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Ternary transition metal carbides like TiixVxC offer potential for enhanced mechanical properties, but
exploring the vast compositional space is challenging. This study employs first-principles calculations combined
with the Cluster Expansion (CE) method to systematically investigate the phase stability, elastic properties,
hardness, and electronic structure of the TiixVxC system. Density Functional Theory (DFT) calculations using
VASP informed the CE model constructed via the ATAT toolkit, which predicted several stable intermediate
configurations at 0 K relative to TiC and VC. Elastic constants calculated for these stable phases revealed non-
monotonic trends, with Shear (G) and Young's (E) moduli peaking near x = 0.5. Vickers hardness (Hv), estimated
by averaging five empirical models based on calculated Bulk (B) and G moduli, was found to reach a maximum of
approximately 32.6 GPa at the Tio.67V0.33C composition, surpassing the calculated values for the binary endpoints.
Analysis of Pugh's ratio (B/G) indicated intrinsic brittleness across all compositions, with maximum brittleness
correlating with the region of maximum stiffness. Electronic structure calculations (DOS, ELF, Deformation
Density) using the BAND code confirmed strong covalent p-d hybridization as the origin of the high stiffness and
revealed composition-dependent changes related to Fermi level shifts. This work identifies Tio.67V0.33C as the most
promising composition for maximizing hardness in this system and provides theoretical guidance for designing

advanced carbide-based materials.
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Introduction

Transition metal carbides (TMCs) form a crucial class
of materials renowned for their exceptional physical and
mechanical properties, including extremely high hardness,
high melting points, excellent wear resistance, and good
chemical stability [1]. These characteristics make them
indispensable components in applications demanding high
performance under extreme conditions, such as cutting
tools, wear-resistant coatings, and high-temperature
structural parts [2], [3]. Among the well-studied TMCs,
titanium carbide (TiC) and vanadium carbide (VC) are
prominent examples. Both typically crystallize in the
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rock-salt (NaCl) structure and exhibit high hardness
(Hv ~25-30 GPa) and elastic moduli, making them
technologically significant materials [4].

Alloying different transition metals within the carbide
lattice offers a promising strategy for further tailoring and
potentially enhancing material properties beyond those of
the binary constituents. The formation of ternary solid
solutions or ordered compounds can lead to effects like
solid solution strengthening, modification of electronic
structure, and altered phase stability, providing pathways
to optimize performance for specific applications [5]. The
pseudo-binary system formed by alloying TiC and VC,
namely Ti1«VxC, is particularly interesting for different
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applications [6], [7]. Owing to their similar crystal
structure and chemical nature, Ti and V exhibit significant
mutual solubility and form a wide single-phase region at
high temperatures (e.g., 1000°C and 1200°C) that is stable
upon cooling to room temperature [8]. Exploring this
ternary system could potentially yield materials with
hardness or other mechanical properties superior to either
binary TiC or VC or allow for fine-tuning of properties
across the compositional range (0 <x <1). However,
despite its potential, the Ti-V-C system, particularly the
detailed relationship between composition, atomic
arrangement, stability, and mechanical properties, remains
relatively less explored compared to some other ternary
carbide systems.

Experimentally mapping the phase stability and
properties across the entire compositional range of
Ti1-xVxC is a formidable task due to the vast number of
possible atomic configurations (distributions of Ti and V
on the metal sublattice) and the challenges associated with
synthesizing and characterizing samples across many
compositions, especially potential ordered phases which
may require specific sintering and annealing conditions
[9]. Computational methods based on first-principles
quantum mechanics offer a powerful alternative for
predicting material properties and guiding experimental
efforts. DFT has emerged as a highly successful and
widely used approach for accurately calculating the total
energies, equilibrium structures, electronic properties, and
mechanical response (e.g., elastic constants) of materials
from fundamental principles. Computational
investigations of refractory carbide alloys using DFT have
frequently employed approaches including the Virtual
Crystal Approximation (VCA), explicit supercells [10],
[11], and Special Quasirandom Structures (SQS) [12].
However, these methods possess significant limitations
regarding the accurate prediction of phase stability and
ground-state configurations. The VCA, which averages
the properties of constituent atoms, inherently neglects the
crucial effects of the local chemical environment and
atomic relaxations. Consequently, it often fails to capture
the energetic stabilization associated with chemical
ordering, leading to inaccurate formation energy
predictions, particularly for potentially stable ordered
compounds. On the other hand, approaches based on SQS
or manually constructed supercells, while capable of
modeling random solid solutions or specific
configurations (supercells), do not systematically explore
the vast configurational landscape. SQS assumes complete
randomness by design, while supercell studies are often
limited by computational cost to a small subset of possible
arrangements. As a result, both methods risk overlooking
the most thermodynamically stable atomic arrangements
(i.e., ordered ground states or low-energy structures)
within the solid solution, which possess the lowest
formation energies. To overcome this limitation, the CE
method provides an efficient solution [12]. The CE
technique allows mapping of the configuration-dependent
properties (like formation energy), calculated via DFT for
a relatively small set of training structures, onto a
generalized Ising-like Hamiltonian based on interactions
between clusters of lattice sites (points, pairs, triplets,
etc.). Once the effective cluster interactions (ECIs) are
determined, the CE Hamiltonian can be used to rapidly
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predict the energy and other properties of arbitrary
configurations, enabling efficient exploration of the entire
composition and configuration space. The Alloy Theoretic
Automated Toolkit (ATAT) package integrates DFT
calculations (like those from VASP) with CE construction
and subsequent thermodynamic or ground-state analysis,
providing a powerful workflow for alloy theory [13].

In this study, we employ a synergistic approach
combining first-principles DFT calculations with the CE
method implemented in ATAT to systematically
investigate the Ti;.xVxC carbide system. Our primary
objectives are: (1) To determine the ground-state phase
stability across the entire composition range (0 <x < 1) by
constructing the 0 K convex hull of formation energy. (2)
To identify the crystal structures of the predicted stable
and low-energy metastable phases. (3) To calculate the
single-crystal and polycrystalline elastic moduli for these
relevant phases using DFT. (4) To estimate the Hv based
on the calculated elastic moduli using established
theoretical models. (5) Ultimately, to understand the
composition-property relationships and predict the
optimal composition (value of 'x') in Tii.xViC that
potentially maximizes hardness, thereby providing
theoretical guidance for the design and synthesis of novel
high-hardness carbide materials.

I. Calculations

All first-principles calculations were performed using
the Vienna Ab initio Simulation Package (VASP) [14]
within the framework of DFT. The electronic exchange
and correlation effects were described using the R2SCAN
meta-GGA functional [15], known for its accuracy in
predicting structural and energetic properties of solids.
Core and valence electrons were treated using the
Projector Augmented-Wave (PAW) method [16]
corresponding to the Perdew-Burke-Ernzerhof (PBE)
functional were likely employed. Non-spherical
contributions within the PAW spheres were for improved
accuracy.

A plane-wave basis set with a kinetic energy cutoff of
600 eV was used throughout the calculations. The
“Accurate” setting was enabled to ensure high precision
and minimize wrap-around errors, and an additional
support grid was used for the augmentation charge
evaluation. The electronic Brillouin zone integration was
performed using the Methfessel-Paxton first-order
smearing method with a smearing width of 0.1 eV. A
dense Monkhorst-Pack [17] k-point mesh was employed,
generated to achieve a target density of approximately
1000 k-points per reciprocal atom (KPPRA = 1000) for all
structures, ensuring convergence of total energies and
stresses.

For determining the equilibrium structures used in the
CE for calculating elastic constants, full structural
relaxations were performed. Both atomic positions and the
simulation cell shape and volume were allowed to relax
using the conjugate gradient algorithm. The electronic
self-consistency loop was converged to a tolerance of
1x10°eV. The configurational energetics and phase
stability within the Ti;.«V«C system were modeled using
maps code within the ATAT. A CE Hamiltonian,
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including various cluster types, was constructed by fitting
Effective Cluster Interactions (ECIs) to a database of
DFT-calculated energies obtained for structures across
different compositions. The predictive accuracy of the
fitted Hamiltonian was assessed using the standard leave-
one-out cross-validation technique. Subsequently, this CE
Hamiltonian was employed to perform a ground state
search over the entire concentration range (0 <x<1) by
evaluating candidate structures containing up to 16 atoms
per unit cell, in order to identify low-energy

1 2
B = g(Cn + Cyz + C33) + g(Clz + Ci3 + C33),

1 1
G = E(Cll + C22 + C33 - C12 - C13 - C23) + E(C4—4— + CSS + C66)5

9GB

T G+3B

Next, the hardness was calculated as the average value
obtained from five different methods, proposed by Teter
[20], Chen [21], Tian [22], Miao [23] and Mazhnik [24] as
proposed in [25].

To reveal the bonding nature of the end members (TiC
and VC) and compare it to the stable cluster
configurations, the Total Density of electronic states
(TDOS), partial Density of electronic states (pDOS),
Electron Localization Function (ELF), and Deformation
Density (DD) were calculated. These analyses were
performed using the BAND module within the
Amsterdam Modeling Suite (AMS) software package
[26]. The calculations were carried out as single point
energy evaluations on the previously optimized structures.
The Generalized Gradient Approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was employed
[27] for exchange and correlation. Scalar relativistic
effects were accounted for using the Zero-Order Regular
Approximation (ZORA). A triple-zeta polarized (TZP)
Slater-type orbital basis set was used for all atoms, with
no electrons treated within a frozen core approximation.
'Good' numerical quality setting was used, controlling
aspects like integration grids.
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configurations for further analysis.

For the optimized structures of end members and
ground state clusters, the components of the stiffness
matrix (Cjj) were calculated using VASP via the finite
difference method, followed by VASPKIT analysis [18]
to extract the elastic tensor. Subsequently, the effective
polycrystalline B, G, E, and Poisson's ratio (v) were
calculated according to the Voigt-Reuss-Hill (VRH)
approximation [19] using the following formulas:

(1)

2)

3)

II. Results and discussion

The CE Hamiltonian of the pseudo-binary Ti;«xVxC
system at 0 K was fitted to a dataset comprising the DFT-
calculated energies of 52 clusters. The predictive accuracy
of the resulting CE model, quantified by the leave-one-out
cross-validation (CV) score, was determined to be
approximately 16.2 meV/atom. Figure 1a displays the 0 K
convex hull of formation energy versus V concentration
(x), as predicted by the fitted CE model. The plot includes
the energies of the DFT training structures (green crosses),
the CE-predicted energies for a large number of
configurations (purple crosses), and the specific
configurations identified by the CE as potential ground
states (orange squares). The solid light-blue line
represents the convex hull, connecting the lowest-energy
predicted ground states at each stable composition. The
convex hull clearly lies below zero formation energy for
intermediate compositions, indicating that the formation
of Ti1«V«C alloys or compounds is energetically favorable
relative to phase separation into the binary constituents
TiC (x =0) and VC (x = 1). The presence of distinct points
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Fig. 1. Results of CE modeling of the Ti;xVxC solid solutions (a) and fitted ECIs versus cluster diameter (A) (b).
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lying on the hull at specific compositions (e.g., x = 0.167,
0.333 and 0.5) suggests a tendency towards the formation
of specific low-energy atomic configurations rather than a
completely random solid solution. These represent the
most probable local arrangements of atoms within the
disordered alloy at low temperatures. According to this CE
model, the lowest formation energy is predicted to be
approximately 0.022 eV/atom, occurring at a
composition near x=0.333. These low-energy
configurations, representing the most likely stable atomic
arrangements at low temperatures, were selected for
further investigation as proxies for predicting the alloy's
mechanical properties.

Further details of the fitted CE model are illustrated in
Figure 1b, which plots the Effective Cluster Interactions
(ECIs) against the corresponding cluster diameter for
pairs, triplets, and quadruplets included in the expansion.
The graph shows the expected physical trend where the
magnitude of the ECIs generally decays rapidly with
increasing cluster diameter and complexity (number of
points in the cluster). This decay indicates good
convergence of the expansion. The dominant interactions
are primarily short-range pairs, with triplet and quadruplet
terms contributing less significantly to the overall energy
in this fitted model.

The calculated polycrystalline elastic moduli (Hill
averages) for ground state phases and the endmembers in
the Ti;-xViC system are presented as a function of
composition in Figure 2. A generally increasing trend was
observed for the B with increasing Vanadium content (x),
although with a minor deviation near x = 0.2, reaching a
maximum for VC. Conversely, the G and E exhibited
distinct non-monotonic  behavior, both reaching
pronounced maxima at the intermediate composition
x=0.5 (G~214 GPa, E~514 GPa). This peak indicates that
the TipsVosC configuration possesses the highest
calculated resistance to shear and elastic deformation
among the investigated phases. The calculated shear
modulus for VC (x = 1) was notably similar to that of TiC
(x=0). This finding exhibits good agreement with
reported experimental values for TiC (G = 186 GPa [4])
and VCos75 (G =179 GPa [28]).
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Fig. 2. Composition dependence of calculated
polycrystalline elastic moduli (Hill averages) for

calculated stable Ti;.xVxC solid solutions.
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Further analysis correlating mechanical indicators is
shown in Figure 3, using the average Hv derived from five
different empirical models [20—24]. The predicted Hv
exhibits a non-monotonic trend, starting at ~30.7 GPa for
TiC (x = 0), dipping slightly at x ~ 0.167, before reaching
a distinct maximum value of approximately 32.6 GPa at
x =0.333. The hardness remains high at x=0.5
(~32.0 GPa) and then decreases significantly for VC
(x=1, ~26.3 GPa). This identifies the Tigpe7V0.33C
configuration as exhibiting the highest predicted hardness
based on the average of the models considered. This
hardness peak occurs at a composition slightly preceding
the peak observed for the shear modulus G (at x = 0.5). In
contrast, Pugh's ratio [28] (B/G), an indicator of
brittleness, displays an inverse relationship relative to the
elastic moduli G and E, reaching its minimum (B/G ~1.35,
indicating maximum brittleness) at x =0.5, which
coincides with the peak in G and E but not precisely with
the peak in the averaged Hv. Nevertheless, all calculated
phases fall within the brittle regime (B/G <1.75). The
Debye temperature (®p), reflecting lattice stiffness, also
peaks at intermediate compositions (~984 K near
x =0.33), generally aligning with the region of high
elastic moduli and hardness. Kleinman's parameter ({)
provides insight into bonding character, remaining
relatively constant and slightly below 0.5 for TiC and
intermediate phases up to x = 0.5, before increasing above
0.5 for VC. This suggests a shift towards increased
importance of bond bending forces in VC, correlating with
its distinct elastic response.

0, (K)

~ 990

B/G Hv (GPa)
1.65 o

920 L 038

T T
0.0 0.2 0.4 0.6 0.8 Lo

Fig. 3. Composition dependence of predicted Hv and
Pugh's ratio, ®p and { for calculated stable Ti;-xV«C solid
solutions.

In summary, the combined results identify
intermediate compositions as having the highest
thermodynamic stability and stiffness. While the G and E
moduli peak at x=0.5, the Hv, when averaged across five
empirical models, is predicted to reach its maximum of
~32.6 GPa at x=0.333. This composition surpasses the
calculated hardness of both binary endpoints. Although
the hardest composition (x=0.333) and the most brittle
composition (minimum B/G at x=0.5) do not perfectly
coincide, both occur at intermediate stoichiometries where
high lattice stiffness (indicated by ®p) is also observed.
These findings suggest that compositions near Tig.¢7V0.33C
and TigsVosC are most promising for achieving high
hardness in the Ti;.<VxC solid solutions, although this
comes with inherent brittleness.
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Fig. 4. Calculated stable crystal structures in the Ti;. xVC system for x =0, 0.167, 0.333, 0.5, and 1.
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Fig. 6. Visualization of chem1cal bondng via DD (Ap) maps for ground state Tij. xV«C structures.

To further elucidate the nature of chemical bonding
driving the observed mechanical trends, the electronic
structure was analyzed. The TDOS and pDOS were
calculated for the key ground state configurations (crystal
structures visualized in Figure 4), with the results
presented in Figure 5.

Figure 5 reveals several common features across the
calculated compositions. All phases exhibit metallic
character, evidenced by a finite density of states at the
Fermi level (Er=0 eV). The valence band consists of a
lower part (approximately —12 to —10 eV) dominated by C
2s states and an upper, broader part (approximately —8 eV
to Er) characterized by strong hybridization between C 2p
states and the metal d-states (Ti 3d and/or V 3d). This p-d
hybridization signifies strong covalent bonding between
the metal and carbon atoms, which is fundamental to the
high intrinsic stiffness and hardness of these phases. A
pseudogap, or a distinct minimum in the TDOS, is
observed just below Efr in all cases, separating the main
bonding states from the states at the Fermi level. The
conduction band above Er is primarily composed of metal
d-states. With increasing V concentration (x), the primary
effect observed is a shift of the Fermi level to higher
energies, progressively filling more states within the metal
d-band complex, consistent with V contributing one more
valence electron than Ti. The specific shapes and peak
positions within the DOS vary with composition,
reflecting the different local atomic environments and
relative contributions of Ti and V d-states. The position of
the Fermi level relative to the pseudogap and the degree
of filling of the hybridized metal d-states are expected to
strongly influence shear resistance; the peak in G and Hv
near x = 0.33-0.5 suggests an optimal filling of bonding
states relevant to shear deformation occurs at these
intermediate compositions.
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A real-space visualization of the bonding is provided
by the Deformation Density (DD) maps (Ap = perystal —
Y Patoms)> presented in Figure 6 for ground state
structures. In these maps, regions of charge accumulation
(Ap > 0, blue contours) signify bond formation, while
regions of charge depletion (Ap < 0, red contours)
indicate density loss relative to isolated atoms. Across all
compositions, significant charge accumulation (blue) is
observed between the metal (Ti/V) and carbon atoms,
providing a clear visual representation of the strong
covalent character of the metal-carbon bonds arising from
the p-d hybridization identified in the pDOS (Figure 5).
Additionally, charge depletion (red) around the metal sites
coupled with accumulation nearer the carbon sites
illustrates the polar nature of these bonds, indicating
charge transfer consistent with carbon's higher
electronegativity. This combination of strong, directional
covalent bonding and ionic contributions, visualized by
the DD maps, provides a microscopic basis for the high
cohesive energy and elastic stiffness (particularly the
shear modulus G) calculated for these structures. Subtle
variations in the intensity and spatial distribution of charge
accumulation in the Ti-C versus V-C bonds, and within
the different intermediate structures, likely underlie the
observed non-monotonic trends in G, E, and Hy,
particularly the enhancement around x = 0.5.

Further insights into electron localization and bonding
type are offered by the ELF, shown in Figure 7.

ELF values range from 0 (perfect delocalization) to 1
(perfect localization). High ELF values (approaching 1.0,
blue/purple regions) indicate areas where electrons are
highly localized, typical of covalent bonds or lone pairs,
while low values (red/orange regions) signify more
delocalized,  metallic-like  electron  distributions.
Consistent with the pDOS and DD analyses, the ELF maps
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Fig. 7. Visualization of chemical bonding via ELF maps for ground state Ti;.xVC structures.

clearly show high localization around the carbon atoms,
extending directionally towards the neighboring metal
(Ti/V) atoms. This high ELF concentration in the metal—
carbon bonding region is a direct signature of the strong
covalent bonds formed through p-d hybridization.
Conversely, the regions around the metal atoms exhibit
lower ELF wvalues, characteristic of more delocalized
metallic states and consistent with the charge depletion
observed in the DD maps. The interstitial regions also
show low ELF wvalues. This spatial distribution of
localized electron density in the strong, directional metal—
carbon bonds provides a fundamental explanation for the
material's high resistance to shear deformation,
contributing significantly to the calculated high G and Hv,
especially for the intermediate compositions where G
peaks.

Conclusions

In this study, the phase stability, mechanical
properties, and electronic structure of the Ti;.xVC system
were systematically investigated using a combination of
first-principles (DFT) calculations and the CE method.
The CE approach successfully modeled the energetics of
the system, revealing a preference for specific low-energy
configurations at intermediate compositions over random
solid solutions at 0 K, with ground state structures near
x=0.33 and x=0.5 showing high thermodynamic
stability relative to TiC and VC. Calculation of elastic
properties for these stable configurations demonstrated
non-monotonic trends with composition. While the B
generally increased with V content, the G and E moduli
peaked significantly at x=0.5. Consequently, the
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predicted Hv, averaged from five empirical models,
reached a maximum value of approximately 32.6 GPa for
the Tioe7Vo33C configuration, exceeding the calculated
hardness of the binary carbides. This peak hardness
correlates with high shear resistance but occurs in a
compositional region also associated with high predicted
brittleness (minimum B/G ratio near x=0.5). Analysis of
the electronic structure (DOS, DD, ELF) confirmed the
presence of strong covalent Ti/V—C bonds arising from p-
d hybridization, which governs the mechanical response,
and illustrated how the Fermi level shift influences
properties across the composition range. These findings
highlight the potential for optimizing the hardness of
TiVC carbides through compositional tuning, identifying
compositions near x =0.33-0.5 as the most promising
targets, and provide valuable theoretical data to guide
future experimental synthesis and characterization efforts.
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[MotpiitHi kapOigy mepexiHUX MeTaliB, Taki Ik TiixVxC, MalOTh MOTEHINAT /I MOKPAIICHHS MEXaHIYHUX
BJIACTUBOCTEH, ajie JOCITIPKEHHS MIMPOKOTO0 KOMIIO3HMLIIHOTO MPOCTOPY € CKIAQJHMM 3aBJaHHSIM. Y LOMY
JOCIIJDKEHH] 3aCTOCOBYIOTHCS MEPIIONPUHIUITHI PO3PaXyHKH B IOEIHAHHI 3 METOJIOM KJIACTEPHOTO PO3LIMPEHHS
(CE) mst cucremMaTiyHOro BUBUCHHS (ha30BOI CTaOUIBHOCTI, MPY>KHNUX BIACTUBOCTEH, TBEPIOCTI Ta €IEKTPOHHOT
ctpykrypu cucremu TiixVC. Po3paxynku 3a Teopieto dynkuionany rycrurn (DFT) 3 BukopucranHsIM makeTra
VASP nsarmu B ocHoBy Mmogeni (CE), moOynoBaHoi 3a nomomororo iHcTpyMmeHtapito mporpamu ATAT, ska
nepeadaymia Kijgbka cTabuIbHUX mpoMikHHX KoHGirypamiii mpu 0 K BigHocHo TiC Ta VC. IlpyxHi craii,
po3paxoBaHi Ui IuX cTabUIbHUX (a3, IPOJeMOHCTPYBaJI HEMOHOTOHHI TEHICHIII1, TPX bOMY MOAyIi 3cyBY (G)
ta lOnra (E) nocsranu nmikoBux 3Ha4ueHb mooimsy X = 0.5. Byno BctaHoBneHo, mo TBepaicTh 3a Bikkepcom (Hv),
OLliHEeHA IIUIIXOM YCEePEIHESHHS I'sITH eMITIPUYHHUX MOJIeliel Ha OCHOBI PO3pax0BaHUX MOJYJIiB BCEOIYHOTO CTUCKY
(B) ta 3cyBy (G), nocsirae makcumymy npubiusHo 32.6 ['Tla npu cknani Tio.67Vo.33C, mepeBUITYI0YH PO3PaXyHKOBI
3HAUeHHS 1y OiHAPHUX KIHIEBUX cHONyK. AHaii3 koedinienta [1'1to (B/G) BkazaB Ha KPUXKICTB [UIS yCIX CKIIAIIB,
MIPUYOMY MaKCHMalIbHA KPHXKICTh KOpEITIoBaia 3 00J1acTI0O MaKCHMaJIbHOT )KOPCTKOCTI. Po3paxyHKH eneKTpoHHOT
CTPYKTypu (TYCTHHA eJIEKTPOHHUX CTaHiB, (YHKIISA JIOKaji3amii eleKTpOHiB, nedopMaliifHa TycTHHA) 3
BUKOpPUCTAaHHAM Kkoxy BAND migrBepmmiii CHIBHY KOBaJEHTHY p-d TiOpUIM3amifo SK NPUYHHY BHCOKOI
JKOPCTKOCTI Ta BUSBIIIM 3aJIeXKHI BiJl CKJIay 3MiHH, NOB's13aHi 31 3MimeHHsM piBHA Depmi. Lis pobora BuzHauae
Ti0.67V0.33C sk HalOINBII TEPCHEKTUBHUM CKJIAJ U MaKCHMi3allii TBEpIOCTi B Wilf cCHCTeMi Ta HaJa€ TEOPETHIHI
OPIEHTUPU IS PO3POOKU HOBHX MaTepialliB Ha OCHOBI KapOiiB.

KorouoBi cioBa: kap6in TuTaHy-BaHanilo; Teopiss (yHKI[IOHAaTy TYCTHHH; KJIAacT€pHE pPO3IIHPEHHS;
MIPOTHO3YBaHH TBEPJIOCTI; €JIEKTPOHHA CTPYKTYpa.
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