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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.
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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

0

-5
-10 N
o /
T
20
25
Ti(A)
-30

-35

-40
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Constant value: TI*C

pW(g) = 1.00E-20

log pC(g) Predominance Diagram for Co-Ti-C System

0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Constant value: T/°C
pTi(g) = 1.00E-20

log pC(g) Predominance Diagram for Co-W-C System

0

-5 Co2C
-10
-15
=200 |

CoTW6

25 Co

30
35|
-40

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Constant value: T/°C
pW(g) = 1.00E-20

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.

Hezizzi co30ep: mepmoOouHamuxanisli Mooenvoey, hasanvlk ouazpamma, anuneem ouazpammacst, OmKa mo3imoi mamepu-
anoap, (haza mypaxKmoliviavl, KOAEMOIK CEPRIMOLTIK MOOYT, bI2bICY MOOYII.

7


https://doi.org/10.1080/14786440808520496
https://doi.org/10.1021/cm100795d
https://doi.org/10.1016/j.elecom.2010.01.010
https://doi.org/10.1016/j.commatsci.2014.10.037
https://arxiv.org/abs/1904.04814
https://doi.org/10.3389/fmats.2022.880143
https://doi.org/10.1038/s41467-018-06682-4
https://doi.org/10.1103/PhysRevB.84.045115
https://doi.org/10.1021/cm702327g
https://doi.org/10.1021/acs.chemmater.5b04082
https://doi.org/10.1107/S0108768102006948
https://doi.org/10.1103/PhysRevE.72.011602
https://doi.org/10.1038/srep34256
mailto:banu_st@mail.ru

A. Alimzhanova et al. (2025). Engineering Journal of Satbayev University, 147(4), 1-8

TepmoauHamMuyecKkure pacueTbl M NIOCTPOeHUE AUarpamMm (pa3oBou
CTA0MJIBHOCTH JJJIMHIXeMa U (pa30BOro JOMUHHMPOBAHUS JJISI CHCTEMbI

W-Ti—-C—Co
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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.

Knrwouegvie cnosa: mepmoounamuueckoe Mooeauposanue, OUazpamma hazoselx CoCMOAHULL, Ouaspamma Iinunzema, oe-
HeyHnopHble Mamepuaisl, pazoeas cmadbuIbHOCMb, MOOYIb 00BEMHOU YNpy2ocmu, MOOYib cO8U2d.
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