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1. Introduction

To achieve high functional properties, the main trend 
in engineering materials science is to obtain materials in 
conditions far from equilibrium [1, 2]. Moreover, such ma-
terials may include a large number of elements (multi-el-
ement approach) [3, 4]. Both nonequilibrium production 
conditions and the multielement approach, in most cases, 
lead to a significant reduction in the size of crystallite 
grains and a transition to the nanostructured state [5, 6]. 
To stabilize this state, for example, the creation of artifi-
cial multi-period (multi-layer) composites with nanome-
ter-thick layers is used [7, 8]. Moreover, to obtain high 
physicomechanical properties, metals with a high heat 
of formation of interstitial phases are selected as metal 
components [9, 10].

The same principle is often used to create multi-element 
alloys with high functional properties [11, 12]. A new di-
rection in the development of multi-element materials was 
the creation of high-entropy alloys (HEAs), which are a 
combination of several basic elements (at least five) mixed 
in approximately equal proportions [13, 14]. High-entropy 
alloys are defined as alloys consisting of five or more basic 
elements, each of which should be contained in an amount 
of 5 to 35 % at [15]. Thus, unlike “classical alloys” having 
a base element and alloying elements, high-entropy alloys 
contain a significant number of elements (from 5 or more) 
introduced in equal or close to equal proportions.

Since all components are mixed in approximately equal 
proportions, the formation of a matrix based on any one 
component (as occurs in classical alloys) becomes impossible 
for HEAs. This leads to a significant difference between 
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Методом рентгенiвської дифрактометрiї дослiджено 
вплив складу двох, трьох, чотирьох i п'яти елементних 
сплавiв на основi нiобiю на їх фазово-структурний стан, 
середнiй розмiр кристалiтiв i коефiцiєнт теплового роз-
ширення в iнтервалi температур +20...–170 °С. В якостi 
елементiв наповнення використовувалися ванадiй, тан-
тал, гафнiй, молiбден, цирконiй, вольфрам i титан. Цi еле-
менти або в рiвноважному – при кiмнатнiй температурi 
(RT=+20 °С), або в високотемпературному станах мають 
ОЦК кристалiчну решiтку, подiбну Nb.

Встановлено, що в сплавах на основi двох, трьох, 
чотирьох i п'яти елементiв для використаних в роботi 
складiв вiдбувається формування однофазного стану з 
ОЦК кристалiчною решiткою твердого розчину. На струк-
турному рiвнi вплив складу сплаву позначається на спiввiд-
ношеннi iнтенсивностей пiкiв дифракцiї вiд рiзних площин. 
Для двох порядкiв дифракцiї вiд найбiльш щiльноупакован-
ної в ОЦК решiтцi площини {110} виявлено змiну величини 
iнтенсивностi для другого порядку дифракцiї. У найбiль-
шiй мiрi зменшення вiдносної iнтенсивностi вiдбувається 
в бiнарних сплавах з великою невiдповiднiстю за розмiра-
ми атомних радiусiв складових компонент. У багатоеле-
ментних сплавах спостерiгається менше падiння iнтен-
сивностi. Це може бути пов'язано зi зменшенням дисторсiї 
кристалiчної решiтки внаслiдок упорядкування елементiв, 
якi складають сплав.

На субструктурному рiвнi склад сплаву позначається 
на величинi середнього розмiру кристалiтiв. Для бiнарних 
складiв сплавiв найбiльший ефект пов'язаний з елемента-
ми наповнення Zr i Hf, якi мають значно бiльший атомний 
радiус. Це призводить до зменшення середнього розмiру кри-
сталiтiв твердого розчину сплаву до найменшого значення 
11 нм (сплав NbZr) i видiленню другої фази (сплав NbHf). 

Встановлено, що коефiцiєнт лiнiйного теплового розши-
рення (КТР), визначений рентгендифракцiйним методом 
при 2-х температурах (RT=+20 °С i Т=–170 °С), в багато-
елементних сплавах перевищує значення для вихiдних еле-
ментiв. Найбiльше збiльшення КТР спостерiгається в спла-
вах, що мiстять 17–26 ат. % V i W (якi мають найменший 
атомний радiус)

Ключовi слова: багатоелементний сплав, нiобiй, високо-
ентропiйний сплав, дисторсiя, фазовий склад, коефiцiєнт 
теплового розширення
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the microstructure and properties of HEAs and traditional 
alloys [16, 17]. In particular, the use of multi-element alloys 
with equal proportions of elements allows us to solve the 
urgent problem of segregation of impurities during radiation 
exposure, as well as significantly improve the functional 
properties of the material at high temperatures. In this 
regard, high-entropy alloys can be considered as promising 
materials for work in the nodes of the developed high-tem-
perature equipment, as radiation-resistant elements, protec-
tive coatings, in the energy sector as elements of machine 
parts and as hydrogen storage elements. 

2. Literature review and problem statement

In [18, 19], the results of determining the phase com-
position of high-entropy alloys are presented. It has been 
shown that in HEAs (as in alloys having a large number of 
basic elements and high entropy of mixing), the formation of 
solid solutions is preferable from the thermodynamic point 
of view. It was found [20, 21] that high-entropy alloys con-
sisting of transition metals are prone to the formation of a 
single-phase state of a solid solution with a relatively simple 
crystal lattice (bcc, fcc, hcp). However, the problem of select-
ing elements to create a structural state of uniform volume in 
such materials remains unresolved.

It was substantiated in [22, 23] that during the forma-
tion of high-entropy alloys based on solid solutions with 
simple crystal lattices, several effects should be expected: 
High Entropy Effect, Lattice Distortion Effect, Cocktail 
Effect. The High Entropy Effect lies in the fact that the 
higher entropy of mixing (mainly configurational) in 
HEAs reduces the free energy of the phases of the solid 
solution and facilitates their formation, especially at higher 
temperatures. The Lattice Distortion Effect is due to dif-
ferent atomic radii of the elements and leads to a change 
in the principle of motion of dislocations, and the Cocktail 
Effect leads to a change in the properties of the alloy com-
pared to the properties of its constituent elements. Howev-
er, theoretical models of these effects require experimental 
verification for different types of alloys.

As a result of these effects, high functional charac-
teristics of HEAs can be achieved [24]. First of all, it is 
the high strength of these alloys in the cast and annealed 
states (700–2,600 MPa) [25, 26]. In addition to high 
strength, high-entropy alloys are characterized by high 
hardness [27] and high wear resistance [28, 29]. Also, 
these alloys are not inferior to corrosion-resistant steels in 
their anti-corrosion properties [30, 31]. However, a logical 
study of the relationship between the obtained properties 
and the structural state of alloys was practically not car-
ried out in these works.

It was assumed in [32, 33] that in many respects the 
uniqueness of the properties of high-entropy alloys is deter-
mined by the distortion of the crystal lattice. Low diffusion 
mobility, which leads to a stable state of crystal lattices of 
high symmetry, high hardness, and high resistance to ra-
diation influences, is also associated with this [34, 35]. In 
this case, the practical determination of lattice distortion in 
multielement alloys of various types remains a problem.

Theoretically, the δ parameter is commonly used to 
quantify distortion (lattice distortion). It represents the 
deviation of the metal radii of the elements from the average 
radius [36]:
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Moreover, the dependence of the δ parameter on the 
composition for different elements has the form of a con-
tinuous function. However, it can be assumed that with a 
larger difference in the atomic radii of closely spaced atoms, 
concentration points of bifurcation may appear. In this case, 
the continuous nature of this dependence will be violated 
and qualitative changes in the structure, phase composition, 
and properties of the alloy may occur.

In this regard, it should be noted that the formation of 
precipitates with a different type of crystal lattice (com-
pared with the base) at low annealing temperatures (about  
600 °С [37, 38]) is a new direction in hardening high-entro-
py alloys. Note that this can be an indirect confirmation of 
the presence of clusters of atoms with a small difference in 
radii already at the stage of alloy formation.

Thus, the analysis of published data indicates that, 
despite the large number of works on high-entropy alloys, 
structural engineering of this type of material is a very dif-
ficult task. The presence of different structural models for 
enhancing the functional properties of high-entropy alloys 
makes it necessary to determine experimental relationships 
between the properties of HEA alloys and their elemental 
composition and structural state.

3. The aim and objectives of the study 

The aim of the study is to determine patterns of influ-
ence of the elemental composition of niobium-based alloys 
on their phase-structural state, crystallite size and coeffi-
cient of linear thermal expansion in the temperature range  
+20...–170 °С.

To achieve the aim, the following objectives were set:
– to study the effect of the elemental composition of two, 

three, four and five elemental niobium-based alloys on their 
phase-structural state and determine the patterns of influence 
of the composition of alloys on the average crystallite size;

– to find the dependence of the coefficient of linear ther-
mal expansion in multi-element alloys on their composition.

4. Methodology for the synthesis of high-entropy alloys 
and methods of investigation

In the preparation of alloys, vanadium, tantalum, hafni-
um, molybdenum, zirconium, tungsten and titanium were 
used as filling elements for niobium (as the basic element of 
all alloys). These elements either in equilibrium – at room 
temperature (RT=+20 °С), or in high-temperature states 
have a bcc crystal lattice similar to Nb. Also, the choice of 
these elements as components of a high-entropy alloy was 
due to their different atomic radii. Thus, the elements V, W, 
and Mo have a significantly smaller atomic radius compared 
to Nb. The atomic radii of Zr and Hf significantly exceed the 
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atomic radius of Nb, and Ta and Ti have an atomic radius 
close to Nb.

Ingots of high-entropy alloys were produced by vacu-
um-arc melting in an atmosphere of high-purity argon [39]. 
Melting was carried out with a non-consumable tungsten 
electrode in a copper water-cooled hearth. To homoge-
nize the composition, the obtained ingots were remelted  
6–7 times with a cooling rate of about 50 K/s.

X-ray diffraction studies of the samples were carried out 
on DRON-3M and DRON-4 diffractometers (IC Burevest-
nik, Russia) in Cu–Kα radiation when scattering was record-
ed in a discrete recording mode with a graphite monochro-
mator on a secondary beam [40]. The scanning step varied 
within D(2J)=0.01...0.05° (depending on the half-width and 
intensity of diffraction peaks). Depending on the intensity of 
diffraction peaks, the exposure time at a point of 40 or 100 s 
was used when recording the spectra.

The crystallite size was determined by approximating 
the shape of the diffraction peaks for two diffraction orders 
in the direction of the selected axis [41]. Two diffraction or-
ders in the direction of the [110] axis were used in the work. 
To achieve high accuracy, the diffraction reflexes were taken 
in the exposure mode for 100 seconds at a point with a scan 
step of 0.05°.

Low-temperature studies (up to –170 °С) were car-
ried out using the modernized URNT-180 low-temperature 
chamber. Low-temperature studies made it possible to ex-
clude the influence of chemical reactions in determining 
the coefficient of temperature linear expansion. Also, the 
determination of the KTE value at low temperatures made 
it possible to exclude the influence of the ordering processes 
that are characteristic of multi-element alloys at high 
temperatures. At the same time, the choice of the tem-
perature range of –170...+20 °С is due to the technolog-
ical capabilities of the URNT-180 chamber.

Fig. 1 shows a general view of the “DRON-3M 
diffractometer – URNT-180 low-temperature cham-
ber” complex. For comparative studies, the diffraction 
curves obtained at a low temperature on the sample 
(about –170 °С) were compared with the diffraction 
curves obtained at room temperature (RT=+20 °С).

Fig. 1. General view of the “DRON-3M diffractometer – 
URNT-180 low-temperature chamber” complex

To study the elemental composition, the X-ray fluores-
cence method was used. An SPRUT-2 X-ray fluorescence 
spectrometer (Joint-Stock Company “Ukrentgen”, Ukraine) 
was used as a basic setup [42]. As the primary (exciting) 
radiation, we used the radiation of an X-ray tube with an Ag 
anode at a voltage of 42 kV.

5. Results of research of the influence of the elemental 
composition on the phase-structural state of  

Nb-based alloys 

For determining the distortion, clustering, and other 
structural parameters, as well as optimizing the elemental 
composition to obtain the required properties, it is neces-
sary to take into account the influence of each element. In 
multi-element alloys, the available experimental methods 
make this very difficult (almost impossible). In this regard, 
in this work, we used an approach to find regularities with a 
gradual increase in the number of constituent elements in the 
alloy. Nb was chosen as the basic element (i.e., the element 
included in all the studied alloys). The choice of niobium is 
due to the fact that this element has good physical and me-
chanical characteristics, however, it was practically not used 
in high-entropy alloys.

Using Nb as the base material, the alloys were studied in 
the work, the filling of which with elements varied from two 
to five. The elemental composition after the fusion process 
was determined by the method of X-ray fluorescence anal-
ysis [42]. The results of the elemental compositions of the 
alloys are given in Table 1.

In accordance with the classical material science triad 
(composition, structure, properties), the second important 
characteristic of materials is their phase-structural state.

In this work, to study the phase-structural state, the 
method of x-ray diffractometry was used. The resulting 
diffraction spectra for each of the series of alloys are shown 
in Fig. 2, 3.

Fig. 2 shows the spectra for two-element alloys based 
on Nb. It can be seen that in the Nb-Ti and Nb-Ta alloys 
(based on elements with a small difference in atomic radii), 
a single-phase state (bcc lattice) is formed without revealing 

 

 

Table 1

Elemental composition of alloys

Series 
number

С at,%

Nb V W Mo Zr Ta Ti Hf

1 85.93 14.07 0 0 0 0 0 0

2 83.59 0 16.41 0 0 0 0 0

3 73.51 0 0 0 26.49 0 0 0

4 82.55 0 0 0 0 17.45 0 0

5 83.43 0 0 0 0 0 16.57 0

6 74.17 0 0 0 0 20.81 5.02 0

7 79.45 0 0 0 0.44 0 0 20.11

8 54.45 23.10 22.45 0 0 0 0 0

9 53.36 22.65 0 0 0 23.99 0 0

10 30.39 26.45 20.15 0.13 0 22.88 0 0

11 42.54 0 18.72 19.82 0 18.92 0 0

12 22.77 17.13 18.19 0 23.13 18.78 0 0

13 24.48 12.82 20.75 20.79 0 21.16 0 0

14 27.02 11.35 0 0 20.16 21.24 20.23 0
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diffraction peaks from planes of other phases. Note that this 
system is characterized by a relatively large crystallite size of 
18 nm and 30 nm, respectively.

Fig. 2. XRD patterns for niobium (1), as well as  
XRD patterns for two-component alloys based on it:  

2 – NbW (series 2 in Table 1), 3 – NbV (series 1 in Table 1), 
4 – NbZr (series 3 in Table 1), 5 – NbHf (series 7 in Table 1), 
6 – NbTa (series 4 in Table 1), 7 – NbTi (series 5 in Table 1)

Also, diffraction peaks from other phases are not detected 
for the Nb-V and Nb-W systems, where the doping elements 
(V and W) have a smaller atomic radius than Nb [43].  
The crystallite size for these systems is also relatively large 
20–29 nm.

At the structural level, in all the alloys obtained, the 
preferred orientation of crystallites with the [110] axis is 
formed. This is manifested in the diffraction spectra by 
increasing the relative intensity of the diffraction peak from 
the (110) plane. However, the second-order intensity of dif-
fraction from the (220) plane (due to the low intensity of the 
survey of peaks (220) was carried out separately from the 
main spectrum) largely depends on the alloy composition. 
Table 2 shows the generalized values of the I(110)/I(220) ratio 
for all types of alloys.

Data from Table 2 show the nonmonotonic character 
of the I(110)/I(220) value from the alloy compositions. It 
can be seen that the largest ratio I(110)/I(220) is inherent 
in binary alloys, which consist of elements with very dif-
ferent atomic radii (NbV, NbW and NbZr). Such a large 
decrease in intensity for the second order of reflection 
(from the plane (220)) indicates a large distortion of the 
crystal lattice in this case. At the same time, in multi-el-
ement alloys, the of I(110)/I(220)  value is somewhat lower. 
The reason for this effect may be a partial relaxation of the 

deformation factor during cluster formation in multiele- 
ment alloys.

For alloys consisting of 3 or more elements (Fig. 3), the 
main phase is also a solid solution based on a bcc crystal 
lattice. However, multielement alloys are characterized by 
asymmetry of the diffraction line profiles associated with 
the heterogeneity of the solid solution over the volume of 
the samples.

Fig. 3. XRD patterns for niobium (1), as well as XRD patterns 
for multicomponent alloys based on it: 2 – NbVW (series 8 in 

Table 1), 3 – NbTaTi (series 6 in Table 1), 4 – NbVTa  
(series 9 in Table 1), 5 – NbVWTa (series 10 in Table 1),  

6 – NbWTaMo (series 11 in Table 1), 7 – NbVWTaMo  
(series 13 in Table 1), 8 – NbVZrTaTi (series 14 in table 1), 

9 – NbVWTaZr (series 12 in Table 1)

The appearance of the second system of diffraction 
peaks inherent in the fcc lattice (Fig. 3, spectrum 9) was 
also noted for the 12 series alloy. Moreover, if we relate the 
decrease in crystallite size in these alloys with the influ-
ence of crystal lattice deformation, then the formation of 
the NbTaTi alloy (series 6) and NbWVTa (series 10) leads 
to the least deformation. For these alloys, the crystallite 
size estimated from the width of the diffraction reflections 

is 31 nm and 27 nm, respectively. In this case, the 
average crystallite size in pure Nb is about 45 nm.

However, the smallest crystallite size (in com-
parison with 3- and 4-element alloys) is inherent 
in five-element alloys. This can be an indirect 
confirmation of the large lattice deformation in 
these alloys, which stimulates dispersion with 
strain relaxation at the formed intergranular in-
terfaces. Accordingly, for the NbWVTaMo (se- 
ries 13, spectrum 7), NbVZrTaTi (series 14, spect- 

rum 8) and NbWVTaZr (series 12, spectrum 9) alloys, the 
average crystallite size is 13.3 nm, 14.4 nm, and 11.7 nm.

6. Results of research of the influence of the elemental 
composition of Nb-based alloys on their coefficient of 

thermal linear expansion

A physical property that can be determined by struc-
tural changes at different temperatures is the thermal 
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Table 2

Value of the ratio of the integrated intensity of the peaks I(110)/I(220) for 
alloys of different elemental compositions

Sample 
number in 
accordance 

with Table 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14

I(110)/I(220) 35 31 32 21 5 18 21 21 8 8 19 16 16 20
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expansion coefficient (CTE) of the alloy. To determine it 
from the data of diffraction spectra, we used the technique 
previously described in detail in [44]. Comparison of diffrac-
tion spectra was carried out for two temperature regimes: 
at room temperature (RT=+20°С) and low temperature  
near –170 °С (close to the boiling point of liquid nitro- 
gen –195.75 °С). The calculation was carried out based on 
the shift of the diffraction peak from the (321) plane of the 
bcc crystal lattice of the solid solution, which is the optimal 
recording mode in Cu–Kα radiation, based on studies [44].

Table 3 shows the values of the coefficient of thermal 
expansion (CTE, α) for alloys of different compositions. For 
the remaining alloys, the determination of the coefficient 
of thermal expansion by the shift of the peak at large dif-
fraction angles from the (321) plane did not allow strong 
smearing of the diffraction peaks (321) and the presence of 
asymmetry due to inhomogeneous solid solutions (Fig. 4).

a 

b 
Fig. 4. XRD peak (321): a – alloy of series 13 with  

a homogeneous solid solution, b – alloy of series 6 with 
smearing of the diffraction peak due to superposition of 

spectra from inhomogeneous solid solutions

For Nb, the obtained value of αNb=0.46·10-5 K-1 corre-
sponds to the standard value of the CTE of niobium in the 
bulk state [44].

A comparison of the obtained values for alloys of oth-
er compositions (Table 3) shows that the introduction of  
Zr (series 3) does not lead to a significant increase in the 
CTE of the niobium base. Also, doping with elements such 
as Ti and Mo (series 13 and 14) does not lead to a significant 
increase in the CTE.

In contrast to these elements, the introduction of va-
nadium (series 1), and especially the combination of V+W 
(series 8 and 10), leads to a more than 3-fold increase in 
CTE. Moreover, in pure form, for example, for W, the CTE 
is much lower than for Nb (αW=0.436·10-5 K-1 [45]). It can 
be assumed that the increase in the thermal expansion coef-
ficient when creating an alloy of this element with niobium 
is associated with a significantly smaller atomic radius of W  
(and even more V) compared to the atomic radius of the  
base Nb [43]. In this regard, in the Nb–V alloy, the small 
atomic radius of vanadium can also be considered as the 
main factor in the increase in the CTE.

7. Discussion of the alloys elemental composition effects 
on their phase-structural state and CTE

The mismatch between the atomic radii of the ele-
ments making up the solid solution significantly affects the 
phase-structural state and properties.

For the niobium-based alloys studied in this work, at 
the phase-structural level, the greatest effect is associated 
with the content of atoms with a large atomic radius (Hf 
and Zr). As can be seen from Fig. 2, in the Nb-Hf alloy, the 
large difference in atomic radii (9 %) is apparently critical. 
For this alloy, peaks are observed in the diffraction spectra, 
both inherent in the planes of the bcc lattice, and for the  
α-Hf phase (PDf 38-1478) with a non-cubic type of crystal 
lattice (spectra 5 in Fig. 2). The driving force for the forma-
tion of the second phase, apparently, is the large deformation 
of the crystal lattice at a high concentration of impurity 
atoms with a large discrepancy in atomic radii. As a result of 
this, the displacement of a part of impurity atoms to the crys-
tallite boundaries and the formation of a new phase based on 
impurity elements (in this case, Hf) become thermodynam-
ically beneficial. The formation of such a phase is accompa-
nied by the accumulation of a significant part of impurity 
atoms in it, which accordingly leads to their lower content in 
the basic bcc Nb lattice. As an estimate based on the Vegard 
rule showed, in the Nb–Hf alloy, the dissolution of Hf in the 
bcc Nb lattice is about 6.5 % (with a total Hf content in the 
alloy of 20.11 at. %). Such a relatively small percentage of 
dissolved atoms does not lead to a critically large deforma-
tion of the crystal lattice. The absence of a critical strain val-
ue allows one to achieve large average crystallite sizes, which 
is observed experimentally (the average crystallite size of the 
bcc lattice in the Nb–Hf system is 18 nm).

The Nb-Zr alloy should be considered separately. In this 
alloy, the formation of a single-phase state occurs at a large 
difference in atomic radii (11 %). In this case, microdefor-
mation of the lattice due to the large discrepancy leads to 
strong crushing of crystallites, the average value of which is 
the smallest among all alloy systems and is 11 nm.

The dispersion effect also becomes significant in five-el-
ement (high-entropy) alloys. In this case, apparently, a large 
content of atoms of different elements impedes their mobility 

and limits the growth areas of crystallites. This 
is especially evident in the NbWVTaZr alloy, 
which contains atoms with very different atomic 
radii (with small – W and V, with large – Zr).

The noted structural features of the alloys 
also affect their properties.

As can be seen from the results of deter-
mining the coefficient of thermal linear expan- 
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Table 3

Coefficient of thermal expansion (α) for alloys of different elemental 
compositions

Sample number in  
accordance with Table 1

Nb 1 3 8 9 10 11 12 13 14

α, 10-5, K-1 0.46 0.76 0.53 1.24 0.93 1.64 0.97 1.59 0.82 0.72
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sion (Table 3), in this case, the critical elements that allow 
to increase the thermal expansion coefficient are elements 
with a relatively small atomic radius (W and V). During the 
formation of such alloys, the presence in the crystal lattice of 
disordered atoms with a significantly smaller atomic radius 
leads to a weakening of the bond at the lattice sites and thus 
contributes to an increase in the amplitude of atomic vibra-
tions during thermal exposure.

The results obtained in this work can be used to devel-
op multi-element materials based on Nb in a single-phase 
state with the necessary structural state and properties. In 
the future, it is planned to conduct studies on other types 
of multi-element alloys (with basic elements Ti and Mo) 
in order to find a generalized material science criterion for 
selecting the elemental composition to achieve the necessary 
functional properties in these alloys.

8. Conclusions

1. The influence of the elemental composition of niobi-
um-based alloys with a bcc crystal lattice using elements 
having a modification with a similar bcc crystal lattice 
was studied. It is found that in alloys with the content 
of 2, 3, 4 and 5 elements, a single-phase state is formed 
with a bcc crystal lattice of a solid solution. At the sub-
structural level, the alloy composition affects the average 
crystallite size. In the formation of Nb-based binary alloys 
with elements having a close (Ta, Ti) or significantly 

smaller (V, W) atomic radius, the average crystallite size 
of the alloy is in the range of 18–30 nm. The formation of 
Nb-based binary alloys with Zr and Hf elements having 
a significantly larger atomic radius leads to a decrease in 
the average crystallite size of the alloy solid solution to  
11 nm (NbZr alloy) and the precipitation of the second 
phase (NbHf alloy).

For all types of 3- and 4-element alloys studied in the 
work, the average crystallite size is relatively large and 
amounted to 25–30 nm. In alloys containing 5 elements, 
the crystallite size does not exceed 15 nm, and the lowest  
value (11.7 nm) was found for the NbWVTaZr alloy.

2. It is found that the coefficient of linear thermal ex-
pansion, determined by the X-ray diffraction method in the 
temperature range of +20°С...–170 °С, in multi-element al-
loys exceeds the values for the starting elements. The larg-
est increase in CTE is observed in alloys containing 17– 
26 at. % V and W, which have the smallest atomic radius.
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