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The electronic structure, thermodynamic, structural, energy, and electrokinetic properties
of the semiconductor thermoelectric material Zr;.Nb.NiSn were modeled using density
functional theory. The nature of the generated energy states and mechanisms of electrical
conductivity were analyzed. It is shown that when Nb atoms are introduced into the
structure of the ZrNiSn compound in varying ratios, two processes occur simultaneously:
Zr atoms are substituted by Nb atoms, resulting in a substitutional solid solution, and Nb
atoms also occupy the tetrahedral voids within the structure, leading to the formation of
an inclusion solid solution. Structural changes create two types of donor defects in
Zr1xNb:NiSn, along with their corresponding energy states, which are essential for
achieving maximum efficiency in converting thermal energy to electrical energy. Modeling
of thermoelectric properties showed that the semiconductor solid solution of Zr;«Nb:NiSn
is a promising thermoelectric material.
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Introduction

In [1], a study of a new thermoelectric material Zr1xNbxNiSn, obtained by doping the
n-ZrNiSn semiconductor with Nb atoms (4d*5s') by replacing Zr atoms (4d>5s%), was initiated.
Doping generates defects of donor nature in the crystal structure of n-ZrNiSn, and in the
electronic structure, the corresponding electronic states (Nb has more d-electrons than Zr). Such
doping of Zri1«NbxNiSn meets the condition of achieving maximum efficiency of converting
thermal energy into electrical energy [2]. As a result, at the concentration of Nb atoms, x = 0.04,
the thermoelectric power factor of Zr1xNbxNiSn reached maximum values [1]. When studying
similar semiconductor thermoelectric materials Ti1«NbxNiSn [3] and Hfi«NbxNiSn [4], at
certain concentrations of the Nb donor impurity, it was also possible to achieve the maximum
thermoelectric power factor.

However, the mechanism of generating donor states during doping of the semiconductor,
which led to an increase in electrical conductivity and a slight decrease in thermopower
coefficient, is unclear from the point of view of structural transformations, both in the cases of
Zr1xNbxNiSn, as well as Ti1-xNbxNiSn and Hfi.xNbxNiSn. On the one hand, the substitution of
Zr, Ti, and Hf atoms in the crystal structure of semiconductors n-ZrNiSn, n-TiNiSn, and
n-HfNiSn, respectively, by Nb atoms generates defects and electronic states of a donor nature.
In turn, modeling of the thermodynamic properties of Ti1-xNbxNiSn and Hfi«NbxNiSn showed
that the solubility region of Nb atoms is insignificant. On the other hand, X-ray structural studies
of Zri1xNbxNiSn, Ti1xNbxNiSn, and Hf1.xNb:NiSn samples have established a larger extent of
the region of existence of these solid solutions. Based on experimental studies of the properties
of ZrixNb:iNiSn, it has been assumed that the crystal structure undergoes simultaneous
structural transformations in varying ratios, associated with the partial substitution of Zr atoms
by Nb atoms, as well as the occupation of tetrahedral voids of the structure by Nb atoms [1].

In this case, it is essential to understand the reason behind the discrepancy between the
modeling results and structural studies. After all, understanding the features of structural
transformations, for example, in ZrixNbxNiSn, which are accompanied by the generation of
defects of donor nature and the corresponding electronic states, will allow achieving the
maximum figure of merit Z in the thermoelectric material. The results of modeling the
properties of the semiconductor thermoelectric material Zri-xNbxNiSn, presented below, will
help clarify the methods for generating donor states. This clarification could lead to improved
efficiency in converting thermal energy into electrical energy at specific concentrations.

Research methods

The calculation of the density of states (DOS), thermodynamic, structural and
electrokinetic properties of the thermoelectric material Zri-«NbxNiSn, x = 0-0.125, was carried
out for an ordered version of its crystal structure. The calculations were performed by the KKR
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method [5] in the approximation of the coherent potential CPA and the local density LDA for
the exchange-correlation potential with the Moruzzi-Janak-Williams parameterization [6], as
well as by the method of adjoint plane waves FLAPW within the framework of the density
functional theory DFT. The Vienna Ab initio Simulation Package VASP v. 5.4.4 program
package was used with PAW-type potentials and the Perdew-Burke-Enzerhoff exchange-
correlation functional in the generalized gradient in the Monkhorst-Pack approximation for the
11x11x11 k-grid [7-11]. The simulation of the specific electrical conductivity, thermopower
coefficients, and thermal conductivity was carried out using the Exciting code (FLAPW
method) by solving the linear Boltzmann equation with both the relaxation time determined
during the simulation (SERTA) and the constant relaxation time (CRTA). The accuracy of the
calculation of the Fermi level position was &r +4 meV.

Modeling of thermodynamic and structural properties of Zr1xNbxNiSn

Figure 1 shows the results of modeling the thermodynamic Gibbs potential AGr(x) in the
approximation of harmonic vibrations of atoms for ZriNbxNiSn samples, x = 0-0.125, at
various temperatures of the homogenizing annealing process to achieve thermodynamic

equilibrium.
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Fig. 1. Calculations of the thermodynamic Gibbs potential AGr(x) Zr;«Nb:NiSn at various
temperatures of homogenizing annealing process of samples

The AGr(x) simulation was performed for an ordered variant of the Zri-xNbxNiSn crystal
structure space group F43m), when Zr(Nb) atoms occupy the crystallographic position 4a
(0, 0, 0), Ni — 4d (“4, Y4, Ya) and Sn — 4c¢ (2, Y4, '2). Such a simulation allows us to assess the
energetic feasibility of substituting Zr atoms for Nb atoms in the crystal structure and to
estimate the limits of the existence of a Zr1xNbxNiSn substitutional solid solution.

As shown in Fig. 1, the extent of the substitutional solid solution depends on the
temperature of homogenizing annealing. Thus, at temperatures 7' < 873 K, the calculations
show only a monotonic increase in the AGr(x) dependence (Fig. 1 a). It means that the
substitution of Zr atoms by Nb atoms in the structure of the ZrNiSn compound is energetically
disadvantageous; therefore, the Zr1xNbxNiSn substitution solid solution does not exist under
such conditions. In contrast, calculations of the Gibbs potential AGr(x) at a higher temperature,
T=1073K, which corresponds to the annealing temperature of the samples studied in the
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experiment [1], show the energetic feasibility of substituting Zr atoms by Nb atoms up to a
concentration of x =~ 0.28. It is indicated by the appearance of a minimum and a plateau in the
AGr(x) dependence up to x = 0.28 (Fig. 1b). At higher concentrations of Nb atoms, x > 0.28,
the monotonic growth of the AGr(x) dependence of Zri.xNb:NiSn indicates the absence of
solubility due to delamination (spinoidal phase decomposition). Calculations have shown that
increasing the annealing temperature leads to a larger range of existence for the ZrixNb:NiSn
substitutional solid solution. Thus, at a temperature of 7= 1273 K, the boundary of the
solubility region of Nb atoms in the structure of the thermoelectric material is x = 0.36 (Fig. 1¢).

The results obtained from the density functional theory (DFT) calculations of the change
in unit cell parameter a(x) for Zri«Nb:NiSn, specifically for the ordered structure variant,
indicate a linear decrease in the parameter a (see Fig. 2). This behavior in the dependence a(x)
is predictable because the atomic radius of Nb (rnb = 0.1468 nm) is smaller than that of Zr
(rz=0.1602 nm). Consequently, a linear increase in the concentration of Nb atoms leads to a
corresponding linear decrease in the unit cell parameter a(x).
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Fig. 2. Calculation of the change in the unit cell parameter a(x) for Zr;.Nb.NiSn.
Inset: change in the unit cell parameter a(x) for Zr;«NbxNiSn in the experiment [1]

This behavior of the parameter a(x) corresponds with the results of X-ray diffraction
studies [1] only for concentrations in the range of 0 <x < 0.02 (see Fig. 2, inset). However,
for Zri«NbxNiSn concentrations in the range of 0.02 < x < 0.05, the rate of change of a(x)
begins to decrease, and beyond this point, when x > 0.05, the cell parameter even shows a
slight increase (see Fig. 2, inset). Notably, X-ray diffraction studies of Zri1xNbxNiSn samples
with x ranging from 0 to 0.05, along with microprobe analysis of their surface’s chemical
and phase composition, indicated no presence of other phases’ traces [1].

The difference between the modeling results for the thermodynamic and structural
properties of Zr1xNbxNiSn and the experimental data is clearly due to structural transformations
beyond the mere substitution of Zr atoms by Nb atoms. In fact, the unit cell parameter of the
solid solution within its range of existence is highly sensitive to even the smallest changes in
the spatial arrangement of atoms.

In this context, it is important to note that the calculations of the thermodynamic Gibbs
potential, AGr(x), for Zr1.xNbsNiSn, as well as Tii«NbxNiSn and Hfi.xNb:NiSn [3—4], were
performed specifically for the ordered variant of the crystal structure. That is, only the case was
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analyzed when Nb atoms replace Zr atoms. With this approach, other possible structural
transformations were not taken into account, when Nb atoms can occupy both other
crystallographic positions and the existing tetrahedral voids of the crystal structure (“traps” [1]).
Let us recall that a feature of the crystal structure of the ZrNiSn compound is the presence of
tetrahedral voids (“traps”) in the unit cell, which occupy ~ 24 % of its volume. Therefore, we
can assume that the introduction of Nb atoms into the structure of the ZrNiSn compound
involves two simultaneous processes in varying ratios: the substitution of Zr atoms by Nb
atoms, resulting in a substitutional solid solution, and the occupancy of tetrahedral voids in the
structure by Nb atoms, leading to the formation of an inclusion solid solution.

However, when modeling the structural and thermodynamic properties of Zr1-xNbxNiSn,
only the mechanism of substitution of Zr atoms for Nb atoms was considered; the inclusion of
Nb atoms in the crystal structure of Zri+NbxNiSn was not taken into account in the modeling.
Therefore, the results of calculations of the thermodynamic Gibbs potential AGr(x) for
Zr1xNbiNiSn are only estimated, not absolute. The results of modeling the energetic and
electrokinetic properties presented below will allow us to clarify the assumption made.

Modeling the electronic structure of Zr1.xNbxNiSn

Fig. 3 shows a fragment of the results of modeling the density of states distribution DOS
Zr1xNbxNiSn, x = 0-0.125. Calculation of the DOS of the solid solution allows us to estimate
the band gap width &g, the position of the Fermi level €r, as well as the electrokinetic properties.
Comparison of the results of modeling and experimental studies [1] of the Zr1«NbxNiSn solid
solution will allow us to assess the degree of their adequacy.
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Fig. 3. Calculation of the distribution of the density of electronic states DOS Zr;.xNbxNiSn

From the results shown in Fig. 3, we can see that at the lowest calculated concentration
of Nb atoms, the Fermi level ¢r is located deep in the conduction band ec, while in #-ZrNiSn it
lies in the forbidden band &g near the edge of the conduction band ec. In addition, with an
increase in the concentration of Nb atoms in the Zr1.xNbxNiSn structure, the Fermi level er goes
deeper into the conduction band ec. Such behavior of the Fermi level €r can only be caused by
the generation of donor states in the semiconductor thermoelectric material Zri-xNbxNiSn.

This is also evidenced by the results of the calculation of the density of electronic states
at the Fermi level DOS(er) Zr1-xNbxNiSn (Fig. 4), the values of which increase with increasing
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concentration of Nb atoms that generate donor states. The results of the simulation of the change
in DOS(er) are fully correlated with the results of experimental measurements of the specific
magnetic susceptibility x(x) [1] (Fig. 4, inset). Considering that the thermoelectric material
Zr1xNbxNiSn is a Pauli paramagnet, in which the magnetic susceptibility is determined by the
electron gas, the change in the dependence y(x) is proportional to the change in the density at
the Fermi level DOS(¢F).

Thus, in ZrixNbiNiSn, the concentration of donor states increases with increasing
concentration of Nb atoms. Already at this stage of modeling, we can predict with high
probability that when modeling the electrokinetic properties of the Zr1-xNbxNiSn solid solution,
we will obtain a metallic type of electrical conductivity, and the sign of the thermopower
coefficient o 7) will be negative. This is indicated by the location of the Fermi level r deep in
the conduction band &c (Fig. 3).
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Fig. 4. Calculation of the density of electronic states distribution DOS for the ordered variant of the
Zr1INbxNiSn structure. Inset: change in magnetic susceptibility y(x) Zr;.NbNiSn [1]

Modeling the electrokinetic properties of Zri.xNbxNiSn

The results of modeling the behavior of the temperature dependences of the resistivity
p(T, x) and the thermopower coefficient a(7, x) of the semiconductor thermoelectric material
Zr1xNbxNiSn are shown in Fig. 5.
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Fig. 5. Modeling the behavior of temperature dependences of resistivity p(T, x)
and thermopower coefficient o(T, x) Zri«NbxNiSn: 1 —x = 0.01; 2—x =0.03; 3 —x =0.07
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As we predicted based on DOS calculations, the resistivity p(7, x) for all Zrix«NbxNiSn
concentrations increases with increasing temperature. This behavior of p(7, x) indicates a
metallic type of conductivity, when the Fermi level er has moved from the forbidden band &g to
the conduction band &c: a dielectric-metal conductivity transition has occurred, which is an
Anderson transition [12]. The negative values of the thermopower coefficient o(7, x) of
Zr1xNbxNiSn are evidence that donor states are generated in the semiconductor thermoelectric
material, which made it heavily doped and heavily compensated (HDCS) [13].

Thus, the results of modeling the temperature dependences of the resistivity p(7, x) and
the thermopower coefficient o7, x) show that in the thermoelectric material Zri»NbxNiSn only
donor states appear as a result of the generation of structural defects of donor nature. The fact
that the nature of the change with temperature of the dependences p(7, x) and a(7, x) is similar
both according to the results of calculations (Fig. 5) and experimental studies [1] deserves
special attention. Such consistency, in particular, indicates a successful choice of tools for
modeling the electrokinetic properties of the thermoelectric material Zri-«NbxNiSn.

Another proof that in the thermoelectric material Zr1«NbxNiSn exclusively donor states
are generated is the nature of the change in the degree of compensation of the semiconductor.
The authors [13, 14] showed that in HDCS the numerical values of the activation energy &1%(x),
determined from the activation sections of the temperature dependences of the thermopower
coefficient a(1/7), are proportional to the degree of compensation of the semiconductor. Fig. 6 a
shows the results of modeling the temperature dependences of the thermopower coefficient
a(1/T, x) Zr1xNbxNiSn, which are described by the formula [12]:
kp (&
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where y is a parameter that depends on the nature of the scattering mechanisms.

(04

30+
04 e =_‘_::3‘_:—$& 45
204 1§ %5 K 5
) e 52
—_— 3 =l
a4 -404 ~ 20- E 36
b 3 , o %33
> Zr, Nb NiSn &
= 604 I-x" " 304
~— 4 =~ 154 0.00 0.02 0.04 0.06 0.08
3 ﬁq x (Nb)
804 5 ]
104 Zr, NbNiSn
-100 4
0 20 4? 60 80 100 0.01 0.02 0.03 0.04 005 0.06 0.07
10°/T (1/K) x (Nb)
a b

Fig. 6. Modeling of temperature dependences of thermopower coefficient a(1/T) (a)
and change in activation energy €;(x) (b) Zri«NbNiSn. a: 1 —x = 0.07; 2 —x = 0.05;
3—x=0.03,4—x=0.02; 5—x = 0.01. Inset b: experimental data of change in ¢,*(x) [1]

From the high-temperature activation sections of the o(1/7, x) dependences of
Zr1xNbxNiSn (Fig. 6a), the activation energies €1%(x) (Fig. 6b) were calculated, which are
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proportional to the degree of compensation of the HDCS. From Fig. 6 b, we can see that with
an increase in the concentration of Nb atoms in the structure of the thermoelectric material
Zr1xNbxNiSn, the activation energy €1%(x) decreases. This behavior of €1%(x) is the result of a
decrease in the degree of compensation of the semiconductor thermoelectric material of the
electronic conductivity type ZrixNbxNiSn due to the additional generation of donor states. As
emphasized above, this can only occur under the condition of simultaneous partial substitution
of Zr atoms by Nb atoms (substitution solid solution) and occupation of tetrahedral voids by
Nb atoms (inclusion solid solution). As noted above, this can occur only under the condition of
simultaneous partial substitution of Zr atoms by Nb atoms and occupation of tetrahedral voids
by Nb atoms. We also draw attention to the similar course of the activation energy dependences
€1%(x) of Zr1«NbxNiSn both according to the simulation results and the experiment (Fig. 6). This
is a sign of the correct choice of tools for modeling the electrokinetic and energetic properties
of Zri1«NbxNiSn.

The calculation of the electronic structure of the thermoelectric material Zr1-xNbxNiSn
also allowed us to simulate, in addition to the aforementioned specific electrical conductivity
o(7, x) and thermopower coefficient a(7, x), the temperature dependences of the thermal
conductivity coefficient (7, x). This, in turn, based on the known ratio Z (Z = a>-6/x)) [2] made
it possible to calculate both the value of the thermoelectric figure of merit Z and the product
Z-T for Zr1xNbxNiSn in a wide temperature and concentration ranges. Fig. 7 presents the results
of such modeling, from which it can be seen that the dependence Z-T(7T, x) of Zr1.xNbxNiSn at
a concentration of x =0.01 and a temperature of 7= 600 K reaches maximum values, which
corresponds under these conditions to the maximum efficiency of converting thermal energy
into electrical energy. At higher concentrations of Nb atoms in the structure of the
thermoelectric material, the maximum values of Z-7(7, x) lie outside the simulation
temperature. By the way, experimental studies of Zri1xNbxNiSn [1] also recorded the presence
of a maximum in the dependence of the thermoelectric power coefficient Z*(x) at 7= 300 K
(Fig. 7, inset). The obtained results show that the semiconductor solid solution of ZrixNbxNiSn
is a promising thermoelectric material.
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Fig. 7. Modeling of Z-T behavior of thermoelectric material Zr;.Nb:NiSn:
1-x=001;2-x=0.02; 3—x=0.03; 4—x = 0.05. Inset: change
in thermoelectric power Z*(x) at 380 K [1]
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Thus, the results of the calculation of the electronic structure, thermodynamic, structural,
electrokinetic and energy properties of the semiconductor thermoelectric material Zri«NbxNiSn
confirmed the conclusions of experimental studies [ 1] that the crystal simultaneously undergoes
structural transformations in different ratios associated with the partial substitution of Zr atoms
by Nb atoms, as well as the occupation of tetrahedral voids of the structure by Nb atoms [1]. In
this case, only structural defects of donor nature and the corresponding energy states are
generated in Zr1xNbxNiSn.

Conclusions

Based on the results of modeling the thermodynamic, structural, energy and electrokinetic
properties of the semiconductor thermoelectric material Zri«NbsNiSn, the nature of the
generated energy states and mechanisms of electrical conductivity have been established. The
limits of the existence of the Zri.xNbxNiSn substitution solid solution have been determined, the
length of which depends on the temperature of homogenizing annealing. It is shown that when
Nb atoms are simultaneously introduced into the structure of the ZrNiSn compound in different
ratios, both the substitution of Zr atoms by Nb atoms and the formation of a substitution solid
solution occur, and the occupation of tetrahedral voids of the structure by Nb atoms with the
formation of an inclusion solid solution occur. Such structural changes in Zri+NbxNiSn
generate two types of defects of a donor nature and the corresponding energy states, which
meets the condition for obtaining the maximum efficiency of converting thermal energy into
electrical energy. According to the calculated thermoelectric parameters, the Zri«NbxNiSn
substitution solid solution is a promising thermoelectric material.

Acknowledgements

The work was carried out within the framework of grants of the Ministry of Education
and Science of Ukraine No. 0124U000989 and No. 0124U001146. The authors Stadnyk Yu.V.,
Romaka L.P. and Horyn A.M. are grateful for the financial support of the Simons Foundation
(SFI-PD-Ukraine-00014574).

Authors’ information

V.A. Romaka — D.Sc., Professor.

V.V. Romaka — D.Sc., Research Doctor
Yu.V. Stadnyk — Ph.D., Senior Scientist.
L.P. Romaka — Ph.D., Senior Scientist.
A.M. Horyn — Ph.D., Senior Scientist.
V.Z. Pashkevych — D.Sc., Professor.

P.I. Haraniuk — Ph.D., Docent.

References

1. Romaka V.A., Stadnyk Yu.V., Romaka L.P., Horyn A.M., Zelinskiy A.V., Pashkevych V.Z.
(2026). Research on a new semiconductor thermoelectric material n-ZrixNbxNiSn. I.

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2026 55



V.A. Romaka, V.V. Romaka, Yu.V. Stadnyk, L.P. Romaka, A.M. Horyn, V.Z. Pashkevych, P.I. Haraniuk
Research on a New Semiconductor Thermoelectric Material n-Zr;.Nb.NiSn. II. Property Modeling

10.

11.

12.

13.

Experimental results. Journal of Thermoelectricity, Nel, 5-16. 10.63527/1607-8829-2026-
1-5-16.

Anatychuk L.I. (1998). Thermoelectricity. Physics of thermoelectricity, Institute of
Thermoelectricity, Kyiv, Chernivtsi, Vol. 1, 376 p. ISBN 966-738-00-1.

Romaka V.A., Stadnyk Yu.V., Romaka L.P., Horyn A.M., Romaka V.V., Haraniuk P.I.
(2025). Research of Thermoelectric Material Ti1.xNbxNiSn. Journal of Thermoelectricity,
Nel, 5-15. DOLI: 10.63527/1607-8829-2025-1-5-15.

Romaka L., Stadnyk Yu., Romaka V.A., Horyn A., Romaka V.V., Demchenko P.,
Haranyuk P. (2025). Research on a new thermoelectric material obtained by doping of n-
HfNiSn with Nb atoms. Physics and Chemistry of Solid State, 26 (4), 787-793. DOI:
10.15330/pcss.26.4.787-793.

Schruter M., Ebert H., Akai H., Entel P., Hoffmann E., Reddy G.G. (1995). First-principles
investigations of atomic disorder effects on magnetic and structural instabilities in
transition-metal alloys, Phys. Rev. B 52, 188-196. DOI:
https://doi.org/10.1103/PhysRevB.52.188.

Moruzzi V.L, Janak J.F, Williams A.R. (1978). Calculated Electronic Properties of Metals.
Elsevier Science & Technology Books, 188 p. DOI: https://doi.org/10.1016/B978-0-08-
022705-4.50002-8.

Kresse G., Joubert D. (1999). From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B 59, 1758-1775. DOLI:
https://doi.org/10.1103/PhysRevB.59.1758.

Perdew J.P., Burke K., Ernzerhof M. (1996). Generalized gradient approximation made
simple. Phys. Rev. Lett. 77 (18), 3865-3868. DOLI:
https://doi.org/10.1103/PhysRevLett.77.3865.

Monkhorst H.J., Pack J.K. (1976). Special points for Brillouinzone integrations. Phys. Rev.
B 13, 5188-5192. DOI: http://dx.doi.org/10.1103/PhysRevB.13.5188.

Okhotnikov K., Charpentier T., Cadars S. (2016). Supercell program: a combinatorial
structure-generation approach for the local-level modeling of atomic substitutions and
partial occupancies in crystals. J. Cheminform. 8 (17), 1-13. DOI: 10.1186/s13321-016-
0129-3.

Vinet P., Rose J.H., Jr Ferrante J.S. (1989). Universal features of the equation of state of
solids. J. Phys.: Codens. Matter. 1, 1941-1963. DOI: http://dx.doi.org/10.1088/0953-
8984/1/11/002.

Shklovskii B.I. and Efros A.L. (1984). Electronic properties of doped semiconductors.
Berlin, Heidelberg, NY, Tokyo, Springer-Verlag, 388 p. DOI: 10.1007/978-3-662-02403-4.
Romaka V.A., Fruchart D., Stadnyk Yu.V., Tobola J., Gorelenko Yu.K., Shelyapina M.G.,
Romaka L.P., Chekurin V.F. (2006). Conditions for attaining the maximum values of
thermoelectric power in intermetallic semiconductors of the MgAgAs structural type.
Semiconductors, 40 (11), 1275-1281. DOI: https://doi.org/10.1134/S1063782606110054.

56

Journal of Thermoelectricity Ne2, 2026 ISSN 1607-8829



V.A. Romaka, V.V. Romaka, Yu.V. Stadnyk, L.P. Romaka, A.M. Horyn, V.Z. Pashkevych, P.I. Haraniuk
Research on a New Semiconductor Thermoelectric Material n-Zr;.Nb.NiSn. II. Property Modeling

Pomaxka B.A.! (https://orcid.org/0000-0002-2984-9513),
Pomaxka B.B.? (https://orcid.org/0000-0002-6392-1355),
Cragnuk FO.B.? (https://orcid.org/0000-0003-0692-2973),
Pomaxka JLIL.? (https://orcid.org/0000-0001-5793-4435),
Topunn A.M.? (https://orcid.org/0000-0003-3483-8808),
Mamxesnu B.3.! (https://orcid.org/0000-0002-6849-652X),
Tapamok ILL! (https://orcid.org/0000-0002-7450-8881)

'Hauionansuuii ynisepcutet “JIbBiBchKa MoMiTEXHIKa”,
ByiL. C. Bannepu, 12, JIsBiB, 79013, Vkpaina;
Texniunmii yriBepcuter Jpesnena, bepr mrpace, 66,
01069 [pe3nen, Himeuunna;
3JIbBiBCHKMIT HANiOHANBLHUI yHiBepCHTET iM. 1. Dpanka,
ByJ. Kupuna i Medouis, 6, JIeBis, 79005, Ykpaina;

HoctigxeHHss HOBOI0 HAMIBIPOBITHUKOBOI0 TEPMOEJTEKTPHUYHOTO
marepiany n-Zr1..NbxNiSn. II. Moae/soBaHHS BJaCTUBOCTEH

Ilpogedeno moodenosants eneKmpoHHOI CMPYKmMYypu, mepmMoOUHAMIYHUX, CIPYKIYDHUX,
EHepeeMUYHUX ~ Ma  eleKMPOKIHeMUYHUX — GIACUBOCHE  HANIBNPOBIOHUKOBO20
mepmoenexmpuyno2o mamepiany Zri-Nb.NiSn ¢ pamxax meopii yuKkyionany 2ycmuu.
Busnaueno  npupody  ceneposamux — eHepeemuuHUX ~ CMAHIE  MA  MeXAHIZMI8
enrexkmponpogionocmi. Ilokazano, wo npu yeedenni 0o cmpykmypu cnoayku ZrNiSn
amomie Nb 00HOUACHO Y PIZHUX ChIBEIOHOWEHHSX 8I00YBAEMbCS SIK 3AMIUWEHHS AMOMIe L
Ha amomu Nb ma ymeopenns meepoo2o po3uuHy 3amiujents, max i 3auHAmms amomamu
Nb mempaedpuunux nycmom cmpykmypu 3 ymeOpeHHAM MEepo020 PO3UUHY BKIHOYEHHSL.
Taki cmpyxmypui 3minu cenepyromo 6 ZriNb.NiSn 0eéa copmu Oeghexmie O0oHOpHOI
npupoou ma GIONOGIOHI eHepeemuyHi CMAaHU, wo 6i0N08ioac YMO8I OMPUMAHHS
MAKCUMANbHOT  e(DeKmMUeHOCMI  NepemeopeHHs Meniosoi eHepeli 6  eNeKmpUuyHy.
Mooenosauns mepmoeneKmpuiHux 1acmugocmel NOKA3aio0, wo HANieNpo8iOHUKOBULL
meepoull  po3uun 3amiwenns ZriNDbNiSn € nepcnexmugnum mepmoeneKmpuiHum
mamepianom.

Ku11040Bi cj10Ba: TepMOCIIEKTPHYHKIN MaTepiall, HalliBIPOBIIHUK, SICKTPOHHA CTPYKTYPA,
EJIEKTPOOIIIpP, KOSPIIIEHT TEPMO-EpC.
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