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Refractory high-entropy alloys of the Ta-Ti-V-Zr-Al system, in which the V and Ta contents were varied, were
investigated. Criteria, based on the thermodynamic parameters of the binary alloys, melting temperatures of the
components, geometric and electronic characteristics of atoms, were used to calculate the possible phase-structural
state of the alloys; results were compared with experimental data. Microstructural studies showed the presence of a
typical dendritic structure in as-cast alloys with an average grain size of 40 pm, which depends on the concentration
of the constituent elements. The microhardness of the alloys was theoretically calculated and experimentally
investigated. It was found that the microhardness calculation, based on the data of the valence electrons
concentration, bulk modulus and shear modulus, allows to estimate satisfactorily the value of microhardness.

INTRODUCTION

Refractory multicomponent concentrated alloys
(RMCA) or refractory high-entropy alloys (RHEA)
appeared after the expanding the concept of high-
entropy (multicomponent) alloys, which differs
significantly from the conventional alloys producing
method, based on alloying a principal metal (i.e., Fe or
Ni) with relatively small addition of other elements.
These alloys have high strength characteristics and
significant ductility in a wide temperature range, which
makes them perspective for various applications [1].
Such alloys can be used in aviation and aerospace, as
well as be the structural materials for next-gen (Gen V)
reactors [2].

RMCA laid in the center of multi of
multidimensional phase diagram, i.e., multidimensional
space “element — phase composition”. More flexible
change in the elemental composition gives the new
possibilities to control the properties of such materials.
Combination of elements with high melting point leads
to the formation of phases in the structure that are able
to maintain their strength characteristics at high
temperature [3]. In particular, this applies to light alloys
based on Ti, Zr, V and Ta. The mechanical properties of
such alloys can be compared with Ni-superalloys
without heat treatment, for example, with Haynes 230
[4]. Yield strength of some RHEA is 500...700 MPa at
1200 °C, which exceeds the value of conventional Ni-
based refractory alloys [5, 6]. Refractory HEA with the
best high-temperature characteristics are usually single-
phased with disordered solid solution structure [7].
Multiphase RHEA are stronger than single-phased at
temperatures below 800...1000 °C, although they
quickly lose strength with increasing temperature due to
dissolution of the second phases [8]. However,
relatively few alloys did have an experimentally
confirmed single-phase bcc structure. The structure of
RHEA systems, including Ti, Nb, Ta, Mo, and Zr, is a
double bcc phase with dendritic morphology and
heterogeneous composition [9]. One of the most
investigated refractory alloys TiZrNbHfTa has high
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mechanical properties in a wide temperature range, as
well as significant plasticity, allowed to withstand
severe deformations [10, 11]. Yield strength of the
alloys of Mo-Nb-Ta-Ti-Zr system is lower than for the
double phased Ni-refractory alloys (i.e., Inconel 718),
so it began to be doped with Al [12]. Such alloys are
stronger at compression at high temperatures and have
lower density. However, a large amount of aluminum
can lead to embrittlement of grain boundaries and
formation of intragranular precipitations enriched with
Al and Zr [13]. The aim of this work was to study the
structure and properties of refractory Ta-Ti-V-Zr-Al
alloys, which are of great interest both to compare the
predicted and experimentally determined structure
properties and study further the complex of their
properties.

MATERIALS AND METHODS

The HEA ingots of Tape.xTisVxZrsAls system with
x =0, 5, 10, 15, 20, 29 were obtained by arc melting
with a non-consumable tungsten electrode on a massive
copper hearth in an argon atmosphere. The melting was
carried out in a multi-position mold, allowing to melt
several ingots in one load. The specimens for
microstructure were produced from the received ingots
by spark cutting.

The microstructure of as-cast samples was studied
using a metallographic inversion microscope Olympus
GX51 and scanning electron microscope JSM 7001F
equipped with a system for energy-dispersive X-ray
spectroscopy (EDS) INCA ENERGY 350. The integral
chemical composition was measured by X-ray
fluorescence  spectrometer  (XRF)  “SPRUT-V”.
Specimens for LM and SEM observations were
prepared by a standard metallographic process (ground
up to #1200 with SiC papers and polished with diamond
paste). To reveal the microstructure, a freshly prepared
etchant was used, consisting of 1 part of HNO3, 1 part
of HF, 1 part of H,O and a few drops of H2SO,.

X-ray diffraction (XRD) patterns of the as-cast
specimens were recorded using “DRON-4-07”
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diffractometer equipped with a Bragg-Brentano
geometry, a Cu-Ka radiation source, a Ni absorbing
filter and a scintillation detector. Standard processing
(background removing, Ka, reduction, diffraction peaks
fitting by pseudo-Voigt function) was applied for all
diffraction patterns to obtain the peak characteristics
(diffraction angle 20, integral intensity I, integral
breadth B, interplanar spacing d) needed for further
calculations. Qualitative phase analysis was performed
using Crystallography Database ICDD PDF-2.

A microindentation method was used to study the
mechanical properties as it provides a large number of
measurements on a small surface of the same sample
and permits data based on good statistics.

RESULTS

PREDICTED PHASE CONSTITUTION
AND STRUCTURE

Theoretical prediction of phase constitution and
crystal phase structure, which formed in the alloy, is
extremely important because there are a large number of
possible alloy composition with the presence of 4-5
components. Phase state of the alloy is usually
determined by the phase diagrams. Traditionally, these
diagrams are obtained from experiments.  Such
approach is possible for binary and simple triple
systems but is extremely difficult for complex
multicomponent systems. Calculating methods for
constructing the phase diagram have been recently
developed (CALPHAD). However, they do not always

Main parameters to assess the structural-phase composition of high-entropy alloys

give the good results due to the flaw and inaccuracy of
the thermodynamic parameters. In this regard, the
number of semi-empirical criteria have been proposed,
which allowed to predict the main parameters for the
multicomponent alloys with a certain degree of
confidence. These criteria are based on the Hume-
Rothery rules for binary alloys, adapted for the
multicomponent system. Table 1 shows the discussed
parameters for further investigations.

According to the literature data, there are several
criteria for prediction the phase state. These criteria
were verified experimentally, and their value vary from
source to source. The same alloy can relate as to simple
solid solution, as to solution with intermetallic phase as
per the criteria. The criteria will be conventionally
named as A, B, C, and D. These criteria are shown in
Table 2.

The criterion A considers a correlation between the
ASmix, AHmix, and 6. It was established after the
comparing the calculated and experimental (on the
structure state formed during the crystallization) values
of mentioned parameters that a simple disordered solid
solution preferentially forms at the high mixing entropy,
low mixing enthalpy and low atomic size mismatch. An
alloy with the low negative mixing enthalpy is more
prone to form the intermetallic compounds. However,
the limit values of the parameters are noticeably
different according to the different literature sources.
There are at least three various boundary condition,
marked as Al, A2, and A3.

Table 1

Property

Formula

mixing entropy

mixing enthalpy

Qij = 4AAB

atomic size mismatch

valence electron
concentration

i-th element
xi— Pauling
electronegativity electronegativity of i-th
element
X = Z CiXi
i=1
_ TmASmix
 |AH x| Tm — average melting
dimensionless parameter Q n temperature of the
T, = Z ¢i(T)i elements
i=1

n
AS‘mix = —R Z CilnCi

i=1
R =8.314] -mol 1K1

n
AHp = Z Q¢

i=1,i%j alloy )
‘AAB Cigjy — concentration of the
mx i(j)-th element

¢ — concentration of the
i-th element

AZE  — enthalpy of
equiatomic binary AB

ri — atomic radius of the
i-th element

(VEC); — valence
electron concentration of
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Table 2
Criteria for determining the phase composition and crystal lattice of HEA

Criterion A: correlation between ASnmix, AHmix, and &
-15 < AHpmix < 5 kJ/mol simple disordered solid solution [14]
Al 0<6<5
-20 < AHmix < 0 kJ/mol disordered solid solutions [15]
5<6<6.6
-22 < AHpmix < 7 kJ/mol solid solution
A2 0<86<85 [16]
11 < ASmix <19.5 J/kmol
-10 < AHmix < 5 kJ/mol simple solid solution
5<4 [17]
A3 ASmix > 13.38 J/kmol
50< AHmix < 0 kJ/mol amorphous phase
4<86<20 [18]
4 < ASnix < 18 J/kmol
Criterion B: correlation between Q and 6
Q>1.1 . .
B 5<6.6 solid solution [19]
Criterion C: correlation between VEC and
6<5 FCC lattice
Cl 60>5.4 BCC lattice [20]
VEC >8 FCC lattice
C2 VEC <6.87 BCC lattice [14]
c3 433 <VEC<7.55 BCC lattice 21
7,80 < VEC < 9.50 FCC lattice [21]
42<VEC<7.2 BCC lattice
c4 VEC >75 FCC lattice [22]
Criterion D: correlation between Ay and &
(1)238<<A6X <0.06 no intermetallic compounds
D Ay =0.09...0.14 appearance of compounds (intermetallic, c-phase) [23]
0= 6

Al: According to [14], a simple disordered solid solution forms at -15 < AHmix < 5 kJ/mol and 0 < § < 5. Ordered and
disordered solid solutions form in a transition zone, which is in range of -20 < AHmix < 0 kJ/mol and 5 < § < 6.6 [15].

A2: According to [16], a solid solution forms at -22 < AHmix < 7 kJ/mol, 0 <8 < 8.5 and 11 < ASmix < 19.5 J/kmol.

A3: According to [17], a simple solid solution forms at ASmix> 13.38 J/kmol, -10 < AHmix < 5 kJ/mol and & < 4.

According to the experimental data, an amorphous phase forms in wide range of these parameters: -50 < AHmix < 0 kJ/mol;
4 <6 <20; 4 < ASmix < 18 J/kmol [18].

The criterion B depends on the Q and 8. According to [19], the high Q > 1.1 and low & < 6.6 values agree with the solid
solution formation in multicomponent alloys.

The criterion C uses the relationship between VEC Ta 8 for predicting the preferred type of crystal lattice formed in the alloy.

Specific values according to the authors will be marked as C1, C2, C3, and C4.

C1: According to [20], FCC lattice forms at 8 <5 and BCC lattice forms at § > 5.4.

C2: According to [14], FCC lattice tends to form at high VEC (VEC > 8) and BCC lattice tends to form at low VEC
(VEC < 6.87).

C3: According to [21], valence electron concentration range has the following limits: from 4.33 to 7.55 — BCC, from 7.80
t0 9.50 — FCC.

C4: According to [22], the VEC values, indicating on the BCC structure, are lower than in other sources, viz
4.2 <VEC £7.2. FCC structure forms at VEC > 7.5.

The criterion D depends on the Ay and §. According to [23], no intermetallic compounds form at 1 <6 < 6 and
0.03 < Ay <0.06. Appearance of compounds in solid solution (SS+Im, SS+o) is likely belongs to the following range: 3 ~ 6,
Ay ~0.09...0.14.

The predicted structural states of the studied alloys, which follow from the calculated parameters (Table 3),
are shown in Table 4.

Table 3
Parameters for Tazg.«TiaVxZrsAls alloys
Alloy (x value)/ ASmix, AHnix,
parameter VEC 0 24 J/kmol kJ/mol Q
x=0 4.24 4.68 0.09 10.19 -6.50 3.6
x=5 4.24 5.28 0.10 11.30 -7.08 3.6
x=10 4.24 5.80 0.10 11.74 -7.65 34
x=15 4.24 6.26 0.11 11.86 -8.19 3.1
x=20 4.24 6.67 0.11 11.68 -8.72 2.8
x=29 4.24 7.32 0.12 10.19 -9.61 2.1
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It can be seen, that according to the A2, C2, C4
criteria, each alloy has to form solid solution with BCC
structure. According to the Al, A3, and C3 criteria, all
the alloys are located in the transition zone, but by the
B and C1 criteria only some alloys are located in that

zone, although the values of calculated parameters are
close to the area of simple solid solution with BCC
lattice existence. In accordance with the criterion D, all
the alloys are solid solutions with a high probability of
intermetallic or sigma-phase presence.

Table 4
The predicted structure? for TagexTisVxZrsAls alloys
Alloy (x value)/
criterion Al A2 A3 B Cl C2 C3 C4 D
x=0 Sbss | DSS? | Tz DSS FCC BCC | BCC(TZ?) | BCC | DSS (Im (5)?)
x=5 1z | PSS | 1z DSS (33% BCC | BCC(TZz?) | BCC | DSS (Im (0)?)
x=10 TZ DSS | Tz DSS BCC BCC | BCC(TZ?) | BCC | DSS (Im (c)?)
x =15 TZ DSS TZ DSS BCC BCC BCC (TZ2?) BCC Im (o)
x =20 TZ DSS | Tz | DSS(Tz?) BCC BCC | BCC(TZ?) | BCC Im (o)
X =29 Tz? | DSS | Tz | DSS(TZ?) BCC BCC | BCC(TZ?) | BCC Im (o)
STRUCTURE INVESTIGATIONS N g - . )
X-ray studies. Calculated lattice parameter a. was 0009 %0 ) B 3 g 5
determined be the average atomic radius ra. For bcc . _
lattice e ALTaTi V. Zr, =l
47, -
ac = ﬁ: Tav = Zri “Ciy ¢ - ,
L 10000 +
where r; is the atomic radius of i-th element and ¢; is the oy
concentration of i-th element (rai = 1.43 A; rr, = 1.46 A;
rri=147A;rv =134 A; rz=1.60 A). x=18 A N
Calculations of X-ray density px was performed by x=24 [
the equation o lx=29 A

Px =53 (2
where M is the molar mass; Na is the Avogadro number
and V is the unit cell volume. Fig. 4 shows a diffraction
pattern of the alloys and calculated parameters and
phase structure are presented in Table 5.

T T
40 60 80 29, deg 100

Fig 1. Diffractograms
of the Taogy TiagV,Zr6Als aIons

Table 5
Lattice parameters and substructural parameters of TazgxTisVxZr26Als alloys
Alloy Phase ar:zsgfeer a Calculated lattice aa Unit cell X-ray density
(x valug) structure | P A parameter a., A ¢ volume V, A3 px, glcm?®
0 BCC 3.309 3.462 0.956 36.23 8.864
BCC1 3.362 0.975 38.00 7.883
5 3.448
BCC2 3.313 0.961 36.36 8.238
BCC1 3.341 0.973 37.29 7.454
10 3.434
BCC 2 3.257 0.948 34.55 8.045
15 BCC 3.332 3.420 0.974 36.99 6.931
20 BCC 3.319 3.406 0.974 36.56 6.422
BCC1 3.296 0.975 35.81 5.472
29 3.381
BCC 2 3.384 1.001 38.75 5.056

1Tz _ transition zone, DSS — disordered solid solution,
SDSS — simple disordered solid solution, BCC — body-
centered cubic lattice, FCC — face-centered cubic lattice,
Im (o) —intermetallic phase (or o-phase)
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In the absence of vanadium (x = 0), sample has
single-phase bcc structure with lattice parameter
a=3.309 A. The diffraction pattern of this alloy shows
the diffraction line broadening of bcc phase, so
substructural characteristics were estimated (values of
coherent-scattering domain (CSD) sizes D and
microstrains g). CSD size for bce phase is D = 7.1 nm at
a low level of microdeformations £=5-10% i.e., the
greatest contribution to the line broadening gave CSD
size. With maximum vanadium concentration (X = 29)
there are two identified bcc phases. The lattice
parameter of bccl phase is a=3.296 A, and lattice
parameter of bcc2 phase is a =3.384 A, moreover the
content of this phase in the sample is very small,
according to the diffraction lines intensity. Also, the
diffractogram contains a low-intensity line at diffraction
angle 20 =59.26°, which does not belong to the
mentioned above phases. That is, the sample contains a

"'&"‘5"@-‘?,‘
¥

X
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The actual composition of the alloys, determined by
the XRF method, corresponds quite well to the nominal
composition. However, Al concentration turned to be
lower than the nominal by 0.25...0.5at.%, and Ti
concentration is higher than the nominal one by

40MKm

small amount of the third phase, which could not be
identified. Samples with x = 5 and 10 are two-phased,
and in the last sample the content of bcc2 phase is very
small, as evidenced by the relative intensity of the lines
of this phase.

Microstructure. Metallographic investigations have
shown that all the alloys have a similar microstructure,
characterized by the presence of grains, within with a
dendritic liquation is observed. An example of alloy
microstructure is shown on Fig. 2.

The average grain size increases with increasing of
vanadium concentration in the alloy, i.e., with the x
growth, and is 29, 432, 46, and 50 um for x = 5, 10, 15,
and 20, respectively. The average grain size for the
alloys with x = 0 and 29 does not fall under this pattern,
and is 31.1 and 40 pm, accordingly.

\

Fig. 2. Optical micrographs of Tazg.xTiaeV,Zr26Als alloys with x =5 and 20

200pm

1...2 at.%. Wherein, EDS analysis has shown that the
content of individual elements in dendrites and
interdendritic areas differs noticeably. Characteristic
maps of elemental distribution in the alloys with x = 5
and 20 are shown on Fig. 3.

Al Kat

Fig. 3. The EDS elemental maps of the Tazg.xTiaV.Zr26Als alloys with x =5 and 20
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It can be seen from the presented images, that Ti and
V are distributed uniformly through the microstructural
components, whereas Ta significantly enriches dendrites
and Zr is located in the interdendritic areas. Moreover,
Al is located in the interdendritic space as well. These
data are in agreement with the results of the quantitative
elemental analysis for dendrites and interdendrites,
performed by EDS, which are presented in the Table 6.

The increased Ta concentration in dendrites is only
natural, since it is the most refractory element in the

alloy system. And, the solidification starts from the
nucleation and growth of the dendrites, which
composition corresponds to the highest crystallization
temperature. Wherein, the fewer refractory elements are
pushed into a liquid, which solidifies in the
interdendritic areas last. However, the level of liquid
enrichment with one or another element is determined
not only by its melting temperature, but by the
corresponding distribution coefficient.

Table 6
Concentration of the metallic elements in the dendrites (D) and interdendritic regions (ID)
Regions | Ta | Ti | Vv | Zr | Al
Xx=0
Nominal composition 29 40 - 26 5
D 39.23 37.01 - 20.25 3.51
ID 19.51 40.46 - 33.34 6.70
X=5
Nominal composition 24 40 5 26 5
D 28.39 39.97 5.36 22.78 3.50
1D 18.71 42.19 5.51 28.19 5.40
x=10
Nominal composition 19 40 10 26 5
D 22.09 41.83 11.51 20.67 3.89
1D 14.54 41.45 10.87 28.29 4.85
x=15
Nominal composition 14 40 15 26 5
D 11.19 42.42 15.38 26.40 4.61
1D 10.07 40.97 15.51 28.40 4.75
X =20
Nominal composition 9 40 20 26 5
D 10.76 43.30 19.64 2241 3.88
1D 6.84 41.30 1951 27.51 4.84
X=29
Nominal composition - 40 29 26 5
D — 40.34 25.72 29.05 4.89
ID — 43.97 30.15 20.06 5.82

Mechanical properties

Theoretical prediction of microhardness, according
to [24], can be performed by its connection with the
bulk and shear modulus by the equation (3)

H, = 27(1](26)0.585 -3,k = G/B’ (3)
G = ZCiGiS, (4)
i=1

n

B = Z ¢B; . (5)

i=1
Bulk modulus (5) determines only the isotropic

resistance to deformation, while the shear modulus (4)
is responsible for the anisotropic resistance. Coefficient
k (3) impacts on the Vickers microhardness, i.e., if the
bulk modulus increases, the microhardness will
decrease with the constant shear modulus, and vice
versa. Material becomes more ductile if the ratio k
decreases with bulk modulus increasing [25].

14

Furthermore, it was proposed for high-entropy alloys
to use the relationship between microhardness and
valence electron concentration VEC [26] as followed

H,~(VEC)?R;* . (6)

The load on the indenter at experimental
determinations of Vicker microhardness was 1 N and
for each sample was performed for 10 indentations
along the surface section at regular intervals. The
microhardness of the samples is approximately at the
same level, while two-phase alloys with x = 5 and 10
show higher values than single-phase alloys. The
highest value of microhardness of 3.8 GPa is observed
in the alloy with x = 0 with the highest tantalum content
in the alloy. Hardness values decrease with increasing V
content, which is associated with an increase in grain
size. However, microhardness of TazgxTiswVxZrsAls
alloys is higher than that of many refractory alloys
reported in the literature.
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Experimental and calculated microhardness of TazgxTisVxZr26Als alloys

Table 7

Microhardness, GPa x=0 x=5 x=10 x=15 x=20 x=29
Experimental 4.71£0.1 3.88+0.1 3.72+0.1 3.36+0.04 3.53+0.1 3.62+0.1
Theoretical (1) 3.57 3.26 3.15 3.04 2.93 2.90
Theoretical (2) 2.92 2.78 2.65 2.51 2.38 2.13

5.0
1 = experimental value
4,5 (1) (VECY'R

(2) Z(kiG)O.EKS_S

=
(=]
|

w
i
1

L]

Microhardness, GPa
5
1
| §

I
n
!
/

2,0 T T T T T T T M T g T T T

x value, at.%

Fig. 4. Experimental and calculated microhardness of
TagexTigV,Zr6Als al |0yS

Theoretical and  experimental  values  of
microhardness are given in Table 7. Experimental
values are much higher than calculated, but there is an
approximately equal ratio between the values of
microhardness. This may be due to the fact that the
coefficients in (8) were taken on the basis of
assumptions for HEA as a whole and may be different
for a particular system of multicomponent alloys. The
calculation of microhardness based on the concentration
of valence electrons (Fig. 4, curve 1) gives closer to the
real values, but the course of the dependence Hp (x)
differs significantly from that obtained experimentally.
On the other hand, the calculation based on modules
(see Fig. 4, curve 2) shows a similar trend to the
experimental one. Further research in obtaining the
correct coefficients for such RHEA system is needed.

CONCLUSIONS

1. Using the thermodynamic parameters for binary
alloys, melting temperatures, geometric and electronic
characteristics of components, calculations of the
predicted phase composition of TazgxTiwVZrsAls
alloys were performed. The predicted regions of
concentrations within which single-phase states with
bcc lattices are realized, as well as regions with
heterophase structure, and phase composition of these
regions are established.

2. Experimental and predicted composition of
TazexTisVxZr6Als alloys correlate well with each
other. XRD analysis shows that alloys with x = 5, 10
and 29 have two bcc phases, and alloys with x = 0, 15
and 20 have single-phase structure with bcc lattice. The
homogeneity of the samples was shown by EDS and
XRF methods.
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3. The methods of metallography and electron
microscopy revealed a typical structure for such a
system of alloys with an average grain size of 40 um.

4. Microhardness of TagoxTiaVxZr26Als alloys is at
the level of 3.4...3.9 GPa, which is higher than that of
many refractory alloys reported in the literature.

5. Calculated microhardness based both on the
valence electron concentration and the bulk and shear
modules dependence allows to establish the order of real
microhardness values, moreover the VEC dependence
gives closer to the experimental values.
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CTPYKTYPA TA MEXAIYHI BJACTUBOCTI TYTI'OIIJIABKUX
BATATOKOMIIOHEHTHHUX CIIJIABIB CUCTEMM Ta-Ti-V-Zr-Al

A. Jleseneuv, M. Tuxonoecwvkuii, O. Benukoonuii, I. Pocmosa, I. Knumenko, I. Toncmonyuska

Byno nocmimkeHo TyromiaBki BHCOKOSHTPOTIiHI crutaBu cuctemu Ta-Ti-V-Zr-Al, B sikiit BapiroBascst BMicT V
ta Ta. Byo 3anpornoHoBaHO KpuTepil Ha OCHOBI TEPMOJMHAMIYHHX MapaMeTpiB AJisi OiHAPHUX CILIABIB, TEMIIEPATYpP
TUIABJICHHST KOMIIOHEHTIB, TEOMETPHUYHUX Ta €JIEKTPOHHUX XapaKTEepHCTHK aTOMIB KOMIIOHEHTIB JUIS PO3paxyHKY
MOXITHBOTO (pa30BO-CTPYKTYpHOI'O CTaHy CIUIABIB Ta MPOBEJCHO IMOPIBHSHHS 13 €KCIEPHUMEHTAIbHUMU JaHHMHU.
JociimKkeHHsT MIKpOCTPYKTYpH MOKa3ajid HasBHICTh TUIIOBOI JEHIPUTHOI CTPYKTYPH B JIUTHX CIUIaBaX 3 CEpeHIM
po3MipoM 3epHa Ha piBHI 40 MKM, 110 3aJIeKUTh BiJl KOHIEHTpAIlil CKJIaJOBUX eJleMeHTIB. TeopeTndHo po3paxoBaHy
MIKpOTBEPJICTh CIUIABIB MIATBEP/PKEHO EKCHEPHMEHTANbHO. BHsABUIOCH, II0 PO3paXyHOK MIKpPOTBEPIOCTI Ha
OCHOBI KOHIICHTpAIlil BaJICHTHUX CJIEKTPOHIB, a TAaKOX ii 3aJCKHOCTI BiJl 00’€MHOTO MOXYJS Ta MOMYIS 3CYBY
JO3BOJISIE 3pO3YMITH MOPSAIOK BETMYHH MiKPOTBEPIOCTI.

CTPYKTYPA U MEXAYECKHUE CBOMCTBA TYTI'OILIABKHX
MHOT'OKOMIIOHEHTHBIX CIIJIABOB CUCTEMM Ta-Ti-V-Zr-Al

A. Jleseneu, M. Tuxonoeckuii, A. Benuxoonwiii, I. Pocmosa, H. Knumenxo, I. Toncmonyukasn

bbutn  mcclenoBaHbl  TYrOIUIABKHME BBICOKOOHTPOIMMHBIE CIUIaBbl cUcTeMbl Ta-Ti-V-Zr-Al, B KOTOpOii
BapbupoBajioch cojaepxanue V u Ta. [IpeayioxkeHsl KPUTEPUH HA OCHOBE TEPMOAMHAMUYECKUX MapaMeTpoB IJIs
6I/IHapHI)IX CIIJIaBOB, TEMIIEpATyp IIJIABJICHUA KOMIIOHCHTOB, I'COMETPUUYCCKHUX U DJJCKTPOHHBLIX XapaKTECPUCTUK
ATOMOB KOMIIOHEHTOB ISl pacdeTa BO3MOXKHOTO (Ha30BO-CTPYKTYPHOTO COCTOSIHHS CIUIABOB M CPaBHEHHUS C
OKCIIEPUMEHTAIBHBIMA JTaHHBIMU. VccaenoBaHUs MUKPOCTPYKTYPBI IIOKA3ald HAJIM4YUE TUIMYHOW IEHIPUTHOMU
CTPYKTYpPHI B JIUTBIX CIUTaBaX CO CPEIHHM pa3MepoM 3epHa Ha ypoBHE 40 MKM, YTO 3aBUCUT OT KOHIICHTPAIIHH
COCTABJISIFOIIIUX 3JIEMEHTOB. TEOpPeTHYEeCKH pacCUYUTAHHAS MHUKPOTBEPIOCTh CIUIABOB OBLIA IKCICPUMCHTATBHO
nmoaTBepxkeHa. Oka3alock, YTO pPacyeT MHUKPOTBEPIOCTH Ha OCHOBE KOHIICHTPALMU BAJICHTHBIX 3JCKTPOHOB, a
TaKKE €€ 3aBUCUMOCTH OT OOBEMHOTO MOJYJS M CJABUTa MOJYJS TO3BOJSET MOHSATH IMOPSIOK BEIUYUH
MHUKPOTBEPIOCTH.
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