHBHOCTH B PAa3IHUYHBIX IPO-
MBIIUICHHBIX MPUMeHeHsIX. TepmoMexanmdeckas oopadotka (TMO) urpaer pemaronyo pob B ONTHMHA3ANNH MUKPOCTPYK-
TYpbl U MEXaHUYECKUX XapaKTEPUCTUK 3TUX cTayneld. B naHHOM cTaThe paccMaTpuBaloTcs OCHOBHBIE NpuHUUIbEl TMO, BKIIIO-
Yasi KOHTPOJIHPYEMYIO MPOKATKY, YCKOPEHHOE OXJIaXKACHUE U AUCIICPCHOHHOE yrpouHeHue. OO0CyKIaeTcs BIUSHUE TTapaMeT-
pOB 00pabOTKH Ha M3METbUCHHUE 3epHA, (Pa30BhIC PEBPALICHUS U MEXaHUIECKHE CBOMCTBA. Takke OCBEUIAIOTCS JOCTIKECHUS
B TexHonoruax TMO, Takux Kak mpsiMasi 3aKkajka M CBepxObIcTpoe oxiaxkaeHue. [IoHHMMaHHMe 3THX MPOIECCOB MO3BONSET
paspabareiBaTh cTaii HSLA ¢ MOBBIIIIEHHON MPOYHOCTHIO, BA3KOCTHIO U CBAPUBAEMOCTBIO. B cTaThe Takke COAEPKHUTCS IKC-
MepUMEHTAIbHAs YacTh, KaCaloIascsl pe3ylbTaTOB MCIBITAHHHM Ha CXXaTHe MPH MJIOCKOH AedopManuy, KOTopas MOJETUpyeT
TEPMOMEXaHUIECKYI0 00paboTKy craneit HSLA.

Knioueevte cnosa: HSLA cmanu, mepmomexanuueckas obpabomxa, MUKpOCMPYKMYpd, KOHMPOIUPYEMAst NPOKAMKA,
YCKopeHHoe oxaaxcoenue, azosoe npespaujerue, OUCnepPCUOHHOe YRPOUHEHUE.
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Abstract. This article presents the results of a study on the distribution of niobium during the chlorination processing of var-
ious titanium-containing feedstocks, including titanium slag from JSC «UK TMP», titanium slag from the Norwegian company
TiZir Titanium & Iron AS, and their mixtures in different ratios. The titanium slag samples were ground and treated by chlorina-
tion using concentrated gaseous chlorine in a molten salt medium composed of alkali metal chlorides (MgCl,, KCI, NaCl), with
finely crushed anthracite as a carbon-based reducing agent. The process was conducted at temperatures from 700 to 820°C. The
study focused on the distribution behavior of vanadium and niobium during the chlorination of blended titanium slags in propor-
tions of 60/40, 50/50, and 30/70 (UK TMP/TiZir), as well as in 100% UK TMP slag. The results indicate that most of the niobi-
um accumulates in the dump slag of the titanium chlorinator and in the slurry of the irrigated scrubber. It was also found that an
increase in the initial niobium content in the feed leads to its higher concentrations in the sublimate of the dust chamber, in the
melt of the salt bath dust-settling chamber, and in the scrubber slurry, while its share in the dump slag decreases.
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1. Introduction

Improving the comprehensiveness of raw material pro-
cessing and increasing the recovery of valuable accompany-
ing elements is one of the primary objectives in modern
extractive metallurgy. This is particularly relevant for com-
plex feedstocks that contain multiple strategic or rare ele-
ments, whose inefficient recovery can lead to significant
economic and environmental losses. Among such materials,
titanium-containing feedstocks — such as ilmenite concentrate
and titanium slag are known to contain a range of valuable
metals, including rare and dispersed elements such as vana-
dium, niobium, tantalum, scandium, and zirconium [1, 2].
However, only vanadium and scandium currently have estab-
lished industrial-scale recovery processes in the titanium
production chain, while other critical elements are typically
lost in waste streams [3].

Niobium (Nb), a strategic refractory metal with an aver-
age crustal abundance of 2x10-2 wt.% [4], plays a vital role
in a wide array of high-technology applications. These in-
clude the manufacture of advanced structural materials, cata-
lysts, superconducting systems, and electronics. Its main
commercially exploited minerals are pyrochlore and colum-
bite-tantalite, although it is also present in smaller quantities
in perovskite, loparite, and ilmenorutile [5]. In many titanium
ores, particularly ilmenite, niobium occurs in isomorphous
substitutional positions, replacing titanium or iron due to its

© 2025. T.K. Sarsembekov, T.A. Chepushtanova, Ye.S. Merkibayev, T.B. Yanko

similar ionic radius and valence states. This complicates
selective extraction during both reductive smelting and chlo-
rination processing stages.

As shown in Figure 1, the global production of primary
niobium feedstocks (mostly pyrochlore concentrates from
Brazil and Canada) has increased steadily between 2001 and
2014, reflecting growing demand for niobium-containing
materials in structural alloys and high-performance steels.
Secondary sources of niobium, such as tin slag and tantalum-
bearing minerals, contribute only marginally to the overall
global supply (Figure 2). This supply imbalance highlights
the importance of developing technologies for niobium re-
covery from alternative and non-traditional sources, includ-
ing titanium-bearing slags.

One of the unique geochemical properties of niobium is
its pronounced affinity to titanium and iron, which leads to
the formation of a range of complex oxide and oxide-
fluoride phases during natural and industrial processes.
This includes the development of solid solutions such as
FeNb,Os and CaNb,Os, as well as the stabilization of nio-
bium within perovskite- and rutile-type crystal structures
[6]. As a result, niobium is commonly encountered as a
trace element in a variety of titanium ores, which are often
processed without consideration for its recovery. This rep-
resents both a missed economic opportunity and a challenge
for resource sustainability.
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Figure 1. Production of primary niobium raw materials in
2001-2014

Figure 2. Production of secondary niobium raw materials in
2001-2014

Technologically, niobium is indispensable. It is widely
used in the production of high-strength low-alloy (HSLA)
steels, superconducting magnets (NbTi, NbszSn), nuclear
reactor components, aerospace alloys, electronics, and medi-
cal devices. As illustrated in Figure 3, approximately 87% of
the global niobium consumption is in the form of steel-grade
ferroniobium, which is added to microalloyed steels used in
pipelines, automotive structures, and civil engineering. These
steels typically contain ~0.05 wt.% Nb in HSLA grades and
0.04-0.08 wt.% in stainless steels. The remaining 13% of
niobium is used in high-purity applications, including vacu-
um-grade alloys, chemicals (such as catalysts), and pure
metal products [7].

Nlb alloys 25%
| Nb matal 0.9%
|

Vacuum-grade Nb 2.7%
Nb chemicals 5.2%, |

Steel-grade FeNb
B7%

Figure 3. Niobium consumption by end-use sectors

The global niobium market is highly concentrated. Brazil
accounts for approximately 90% of the total production,
followed by Canada (~8%) (Figure 4). The world’s leading
producers CBMM (Companhia Brasileira de Metalurgia e
Mineragdo), Mineragdo Cataldo de Goias (both in Brazil),
and IAMGOLD Corporation (Canada) dominate the supply
chain and export primarily ferroniobium and niobium oxide
products [8].
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Figure 4. Niobium-producing countries

In 2012, the global output reached 53.5 thousand tonnes
(Nb content), up from 52.2 thousand tonnes in 2011, reflect-
ing a steady increase in demand from the steel and aerospace
sectors [9].

Despite its strategic and economic importance, the indus-
trial extraction of niobium from complex oxide matrices such
as titanium slag remains challenging. Traditional pyrometal-
lurgical or hydrometallurgical routes are not always viable,
especially given niobium’s high thermodynamic stability in
refractory phases such as Nb,Os and its low reactivity under
standard chlorination conditions. In the presence of titanium
oxides, niobium tends to be retained within solid solutions or
form refractory compounds that resist volatilization or selec-
tive leaching. This makes it difficult to co-recover niobium
during typical processing of titanium ores or slags.

The issue is particularly pronounced during the chlorina-
tion of titanium slag, a material produced from the reductive
smelting of ilmenite concentrate. Depending on the origin and
processing route, titanium slag may contain up to 0.12 wt.%
Nb,Os, which corresponds to approximately 0.08 wt.% metal-
lic niobium. While this may appear minor, in large-scale
operations (20 thousand tonnes per year), this translates to
potential niobium losses of 16 tonnes annually. Without tar-
geted recovery, this valuable metal is lost with waste streams
such as chlorinator dump slag, sublimates from the dust
chambers, salt bath residues, and wet scrubber slurry.

Recent studies suggest that the behavior of niobium dur-
ing slag chlorination is influenced by multiple factors, includ-
ing temperature, partial pressure of chlorine, presence of
reducing agents like carbon, slag composition, and the con-
figuration of the chlorination system. In optimized systems
that use molten salt media (NaCl - KCIl-MgCl,) and fine
anthracite, partial conversion of niobium into volatile chlo-
rides (NbCs) and oxychlorides (NbOCIs) becomes feasible.
However, due to the relatively high Gibbs free energies of the
required reactions, volatilization yields remain modest, and
significant fractions of niobium persist in condensed phases.

Thus, to enable the recovery of niobium as a co-product
during titanium tetrachloride (TiCls) production, it is essen-
tial to study its phase transformations and distribution across
process streams in real industrial environments. Most prior
research has focused on ilmenite concentrates and laborato-
ry-scale experiments. There is a lack of data on industrial
chlorination of titanium slag, especially from different geo-
logical and technological origins, and on the impact of feed
blending on niobium recovery potential.

This study seeks to fill this knowledge gap by performing
a comparative analysis of niobium distribution during the
industrial chlorination of titanium slags from two different
producers: JSC «UK TMP» (Kazakhstan) and TiZir Titanium
& Iron AS (Norway). The research evaluates pure and blend-



T. Sarsembekov et al. (2025). Engineering Journal of Satbayev University, 147(4), 16-22

ed feeds (100/0, 60/40, 50/50, and 30/70 ratios) under stand-
ardized chlorination conditions. The results provide a basis
for understanding how feedstock composition, thermody-
namic environment, and operational parameters influence
niobium recovery.

The novelty of this research lies in the integration of in-
dustrial-scale experimental data with thermodynamic model-
ing to characterize niobium’s phase behavior, chlorination
kinetics, and final distribution. The insights gained can guide
the development of selective co-recovery technologies for
niobium and support more sustainable utilization of titanium-
bearing feedstocks.

2. Materials and methods

The research utilized a variety of titanium-bearing raw
materials and chlorination reagents. The primary materials
were titanium slags obtained from two major industrial
sources: JSC «UK TMP» (Kazakhstan) and TiZir Titanium

Table 1. Average chemical composition of titanium slags (wt.%)

Typeofslag i R0 | S0, | V,0s | ALOs | CaO
UKTMP 8512 708 359 767 219 026
Tizir 84786 7.854 2292 048 2006 0.125

The chlorination reagents comprised AM-grade pow-
dered anthracite and industrial-grade chlorine gas (minimum
90% vol. purity). These were selected based on compatibility
with standard chlorinator systems used at titanium produc-
tion facilities.

The experimental procedure consisted of a dual approach:

— thermodynamic modeling using HSC Chemistry 6.0 to
simulate relevant chlorination reactions;

—validation through industrial-scale chlorination trials
over the temperature range of 700-820°C.

Gibbs free energy (AG) values were calculated to assess
the spontaneity and feasibility of reactions involving niobi-
um- and titanium-containing phases, including the formation
of volatile chlorides and intermediate oxychlorides.

The physical chlorination experiments were carried out
using molten-salt chlorinators designed to simulate real pro-
duction conditions. The chlorinator (Figure 5) was a cylin-
drical, steel-shelled, refractory-lined unit equipped with
tuyeres for chlorine gas injection, upper and lower slag tap-
ping ports, and a loading system for solid feedstock and
reducing agent. The interior contained a melt of alkali metal
chlorides (KCI, NaCl, MgCl,) that served as both reaction
medium and heat transfer agent. Slag samples were first
crushed, milled to a particle size <0.16 mm, and dried before
being introduced into the chlorinator alongside anthracite.

During operation, the chlorine gas was introduced
through a tuyere system at the lower zone of the reactor,
promoting chlorination within the molten salt bath. The pro-
cess generated a vapor-gas mixture enriched in titanium
tetrachloride (TiCls), volatile vanadium and niobium chlo-
rides, and gaseous by-products. The gas phase was routed
through a multistage condensation system consisting of a
dust chamber, salt bath condenser, scrubber, and cryogenic
condenser to selectively recover components based on their
boiling points.

Uncondensed tail gases (CO, CO,, Cly, Oz, Ny, HCI) were
evacuated via exhaust fans and routed to a gas purification unit.
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& Iron AS (Norway). These slags were selected due to their
distinct genesis and chemical composition, offering a repre-
sentative spectrum for analyzing niobium distribution. The
slags are formed via high temperature carbothermic reduc-
tion of ilmenite concentrates using anthracite as a carbona-
ceous reducing agent. Their physicochemical characteristics
significantly influence the behavior of niobium and associat-
ed elements during chlorination [10-15].

The average chemical composition of the titanium slags is
presented in Table 1. The Kazakh slag is notably rich in TiO;
(85.12 wt.%) and contains elevated amounts of vanadium
pentoxide (7.67 wt.%) and iron oxide (7.08 wt.%), while the
Norwegian slag features a slightly lower TiO, content
(84.79 wt.%) and  significantly  reduced vanadium
(0.486 wt.%), making it suitable for comparative evaluation.
Minor impurities such as Al,O3, CaO, MgO, Nb,Os, and trace
quantities of rare-earth oxides (Sc;0s, Ta20s, ZrOy) were also
recorded, reflecting the natural variability in ilmenite deposits.

Average content, %
MgO
1.23

1.3204

Cr203 50203 Tazos szOs MnO S ZrOz
0.51 0.00 0.00 0.04 1.97 0.12 0.22
0.274 = 0.002 @ 0.002 | 0.0602 1.666 0.0386 @ 0.212

Figure 5. Chlorinator: (a) —schematic view; (b)—general
view: 1 —shell; 2 —fireclay brick lining; 3 —dome; 4 — main gas
duct; 5-graphite electrode; 6 — intermediate feed bunker;
7 —screw feeder; 8—upper slag tapping port; 9 - lower slag
tapping port; 10 -tuyere assembly; 11— chlorine pipeline;
12 — molten zone; 13 — vapor-gas zone; 14 — hearth

The condensation units were maintained at controlled
temperatures to ensure selective separation:

—400-600°C — dust chamber for solid
(NbOCIs, VOCls);

— 300-320°C — salt bath melt condenser for semi-volatile
species;

—100-160°C — scrubber system for soluble chlorides;

— <20°C - spray condenser for high-purity TiCl, recovery.

Sampling was performed at all process stages daily.
Composite samples were prepared every 10 days for monthly
analysis. The niobium content in raw slag was measured via
atomic emission spectroscopy (AES) using a DFS-458 spec-
trometer, while chlorinator discharge slag, dust, salt bath
residues, and scrubber slurries were analyzed by photometric
methods involving niobium PAR complex formation in a
tartaric-HCI medium, followed by absorbance quantification
with a KFK-3 photocolorimeter [10].

sublimates
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Quantitative niobium distribution was assessed by recal-
culating its mass across process outputs per ton of feedstock,
using monthly datasets collected from 2019 to 2024 across
varying slag compositions and chlorination campaigns.

3. Results and discussion

3.1 Niobium occurrence in ilmenite and behavior in slag

Mineralogically, ilmenite (FeTiOs) belongs to the sub-
class of complex oxides within the trigonal crystal system. It
often serves as a primary source of titanium dioxide (TiO2)
for metallurgical and pigment applications. In addition to
titanium and iron, natural ilmenite frequently contains trace
elements such as vanadium, chromium, and particularly
niobium, which can be present in varying amounts depending
on the geological origin of the deposit.

The Nb2Os content in natural ilmenite has been reported
to vary significantly: from 0.26-1.44 wt.% in agpaitic pegma-
tites and from 0.93-1.55 wt.% in miaskitic pegmatites, both
types of alkaline rocks associated with complex rare-element
mineralization. These values suggest that certain ilmenite
deposits may serve as secondary sources of niobium. Spec-
trochemical analysis of ilmenite from the VVolnogorsk deposit
(Ukraine) shows an average Nb2Os content of approximately
0.034%, while in Satpayev ilmenite (Kazakhstan), the con-
tent is around 0.02%.

During carbothermic smelting of ilmenite concentrate at
elevated temperatures (~1500-1700°C), most of the iron is
reduced to metal or enters the slag as FeO, while titanium
remains as TiOz-rich slag. Niobium, being less reducible than
titanium or iron, remains entirely in the oxide form and ac-
cumulates within the titanium slag phase. The Gibbs free
energy (AG) for the reduction of Nb,Os by carbon at 1500°C
is +1564.6 kJ, indicating that the direct reduction of niobium
pentoxide by carbon is thermodynamically unfavorable under
standard metallurgical conditions. This explains its persis-
tence in the slag phase post-smelting.

3.2 Thermodynamic considerations and chlorination
environment

Chlorination experiments were performed on the titanium
slag in a molten salt medium within a temperature range of
700-820°C. The salt composition typically included alkali and
transition metal chlorides, approximated as (% wt.): NaCl—
19-24.5; KCI-16.7-20; MgCl,—-1-11.7; FeCl, - 8-26;
FeCl; —0.8-2; AICI;—1.5-4. These chlorides served multiple
roles: as a heat transfer medium, a diluent, and a reactive agent
facilitating chlorination of refractory oxides.

According to literature, niobium in chloride melts can ex-
ist in various oxidation states and coordination environments.
It is widely accepted that high-valent niobium, particularly
Nb%*, forms stable octahedral anionic complexes such as
[NbCls]~. In reducing environments or with high chloride
activity, tetravalent complexes like [NbCls]> and even low-
er-valent or cluster species can be stabilized. These species
demonstrate different volatilities and reactivities, which is
significant for understanding their behavior in the chlorina-
tion and condensation circuits.

Analytical monitoring of the chlorinator melts after pro-
longed operation revealed an average Nb,Os concentration of
~0.05%. This suggests gradual but consistent enrichment of
the melt in niobium-containing species during chlorination.
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3.3 Reactions of niobium during chlorination

Niobium present in the titanium slag undergoes several
thermodynamically favorable transformations in the presence
of chlorine gas and carbon as a reducing agent. The primary
reactions include:

2Nb;0s + 6Cl; + 3C — 4NbOCl; + 3COy, Q)
AG =-594.8 to —563.6 kJ.
2Nb,0s + 10Cl; + 5C — 4NbCls + 5COy, 2
AG =-987.5 to —974.9 kJ.
2Nb,0s + 6Cl; + 5C — 4NbCl3 + 5COy, (3)

AG =-527.2to —534.2 kJ.

These reactions illustrate the stepwise reduction and chlo-
rination of niobium pentoxide to various chlorinated forms,
depending on the redox conditions and chlorine partial pres-
sure. Empirical studies [16] have shown that the chlorination
of Nb,Os typically results in a mixture of NbOCI3; and NbCls,
formed via the following overall reaction:

Nb20s + 4Cl; + 2C — NbOCl3 + NbCls + 2COp,
AG =-395.8 to —384.6 kJ.

(4)

Chlorinated niobium species enter the vapor phase and mi-
grate downstream in the gas flow. NbOCI; sublimes at ~400°C,
and NbCls has a boiling point of 248.3°C, both well below the
operating temperature of the dust chamber (500-600°C),
ensuring they remain in the gas phase through this section.

3.4 Condensation and niobium concentration in slurry

Upon entering the salt bath condensation chamber (SBC),
where the temperature is maintained at 300-350°C, NbOCl;
condenses into the salt melt due to its lower volatility [17].
The concentration of niobium in the SBC melt, again ex-
pressed as Nb,Os, was found to be ~0.05%. AICl3 in the SBC
reached up to 40 wt.%, influencing redox equilibria. Under
these conditions, a secondary reaction proceeds:

NbOCI; + AICI; — NbCls + AIOCI,
AG=-3.5t0—-3.2klJ.

This transformation increases the concentration of volatile
NbCls, which is more prone to carrying over into downstream
zones. Observations revealed that dilution of the SBC melt
(due to excess slag or scrubber return) led to reduced AICls
concentrations and correspondingly lower niobium concentra-
tions in the final slurry. Thus, maintaining high AICI; levels
appears beneficial for enhanced niobium transfer.

In the final condensation zone the irrigated scrubber, the
gas stream is cooled below 125°C. Since NbCls condenses at
248.3°C, complete condensation occurs here. Niobium precipi-
tates in the TiCls pulp as fine, yellowish, acicular crystals. The
total solid content of the pulp may reach up to 100 g/L, with
the niobium-rich fraction exceeding 20 wt.% as Nb;Os.

)

3.5 Industrial data and discussion

Between 2019 and 2024, a series of trials were conducted at
titanium processing facilities using various combinations of
titanium slag from JSC «UK TMP» (Kazakhstan) and TiZir
Titanium & Iron AS (Norway). These experiments involved
blending the slags in different ratios (100/0, 60/40, 50/50,
30/70) to observe changes in niobium behavior. The analysis
showed that average Nb2Os content ranged from 0.036-0.050%
in UK TMP slag and 0.057-0.067% in TiZir slag. Table 2
summarizes the distribution of niobium across process streams.
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Table 2. Distribution of niobium among process products

Ti Slag Ratio (UK | Average Nb20s Con-

No. TMP /Tizir) tent, % Dump slag
1 100/0 0.045 51.0

2 60/40 0.049 46.8

3 50/50 0.052 451

4 30/70 0.058 427

The data suggest that higher proportions of TiZir slag,
which contains more Nb, promote niobium enrichment in
volatile and condensable fractions (dust, melt, slurry), while
decreasing its retention in the dump slag. This trend is con-
sistent with the formation of more volatile niobium chlorides
under higher Nb feed conditions. Therefore, from a process
engineering standpoint, the increase in TiZir slag fraction
enhances niobium recovery in downstream process products,
especially in the slurry where its selective extraction may be
most feasible.

4, Conclusions

Thus, during the chlorination of titanium-containing
feedstock in the presence of a reducing agent such as carbon,
niobium initially retained in oxide form within the titanium
slag undergoes chemical transformation into volatile chlorin-
ated species. Specifically, niobium transitions into oxychlo-
ride forms such as NbOCI; and, under favorable conditions
particularly in the presence of aluminum trichloride, converts
to niobium pentachloride (NbCls). These processes are facili-
tated by the molten salt medium used during chlorination,
which provides a chemically active and heat-stable environ-
ment conducive to complex reaction pathways.

Thermodynamic analysis based on calculated Gibbs free
energy (AG) values confirms the feasibility and spontaneity
of these transformations within the temperature range of 700-
820°C. The experimental findings align with theoretical
predictions and with published literature data, reinforcing the
understanding of niobium’s behavior under industrial chlo-
rination conditions.

Experimental methods, including chemical analysis of
solid and liquid process streams, were employed to deter-
mine the average niobium content in both the raw feedstock
and the intermediate products formed throughout the titani-
um tetrachloride production cycle. The results demonstrate
the complex migration behavior of niobium, indicating that it
does not remain inert within the slag but instead redistributes
across several phases depending on reaction conditions and
equipment configuration.

Industrial-scale trials involving the processing of titanium
slags from two different sources JSC «UK TMP» (Kazakh-
stan) and TiZir Titanium & lron AS (Norway) in various
mass ratios (100/0 to 30/70) have shown clear trends in nio-
bium distribution. Most of the niobium was found to accu-
mulate in two main fractions: the dump slag from the chlo-
rinator and the solid phase of the scrubber slurry, where
temperatures are conducive to condensation and precipita-
tion. Notably, as the initial content of niobium in the feed
increases particularly with the use of higher TiZir slag pro-
portions, the concentration of niobium in downstream prod-
ucts (dust chamber sublimates, salt bath melt, and scrubber
slurry) also increases, while its content in the dump slag
decreases. This redistribution pattern can be attributed to the
formation of more volatile and thermodynamically stable
niobium chlorides under higher feed concentrations.

20

Distribution of Nb, %

Sublimates from the Melt from the salt-bath Irrigated scrubber

dust chamber condensation chamber slurry
3.4 2.1 43.5
45 2.9 45.8
4.2 2.1 48.6
2.0 13 54.0

These findings suggest that the most promising direction
for the development and implementation of niobium recov-
ery technology within titanium tetrachloride production lies
in the targeted extraction from the dump slag and scrubber
slurry. These process streams consistently demonstrate the
highest concentrations of niobium and offer opportunities for
selective recovery using hydrometallurgical or combined
techniques. The data obtained from both laboratory and in-
dustrial experiments may therefore serve as a foundation for
future technological solutions aimed at enhancing the overall
efficiency of rare metal utilization in the titanium industry.
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XJopaay eHjaey npouecinae HUOOUUIIH dPTYPJIi TUTAHABI KYPaM/Ibl
HIMKi3aTTapaa Tapajaysbl

T.K. CapcembexoB®”, T.A. Uenymrranosal, E.C. Mepki6aes?, T.B. SInko?

1Satbayev University, Azmamot, Kazaxcman
2UNDERSLAB LTD OOD, Bypeac, boneapus
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Anpgarna. byn makanana «OTMK» AK (Ka3akctan) KOMIAHUSICBIHBIH THTAH HUIAKTAphl, HOpBerusutblk TiZir Titani-
um & Iron AS xoOMIaHHACHIHBIH THUTaH IUIAKTapHl )KOHE OJIAPIBIH OPTYPJl KATHIHACTAFBl KOCHANAPBl CHAKTHI dPTYPIi
THTaHIBl KYpaMmJabl IIMKI3aTTHl XJIOpJAy apKbUIBI ©HJAeY OaphIChIHAa HUOOWHIIH TapalxyblH 3epTTEy HOTIDKENEepi YCHI-
HeUIFaH. TuTan muiak yiarinepi ycakransin, cinriai meramn xmopuarepinen (MgClz, KCI, NaCl) typatein GankbiTbuiran
TY3 OpTachiHAa, KaJMblHA KEJITIpYIIi peTiHIe YHTAaKTalFaH aHTPAIUTIEH Oipre, KOHIEHTPJICHTEeH XJIOP Ta3bl apKbLIbI
xnopnanabl. I[Iporecc 700-820°C temmepartypana kypriziagi. 3eprrey OapsichiHAa TUTaHAsl nutaktapasl 60/40, 50/50
xone 30/70 (OTMK/TiZir) xarteinacrapna, compaii-ak 100% OTMK wnurarsiHga Xjopjay Ke3iHIe BaHaIuii MeH
HUOOWUIH Tapally 3aHIbUIBIKTaphl AHBIKTAIIbI. 3epPTTEy HOTIKeJNepi OoWbIHIIA HUOOWHIIH Heri3ri Oemiri TuTaH
XJIOpATOpPHIHAH IIBIKKAH INUIAKTE JKOHE OPOCHUTENBJII CKpy0Oep MyiblachiHAa >KWHAIATHIHBI aHBIKTANIbl. COHmaii-ax
OacTamkpl MIMKi3aTTaFbl HHOOWI MelIepi apTKaH CaiiblH OHBIH IIaH KaMepachIHIAFbl CyOIMMaTTa, TY3]bl BaHHAHBIH
MIAHTYHJBIPY KaMepachlHIAFbl OaIKbIMACBHIHIA JXKOHE CKpyOOep MybHachIHIAFBl KOHIICHT PAIMSICHl apTHIN, aJl XJIOPaToOp
NUIATBIHIAFEI YIECI TOMCHACHTIHI OaiflKammbl.

Hezizei co3dep. muman wiakmapwl, 8aHaouil, HUOOUU, Mapary, MUMar, Xi0pamop WAAKmapwvl, XI0pivl cyonumammap,
XZIOPAAY, WAAKMapovl 6H0ey, HUoObuLldi auy.
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Pacnipenenenne HUOOUA NMPHU XJIOPHOI MepepadoTKe Pa3IndHOIO
THTAHCOAEPKALET0 ChIPbS

T.K. Capcembekos!”, T.A. Uenymranosa’, E.C. Mepku6aes?, T.B. Suko?

Satbayev University, Azmamet, Kazaxcman
2UNDERSLAB LTD OOD, Bypeac, bonzapus

*Aemop ons koppecnondenyuu: t.sarsembekov@satbayev.university

AnHoTanus. B nanHoOi cTaThe npencTaBieHbl pe3ysbTaThl UCCIEAO0BAHUS pacnpeieeHus HUoOUs pH XJIOPHOW mepepa-
0OTKe pa3IUYHBIX TUTAHCOJEPIKAIIMX CHIPHEBBIX MaTepHaioB, Bkitouas TutaHoBble nuaku AO «YK TMK», turaHoBsie 1ia-
KH HOpBEXCKOH kommanuu TiZir Titanium & Iron AS, a Takxe UX CMECH B Pa3iHYHBIX COOTHOIICHHAX. OOpa3iLbl TUTAHOBOTO
IIJ1aKa OBITH N3METbUCHBI ¥ IOABEPTHYTHI XJIOPUPOBAHHUIO C UCIIOJIB30BAHIEM KOHIIEHTPHPOBAHHOTO XJIOPHOTO Ta3a B pacIuia-
Be couieit menounsix metamuioB (MgCl,, KCI, NaCl), npu s3ToM B kadecTBe BOCCTAHOBHUTEIS HCIOIB30BAICS TOHKOM3MEIbYEH-
HBIH aHTpanut. [Iponecc mposoamics npu temneparype 700-820°C. OcHOBHOE BHHMAaHHE B HCCICIOBAHWU OBLIO YAEICHO
MIOBEJICHUIO BaHAAWA W HUOOWS IPHU XJIOPHPOBAaHUHM CMEIIAHHBIX IIIAKOB B cooTHomeHusx 60/40, 50/50 u 30/70 (AO «YK
TMK»/TiZir), a taxxe B 100 % nmake AO «YK TMK». Pe3ynbrars! nmokas3aiu, 4T0 OCHOBHOE KOJIMYECTBO HHOOUS HAKAILIU-
BAeTCs B OTBAILHOM IIUIAKE TUTAHOBO-XJIOPUPYIOIIEH YCTAHOBKH U B ITyJIbIIE OPOCUTEIBHOTO CKpyOOepa. Takke ycTaHOBIIEHO,
YTO C YBEJIMYCHUEM HCXOJHOTO COJCPIKAHUsI HUOOHS B ChIPhE BO3PACTAET €0 KOHLEHTPAIMs B BO3TOHAX IMBIICBOW KaMephl, B
pacruiaBe COJI€BOM IbUICOCATUTEIbHON KaMephl U B MyJIbIle CKpyOOepa, Toraa Kak ero 0Js B OTBAJIbHOM IIJIaKe CHUYKACTCS.

Knioueevie cnosa. mumanogvie winaxu, eanaouti, Huobuil, pacnpeoeienue, Mmumar, OMEAIbHLLL WLAK, XIOPUOHbIE 80320~
Hbl, XI0pUposanue, nepepadomKa WiaKos, usgieueHue Huoous.
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Abstract. As a result of the intensive development of the mining and metallurgical industry, the volume of industrial waste
continues to grow year after year. These wastes contain highly toxic heavy metals, aggressive chemical reagents, and other
environmentally hazardous components threatening the environment and human health. Among the mining sector's most dan-
gerous yet critical infrastructural elements are tailings storage facilities structures designed to accumulate industrial waste
(specifically slurry) and typically built from earthen materials. Such facilities' planning, construction, and operation often lack
sufficient technical and financial resources, rendering them high-risk structures. Foundation settlement, internal erosion, filtra-
tion, breach risk, and seismic instability are all factors that necessitate continuous monitoring to ensure the safety of these
storage facilities. Traditional geodetic and mine surveying techniques provide insufficient monitoring capabilities. In current
conditions, these methods must be supplemented by geoinformation technologies (GIS, remote sensing, UAVS), which offer
spatial coverage, rapid data acquisition, and the capacity for integrated analysis. This paper presents a detailed analysis of the
structure, risk level, and monitoring methods of various waste storage facilities operated by the Navoi Mining and Metallurgi-
cal Combinat (NMMC), utilizing GIS technologies.
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1. Introduction

In recent decades, the rapid expansion of the mining and
metallurgical industry has been accompanied by a sharp
increase in its associated environmental risks. In particular,
the continuous growth in industrial waste volumes and the
presence of highly toxic heavy metals, aggressive chemical
reagents, and radioactive components make this issue one of
the most pressing scientific and practical problems, posing
significant threats to environmental and public health.

Typically, such waste accumulates over large areas near
mining sites, where special hydraulic structures, tailings and
sludge storage facilities are constructed for containment and
management. These facilities are intended for the temporary
or permanent storage of liquid or semi-liquid residues from
ore processing and often suffer from inadequate stability,
seismic resilience, and operational reliability. Their insuffi-
cient investment support and failure to meet modern engi-
neering standards frequently make them some of the mining
infrastructure's most vulnerable and hazardous elements.
Consequently, they are susceptible to internal erosion, set-
tlement, filtration, flooding, and seismic impacts, requiring
continuous monitoring [1, 2].

In recent years, geoinformation technologies (GIS), Earth
remote sensing (ERS), uncrewed aerial vehicles (UAVS),
digital elevation models (DEMs), and global navigation

©2025. A.T. Nizamova, A.Kh. Rasulov, D.R. Maxmadiyev

at.nizamova@gmail.com; abdulladjanrasulov1995@gmail.com; dmaxmadiyev@gmail.ru

satellite systems (GNSS) have emerged as promising sup-
plements to traditional mine surveying methods. GIS capa-
bilities, in particular, enable the analysis of the spatiotem-
poral dynamics of waste distribution, risk zone modeling,
real-time warning system development, and interactive visu-
alization of monitoring results.

2. Materials and methods

Uzbekistan’s mining and industrial sector includes nu-
merous sites that warrant special attention to environmental
safety and waste management systems. These sites are pri-
marily located in the Navoi, Samarkand, Jizzakh, and
Khorezm regions, serving as accumulation points for various
waste generated through industrial activity (Figure 1). These
include slurries (pulp), solid and liquid household waste,
non-toxic and non-radioactive industrial waste, and sludges
containing suspended substances in wastewater. Each site has
distinct parameters, location, surface area, commissioning
date, and waste storage capacity, requiring tailored scientific
and practical analysis for effective environmental monitoring
and regional safety policy development.

This approach enables a comprehensive assessment of
potential environmental risks, forming state and corporate
ecological oversight priorities, and the development of effec-
tive measures to prevent emergencies.

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
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Specifically, the pulp storage facilities located in the
«Muruntauy» industrial zone of the Navoi region, under the
jurisdiction of the Central Mining Administration (2nd Pro-
cessing Plant), are among the largest tailings repositories in
Uzbekistan. These facilities began operating in 1969 and
1975 and now span over 3,452 hectares. Over 2.5 million
tons of industrial slurry have been accumulated there. In the
nearby «Besapan» industrial zone, a centralized landfill for
solid household and industrial waste is also active, contain-
ing approximately 79,000 tons. Both sites have been desig-
nated 300-meter sanitary protection zones as necessary epi-
demiological and environmental safety buffers.

Additionally, waste storage sites operated by the North-
ern Mining Administration in the Uchkuduk district are of
significant ecological concern. These include pulp accumu-
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lation areas and industrial waste burial sites commissioned
in 1995 and 2000. They hold over 142,000 tons of slurry
and over 400 tons of industrial waste. Sanitary protection
zones of up to 1,000 meters have been established around
these facilities, which is critical in limiting harmful envi-
ronmental impacts.

Furthermore, three waste storage sites operated by the 1st
Mining Administration (Processing Plant) in Navoi city are major
accumulation centers for mining industry waste (Figure 2).
These facilities, active since 1964, store radioactive, toxic,
and non-toxic industrial waste, construction debris, household
garbage, and metal residues recovered from industrial filters.
In certain sections, over 85,000 tons of trash are stored, with
sanitary protection zones reaching up to 800 meters, an essen-
tial safeguard due to their proximity to urban areas.
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Figure 1. Location of the NMMC tailings facility in the Republic of Uzbekistan. 1 — first-stage tailings accumulation site (tailings
storage); 2 - second-stage tailings accumulation site (tailings storage); 3 - centralized landfill for disposal and storage of solid household
and industrial waste located in the Besapan industrial area; 4 — 3-HMP tailings accumulation site (tailings storage); 5 — Industrial waste
burial site; 6 — 1st «(HMP» mining administration industrial waste storage section; 7 — 1st «tHMP» mining administration industrial waste
storage section; 8 — 1st «HMP» mining administration industrial waste storage section; 9 — 4th «HMP» mining administration industrial
waste storage section; 10 — Marjonbulog waste storage section; 11 — Marjonbulog old waste storage section (tailings storage);
12 — central mining administration sludge storage site of the industrial area; HMP — hydrometallurgical plant

The Southern Mining Administration's sites, located in
Samarkand and Jizzakh regions, are relatively new, having
been commissioned between 2017 and 2020. In particular,
the «Marjonbulok» industrial zone facilities meet modern
environmental standards. They store approximately 35,000
tons of waste and have a 100-meter sanitary protection zone,
allowing them to be categorized as relatively safe (Figure 3).

Another ecologically significant site is located in the
Tuproqgala district of the Khorezm region. Managed by the
Central Mining Administration, this site has been used
since 1986 to store sludge from sedimented particles in the
Amu Darya River water. The facility covers 15 hectares
and contains around 15,000 tons of waste. Such sites are

24

crucial in preserving water resources and preventing hydro-
sphere contamination.

The state of tailings and sludge storage facilities in these
areas is regularly and reliably monitored under existing regu-
latory guidelines [3], primarily using traditional methods.
The main objective is to detect geodynamic processes that
could compromise dam stability.

Such facilities' planning, construction, and operation of-
ten lack sufficient technical and financial resources, render-
ing them high-risk structures. Foundation settlement, internal
erosion, filtration, breach risk, and seismic instability are all
factors that necessitate continuous monitoring to ensure the
safety of these storage facilities.
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Legend

E Sites for disposal and recycling of industrial waste

Sanitary protection zone

Figure 3. Tailings facility for industrial waste, Mining Administration No. 1 «Processing Plant»

Traditional geodetic and mine surveying techniques pro-
vide insufficient monitoring capabilities. In current condi-
tions, these methods must be supplemented by geoinfor-
mation technologies (GIS, remote sensing, UAVS), which
offer spatial coverage, rapid data acquisition, and the capaci-
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ty for integrated analysis. This paper presents a detailed
analysis of the structure, risk level, and monitoring methods
of various waste storage facilities operated by the Navoi
Mining and Metallurgical Combinat (NMMC), utilizing GIS
technologies [4-6]
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This monitoring includes surveying the vertical and hori-
zontal displacements of dam structures. Effective and target-
ed observation of deformation processes requires thorough
preliminary analysis of project documentation, geotechnical
conditions (engineering geology and hydrogeology), and
structural geometry. These assessments help determine dam
stability levels and identify the most deformation-prone are-
as, guiding the placement of measurement instruments and
observation points.

Control points are established in deformation-free zones,
considering the maximum dimensions of each structure.
Benchmark markers are installed on each moist layer,
aligned with longitudinal and cross-sectional profiles. The
spacing between markers is determined based on geological,
hydrogeological, and technological factors to ensure suffi-
cient data collection on deformation processes.

Field studies indicate that in high-risk areas, this spacing
is approximately 50 meters, while in peripheral areas it rang-
es from 150 to 200 meters.

The geometric leveling method is the most widely used
technique for measuring the settlement of engineering struc-
tures. The accuracy of third-class leveling is defined by clo-
sure discrepancies in leveling loops not exceeding
+10 mm x VL, where L is the length of the run-in kilometers.
High-precision or precision levels in this class typically en-
sure a mean square error of no more than 2.5-3 mm per Kkil-
ometer of leveling.

The trigonometric leveling method is employed when it is
necessary to determine the settlement of points located at
significantly different elevations or in hard-to-reach areas.
When using optical or electronic instruments with an angular
measurement error not worse than 2 seconds, the vertical
elevation accuracy ranges from 0.3 mm to 8 mm for distanc-
es up to 500 meters. However, this accuracy rapidly decreas-
es as distance increases beyond 1 kilometer; only decimeter-
level precision is achievable.

The alignment method (or collimation method) is most
commonly applied in hydro-engineering and irrigation infra-
structure to monitor displacements. It is viable where work-
ing benchmarks can initially be placed in a straight line and
approximately at the same elevation. However, implementing
this for tailings dam monitoring is nearly impossible due to
the deformations inherent in such structures [7, 8].

Angular or linear resection methods are used when it is
possible to place observation benchmarks within line-of-
sight from two baseline points situated on elevations. Hori-
zontal and vertical angles are measured in these linear-
angular networks and resections using high-precision elec-
tronic-optical instruments.

In all observation methods, it is advisable to use electron-
ic distance meters (EDMs), which ensure high accuracy in
distance measurements. For example, modern EDMs and
electronic total stations can provide measurement accuracy
defined as:

—mg =1+ 1-107L, mm (for short baselines);

—my =5+ 1-10"°L, mm (for general applications).

Satellite coordinate determination methods, utilizing
modern GPS equipment, offer extremely high measurement
accuracy:

—my =5+ 1-107°L, mm for single-frequency,

—mg =3+ 1-107°L, mm for dual-frequency systems.
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3. Results and discussion

Measurements of baselines up to 2 km using GPS show
discrepancies of less than 1 mm. However, due to certain limi-
tations (signal obstructions, time requirements), GPS cannot
entirely replace traditional observation methods. Instead, GPS
is more appropriate for tracking reference (baseline) points.

Many countries have implemented large-scale research
and practical systems for monitoring mining and metallurgi-
cal waste alongside traditional methods. Adopting geoinfor-
mation technologies in geotechnical risk analysis, environ-
mental monitoring, and remote waste management has sig-
nificantly changed the industry.

International experience highlights the importance of in-
tegrating geoinformation technologies in the monitoring,
assessment, and risk management of mining waste. Adapting
technologies like UAVs, remote sensing, and digital model-
ing to national contexts can significantly improve waste
storage safety [9, 10]

A detailed comparison of traditional mine surveying
methods and modern GIS-based approaches reveals distinct
strengths and limitations, as outlined in Table 1.

Table 1. Key comparative parameters

Traditional mine surveying

Criterion methods Modern GIS-based approaches
Coordinate Millimeter-level precision, High accuracy via GNSS; lower
accuracy but limited to localized | with satellite data (10-30 m for

points Sentinel-2)

Limited; requires on-site | Broad area coverage (up to
visits for each location | 1,000 km? per satellite image)
Monitoring requires field Sentinel-2: every 5 days; UAVs:

expeditions; frequency is real-time, frequent and
monthly or yearly automated
Multi-layer spatial analysis, 3D
modeling, spatiotemporal trend
detection
Analysis via spectral indices
Environmental Subjective; based on visual (NDW!I, SAVI, MSI) for dust,

Area coverage

Operational
timeliness

Manual or Excel-based;

Data analysis lacks spatial analysis

risk analysis on-site inspection moisture, and vegetation
changes
Subsurface InSAR technology enables the

deformation defcgma)\ltis;r:fizcgeltz\égble detection of profound structural
detection " | shifts (foundation settlement)
Cost and Initially low cost, but time H;ggglntlet;iql g}-fviisitewggt\’/igm
resources and labor-intensive automation and speed

Visualization = 2D graphs and printed Interactive Web-GIS, 3D

visualization, real-time

and reporting maps

dashboards
Human factor = High, prone to error and Low; automation reduces
dependency subjectivity subjectivity
- Periodic (monthly or
Monitoring . . .
frequency quarterly), bureaucratically Weekly, daily, or near real-time

constrained

The methodological analysis conducted as part of this
study highlights that the effectiveness of monitoring tech-
niques for industrial waste depends on the purpose, geophys-
ical conditions, complexity of the sites, and level of anthro-
pogenic risk. The research compared traditional geodetic and
mine surveying approaches with modern G1S-based methods,
evaluating their responsiveness and applicability (Figure 4).

Traditional geodetic techniques offer high-precision
measurements of physical surface changes and are particular-
ly useful for local site-specific monitoring and structural
deformation assessment. However, they are limited in track-
ing spatiotemporal dynamics, real-time monitoring, and
environmental evaluation [11-13].
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Figure 4. Comparison of traditional and GIS-based monitor-
ing in the mining and metallurgical sector

In contrast, modern tools, including GIS, remote sensing
(RS), UAVs, DEMs, and GNSS, elevate monitoring to a new
level. These technologies provide broad temporal and spatial
coverage; enable digital modeling, automated analysis, fore-
casting, and integration with management systems. GIS tools
are especially indispensable for identifying risk zones involv-
ing slurry and toxic waste, modeling geodynamics, and de-
tecting seismic instability. Their implementation demands
advanced technical infrastructure, skilled personnel, and
financial investment.

Traditional mine surveying methods provide accurate lo-
cal data but are reactive and fragmented. They are not effi-
cient for rugged or environmentally sensitive areas. GIS
technologies significantly enhance monitoring by automating
processes, visualizing spatial-temporal dynamics, forecasting
risk factors, and integrating with management systems.

The most effective approach is a hybrid monitoring sys-
tem, combining the precision of traditional methods with the
coverage, efficiency, and analytical depth of GIS technolo-
gies (Table 2).

Table 2. Functional Logic of the Hybrid Model

Component Function
Traditional Localized accuracy and registration of primary
Measurements deformations
UAV + DEM Detection of surface-level changes and subsidence
GNSS High-precision geolocation of dynamic points
GIS + RS Spatiotemporal threat analysis
INSAR + loT Monitoring of subsurface pressures and oscillations

Visualization Tools | Web-GIS, 3D maps, real-time risk dashboards

Such a system is essential for ensuring industrial waste's
safe and efficient monitoring, enabling real-time detection of
subsidence, deformation, and other hazards in mining zones
[14, 15].

The hybrid monitoring model combines both traditional
and modern technologies. Classical methods include surface
displacement monitoring using theodolites, levels, and total
stations and surveying deformation benchmarks. Sequential
measurements within a network of reference points remain
essential, along with regular visual inspections at fixed inter-
vals, which ensure localized accuracy and direct observation
of critical areas.
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At the same time, modern technologies significantly ex-
pand the scope and efficiency of monitoring. GIS systems
allow advanced spatial analysis and the creation of detailed
risk maps, while remote sensing provides valuable data
through spectral indices such as NDWI, SAVI, and MSI
from satellites like Sentinel-2 and Landsat. UAVs enhance
the process by enabling 3D terrain modeling and detection of
surface changes, and GNSS ensures precise geolocation of
shifting points. In addition, INSAR technology makes it pos-
sible to identify deep subsurface deformations by analyzing
radar signals, which adds a crucial predictive dimension to
hazard monitoring.

4, Conclusions

Amid growing global environmental concerns, the issue of
identifying and managing risks associated with industrial
waste in the mining and metallurgical sector has become in-
creasingly urgent. Based on the Navoi Mining and Metallurgi-
cal Combinat (NMMC) example, this study demonstrated that
although traditional mine surveying methods offer high preci-
sion, they lose effectiveness in large-scale spatial monitoring.
This limitation significantly hampers the assessment of safety
conditions and the ability to generate real-time forecasts.

In contrast, modern geoinformation technologies such as
GIS, remote sensing (RS), UAVs, digital elevation models
(DEMs), and GNSS have ushered in a qualitatively new
phase of monitoring for industrial infrastructure. These tech-
nologies enable spatiotemporal analysis of changes, risk zone
detection, interactive visualization, and integration with
environmental management systems.

Based on the conducted analysis, a hybrid monitoring
model was proposed, combining the accuracy of conventional
geodetic methods with the extensive capabilities of GIS. This
model allows for assessing tailings dam stability through field
observations and advanced digital analytical tools in near real-
time. Furthermore, drawing on international experience, inte-
grating Digital Twin platforms and automated Web-GIS sys-
tems can provide high safety and efficiency for environmental
monitoring within Uzbekistan’s mining infrastructure.

Thus, the outcomes of this research offer scientifically
grounded, technologically advanced, and practically signifi-
cant solutions for managing industrial waste in the mining
and metallurgical sector. These findings contribute to devel-
oping long-term strategies for ecologically sustainable indus-
trial growth.
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O30€eKCTaHHBIH Tay-KeH CEKTOPBIHIAFbI OHEPKICINTIK KAJABIKTAPAbI
KdJIere ’Kapary ToxKipuoecin 0arasay

A.T. Huzamona”, A.X. Pacynos, JI.P. Maxmanues

Hcnam Kapumos amvindasvl Tawkenm memnekemmix mexuuxanolx ynuseepcumemi, Tawkenm, O30exicman

*Koppecnonoenyus ywin asmop: at.nizamova@gmail.com

AnpaTrna. Tay-KeH >KOHE MeTajuTyprusi ©HEpPKOCiOiHIH KAapKBIHABI JaMybl HOTIDKECIHJE OHEPKICINTIK KaJIIBIKTAp IbIH
KeJIeMi JKBUIJaH KbUIFa ecyJie. byl KannslkTapabIH KypaMbIH/ia ©Te YIIbl ayblp MeTanap, KaTThl XUMHSJIBIK PeareHTTep KoHe
KOpILIAFaH OpTara >KOHE a/1aM JIeHCayJIbIFbIHA Kayill TOHIIPETiH 0acKa Ja SKOJIOTHSJIBIK KayinTi komnoHeHTrep 6ap. Tay-keH
OHepKaciOi MHPPAKYPBUIHIMBIHBIH aca KAayiNTi jKOHE aca MaHBI3Ibl 3JIEMECHTTECPIHIH KaTapblHA ©HEPKOCINTIK KAJIIBIKTAPIIBI
(aram aifTkaHnma, MIIAMAApIIbl) KMHAKTAyFa apHAJIFaH JKOHE o/IETTE Kep MaTepHajJlapblHaH CalibIHFaH KAJJIBIK KOHMaaphbl
artaael. MyHIail HeICaHAAP Il XKOCTapiay, caly XKoHe MaijanaHy KeOiHece KeTKUTIKTI TEeXHHUKAJIBIK )KOHE KapKbLIBIK pecyp-
CTapAbl KAMTaMachI3 €Ty YIIiH JKeTKITIKCi3, OYJI 0Iapabl )KOFaphl KayinTi KYpbUIbIMIapra aiHaIAbIpasl. Ipretac merinainepi,
1K1 3po3us, CY3y, OY3bITy KayIi KoHe CeHCMMKAIBIK TYPAKCHI3IBIK — OyJ1 KOWManapAblH Kayilci3AiriH KaMTaMachl3 eTy YIIiH
yHeMi Oakputaynsl KakeT eTeTiH (akropriap. JocTypii reoAesmsuIblK JKOHE MapKIIeHIepiIik oficTep JKeTKITKTI Oaxpuiay
MYMKIHIIKTepiH KamTamacel3 erneiini. Kasipri skarmaiina Oy omicTep KeHICTIKTIK KAMTYABI, JepEKTePl KbUIAAM KIHAYIbI
KOHE KENICH[I Taigay MYMKIHJITIH KaMTaMachl3 €TETiH reoakmapaTThlk TexHomorusuiapmer (I'AXK, KambIKThIKTaH 30HATAY,
¥Y¥A) ToneIKTEIpBUTYHI THIC. By Makamaga I'AXK TexHonOTrHsIapbIH KoiaHa OTHIPEIN, HaBou Tay-KeH MeTauTyprus KOMOH-
HatelHbIH (HI'MK) KangpIKTapblH cakTayIblH SpTYPJi OOBEKTIJIEpiHIH KYPHUIBIMBIH, TOYEKell JICHI'€HiH >KOHE MOHHMTOPHHT
O/IICTEpiH erKeN-Ter keIl Tangay YChIHbIIFaH.

Hezizei ce30ep: may-ken memainnypeusi 6HOIpiciniy Kanovikmapol, I'AXK, Kawwvikmolixkman 30H0may, Kaioulk KOUMAIApbl,
JUWKBIUCHI3 YULY annapammapbul, SK0A02UANbIK MIYeKel, KeHICMIKMIK-YaKblmmblK maniody.
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OueHka NPaKTUKH YTHIU3AIUU TPOMBIIIJIEHHBIX OTX0/I0B B
TOPHOA00BIBAKIIEM CEKTOPE Y30€eKHCTAHA

A.T. Huzamona”, A.X. Pacynos, JI.P. Maxmanues
Tawxenmekuti 2ocydapcmeentblii mexuudeckutl yrugepcumem umenu Uciama Kapumosa, Tawkenm, Y30exucman
*Aemop ons koppecnonoenyuu: at.nizamova@gmail.com

AHHoOTauus. B pe3ynpraTe HHTEHCHBHOTO Pa3BUTHSI TOPHOOOBIBAIONICH U METAJUTYPIHIECKON IPOMBIIIUIEHHOCTH 00BEM
MPOMBIIIJICHHBIX OTXOJOB TPOIOJDKACT PAcTH M3 TOJA B TOA. DTH OTXOIBI COACPKAT BRICOKOTOKCHYHBIE TSHKEIBIE METAJLIBL,
arpecCUBHbIC XUMUYECKHE PEareHThl U APYTUe SKOJIOTMYECKU OMACHbIE KOMIIOHEHTHI, MPEACTABISIONIUE YTPO3Y OKPYKAIOIIEH
cpele W 370pOBBI0 dYenmoBeka. K umciny Hambojee OMACHBIX W KPUTHYCCKH BaXKHBIX JJIEMEHTOB WH(PPACTPYKTYPHI
TOPHOAOOBIBAIOIIEH OTPACIH OTHOCATCS XBOCTOXPAHUIIUING, IPEAHA3HAYCHHBIC [T HAKOTUICHHS MPOMBIIUICHHBIX OTXOIOB (B
YaCTHOCTH, IUIAMOB) W, KaK TMPaBWIO, TMOCTPOCHHbIE W3 3eMJISIHBIX MaTepuanoB. [lmaHupoBaHUE, CTPOUTEIHCTBO H
JKCIUTyaTalusl TaKUX OOBEKTOB 3a4acTy) HEIOCTATOYHBI JJIsI OOCCIICUYCHHS IOCTATOUHBIX TEXHHUYCCKHUX W (DMHAHCOBBIX
PECypCOB, YTO JeaeT UX BHICOKOPHUCKOBAHHBIMU coopykeHusMU. Ocazka pyHAaAMEHTOB, BHYTPEHHSS 3p0O3Us, GUIbTPAIHS,
pPHCK TpOpBIBA W CEHUCMIYECKas HECTaOMIBHOCTH — BCE 3TO (haKTOpHI, TPEOYIOIHE MOCTOSHHOTO MOHHTOPHHTA IS
obecmiedeHnsT 0€30ITACHOCTH ATHX XPAHIIHUIL. TpagilnOHHBIC TEOe3NIECKUC U MapKIIEHIePCKIe METOIBI HE 00CCIICYHBAIOT
JIOCTATOYHBIX BO3MOXKHOCTCH MOHHTOPWHTA. B COBpPEMEHHBIX YCIOBHSX OSTH METOABl JOJDKHBI OBITh JOMOJHEHBI
reonHpopmannoHHeiMA  TexHOmorusimu  (I'MIC, mmcranmmonHoe 3oHmupoBanme, bBIIJIA), KkoTopple 00ecreYuBarOT
MIPOCTPAHCTBEHHBII 0XBaT, OBICTPHI cOOp MAaHHBIX M BO3MOKHOCTH KOMIUICKCHOTO aHajiHm3a. B MaHHOW cTaTtbe mpeicTaBieH
MOAPOOHBIA aHANN3 CTPYKTYPHl, YPOBHS pHUCKA M METOJOB MOHHTOPHHTA pa3IHMIHBIX OOBEKTOB XpaHEHHUS OTXOIOB
Hagoutickoro ropao-metamtyprudeckoro kombunara (HI'MK) ¢ ucnons3oBanuem ['IC-texnonoruii.

Knrouesvie cnosa: omxoovl eopno-memannypeuieckozo npouzeoocmsa, I UC, oucmanyuonmoe 30H0Uposanue, X60Cmoxpa-
HuUWa, becnunommubie 1emameibHble ANNAPAMbl, IKOI02UYECKUL PUCK, NPOCMPAHCINEEHHO-8PEMEHHOU AHATU3.
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Abstract. The article presents the results of a comprehensive study of the Shu-lle metallogenic zone using modern geo-
physical, geochemical methods and technologies of remote sensing of the Earth. The purpose of the study was to establish
patterns of ore deposits within the zone based on new geodynamic approaches and the integration of multidisciplinary geologi-
cal data. The relevance of the work is determined by the need to create sound predictive models of mineral deposits, including
gold, polymetals and related elements, in conditions of a complicated geological situation and the exhaustion of lightly ex-
plored resources. During the research, data from gravimetry, magnetic surveying, electromagnetic sensing and remote sensing
data, as well as geochemical characteristics of ore-bearing formations, were analyzed. These data were compared with the
results of field observations, stratigraphic and tectonic constructions. A comprehensive analysis made it possible to identify
zones of active interaction between the mantle and the earth's crust, manifested in the form of deep faults, subvertical conduc-
tive structures and tectonically weakened zones that play a key role in the formation of ore nodes. Based on a set of geophysi-
cal and geochemical features, a new approach to forecasting gold-sulfide and polymetallic mineralization is proposed. It in-
volves modeling deep structures and assessing the degree of their influence on the surface manifestations of ore mineralization.
The results obtained are of great practical importance: They can be used to optimize exploration activities, increase the effi-
ciency of drilling programs, and minimize financial costs. The proposed methodology can be successfully applied in other
metallogenic provinces of Central Asia, which emphasizes the versatility and practical significance of the work performed.
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1. Introduction Studies and analysis of the geological structure and ge-
odynamics of the Shu-lle ore zone from the position of
plume-tectonics showed its practical significance for pre-
dicting new promising areas. For this purpose, we used an
integrated approach, including geological mapping, geo-
physical studies and remote sensing. A review of the litera-
ture data was carried out, which emphasizes the importance
of works on the study of geodynamics from a new position
and adaptation of the plume-tectonic model of Kazakhstan
to assess the influence of plumes on the formation of min-
eral provinces.

The Shu-lle ore zone in South Kazakhstan is one of the
key geological structures in the region due to its rich ore
resources. Deposits of gold (Akbakai ore field), copper,
uranium and other minerals have been found in this zone,
making it an important target for geological research and
exploration. Traditional models of plume-tectonics, widely
used to study geotectonics and geodynamics, are not always
able to explain the peculiar geological structure of the area,
including the mosaic of the lithosphere and the diversity of
tectonic structures.

In recent decades, the concept of plume tectonics, which  1.1. Geological and tectonic context
links geodynamic processes with upward convective flows The Shu-lle ore zone is located within Southern Ka-
of the mantle (mantle plumes), has become increasingly  zakhstan, which can be considered as an element of the
popular [1—_6]. This mod{el represents an alternative view on  central Asian orogenic belt. This belt was formed as a
the formation of tectonic structures and ore zones. It as-  resylt of a long geological evolution starting from the Ne-
sumes that mantle plumes play a key role in the uplift of  oproterozoic, which continued into the Paleozoic and end-
matter from the Earth's depths, enriching the crust with ed in the Mesozoic-Cenozoic [7]. The zone is character-
metals and creating conditions for mineralization. In the  jzeq py a complex system of faults, the development of

case of the Shu-Ile zone, plume tectonics helps explain the  agmatism and sedimentary basins, reflecting its multi-
presence of ring structures, deep fault zones, and the asso-  stage development.

ciated magmatism and ore deposits.
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1.2. Historical overview of studies

Geological studies of the Shu-lle Zone began in the third
half of the twentieth century, when ideas about the formation
of its mineral potential were established. In the 1980s, the
fundamental series of works «Geology of the Shu-lle region»
was published, where the main tectonic elements of the zone
were described [8]. However, this very valuable series of
works was based on the ideas of the outdated paradigm and it
needs to be interpreted on the basis of new theoretical ideas,
which are confirmed in the practice of geological works.
Modern studies have shifted the focus of geodynamics of the
region to plume-tectonic concepts. The new model shows
that the territory of Kazakhstan during the Paleozoic was
affected by an active mantle plume, which influenced geotec-
tonics and mineral formation [9].

1.3. Tectonic Features

The Shu-1le zone includes several key structures:

— The Shu-lle suture is a zone of deep faulting and crush-
ing that has experienced vertical displacements. Along the
faults, the fragmented blocks, depending on their inclination
directions and vertical displacement amplitude, experienced
compression and decompression, respectively, which led to
local changes in the material composition of the geologic
structures of this zone.

— The ring structures testify to the progressive influence
of the mantle plume into the lithosphere during the Paleozo-
ic, which is accompanied by active manifestations of mag-
matism and metasomatism [10].

— Deep faults served as channels for the uplift of mantle
matter and its derivatives controlling ore mineralization [11].

As field geological studies show, these features of geodynam-
ics of this zone are well connected with the provisions of the
plume-tectonic concept and localization of ore mineralizations.

2. Materials and methods

The geological analysis of the Shu-lle ore zone employed
a comprehensive suite of methods to investigate both near-
surface and deep-seated processes, integrating field observa-
tions, laboratory analyses, geophysical surveys, and remote
sensing technologies. The methodology was designed to
elucidate the complex geodynamic processes governing the
formation of the Shu-lle metallogenic zone, with a focus on
plume-tectonic mechanisms. The study area, located within
the early Caledonian zone of Kazakhstan and intersecting the
Jalaiyr-Naiman geosuture, necessitated a multi-scale and
multi-source data integration approach to delineate crustal
structures and assess their metallogenic potential. The fol-
lowing methods were employed, building upon and extend-
ing previous research frameworks, including those outlined
by Baibatsha et al. [3].

2.1 Geologic mapping

Geologic mapping formed the cornerstone of field-based
investigations, involving systematic collection of data on the
rocks composing tectonic structures, their age, composition,
and spatial distribution. Fieldwork included detailed docu-
mentation of metamorphic, sedimentary, and magmatic com-
plexes, with samples collected for petrographic and miner-
alogical analysis. These samples were examined in their
natural occurrences and under laboratory conditions using
optical microscopy to characterize mineral assemblages and
textural relationships. The resulting data facilitated the con-
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struction of detailed geologic maps and cross-sections,
providing a robust foundation for interpreting the structural
and lithological framework of the Shu-lle zone. Mapping
efforts focused on identifying key tectonic features, such as
the Shu-lle suture, ring structures, and deep faults, which are
critical for understanding ore localization.

2.2. Geophysical studies

Geophysical methods were employed to probe the sub-
surface structure of the Shu-lle ore zone, complementing
surface geological observations. These methods included
gravimetry, magnetometry, and seismic profiling, each tar-
geting specific aspects of the lithospheric architecture.

2.2.1. Gravimetry

Gravimetric surveys analyzed residual gravity anomalies
to identify zones of increased or decreased density, which are
indicative of subsurface lithological variations and structural
discontinuities. Data were collected through ground-based
measurements and supplemented by aerial surveys, pro-
cessed using specialized software to generate anomaly maps.
These maps revealed positive anomalies associated with
ultramafic intrusions and negative anomalies corresponding
to sedimentary basins, providing insights into the distribution
of dense and less dense geological bodies.

2.2.2. Magnetometry

Magnetometric studies focused on mapping magnetic
field variations to delineate buried intrusions and tectonic
faults. High-resolution aerial surveys and ground measure-
ments were conducted, with data processed to produce mag-
netic anomaly maps. These maps highlighted linear and iso-
metric magnetic anomalies, reflecting the presence of mag-
netized bodies such as basic-ultrabasic formations and granit-
ic intrusions. The Kypshakbay Allochthon, for example, was
mapped with high-intensity linear magnetic anomalies ex-
ceeding +1000 nT, indicative of its ultramafic composition.

2.2.3. Seismic reflection profiling

Deep seismic sounding was applied to examine subhori-
zontal tectonic flow zones and their connections to crustal
anisotropy and slip surfaces. Seismic reflection profiling,
using the reflection wave method (RWM), captured intra-
crustal tectonic stratification, identifying subhorizontal and
gently inclined flow zones within the crust. These zones,
detected at depths of 10-15 km, divide the crust into upper
and lower parts, with notable discontinuities along the
boundary between the Early Precambrian basement and the
Paleozoic cover. Steep suture zones, while not directly im-
aged by RWM, were inferred from surface outcrops and
correlated with geophysical data, revealing their extension
into the mantle. The Kendyktas profile, reaching depths of up
to 50 km, underscored the central role of southwest-dipping
structures in the Shu-Ile ore belt’s crustal architecture.

2.3. Remote sensing

Remote sensing techniques utilized satellite imagery from
Landsat ETM+ and ASTER to identify tectonic structures and
ore-controlling factors. Image processing was performed using
ERDAS IMAGINE and ArcGIS, enabling the detection of
over 1800 linear structures, 119 ring structures, and numerous
areal intrusive bodies [12]. The spectral characteristics of
Landsat ETM+ (15-60 m resolution, with four visible, two
near-infrared, and one thermal band) and ASTER (15-90 m
resolution, with four visible, six near-infrared, and five thermal
bands) provided high-fidelity data for structural mapping.
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Digital elevation models (DEMs) based on SRTM (90 m reso-
lution) and ASTER GDEM (25 m resolution) were integrated
to enhance topographic and structural interpretations.

Cosmogeological mapping, a key component of remote
sensing, involved the interpretation of satellite imagery to
produce cosmostructural maps at a 1:200000 scale. These
maps identified linear, ring, and arc structures, as well as
areal bodies, across two structural levels of different ages.
Over 3000 linear structures were identified, with geological
interpretations provided for more than 1800, including fault
disruptions, layering elements, acidic dykes, and geological
boundaries. Faults were classified as primary (northwest-
trending with significant right-lateral displacements), signifi-
cant (subparallel with smaller displacements), and secondary
(shorter, sub-vertical structures). Ring structures, totaling
119, ranged in diameter from 1.5 to 190 km and were catego-
rized as metamorphogenic, magmatogenic (plutonogenic and
hypabyssal), and tectonogenic, reflecting their diverse en-
dogenous origins. Areal bodies, comprising over 450 mag-
matic rock bodies, included ultramafic and acidic intrusions,
with their orientations and thermal alteration halos providing
clues to their emplacement mechanisms.

2.4. Structural-geological mapping

Structural-geological mapping integrated surface geolog-
ical data with satellite imagery analysis to classify tectonic
units. Major structural elements, such as the Jalaiyr-Naiman
megasynclinorium and Bolattau meganticlinorium, were
delineated, reflecting first-rank tectonic features. This meth-
od combined field observations of outcrops with remote
sensing data to map fault systems, fold structures, and intru-
sive bodies. The identification of layering elements and fault-
associated cleavage highlighted folding structures, while
acidic dykes were spectrally correlated with minor intrusions.
This approach ensured a comprehensive understanding of the
tectonic framework, particularly the role of northwest-
oriented shear zones in controlling mineralization.

2.5. Stratigraphic correlation and petrological sampling

Stratigraphic correlation involved the study of sub-
intrusive and intrusive sequences through fieldwork and
laboratory analysis. SHRIMP zircon dating was applied to
pinpoint key magmatic events in the Neoproterozoic and
Paleozoic, providing temporal constraints on tectonic and
mineralization processes. Petrological sampling focused on
characterizing the mineralogical and petrographic properties
of ore-bearing formations, with samples analyzed for their
geochemical signatures to infer ore-forming processes.

2.6. Paleogeodynamic reconstruction

Paleogeodynamic reconstruction identified ancient rift
zones, back-arc basins, and volcanic arcs instrumental in ore
genesis. The study emphasized Ediacaran to Early Carbonifer-
ous tectonic regimes, reconstructing the geodynamic settings
that facilitated mantle plume activity and crustal mineraliza-
tion. This method integrated stratigraphic, geophysical, and
remote sensing data to model the evolution of the Shu-lle zone
within the broader context of the Kazakh paleocontinent.

2.7. Interpretation of ophiolite complexes

The Shu-Balkhash ophiolite complex was evaluated for its
metallogenic implications, with a focus on ophiolitic nappes and
thrust sheets. Their structural evolution and mineral potential
were assessed through field mapping and geophysical data,
highlighting their role as conduits for ore-bearing fluids.
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2.8. Data integration

The synthesis of geological, geophysical, and cosmogeo-
logical data enabled the construction of a three-dimensional
geodynamic model of the Shu-lle zone. This model integrat-
ed seismic profiles, gravity and magnetic anomaly maps,
cosmostructural maps, and field observations to elucidate the
interplay between mantle plume activity, crustal fault sys-
tems, and mineralization processes. The model highlighted
the role of deep faults and ring structures as channels for
mantle-derived melts, providing a predictive framework for
identifying prospective ore deposits.

The methodology is built upon previous research on the
Shu-lle suture, extending earlier methods with additional mate-
rial adapted from Baibatsha et al. (2024). By combining multi-
scale data acquisition and advanced processing techniques, this
study establishes a robust framework for understanding the
geodynamic and metallogenic evolution of the Shu-lle ore zone,
with implications for regional mineral exploration.

3. Results and discussion

3.1. Geological structure

Analysis of available and obtained data has shown that
the Shu-lle zone is characterized by a mosaic structure with
alternation of sedimentary basins, intrusions and tectonic
blocks. Ring structures formed in the Neoproterozoic indi-
cate the impact of the mantle plume accompanied by mag-
matic manifestation, and linear faults of the ring structure of
northwest strike control the localization of ore formations.

3.2. Geophysical anomalies

Gravity and magnetic data revealed:

— Positive anomalies associated with ultramafic intrusions
(Figure 1) [13,14];

— Negative anomalies corresponding to sedimentary ba-
sins (Figure 2) [15].
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Figure 1. Residual anomalies map of the Ashyktas gold ore field:
1 - granitic (granite massifs are shown on the map of residual anoma-
lies Ag: 1—Mungli massif; 2 — Yergebulak massif deposits and occur-
rences of gold-secondary-quartzite type (in brackets — numbers on the
maps): a - Ashyktas (4); b —Western Ashyktas (3); Eastern Ashyktas
(5); 3—small deposits and occurrences of gold-sulfide-quartz vein
type: Ashyktas Zhilny (2), Kostakyr (6), Shubar (7), Khrustalnoye (8);
4 — Ashyktas gold ore field
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Figure 2. Scheme of the regional magnetic field of the Akba-
kai ore district: 1 — Kengir-Akbakai ore district; 2 — gold-sulfide-
quartz deposits of Akbakai type (1 —large Akbakai, 2 — medium
Svetinskoye, 3 —small Kengir, 4 —small Olimpiyskoye); 3 —deep
faults separating structural-metallogenic zones; 4 —other faults;
5 — magnetic field isolines; 6 — isolines of residual gravity anoma-
lies; 7 — reflecting sites according to seismic data; 8 — isolines of
specific arsenic ore-bearing capacity (tm/km?); 9 — line of geolog-
ical-geophysical section

3.3. Remote sensing

Space images have identified key structures (Figures 3-5)
including shear zones and intrusions associated with the
Akbakai and Ashiktas deposits [16].
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Figure 3. Scheme of coverage of the work area with space da-
ta. 1 - ASTER data; 2 — Landsat ETM+ data; 3 — mosaics based
on Landsat ETM+ data

Remote sensing analysis has identified shear zones,
dikes, and acidic intrusions that define key structural ele-
ments of the study area. These features show a clear spatial
relationship with the Akbakai and Ashiktas deposits, under-
scoring their geological significance. Overall, the results
demonstrate the effectiveness of satellite imagery in mapping
structural and lithological controls on mineralization.
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Figure 4. Dikes (shown by red arrows) and stem (shown by
blue arrow) of acidic composition in Landsat ETM+ image pro-
cessing materials

Figure 5. Bodies of sosdvig intrusions of acidic composition
near the northeastern boundary of the work area in the materials
of processing of Landsat ETM+ images by the «lron oxidesy»
method

3.4. Integration model

Synthesis of field, geological-geophysical and cosmogeo-
logical data shows that the formation of the Shu-lle suture
and its ore potential is plume-tectonic in nature. Based on the
results of the studies, linear and ring structures that determine
the localization and position of the area intrusive bodies in
the mapped zone are clearly identified (Figure 6).

Role of mantle plumes. The data obtained from the per-
formed studies indicate that the mantle plume, which led to
the splitting of the Rodinia megacontinent and the isolation
of the continent of Kazakhia in the Neoproterozoic, was
active during the Paleozoic. The active plume led to the for-
mation of ring structures and sutural zones, within which the
corresponding geologic structures and geologic formations
developed. Linear structures of different ranks were channels
of upwelling solutions that enriched the crust with metals.
Comparison of the proposed model with currently existing
global analogs (the Hawaiian Plume) confirms its adequacy.

3.5. Practical significance

Plume-tectonic model of geodynamics of Kazakhstan can
serve as a reliable theoretical basis explaining the formation
of geological structures, and allows to predict new promising
areas for mineral prospecting [17]. Ring zones of geosaturas
are a system of deep faults and crushing zones. They serve as
channels for the penetration of magmatic melts, create condi-
tions for the formation of derivative magmas in the Earth's
crust and their ore derivatives for the formation of ore depos-
its (Figure 7).
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Figure 7. The location of metallogenic belts with the largest
mineral deposits along geosuture zones (1, 2, 3) between ring
structures (I, 11, 111) (by Baibatsha, 2020)

Thus, the plume-tectonic model provides both a genetic
explanation of ore-bearing structures and a practical frame-
work for guiding mineral exploration in Kazakhstan.
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4. Conclusions

The study of the geological structure of the Shu-lle ore zone
in Kazakhstan based on the concept of plume-tectonics allowed
us to create an adequate geological model of geodynamics to
understand the complex processes that determined the geologi-
cal evolution of this region. Based on the integration of geolog-
ic mapping, geophysical studies and remote sensing data, it was
possible to confirm that mantle plumes played a key role in the
formation of the tectonic structure and mineral potential of the
Shu-Ile suture. These processes not only formed the unique
lithospheric architecture of the region but also became a
determining factor in the concentration of economically
significant mineral deposits, including gold, copper and ura-
nium. This approach allows us to rethink the geological his-
tory of the region, going beyond the traditional models of
plate tectonics, which are often insufficient to explain the
complex structural and mineral features of the territory and
are not confirmed by the practice of geological exploration.

The main tectonic elements of the Shu-lle zone, such as
ring structures, linear deep faults and tectonic flow zones, area
intrusive bodies, which led to the formation of economic min-
erals, were identified and characterized. The resulting survey
data correlated with geophysical anomalies and remote sensing
data to develop a holistic model linking mantle processes to
crustal mineralization processes, providing a favorable context
for mineral formation in the Shu-lle Zone and understanding
the relationship between deep-seated processes and metal-
logeny. This approach deepens our understanding of the
geological evolution of Kazakhstan and enriches the science
of plume-tectonics, providing a concrete example of its suc-
cessful application in a region with high tectonic and miner-
alogical complexity. The proposed theoretical ideas about the
geodynamics of the Shu-lle zone are of practical importance
in predicting promising areas for prospecting.
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Hly-1ie pyraJjbl 30HACBIHBIH F€OAUHAMMKACHI: re0pu3NKAaJbIK,
reOXUMMSIIBIK KOHE KOCMOTE€OJIOTHSJIBIK dMiCTePAiH HHTEIPALUACHI

A.B. Baitbarmal, M.K. Kem6aes!”, C.E. Pauc?, B. {u ?, A.K. AmanTtaes?, E.T. Buskpies*
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AngaTma. Makaiaga Kasipri 3aMaHfbl T'€O()U3UKAIBIK, TCOXUMHSJIBIK OmicTep MeH JKepai KalIBIKTHIKTAH 30HABLIAY
TEXHOJIOTWSUIAPBIH  KojaHa oTbIpsi, 1lly-Ime MerayioreHWsuIbIK 30HACHIH KEIIEHZl 3€pTTEey HOTWIKENepl KelTipiireH.
3epTTeyAiH MakcaThl )KaHa T'€OJMHAMHUKAIBIK TOCUIAEpP MEH Kelicalajbl I'eOJOTHSIIBIK JepeKTepli OipikTipy HerisiHae KeH
HBICAHJAPBIH 30HA MIETiHJE OpHAJIACy 3aHIBUIBIKTApbIH Oenriney OoibIim TaOpuiabl. JKYMBICTBIH KeOKEHTECTLNIr Kypmaedi
TeoJIOTHSUIBIK JKaraail MeH Oipiama oHail OapiilaHFaH pecypcTapIblH CapKbITybl KaFAaibIH/a alThIH, OJIMMETaIIap MeH iiecre
3JIEMEHTTEP/Ii Koca aliFaHa, Maiaaibl Kaz0anap KEHOPBIHAAPBIHBIH HETi3enreH 00/hKaM bl MOJETBACPIH KYPY KaXeTTiUTrMeH
aHbIKTaNa pl. 3epTrey OapbhIChIHAA TPaBUMETPHS, MArHUTTIK TYCIpUTIM, DJIEKTPOMAarHWTTIK 30HABIIAY >KOHE KAIIBIKTHIKTaH
30H/IBUIAY JEPEeKTepi, COHmal-ak KeH TY3UTIMAEPiHiH TeOXMMUSUIBIK CUTaTTaMaliapbl TaAaHIbl. By JIepekTep manajbik
TeOJIOTHSUIBIK Oalikaysiap HOTHIKeJIepIMEH, CTPATHrpadusUIbIK JKoHEe TEKTOHMKAIBIK KYPBIIBIMIAPMEH CAIBICTHIPbULIBI. Kemeni
Tauay MaHTHsI MEH JKep KbIPTHICHIHBIH OCJTICEHII 3apa opeKeTTeCy aiMaKTapbliH OOl KepceTyre MYMKIHIIK Oepi, 0Jiap TepeH
aKaynap, CcyOBEpTHKaJ OTKI3Till KYpbUIBIMIAp JKOHE TEKTOHMKAJBIK OOCaHChIFaH 30Halap TypiHAe OuriHexi, ojap KeH
TYHIHAEPiHIH KaNbINTacybIH/a MENIYIIi pell aTkapaabl. I eo(hM3UKaIBIK KoHE T€OXUMMUSUIIBIK OCNTinep IiH KUBIHTHIFBI HETi3iHae
AITBIH-CYIb(UATI >KOHE TOMMMETAIAB MUHEpAIAaHy/Abl OOJDKAyAbIH JXaHa Toclli YCHIHBUIABL OII TepeH KYpbUIbIMIapIibl
MOJICTIB/ICY/I1 KOHE OJIapbIH KeHI1 MUHEPaJIaHyBIHBIH OSTKI KepiHicTepiHe acep eTy JopeskeciH Oaraiay sl KAMTHABL. AJBIHFaH
HOTIDKEJIEp MaHBI3/bl KOJIIaHOa bl MOHTE He: ONapAbl TEOJIOTHSUIBIK Oapiiay KYMBICTApBIHBIH OarbITTapblH OHTaWIAHIBIPY,
OypreIIay YHFBIMAJIAphl OaFaapiaMaiapblHbIH THIMJIUTITIH apTTRIPY KOHE Kap KbUIBIK IIBIFBIHAAPIBI a3alTy YIIiH Maigananyra
Gonanpl. ¥ChIHBUIFaH onicreMeHi OpTajiblK A3WSHBIH 0acka METaJUIOT€HHSUIBIK ITPOBHHLMSUIAPBIHIA COTTI KOJIIaHyFa Ooajibl,
OyJ1 OpBIHIAITFAH )KYMBICTBIH OMOEOANTHIFBI MEH MPAKTUKAIBIK MAHBI3IBUIBIFBIH KOPCETE]T.

Hezizzi co30ep: ceoounamura, 2e0uU3UKanblK aAyblmMKbLIAP, KEHHCACAYWbl DIoUOmep, KOCMOLEOIO0SUSNLIK KAPMANAY,
Maunmust naOMOoepi.
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AHHOTauMs. B cTathe npeacTaBieHsl pe3ynbTaThl KOMIUIEKCHOTO n3ydenus Lly-Mne meTannoreHu4eckoi 30Hbl ¢ IpuMe-
HEHHEM COBPEMEHHBIX T'eO(HU3NIECKHX, TEOXMMHUYCCKIX METONIOB M TEXHOJOTHHA NWCTAHIMOHHOTO 30HIMPOBAHUS 3EMITH.
Henp nccenoBaHms 3aKII0YAIACh B YCTAHOBJICHUH 3aKOHOMEPHOCTEH pa3MEUIeHHsI PYAHBIX OOBEKTOB B IpeAesiax 30HBI Ha
OCHOBE HOBBIX I'€0JJMHAMHYECKUX MOAXO0J0B U MHTErPalliil MHOTONPO(UIBHBIX T€0JIOTMYECKUX JaHHBIX. AKTYyaJlbHOCThH pado-
TBI ONpENeNseTCs He0OXOJUMOCThIO CO3/IaHNsI 00OCHOBAHHBIX MPOTHO3HBIX MOJENEH MECTOPOXICHUI MOJIE3HBIX HCKOIae-
MBIX, BKJIIOYAsl 30JI0TO, TIOJIMMETAJUIB U COIYTCTBYIOIUE JIEMEHTBI, B YCIOBUSIX YCIOKHEHHOH Ie0JIOrHYeckoil 00CTaHOBKU U
MCYepIaHus JIErKopa3BelaHHbIX pecypcoB. B xoJne uccienoBanuii ObUTH MpoaHAM3UPOBAHbI JaHHBIE TPABUMETPHH, MarHHT-
HOHM ChEMKH, DJIEKTPOMArHUTHBIX 30HIUPOBAaHUN U JaHHBIX JUCTAHIIMOHHOTO 30HIMPOBAHMS, a TAKIKE TEOXUMHYECKUE Xapak-
TEPUCTUKH PYAOHOCHBIX (popMmanuii. ITH JaHHbIE OBUIM COMOCTABJICHBI C PE3yJIbTaTaMH I0JIEBBIX HAOMIOCHUH, cTpaTUrpadu-
YECKIMH W TEKTOHHYECKUMH ITOCTPOCHISMH. KOMITIEKCHBIN aHANH3 MO3BOJIII BHIICIUTH 30HBI aKTHBHOTO B3aMMOJACHCTBHSA
MaHTHU U 3¢MHOH KOPBI, IPOSBIAONINECS B popMe TITyOMHHBIX Pa3IOMOB, CyOBEPTUKATBHBIX MPOBOAAIINX CTPYKTYP U TEK-
TOHUYECKH OCJIA0JICHHBIX 30H, KOTOPHIC UTPAIOT KIFOUEBYIO PONIb B (OPMHUPOBAHUH PYIHBIX y3710B. Ha OCHOBE COBOKYITHOCTH
reo(pM3NIECKUX W TEOXUMHIYCCKIX IPU3HAKOB IMPEIOKEH HOBBIH MOAXOJ K MPOTHO3UPOBAHHUIO 30JI0TOCYNb(OHUIHON U TOIH-
MeTaJuInaeckoit MuHepanm3anui. OH MpeanogaracT MOACIHPOBaHUE TITYOUHHBIX CTPYKTYP H OIICHKY CTEIICHH MX BIIMSHUS Ha
TIOBEPXHOCTHBIC MIPOSBICHUS PYAHON MHUHEpamm3anuu. [lodydeHHbBIe pe3yabTaThl HMEIOT BXKHOE PUKIIATHOE 3HAUCHHE: OHH
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Abstract. The object of this study is renewable energy sources in the Republic of Kazakhstan, with an emphasis on the ge-
othermal resources of the Zharkent field. Geothermal energy is a promising direction in ensuring energy independence and
sustainable development, especially in the context of the need to decarbonize the economy and reduce dependence on fossil
fuels. The objective of this work is to develop and scientifically substantiate an integrated complex for the production of heat
and electricity based on the geothermal resources of the Zharkent field. The study included an analysis of the hydrogeothermal
characteristics of the field, an assessment of the energy potential of existing geothermal wells, and a selection of the most effi-
cient technologies, including binary geothermal units, heat pump systems and direct heat supply systems. A feasibility study of
the proposed solutions was carried out considering the climatic, geological and infrastructural features of the region. The re-
search results can be applied in the development of pilot projects in the field of geothermal energy, as well as within the
framework of the state strategy for the transition to a «green» economy. The proposed complex is capable of increasing the
energy sustainability of the Zhetysu region and becoming an example for the implementation of similar solutions in other re-

gions of Kazakhstan.
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1. Introduction

Geothermal energy resources, like other types of renewa-
ble energy sources, make it possible to satisfy virtually any
consumer in terms of energy potential and quality. However,
in economic terms, they can only compete with non-
renewable energy resources in the area of electricity produc-
tion and meeting medium and low potential heat needs. In
the future, it is expected that geothermal resources will be
widely used for the extraction of rare earth metals and gases,
the production of biomass for agriculture, thermal processing
of oil horizons, and so on [1-4].

The scope of application and efficiency of using geo-
thermal energy resources of a particular field depend on their
energy potential, total reserves and well flow rates, chemical
composition, mineralization and aggressiveness of water, the
presence of a consumer and its remoteness, temperature and
hydraulic regimes of wells, the depth of aquifers and their
characteristics, as well as a number of other factors [5-8].

Therefore, exploitation of geothermal sources should be
based on prior geological investigation in order to avoid
significant financial risk in the event of further capital ex-
penditure. In order to determine whether a particular location
has the potential to supply geothermal heat for industrial and
domestic needs, a preliminary search is necessary. This fea-
ture is one of the main differences between geothermal ener-
gy and other renewable energy sources [9-12].

©2025. M.K. Absametov, V.D. Vyalov, D. Adenova, A. Baikadamova

Nowadays, geothermal energy is used in two main direc-
tions - heat supply and generation of electrical energy. A
number of technologies and efficient equipment have been
developed for obtaining both thermal and electrical energy
separately and for their combined production [13-15]. In the
Russian Federation, combined schemes are being developed
for using geothermal sources [16-20] as a heat carrier for
heating water at thermal power plants, which provides quite
noticeable savings in organic fuel and increases the efficien-
cy of converting low-potential energy. Such combined
schemes allow the use of heat carriers with initial tempera-
tures of 70-80°C for the production of electricity, which is
significantly lower than those currently accepted (150°C and
higher) [11-12].

At the St. Petersburg Polytechnic Institute, hydro-steam
turbines have been created, the use of which at a geothermal
power plant (GeoTPP) will allow an increase in the useful
capacity of double-circuit systems (second circuit - water
vapor) in the temperature range of 20...200°C by an average
of 22% [4-6].

The efficiency of thermal waters is significantly increased
when used in combination. At the same time, in various tech-
nological processes it is possible to achieve the most complete
realization of the thermal potential of water, including the
residual one, and also to obtain valuable components of water
(iodine, bromine, lithium, cesium, table salt, Glauber's salt,
boric acid and many others) for their industrial use.
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Technical and economic analysis shows that with modern
technology for extracting subsurface heat, systems with a
borehole depth of up to 3 km are economically justified. The
thermal potential of 90% of geothermal waters at this depth
does not exceed 100°C. In this case, geothermal heat supply is
predominant, as a result of which the replacement of organic
fuel is greater than in the production of electricity [1-10].

2. Materials and methods

The Zharkent geothermal basin is located in the southeast
of Kazakhstan, in the Almaty region, near the city of Zhar-
kent, not far from the border with China. Geographically, it
is located within the Ili depression, at the foot of the Zhungar
Alatau ridges. This region is characterized by active tecton-
ics, high geothermal anomalies and the presence of thermal
water outlets, which makes it promising for the development
of geothermal resources for both heat supply and balneologi-
cal use and possible electricity generation [1-2].

There are several wells located in the Zharkent geother-
mal basin that are of interest for use as an energy source [1-
2]. At the first stage, two promising geothermal wells were
identified — 1PT and 3T (Figure 1), for which research was
conducted on obtaining heat and electricity [2].

Zharkent !~

Almaty

Scale 1:800 000

Figure 1. Location of thermal wells in the Zharkent depres-
sion

The wells are located 45 km apart and have the same
flow rate of 40 kg/s. The water temperature in well 1PT is
92°C, and in well 3T it is 66°C. Both wells penetrate thermal
horizons at depths of 1200 to 1800 m within the Zharkent
geothermal basin. The reservoirs are represented by fractured
sedimentary and volcanogenic-sedimentary rocks. The wa-
ters are characterized by medium mineralization (up to 2 g/l)
and are of the hydrocarbonate-sodium type. Temperature
differences are probably due to the heterogeneity of the geo-
thermal gradient and the depth of the aquifers. The wells are
intended for use in heat supply and balneology.

The temperature of geothermal waters in the Zharkent
field (from 66°C to 92°C) is considered insufficient for tradi-
tional steam turbine plants operating on water vapor. In such
conditions, the most effective solution is the use of binary
geothermal technology. The essence of binary technology is
the use of two working environments (geothermal water and
organic working fluid).

Stages of the process flow chart:

1. Supply of geothermal water from the well to the heat
exchanger;

2. In the heat exchanger geothermal water heats the sec-
ondary liquid which evaporates;
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3. Vapors of the organic liquid are fed to the turbine
where they rotate the generator and generate electricity;

4. After leaving the turbine the steam cools and turns
back into liquid in the condenser closing the cycle;

5. Condensed working fluid returns to the heat exchanger;

6. The spent thermal water is either reused for heating or
returned to the reservoir through injection wells (reinjection)
which minimizes the environmental impact.

Chemical analyses were carried out according to the
scheme of mineral waters. The analysis of the chemical
composition of geothermal waters was carried out accord-
ing to the methods adopted for the classification and as-
sessment of mineral waters, both for drinking and balneo-
logical use [2-5].

The purpose of this study is to investigate the possibility
of complex (cascade) development of the thermal energy
potential of two wells of the Zharkent geothermal field. The
main topic of the study is a comparative analysis of the two
well options, as well as a brief overview of the chemical
composition and possible limitations that may be imposed on
the technological process.

Selection and justification of optimal technologies for the
production of electricity and heat based on existing geother-
mal wells of the Zharkent geothermal water field.

For low enthalpy wells such as 3T and 1PT, connecting
them by pipeline will not be justified, the pressure and tem-
perature losses over such a distance will outweigh any in-
crease increase in net energy production, in relation to the
cost of pumping and the cost of pipelines.

3. Results and discussion

The temperature of the reservoir in the Zharkent field is
too low to support the operation of a conventional geother-
mal power plant. The only practically feasible option for
producing electricity from a geothermal flow with a tempera-
ture of 70-96°C is binary technology [5, 15].

In recent decades, the production of electricity using bi-
nary cycle technology has become increasingly popular. This
technology is reliable and has virtually no impact on the
environment, and in addition, it allows the use of liquids
from less hot thermal sources by heating the working fluid
with a lower boiling point (Figure 2).

Working Fluid Vapour

Geothermal fluid

’ Turbine

Generator

Evaporator/
Vaporizer

-

—

Cycle pump

V4 L

Production
well

Cooling water pump

Working fluid
condensate

Cooling water
- source
Reinjection

well

Figure 2. Scheme of electricity production using binary tech-
nology

Binary technology is generally divided into two catego-
ries: the Organic Rankine Cycle (ORC) and the Kalina Cy-
cle. Since the Kalina cycle is more preferable for geothermal
fluid with a temperature of 100-140°C, it was not considered
further. ORC technology is the most common form of power
generation from low enthalpy reservoirs [6].
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The first observation was to model the 1PT well in a sys-
tem for maximum power production. In addition, a heating
plant was added as a waste heat recovery unit, using waste
heat from electricity production. Initially, it was obvious that
these two wells could not simultaneously provide both max-
imum electricity production and sufficient heat supply, how-
ever, the waste heat could be used as a base load for district
heating or for other purposes with the addition of an
oil/gas/coal fired water heater, or for hot water supply for a
swimming pool, spa, or other low temperature applications.

The available maximum geothermal energy under differ-
ent conditions is shown in Table 1.

Table 1. Maximum heat extraction from geothermal water
Well 1 PT with max.

. Well 1PT without =~ Well
Name electric energy -
. power generation 3T
production

T at the entrance, °C 62 92 70

T at outlet, °C 40 40 40

Flow rate, dm®/s 40 40 40
Thermal power, KW 3.681 8.714 5.02

Each well has its own technological scheme for providing
heat to the district heating network.

Well 1PT is capable of providing heating water at a tem-
perature of 75°C without using a post-heating boiler. Figure 3
shows a diagram for maximum heat supply to the district
heating network from well 1PT, where the calculated supply
temperature is 75°C.

Td2 {75 [°C]
Ts1 =[92]C] @ —-
ms = [ka/s]

Qqh = 8714 [kIs]
mdh = 52,06 [kg/s]

(i1 )
©

<

Td1 35| (C]

Ts2=40[C]

Figure 3. Technological scheme of thermal energy production
from well 1PT

However, due to the extremely high demand on cold
days, it will certainly be more economical to install a sec-
ondary heating boiler. There are two ways to use a secondary
heating boiler in a heating system:

— to increase the temperature above 75°C when necessary.

—when the flow in the network is increased, use the boil-
er to maintain the supply temperature at 75°C.

Figure 4 shows a diagram for maximum heat supply to
the district heating network from well 3T. A secondary heat-
ing boiler must be added to the system as the geothermal
water temperature is 70°C.

The power that can be extracted from a geothermal
source depends largely on the heating system used. For ex-
ample, if a room has 90/70°C type systems installed, the
geothermal energy utilization will be much less. On the other
hand, using a geothermal resource for other uses (non-
heating) will result in increased energy extraction.
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Figure 4. Technological scheme of thermal energy production
from well 3T

If domestic hot water is supplied by a system, it is esti-
mated that 10% of the total mass flow will be required.

Vegetables, fruits, spices and flowers are the most com-
mon species grown in greenhouses heated using geothermal
energy. The optimal growing temperature depends on the plant
species, for example, tomatoes are grown at a temperature of
20-21°C, roses at a temperature of 20-25°C. The design load of
greenhouses is calculated based on a set of requirements for air
temperature, natural cooling, lighting and air conditioning.
This needs to be further investigated considering detailed
information regarding weather conditions, the number of day-
light hours, and the plant species grown [6].

The use of geothermal energy in hydrotherapy and other
bathing establishments is very effective. The water in swim-
ming pools often has a temperature of 26-29°C, and in baths
38-42°C. The heat load for geothermal energy use therefore
depends on many factors such as conductive and convective
heat exchange and heat transfer between the pool and the
environment. Outdoor air temperature, evaporation rate,
precipitation, system type (closed or other) also play an im-
portant role in this design.

The determination of the thermal energy and hydrogeo-
dynamic potential of thermal waters was based on the study
of hydrogeological and geothermal data. Based on the avail-
able factual materials on geology, hydrogeology and geo-
thermy, an assessment of regional and operational reserves of
thermal waters is given below [9, 11].

Natural heat reserves should be understood as heat con-
tained in groundwater, and operational reserves should be
understood as the amount of heat that can be obtained by a
technically and economically rational reservoir structure un-
der a given mode during the entire estimated service life [7].

Natural heat reserves of thermal waters are determined
based on natural reserves and average temperature (Table 2).

Table 2. Calculated parameters and natural heat reserves of
thermal waters of the Zharkent basin

Natural reserves of Natural heat

Age of water- thermal waters Estimated reserves, 1012
bearing rocks billion m? temperature, °C calories
Neogene 86.9 15 1303.5
Paleogene 26.7 35 934.5
Cretaceous 54.1 50 2705
Jurassic 37.7 60 2262
Triassic 42 75 3150
Total 10355

Regional exploitable heat reserves of thermal waters are
determined based on Regional exploitable reserves and aver-
age temperature as shown in Table 3.
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Table 3. Regional exploitable heat reserves of the Zharkent basin

Operating heat

Age of water-  Regional operational Estimated 3
. 3 o reserves, 10
bearing rocks reserves, m’/day | temperature, °C

kcal/day

Neogene 368452.3 15 5526784.5
Paleogene 210836.6 35 7379281
Cretaceous 108164.5 50 5408225
Jurassic 63344.6 60 3800676
Triassic 68049.1 75 5103682.5
Total 27218649

The carrier of geothermal energy is underground water,
which compares favorably with all types of energy raw mate-
rials due to its widespread occurrence, constant renewability,
large reserves, accessibility of obtaining it using modern tech-
nical means and the possibility of their comprehensive use.

To generate electricity, a steam-water mixture with a
temperature of over 100°C is used.

Using heat pumps with low energy consumption, water
with a temperature of 30-40°C can be heated to a high tem-
perature suitable for heating, and vice versa, water with a
temperature of 70-90°C can be used to obtain artificial cold
in absorption refrigeration machines [8].

The thermal energy productivity of geothermal wells 1-
PT and 3-T is determined by the formula:

G=365.Q.c-yg-(Tm—Tf)-10‘6, (1)

where G heat energy productivity, Gcal/year; Q is water
flow rate, t/day; c is specific heat capacity of water,
1000 kcal/t°C; yq is water density during well operation, t/m?;
Tm is water temperature at the wellhead, °C; T is final tem-
perature after use, °C.

For well 1-PT G is equal to 74.17x10° Geal/year. For
well 3-T G is equal to 35.64x10° Gcal/year.

The total thermal capacity of the two wells is therefore
Grotal =109.81x10° Gcal/year.

This value is equivalent to the combustion of more than
16 thousand tons of standard fuel per year.

Thus, the calculations show that the total thermal energy
productivity of wells 1-RT and 3T is 109.81 thousand
Gcal/year, which is equivalent to burning more than 16 thou-
sand tons of standard fuel per year. This confirms the high
energy potential of the Zharkent geothermal field, sufficient for
local heat supply and partial electrification of facilities, as well
as for organizing balneological and agro-industrial complexes.
Given the high degree of resource sustainability, low green-
house gas emissions and low operating costs, the use of geo-
thermal energy in this region is a popular area of sustainable
energy development. The introduction of binary power plants
and heat pumps further expands the possibilities of efficient
utilization of low-potential heat. All this makes the Zharkent
field a promising object for the implementation of projects
within the framework of green energy in Kazakhstan.

4, Conclusions

This article presents the results of a preliminary justification
of the possibility of complex (cascade) development of the
thermal energy potential of two wells of the Zharkent geother-
mal field in the Almaty region of the Republic of Kazakhstan.

The wells are ready for operation and require limited res-
toration work. The cost of drilling a well usually accounts for
50-60% of the cost of a power plant, but in this case, it is not
considered. The distance between wells makes it difficult to
use them together for economic reasons.
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In this paper, two options for using these wells were studied:

1. The maximum power generation for well 1PT,
Weiean = 265 kWe. Well 3T does not meet the requirements
for generating electricity from a geothermal power plant, the
water temperature is very low. But thanks to the high pres-
sure, it is possible to obtain electricity from micro hydroelec-
tric power plants. By adding a waste heat recovery unit to the
power plant at well 1PT, it is possible to produce 3.7 MW of
thermal energy from waste heat after electricity generation.

2. The maximum production of thermal energy without
electricity for district heating needs or other applications is
8.6 MW (thermal energy) and 5 MW (thermal energy) for
wells 1PT and 3T, respectively.

The first option can be practically implemented with an
internal rate of return on investment in 10 years. Also, when
adding a waste heat recovery unit to feed the district heating
network, the internal rate of return on investment will be
270% for such a unit separately, since it can be used to pre-
heat water for the district heating system (the costs of the
afterheating boiler, heating main and district heating system
are not taken into account).

The practical implementation of the second option is pos-
sible with an internal rate of return on investment in the
range of 270-333% after 10 years of operation. Both alterna-
tives are practically feasible. Electricity production has a
slower payback period but is feasible from an environmental
perspective.

Thermal energy production is a very profitable option
when used as a base load preheating element for a district
heating system. In the Zharkent depression, several promis-
ing areas have been identified that meet the parameters for
their practical use: Usekskaya, Priiliyskaya, Neftebaza.
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Anparna. byn 3eprrey oObekrici JKapkeHT KeH OpHBIHBIH I'€OTepMalIBIK pecypcrapbiHa 0Oaca Hasap ayaapa OTBIpBII,
Kazakcran PecrryOimkachIiHAaFbI )KaHAPTHIIATHIH SHEPTHs KO3/1epi O0JbIN TadbuIaabl. ['eoTepManiblK SHEPreTHKa — SHEPTeTH-
KaJIBIK TOYEJICI3/IK MeH TYPaKThl JaMy bl KAMTaMachl3 €TYiH NepPCIEeKTHBAIBIK OaFbIThI, acipece SKOHOMUKAHBI JIeKapOoHH3a-
sy JKoHe Ka30a OThIHJapblHA TOYEIIUIIKTI a3aiTy KaXKeTTIri xarnaiibiaaa. by sxyMeicTeiH MakcaTsl XKapkeHT KeH op-
HBIHBIH T€OTEPMANIBIK PECypCTapsl HETi3iHIAEe KBUTY JKOHE DJICKTP SHEPTHSICHIH OHIIPYAiH KEUIeH]I KeUIeHIH d3ipiey KoHe
FBUIBIMH HETi3/1ey OOJBIN TaObIanel. 3epTTe€y KEH OPHBIHBIH THIPOTEOTEPMMSIIBIK CHIATTaMalapblH Tajlayasl, KOJAAHBI-
CTaFbl TEOTEPMHUSIIBIK YHFBIMAJIAPBIH YHEPTeTUKANBIK dJIeYeTiH Oaraiayapl KoHe OMHApPIIBI T€OTEPMUSIIBIK KOHIABIPFBLIAP/IBI,
XKBUTy COPFBI XYWEJepiH >KOHE TiKelled >KbUTyMEH KaOJbpIKTay JKYHelepiH Koca aiFaHfia, €H THIMAI TEXHOJIOTHUIAP.IbI
TaHJay/Abl KAMTH/IbI. ANMaKTBIH KIUMATTBIK, T€0JOTHSUIBIK JKoOHE MH(PAKYPBUIBIMIIBIK €PEKIICTIKTEPIH eCKepPe OTHIPHII, YChI-
HBUIFaH MICITIMICPIH TEXHUKAIBIK-YKOHOMUKAIBIK HETi3[IeMeci JKacaupl. 3epTTey HOTHXKENIEpl reoTepMalblK dHEPreTHKA
callachIHAAFrbl MWIOTTHIK JKoOamappl a3ipiieyae, COHIai-aK <0KachbUl» SKOHOMHKAFa KOIIYyAiH MEMIIEKETTIK CTpaTerusichl
AsCHIHAA KOJIAAHBUTYbl MYMKIH. ¥ CBIHBUIBINI OTBHIpFaH KewleH JKeTicy OHIipiHIH SHEpPreTHKalbIK TYPaKTHUIBIFBIH apTThIpYyFa
xoHe KazakcTanHblH Oacka aliMakTapblHA YKcac IIeIiMIepAl eHri3yre yiri 0oiyra KaGiieTTi.

Hezizzi co30ep: JKaprenm ovinamol, 2eomepmanobviy Cyiap, 2eomepmanobl MexHONAapK.
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Co3nanune KoMILJIeKCAa MPOU3BOACTBA TEIJIOBOH U JIEKTPUYECKOM
JHEPIruu HA OCHOBE re0TePMAJIbHBIX BOJ KapKEeHTCKO BIAAHHBI

M.K. A6cameros, B.JI. Bsutos, JI.K. Anenoa”, A.M. Baiikagamoa

Hnucmumym eudpozeonozuu u ceosxonozuu um. Y.M. Axmeocaguna, Anmamul, Kazaxcman

*Aemop ons koppecnonoenyuu: adenovadinara@gmail.com

AnHoTanusi. OOBEKTOM HACTOSIIETO HUCCIIeIOBaHMUS BEICTYIIAIOT BO30OHOBIIsIEMbIe HCTOYHUKH dHeprun B PecnyOnuke Ka-
3aXCTaH, C aKIEHTOM Ha reoTepMalbHbIe pecypchl JKapKeHTCKOro MeCTOpOXICHUA. ['eoTepMaibHas YHEPrus IPeICTaBIIeT
co00i MEepPCIIEeKTUBHOE HAINPABICHHE B 00CCHICYCHUN YHEPIeTHIECKOI HE3aBHCHMOCTH U yCTOHYMBOTO Pa3BUTHs, OCOOCHHO B
YCIIOBHSAX HEOOXOIMMOCTH JEKapOOHN3ALUH SKOHOMUKH M CHIDKCHHUS 3aBHCHMOCTH OT MCKOIIAeMbIX BHOB TOIUIMBA. Llenbro
JIAHHOM palboTHI SIBIISIETCS pa3padOTKa M HayYHOEe 000CHOBAaHHE WHTEIPHUPOBAHHOI'O KOMILIEKCA IO MPOU3BOJICTBY TEIUIOBOM U
NIEKTPUYECKOH YHEPIUU Ha OCHOBE I'eOTepMalbHBIX pecypcoB JKapkeHTckoro MecropoxieHus. B mporecce nccnemoaHus
MPOBE/ICH aHaIN3 TMIPOreOTEPMANbHBIX XapaKTEPUCTUK MECTOPOXKACHHS, OLEHEH 3HEPreTHYECKUH MOTEHIMAN CYNIEeCTBYIO-
IIMX FE€OTEPMANIbHBIX CKBAXKWH, a TAK)Ke OCYIIECTBIEH BBIOOP Hanbosee 3phEeKTHBHBIX TEXHOJOTHH, BKJIIOYasi OMHApHBIE Ieo-
TepMaJibHbIe YCTAHOBKH, TEIUIOHACOCHBIE CHCTEMBI M CHCTEMBI MpPSMOro TeruiocHaOxkeHus. [IpoBeneHo TEXHUKO-
9KOHOMHYECKOEe O00OCHOBAHHE MPEIJIOKCHHBIX PELICHHH ¢ Y4ETOM KIMMAaTHYECKHX, TCOJOTHYECKHX M MH(PACTPYKTYPHBIX
0cOOEHHOCTEH pernoHa. Pe3ynpraTsl HCCIeNOBaHUS MOTYT OBITH IIPHMEHEHBI NIPH pa3paboTKe MIIOTHBIX IPOSKTOB B cepe
reoTepMaNbHOM YHEPTeTHKH, a TAKXKe B paMKax TOCYyIapCTBEHHOW CTpaTerny Iepexoa K «3enéHoi» sxoHomuke. [Ipemnarae-
MBI KOMIDIEKC CIIOCOOCH MOBBICHTH YHEPTETHYCCKYIO yYCTOHYMBOCTD JKETBICYCKOI 00NIacTH M CTaTh MPUMEPOM JUIsl BHEIpe-
HHS aHaJIOTUYHBIX PElIeHUi B Ipyrux pernonax Kaszaxcrana.

Kntouesvie cnosa: JKapxenmekas enaouna, 2e0mepmanbHble 600bl, 20MEPMATbHbIU MEXHONAPK.
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