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ANALYSIS OF THERMODYNAMIC PROPERTIES OF Ni-Ti INTERMETALLIC PHASES
(NiTi, Ti:Ni, TiNiz) FOR CONDITIONS OF THERMOCHEMICAL PRESSING AND
SELECTION OF THE OPTIMAL PHASE FOR SYNTHESIS

AHAJII3 TEPMOJUHAMIYHUX BJACTUBOCTEN IHTEPMETAJITYHUX ®A3
CUCTEMM Ni-Ti (NiTi, Ti:Ni, TiNi;) J1JIA YMOB TEPMOXIMIYHOI'O ITIPECYBAHHA TA
BUBIP OIITUMAJIBHOI ®A3H 1151 CHHTE3Y

The objective of this research is to perform a comprehensive thermodynamic analysis and nu-
merical modeling of the Ni-Ti intermetallic phases NiTi (B2), TizNi and TiNis under thermochemical
pressing conditions. All thermodynamic parameters for each phase were calculated using equations
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(1)—(8), and the final grain size Dy was predicted by Belokon's equation (10) across the full range of
temperatures (400—1400 K) and deformation degrees (¢ = 0.1—0.6). Detailed results are presented in
tables and 3D surface plots.

Comparative analysis revealed that TiNis possesses the highest thermodynamic stability and the
finest grain (17—58 um), TizNi shows the worst characteristics (highest activation energy 82 kJ/mol
and coarsest grain 25—71 um), while NiTi demonstrates the optimal balance: stable grain size 18—54
um, moderate activation energy (65 kJ/mol) and unique functional properties (shape-memory effect,
superelasticity and excellent biocompatibility).

On the basis of the integrated criterion (thermodynamic efficiency x grain refinement X appli-
cation potential), the equiatomic NiTi phase is selected as the most suitable for industrial synthesis by
the thermochemical pressing method. The recommended regime is ¢ = 0.4—0.6 at T ad = 1650 K. The
obtained results confirm the effectiveness of Belokon's mathematical model for precise prediction of
microstructure in intermetallic systems.

Keywords: Ni-Ti intermetallics, thermochemical pressing, thermodynamic modeling, grain size
prediction, phase selection, Belokon equation, activation energy.

Memoio docniodcenns € KOMNIEKCHUI MepMOOUHAMIYHULL AHANI3 | YUcelbHe MOOET08ANHS TH-
mepmemaniunux ¢az cucmemu Ni-Ti (NiTi (B2), Ti2Ni ma TiNis) 6 ymoeax mepmoximiunoco npecysanHsi.
s kosicnoi ghazu pospaxosano éci mepmoouHamiuni napamempu 3a pisHaunuamu (1)—(8), a Kinyesuil
po3mip 3epua Dy npoerozoearo 3a ghopmynoro Benoxons (10) y ecbomy dianazoni memnepamyp i oegho-
pmayiil.

THopisusnenui ananiz noxasae, wjo TiNis mae navsuwy cmadinbhicmo i Hatimenue 3epro (17—
58 mrm), Ti-Ni — naticipwi noxasnuxu (E_a = 82 x{oc/mons, seprno 25—71 mxm), a NiTi 3ab6e3neuye
Hatkpawuil dananc: cmaditoHuil poamip 3epua 18—54 mxm, nomipHy enepeiio akmuseayii ma YHIKAIbHI
DYHKYIOHANbHI 61ACTMUBOCHIL.

3a komnaeKcHUM Kpumepiem onmumManbHoIO OJisl NPOMUCIO8020 CUHMESY MEMO0OM MepMOXiMi-
yHoeo npecysanns eusnana gaza Nili. Pexomenoosanuii pexcum: & = 0,4—0,6 npu T ad = 1650 K.
Pesynemamu niomeeposxcyioms 8Ucoxy egpexmusnicmo mamemamuunoi mooeni benoxons ona mournoeo
NPO2HO3Y8AHHS MIKDOCHMPYKMYPU iHmMepmMemaniois.

Knrouoei cnosa: inmepmemaniou Ni-Ti, mepmoximiune npecys8ants, mepmoouHamivHe Mooeio-
6aHHsl, NPOSHO3 pO3MIPY 3epHa, subip gazu, popmyna benokons, enepeia akmusayii.

Problem’s Formulation

The Ni-Ti system is widely used in bioprosthetics, shape-memory actuators, catalysts and additive
technologies. During thermochemical pressing three main phases are formed: equiatomic NiTi, Ti>Ni and
TiNis. The task is to determine which phase provides the optimal combination of low activation energy,
thermodynamic stability, fine grain size and functional properties under the same pressing conditions.

Analysis of recent research and publications

The methodology of this study is grounded in contemporary advances in materials science, spe-
cifically concerning intermetallic alloys within the Ni-7i system. Seminal works [1, 2] have substantially
contributed to understanding the thermodynamic properties and phase formation kinetics, providing de-
tailed analyses of how temperature and plastic deformation influence the mechanical characteristics of
intermetallics. These authors demonstrated that controlled thermochemical pressing significantly refines
grain structure and enhances the operational properties of the resulting materials.

Numerous studies [3—5] have examined the thermodynamic stability of NiTi, TioNi, and TiNi;
phases using CALPHAD methods. It has been established that the TiNi3 phase exhibits the most negative
enthalpy of formation, conferring high thermodynamic stability, whereas Ti>Ni is characterized by the
lowest exothermicity and the highest activation energy. The research presented in [6, 7] is devoted to
the experimental determination of adiabatic synthesis temperatures and activation energies, which are
critical parameters for calculating conditions suitable for thermochemical pressing.

Particular attention in the literature has been paid to mathematical modeling of microstructure.
Investigations [8—10] have proposed empirical relationships for grain size as a function of deformation
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degree and temperature, which form the basis of formula (10). The authors emphasize that combining self-
propagating synthesis with concurrent pressing enables the production of grain sizes in the range of 15—
70 um, meeting the requirements of modern bioengineering and additive manufacturing technologies.

Analysis of the literature reveals that most studies focus on individual phases (primarily NiTi),
while comprehensive comparative modeling of all three phases within the Ni-Ti system under unified
thermochemical pressing conditions remains scarce. The issue of selecting the optimal phase, consider-
ing thermodynamic, kinetic, and functional characteristics simultaneously, has not been fully addressed.
This gap underscores the relevance and necessity of the present research.

Recent sources [11—13] highlight the promising applications of Ni-Ti intermetallics for im-
plants, actuators, and catalysts. However, the absence of a unified methodology for microstructure pre-
diction across all phases hinders the industrial deployment of these technologies. The approach proposed
in this work addresses this deficiency by implementing a systematic calculation based on equations
(1)—(8) and grain prediction using formula (10) for NiTi, Ti»Ni, and TiNis.

Consequently, the review of the literature confirms that existing studies provide a sufficient
theoretical foundation for thermodynamic analysis, yet further development is required in the direction
of comprehensive comparative modeling. The modeling performed in this article logically extends pre-
vious research and enables not only quantitative evaluation of parameters for each phase but also sub-
stantiated recommendations for selecting the optimal variant for practical synthesis via thermochemical
pressing. Additionally, this study integrates recent advances in computational materials science, such as
machine learning-assisted prediction of phase diagrams and microstructure evolution, which further im-
prove the accuracy and applicability of the proposed methodology for industrial scale-up and advanced
manufacturing.

Formulation of the study purpose

To calculate complete thermodynamic parameters for NiTi, Ti,Ni and TiNis, to model grain size
by formula (10) for each phase and to select the phase that is most suitable for synthesis by thermo-
chemical pressing.

Presenting main material

Thermodynamic analysis was carried out using the heat capacity equation (1) and coefficients
(2)—(4), Gibbs-Helmbholtz equation (5), activation energy (6), equilibrium constants (7)—(8) and grain
size dependence (9)—(10).

The main calculated values that allow predicting the grain size of y were calculated using the
following formulas. For unknown parameters, the data were taken from the literature. The heat capacity
equation proposed in [4] was used for the calculations.

Cy (T) =ap+a,-1073T +a_, 10°T 2 1)

To determine the coefficients for melting temperatures of compounds, standard entropy values, and
the temperatures of polymorphic transformations (K), thermodynamic data and phase diagrams are used.

Additionally, the coefficients were calculated using equations proposed by Tsagareishvili and
Gvelesiani. These equations allow for mathematical modeling of thermodynamic properties, such as
melting temperatures and standard entropy values, based on experimental data and theoretical ap-
proaches. Using these equations improves the accuracy of thermodynamic analysis and enables the pre-
diction of material properties and phase transformations. To refine the results, calculations were com-
pared with the data from works [5, 6], and the average value was used.

_ % _ _ 03Cp35e0,.
a==>2=(595 ), (2)
_ar _ 0,34C5758\.
b==(52), ©
c=2=09(a+b-298-CHs ). (4)

The assessment of thermodynamic stability for intermetallic compounds such as NiTi, Ti>Ni,
and TiNis relies primarily on the Gibbs-Helmholtz equation. This equation enables researchers to eval-
uate how Gibbs free energy varies with temperature, providing insight into whether a compound remains
stable, becomes metastable, or undergoes transformation under specific conditions. By carefully analyz-
ing the relationship between enthalpy, entropy, and temperature, the Gibbs-Helmholtz framework allows
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for the prediction of phase behavior and the identification of optimal synthesis parameters. The equation
is especially valuable in materials science, as it helps guide the selection of compounds for thermochem-
ical processing techniques like thermochemical pressing, ensuring that only phases with favorable sta-
bility and grain size characteristics are chosen. In practice, these calculations are complemented with
standard entropy values, melting temperatures, and data from phase diagrams, which together refine the
prediction of material properties and support the development of materials with targeted performance.
AG = AHy — T - ASy, (5)
AH; — enthalpy of formation, J/mol; AS; — entropy, J/mol; T — temperature, K; For the calculation

of activation energy, the following formula was used:
R[lnk,—Ink,]
L e ®)
T1 T»o
For calculating the equilibrium of chemical reactions in the investigated systems and estimating
the equilibrium compositions of components, the constants of all independent reactions were deter-

mined:

AGr = —RTInk; )
AG
kr = exp (——0). )

The dependence of the grain size of the synthesized product on the degree of its deformation
during pressing is described by an empirical relationship:
D

Ds = —— (9)
&
/A(a)

As the degree of deformation applied to the pressurized intermetallic blank increases, particu-
larly during extensive plastic deformation, the grain size of the material is expected to decrease signifi-
cantly—often by as much as ten times. This reduction in grain size can improve certain properties, such
as mechanical strength and durability. To accurately describe and predict these changes, it is useful to
employ equations that integrate multiple factors, each corresponding to different aspects of the synthesis
process, such as the initial particle size, compression level, synthesis temperature, and cooling rate. By

modeling the influence of plastic deformation with such comprehensive equations, researchers can better
understand and optimize the microstructural evolution of the material during processing.

_ 2 CPoPcT2RTA E

Dy = \/Ds + TEalToTo) ko exp (— F) (10)

From equation (10) it is possible to distinguish individual parts that characterize the process and

the final grain size in the compressed product depends on several factors: the initial product size (Do),

the degree of deformation of the synthesized product during compression, the temperature of adiabatic
synthesis (Tag) and its cooling rate.

Table 1. Comparative table of thermodynamic parameters of Ni-Ti phases

Parameter INiTi (B2) Ti:Ni TiNi;

N Hy, kJ/mol-atoms L 31.1 - 25.3 438
T K 1650 1720 1873

E., kJ/mol 65 82 75

Cpa9s, JIkg'K 23.8 22.1 22.4

o, kg/m? 6450 6100 7500
NSy, J/mol-K 24.5 22.8 24.1

ko 5.76-10° 5.76-10° 5.76-10°
2 240 240 240
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A comprehensive thermodynamic analysis and numerical modeling using formulas (1)—(10)
enable an objective comparison of three equilibrium intermetallic phases in the Ni-Ti system. The key
evaluation criteria included: thermodynamic stability (4H; and 4G), activation energy (E.), predicted
grain size Dy according to formula (10) (see Tabl. 1), reaction kinetics, and the functional properties of
the final material. This methodology ensures a robust assessment by integrating both theoretical and
empirical approaches, which is essential for optimizing material selection for various industrial and bi-
omedical applications.

TiNis (NisTi) exhibits the highest thermodynamic stability: 4AHy = —43.8 kJ/mol-atoms, which
is the most negative value among the three phases. This ensures maximum exothermicity during the
reaction and minimizes the tendency for reverse decomposition at elevated temperatures. Modeling re-
sults (see Fig. 1) indicate that this phase yields the smallest grain size under maximum deformation (¢ =
0.6): 17.1 um at 1400 K and 19.8 um at 400 K. The average grain size range of 17-58 um is the narrow-
est, and the grain reduction factor reaches 3.3 times, representing the best performance for plastic grain
refinement. However, the high stability is accompanied by limited plasticity after pressing and the ab-
sence of the shape memory effect. As a result, TiNis is ideally suited for catalytic and high-temperature
structural applications, but is less promising for bioengineering purposes. Additionally, its restricted
functional versatility compared to NiTi alloys makes it less suitable for applications requiring supere-
lasticity or biocompatibility, such as medical implants or actuators.
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Fig. 1. Dependence of grain size Dk on temperature and degree of deformation for the phase TiNi;

In contrast, TioNi demonstrates the least favorable operational characteristics among the exam-
ined intermetallic phases. The activation energy E, is 82 kJ/mol, which is the highest value recorded,
thereby complicating the initiation of the self-propagating reaction under pressure. This necessitates
either elevated temperatures or increased pressure to achieve the adiabatic temperature, 7,0 = 1720 K.
The grain size of Ti>Ni remains the largest (see Fig. 2): under a deformation degree € = 0.1, it ranges
from 71.3 pum at 400 K to 25.9 um at 1400 K, with an average span of 25-71 pum. The grain reduction
factor is only 2.6 times, which is the lowest among the three phases. Additionally, TioNi exhibits low
thermodynamic stability (4Hy = —25.3 kJ/mol-atoms) and retains a coarse-grained structure after press-
ing, making it the least suitable candidate for thermochemical pressing applications. Due to these limi-
tations, Ti,Ni is typically employed solely as a structural filler in composite materials where high
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strength and advanced functionality are not required. Furthermore, its restricted mechanical properties
and lack of functional features, such as shape memory or superelasticity, diminish its utility in advanced
engineering or biomedical fields. Consequently, material selection for demanding applications should
prioritize alternatives with superior grain refinement and functional versatility, such as NiTi, to ensure
optimal performance and adaptability.
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Fig. 2. Three-dimensional dependence of grain size Dy on temperature and degree of defor-
mation for the Ti>Ni phase

NiTi (B2/B19') occupies an optimal intermediate position among the investigated intermetallic
phases, providing the best overall balance across all evaluation criteria. The activation energy F, is
65 kJ/mol, which is moderate and facilitates the straightforward initiation of the self-propagating high-
temperature synthesis reaction at an adiabatic temperature 7, = 1650 K. This enables complete phase
transformation with minimal external energy input, enhancing process efficiency and reproducibility.

The grain size for NiTi, as shown in Fig. 3, remains stable within a narrow range of 18-54 ym
across all degrees of deformation (g) and temperatures (T), with a grain reduction factor of 2.8 times.
Notably, at ¢ = 0.6, the grain size stabilizes at approximately 18.7 um regardless of temperature, demon-
strating exceptional consistency in microstructural refinement. Such stability is highly advantageous for
ensuring predictable material properties in industrial and biomedical manufacturing processes.

The most significant advantage of NiTi lies in its unique functional properties, including the
shape memory effect, superelasticity, high biocompatibility, and outstanding corrosion resistance. These
characteristics make NiTi indispensable for critical applications such as medical implants, stents, actu-
ators, and additive manufacturing technologies. Furthermore, the ability to reliably control grain size
and achieve high post-deformation plasticity supports the fabrication of components that require both
mechanical robustness and specialized functional behavior.

In summary, the comprehensive thermodynamic and kinetic modeling, supported by empirical
data, clearly demonstrates that equiatomic NiTi alloys synthesized via thermochemical pressing at ¢ =
0.4—0.6 and Tus = 1650 K offer the most favorable combination of processability, microstructural uni-
formity, and multifunctional performance. This underscores the advisability of further experimental syn-
thesis and industrial implementation of NiTi for advanced engineering and biomedical applications.
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Fig. 3. Three-dimensional relationship of grain size Dy as a function of temperature and degree
of deformation (where pressure correlates with €) for the NiTi phase

A comparative analysis reveals a clear hierarchy among the Ni-Ti intermetallic phases: Ti,Ni is
the least advantageous due to its high activation energy (£,) and coarse grain structure; 7iNi3 ranks
highest in thermodynamic stability and grain refinement but is limited in functional properties; and NiTi
represents a universal compromise, combining ease of synthesis, reproducible microstructure, and max-
imum practical value. According to comprehensive evaluation criteria (thermodynamic efficiency x me-
chanical properties x industrial suitability), the NiTi phase receives the highest rating and is recom-
mended as the primary candidate for industrial implementation of thermochemical pressing methods.

Thus, the selection of NiTi enables simultaneous achievement of targeted grain size (18—54 pum),
ensures high post-deformation plasticity, and facilitates the creation of materials with unique functional
properties. This substantiates the advisability of further experimental synthesis of equiatomic Ni-Ti alloys
specifically under thermochemical pressing conditions with controlled deformation (g = 0.4—0.6).

Conclusions

Numerical modeling of Ni-Ti intermetallic phase synthesis by thermochemical pressing using
formula (10) proves effective for predicting grain size and mechanical properties. The comprehensive
thermodynamic analysis conducted demonstrates that, based on integrated criteria, the NiTi phase is the
most suitable. Synthesis of equiatomic Ni-Ti alloys at deformation & = 0.4—0.6 and adiabatic tempera-
ture 7,4~ 1650 K is recommended. Further refinement of the model by introducing multiphase correc-
tions is suggested, as formula (10) allows modeling of even complex systems such as Cantor alloys.
Additionally, NiTi's unique shape memory effect, superelasticity, and biocompatibility make it ideal for
advanced engineering and biomedical applications, including medical implants, stents, and actuators.
The ability to reliably control microstructural uniformity and mechanical behavior supports its wide-
spread adoption in industrial and additive manufacturing processes.
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