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Consequent to the interaction potential model, the high-order elastic constants at high entropy alloys in single-
phase quaternary ScTiZrHf have been calculated at room temperature. Elastic constants of second order (SOECs)
helps to determine other ultrasonic parameters. With the help of SOECs other elastic moduli, bulk modulus, shear
modulus, Young’s modulus, Pugh’s ratio, elastic stiffness constants and Poisson’s ratio are estimated at room
temperature for elastic and mechanical characterization. The other ultrasonic parameters are calculated at room
temperature for elastic and mechanical characterization. The temperature variation of ultrasonic velocities along
the crystal's z-axis is evaluated using SOECs. The temperature variation of the average debye velocity and the
thermal relaxation time (t) are also estimated along this orientation axis. The ultrasonic properties correlated with
elastic, thermal and mechanical properties which is temperature dependent is also discussed. The ultrasonic
attenuation due to phonon — phonon (p-p) interactions is also calculated at different temperatures. In the study of
ultrasonic attenuation such as a function of temperature, thermal conductivity appears to be main contributor and
p- p interactions are the responsible reason of attenuation and found that the mechanical properties of the high

entropy alloy ScTiZrHf are superior at room temperature.
Key words: high entropy alloy, ultrasonic properties, thermal conductivity, elastic properties.

Received 28 Juiy 2021; Accepted 10 October 2021.

Introduction

High-entropy alloys (HEAs) have involved
considerable attention as they have first proposed in the
physical metallurgy community [1]. HEAs is distinct as an
alloy involving of at least five principal elements with
equivalent equilateral ratios, which could favour the
construction of homogeneous solid solution stages rather
than intermetallic compounds [2]. Indubitable, the
presence of HEAs accelerates the development of
metallurgical materials and opens a new path for the
discovery of new alloys without understanding the
properties [3, 4]. Several interesting properties were
suggested for HEAs, acting asexcellent high strength [5,
6], high fracture toughness at low temperatures, high
hardness and thermal stability [7]. The opportunity of
creation of HEAs with rare-earth metal, first proposed via
Zhang et al. [8], since rare earth materials have very
similar atomic sizes, the same crystal structures and large

687

or fully related solubility. This confirmed CoFeReRu
alloys could form solutions as a single hexagonal solid and
the equivalent hexagonal HEAS can be formed between Y,
Sc, Th, Gd, Di, Tm, Ho, Tm, Er, and Lu. Establishment of
rare earth element HEAs was revealed in DyGdHoTbY by
Feuerbacher et al. [9], DyGdLUTbTm and DyGdLuTbhY
by Takeuchi et al. [10]. High-entropy alloys have
demonstrated the ability to have superior properties in
many cases. A basic understanding of the mechanism of
phase stability of HEAs is still a subject of active research
[11]. HEAs were found own many attractive properties,
like soft magnetism [12], larger hardness [13], high
strength [14], excellent corrosion resistance, better
thermal stability and high wear resistance etc. [15]. The
certain outstanding properties of HEAs were contributed
to a growing interest in research and improvement in a
new exciting field [16]. Y. L. Chen and his co-workers
[17] designed equimolar BeCoMgTiZn and BeCoMgTi
alloys, whose component elements are all stable in
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hexagonal structure by mechanical alloying, then contain
only amorphous phases rather than solid solution phases.
The construction of a single-phase hcp structure in rare-
earth HEAs systems was first reported in HoDyYGdTh
system and later confirmed in DyGdLuThTm,
DyGdLuTbY, GdHoLaTbhTm, ThDyHoETrY,
DyGdHoLaTbY, DyErGdHo- LuScThY and others. The
structure for all discovered rare earth elements was
determined only in the as-cast state. Some of these single-
phase arrangements may be those that are unstable on
mechanical deformation, thermal processing and other
factors [18-22]. Ultrasonic attenuation (UA) is the main
physical parameters to describe a compound, which
appreciates the specific relationship between the
anisotropic behaviour of the adjacent atomic planes and
affinity and the structural motion, some physical
quantities such as specific heat, thermal energy density
and thermal conductivity is well associated with higher-
order elastic constants[23, 24].

In our present evaluation, we predict the ultrasonic
properties of hexagonal hexagonal single-phase
quaternary ScTiZrHf high entropy alloys. For that, we
have evaluated the UA coefficient, acoustic coupling
constant, second order elastic constants, third order elastic
constants (TOECs), ultrasonic velocities and thermal
relaxation time for this high entropy alloy. The related
mechanical properties, such as Bulk modulus (B), Young's
modulus (Y), Shear modulus (G), Pugh's ratio (B / G) and
Poisson's ratio (o) for the high entropy alloy, are also
evaluated. Investigation of these properties will offer a
database to know the mechanical behavior of ScTiZrHf
high entropy alloy and it will show a key role in the design
of industrialized apparatus with needed physical
properties under ambient working conditions.

Theory

The interaction potential model techniques are well-
conventional principles for deduction for high-order
elastic constants of hexagonal structured material.
According present effort, the Lenard Jones interaction
potential model method was using for the valuation for
second and third order elastic constants.

A common description of nforder elastic constant is
the partial derivatives of thermodynamic potential of the
medium constrained finite deformation as well as
mathematically conveyed by subsequent expression as
[25, 26]:

U, + Uy = V)1
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Whenever, F isdenoted free energy density and 7;; is
denote Lagrangian strain component tensor. F may be
extended in relations of strain # by Taylor series expansion
as:

a"F

W) NijMMmn (2)

F= Zn 0 F - Zn 0. <
Thereby, the free energy density is written such as:

FZ + F3 Uklnunkl += Cuklmnnunkmmn (3)

In order that hexagonal compounds the basis vectors

area; = a (\/_,;, 0), a, = a(0,1,0) and as =
a(0,0, ¢) in cartesian coordinates axis. Where a and c are
the unit cell lattice parameters. The unit cell of HCP
compound contains of two nonequivalent atoms: 6- atoms
in basal plane and 3-3 atoms upper and lower the basal
plane. The consequently, both first and second

neighborhood contains of 6- atoms. Were r =

a(0,0,0)and r, = ( 3_ ) are the location vectors of

those two kinds of atoms.
The potential energy per unit cell up to second
adjacent neighbour is scripted following:

Uy +Us =37, U(r) +Z?=1 U(rp), (4)
anywhere, | refer to atoms in the basal plane and J refers
to atoms above and below the basal plane. Whenever the
crystal is deformable uniformly then interatomic vectors

in non-deformed state (r) and deformable state (') are
associated as:

(r')? = (1)?* = 2g;8m;; = 20 5)
Whenever, ¢; and g;are the Cartesian component of
vector r. The energy density U may be describingbased
on Pas [27, 28]:
Up = V)71 =0"D p(r) (62)

Above equations (4) and (6b), the energy density U
involving cubic terms can be written as:
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Where, V= [3Y2/2] a? ¢ signifying the volume of the
elementary cell, D=Rd/dR and ¢(r) is the interaction
potential. The energy density is examined to be function
of Lennard Jones potential and specified as:

o) = -2+, %
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where, ay, bo are constants; m, n are the integers and r is
the distance between atoms. Establish the interaction
potential model leads to computed six SOECs and ten

Cll = 24‘.1 p4C,
C13 = 1.925 p6C,
Cas = 2.309p*C’

€111 = 126.9p2B + 8.853p*C’
Ci13 = 1.924p*B + 1.155p°C’
Ci33 = 3.695p°B

Ci4s = 2.309p*B

Cy25 = 101.039p2B + 9.007p*C’

C344 = 3.464P6B
C333 = 5196p83

TOECs of the hexagonal compound and formulations of
elastic constants are given as following expressions [25,
26].

Clz = 5.918 p4C,

Cys = 3.464 pC' (8a)
C66 = 9.851 p4C’
Ci1p = 19.168p%B — 1.61p4C’]
Cips = 1.617p*B — 1.155p5C"
C155 = 1539P4B (8b)

|

)

where p = c/a: axial ratio;C’ = y a/p°; B = a3/p3; x = (1/8)[{nby (n — m)}/{ a"**}] Y = —x /{6 a®(m + n + 6)};

m, n=integer quantity; bo=Lennard- Jones parameter.

The bulk modulus and shear modulus were calculated using Voigt and Reuss’ methodologies [27, 28]. The
calculations of unvarying stress and unvarying strain were used in the Voigt and Reuss’ methodologies, correspondingly.
Furthermore, From Hill’s methods, the average values of both methodologies were used toward compute ensuing values
of B and G [29]. Young’s modulus and Poisson’s ratio are considered using values of bulk modulus and shear modulus
respectively [30, 31]. The following expressions were used for the evaluation of Y, B, G and ¢ [32].

M = Cyy + Cyy + 2C33 — 4Cy3;,C? = (Cyy + C13)Ca3 — 4Cy5 + CPy3;

_c* _ 2(C11+C12)+4C13+C33 |
Bp = o By = 5 ;
M+12(C44+Cee) 5C2%C14Co6 )
GV =——>;Gy = 2 ;
30 2[3ByC44Co6+C%(CastCep)]
_ 9GB | _ By+BRr, G= Gy+Ggr ., _ _ 3B-2G
~ G+3B’ - 2 T 2 77 T 2(3B+6)

The anisotropic and mechanical properties of nanostructured materials are well correlated with ultrasonic velocity
due to the velocity of ultrasonic wave are mainly depending upon the SOECs and density. As a function of mode of
vibration, those are three types of ultrasonic velocities in hexagonal nanostructured compound. First longitudinal V. and
second shear (Vsi1, Vs2) waves velocities. Ultrasonic velocities on the basis of angle between direction of propagation and

z- axis for hexagonal nanostructured compound are given by subsequent set of equations:

V2 = {C53c05%0 + Cyq 5in? 0 + Coy + {[Cy SiN? 6 — C33 c0s? O + Cu4(cos?® 6 — sin? 0)]?
+4 cos? 6 sin® 0 (Cy3 + C44)?}/?}/2p

V& = {C33c05% 0 + Cyq 5in? 0 + Cyy — {[Cy1 SiN* O — C33 c0s% 0 + Cyy(cos? O — sin? 0)]? (10)

+4 cos? 0 sin? 0 (C5 + C40)?}?}/2p
V& = {Cyqc05* 6 + Cog sin® 6} /p

where, Vi, Vsi1, and Vs, are the longitudinal, quasi-shear
and shear wave velocities. Also, p is the density of
compound and @ is angle with the unique axis of the
crystal. For hexagonal nanostructured crystal the Debye
average velocity is specified by the equation as [33, 34]:

1 1

vo=[Grgra)]

At the low temperatures (< 100 K), the electron-
phonon interaction is dominating processes for attenuation
of ultrasonic wave. At this temperature, regime the mean
free path of electron is alike as the mean free path of
acoustical phonons. Accordingly, a high probability
coupling arises between free electrons and acoustic
phonons [25]. The mathematical formulation of ultrasonic

1
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attenuation for longitudinal (o)Long and shear waves (o)shear
induced by the energy loss due to electron-phonon
interaction is given by:

_ 2n?f?

4
Aiong = p_Vl3 (grle + X)x (12)
2m2f2
Ashear = ZT;nel (13)

where ‘p’ is the density of nanostructured compound, ‘f’
is the frequency of the ultrasonic wave, ‘ne’ is the electron
viscosity and ‘y’ is the compressional viscosity (which is
zero in present case), Vi and Vs are the acoustic wave
velocities for longitudinal and shear waves respectively
and are given as:
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(14)

C33 Caq
V=/—nV=[—
L pads )

The viscosity of the electron gas (n,) [21, 22] is given
by:

115222 n)2/3
= 9x10 i;e(23Rn N) (15)

Wherever ‘N’ represents the number of molecules per
unit volume, and ‘R’ is the resistivity.

At higher temperature, p-p interaction (Akhieser’s
type loss) and thermoelastic loss are the two prevailing
processes, whichever are considerable for attenuation of
ultrasonic wave. The attenuation by virtue of Akhieser’s
loss is specified by the subsequent equation:

__ 4m2TEy(D/3)

(a/fZ)Akh = 2pV3 (16)

Here, f represents the frequency of the ultrasonic
wave; Eg is the thermal energy density. The measure of
transforming of acoustical energy into thermal energy is
recognized as acoustical coupling constants, signified by
D, and is specified by subsequent expression:

D =3QBE, < ¥))*>—-<y/ >2¢,T)/E,,  (17)

where Cy is the specific heat per unit volume of the
material, T is the temperature and yl.’ is the Griineisen
number; i and j are the mode and direction of the
propagation. While the ultrasonic waves transmit through
the material, equilibrium of lattice phonon distribution
gets disturbed. The time takes for re-establishment of
equilibrium of the thermal phonons is named as thermal
relaxation time, signified by z, and is specified by
subsequent expression:

3k
cyvi

T=Ts=1,/2 = (18)

Wherever the thermal relaxation time for the
longitudinal wave and shear wave are signified by 7, and
g correspondingly, ‘&’ is the thermal conductivity of the
nanostructured compound. The thermoelastic loss (a/
f?) ¢ is considered by the subsequent equation:

2 kT

The total attenuation is specified by the subsequent
equation as:
@/fBDrotar = @/frn + (@/f)L + (@/f?)s  (20)
Wherever (a/f?)rnis the thermoelastic loss, (a/

f2),and (a/f?)s are the ultrasonic attenuation coefficient
for the longitudinal wave and shear wave correspondingly.

Results and discussion

1.1. Higher order elastic constants

In present analysis, we have calculated the elastic
constants (six SOECs and ten TOECS) using interaction
potential model. The unit cell parameters ‘a’ (basal plane
parameter) and ‘p’ (axial ratio) for ScTiZrHf are 3.185 A
and 1.573 respectively [35]. The chosen value of m and n
for high entropy alloy are 6 and 7. The value of by is
1.695x10°%4 erg cm’ for ScTiZrHf high entropy alloy. The
evaluated values of SOECs, TOECs and bulk modulus for
this high entropy alloy at room temperature is shown in
Table 1.

ScTiZrHf high entropy alloys had the highest elastic
constant values, which are the significant for the material,
since they are associated with the hardness parameter.
SOECs are used to determine the UA and associated
parameters [35, 36]. Higher order elastic constant values
found for high entropy alloys are indicative of their better
mechanical properties over other entropy alloys of the
similar group. Obviously, for a stable hexagonal type
structure, the five independent SOECs (Cij, namely Cij,
C12, Ci3, Cs3, Cas) should satisfy the well-known Born-
Huang’s stability conditions [29, 30].i.e. C11— |C12| > O,
(C11+C12) Caz— 2C%3> 0, C11>0and C4s> 0. In Table 1, it
is evident that the elastic constant values of all are positive
and satisfied the Born-Huang's mechanical stability limits
and therefore this HEAs are mechanically stable. The
Debye temperature for ScTiZrHf high entropy alloy is
evaluated to be 247.7 K, while the value reported for the
same is 247 K [35]. Therefore, there is good agreement
between the presented and reported values. Debye
temperature is correlated with elastic constants of the
material. Thus, our theoretical method is well justified for
calculation of SOECs of hexagonal HEAs at room
temperature. We present the calculated value of TOECs in
Table 1. The negative values of third order elastic

(@/f?)pp = 4m? < Vij > PP (19) constants indicate a negative strain in the solid. However,
Table 1
SOECs, TOECs and bulk modulus (inGPa) at room temperature.
HEAloy | Ci1 | Ci2 | Cis | Cas Cus Ces B
ScTizrHf | 212 | 52 42 186 50 83 | 103
HE Alloy | Ci11 | Ci2 | Cus | Cazs Cuz | Casa | Cuas Ciss Co Caasz
SCTIZIHf | 4,0 | -547 | 107 | -136 | -629 | oo | -159 -106 -2729 | -2188
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Table 2

Voigt—Reuss' constants (M and C? Bulk modulus (x10°°Nm), Shear Modulus (x10°Nm?), Young’s Modulus
(x10°Nm), Poisson's Ratio, Pugh's Ratio for ScTiZrHf high entropy alloy

HE Alloy M c? Br By G Gy Y B/G G/B c
ScTizrHf | 468 50623 108 98 66 69 166 1.52 0.66 0.231
Table 3
p: (x10%kg m3),Cy:(x10%3Im3K1), Eo: (x108Im™3), k:(x10* WmK?) and (D., Ds) of ScTiZrHf HE alloy
Temp [K] p Cv Eo k DL Ds
300 8.2 5.470 1.229 6.875 56.458 1.615
350 8.18 5.510 1.492 7.562 56.510 1.615
400 8.16 5.519 1.771 8.187 56.575 1.615
450 8.14 5.525 2.044 8.687 56.808 1.615
500 8.12 5.530 2.314 9.250 56.648 1.615
550 8.1 5.535 2.586 9.687 56.675 1.615
600 8.08 5.531 2.852 10.125 56.692 1.615
650 8.06 5.527 3.125 10.500 56.712 1.615
700 8.04 5.522 3.389 10.812 56.724 1.615

third order elastic constants are not compared due to lack
of data in the literature but the negative third order elastic
constants are found in previous papers for hexagonal
structure materials. Therefore, the theory applied for
valuation of higher order elastic constants is justified [36-
39]. Hence the applied theory for the valuation of higher
order elastic constants is justified. Bulk modulus, shear
modulus, Young’s modulus, Pugh’s ratio, Poisson’s ratio
are calculated for ScTiZrHf HE alloy at room temperature
using Equation (9) and shown in Table 2.

It is found that the value of Bulk modulus, Young’s
modulus and Shear modulus of high entropy alloy is
smaller than those of other hexagonal alloys [38] (Table
2). Thus, ScTiZrHf high entropy alloy little Stiffness and
bonding correspond to other alloys. Pugh’s ratio (B/G) and
Poisson ratio () are measure of in nature with ¢ = 0.23
and Pugh’s ratio = 1.52; if not it is ductile in nature [30,
32]. Ours finding of lower values of Pugh’s ratio and
Poisson ratio compared to their critical values indicates
that ScTizrHf is brittle in nature at room temperature. It is
well known that for stable and elastic material, the value
of 6 should be less than 0.5. The values of ¢ evaluated for
ScTizZrHf are much smaller than the critical value. It
indicates that the ScTiZrHf high entropy alloy is stable
against shear. A knowledge of these elastic moduli helps
in describing all mechanical behaviour of the material.
The hardness, compressibility, brittleness, ductileness,
toughness and bonding nature of the material are also well
associated with second order elastic constants.

1.2. Ultrasonic Velocity and Ultrasonic allied
parameters
In the present work, we have correlate mechanical and
isotropic behaviour of the material with the ultrasonic
velocity. We have calculated the longitudinal ultrasonic
velocity, shear ultrasonic velocity, Debye average velocity
and the thermal relaxation time for ScTiZrHf high entropy
alloy. The data for the temperature dependent density (p)
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and the thermal conductivity (k) were taken from the
literature [36]. The values of Cy and Eo have been
calculated using the tables of physical constant and Debye
temperature. Values of temperature dependent densities,
specific heat per unit volume, thermal energy density,
thermal conductivity (k) and calculated acoustic coupling
constants are shown in Table 3.

From Table 3, it is clear that for all temperatures the
values of D_ are larger than those of Ds, It indicates that
for the shear ultrasonic wave the conversion of ultrasonic
energy into thermal energy is less than for the longitudinal
ultrasonic wave.

The angular dependences of ultrasonic wave velocity
(VL, Vs1, Vs, and Vp) at different temperature along z-
axis of the crystal are presented in Figs 1-4. Form Figs. 1
and 2, indicate that the velocity V has minima and Vs; has
maxima at 35° and 45° respectively with —z axis of the
crystal while form Fig. 3, we find that Vs, increases with
angle form the z-axis. The abnormal characteristic of
angle dependent velocity is due to the collective effect of
SOECs and densities. The nature of the angle dependent
velocity curves in this work is similar to other hexagonal
structured single-phase material. Hence, the angle
dependence of the velocities in HEAs is justified.

Fig. 4 shows the variation of the Debye average
velocity (Vp) with the angle made with the unique axis of
the crystal. It is clear that Vp increases with the angle and
reaches maximum at 55°. The calculation of Vp involves
the velocities Vi, Vs; and Vs, [40, 41]. It is understandable
that the difference of Vp is affected by the constituent
ultrasonic velocities. The peak in the Vp verses the angle
curve at 55° is due to a significant increase in longitudinal
wave and quasi-shear (Vsz) wave velocities and a decrease
in pure shear (Vs1) wave velocity. It may be determined
that the average sound wave velocity is maximum when a
sound wave travels at 55° angles with the z- axis (unique
axis) of this crystal.
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Fig. 5. Relaxation time vs Theta with unique axis of crystal.

Fig. 5 shows a plot of the calculated thermal
relaxation time ‘t’ with the angle (with unique axis of
crystal). Angle dependent the thermal relaxation time
curves track the reciprocal nature of Vp astoc 3K/C, V}.

It is clear that thermal relaxation time of HEAS is mostly
affected by the thermal conductivity. For hexagonal
structured material t is of the order at picoseconds [42,
43]. Hence the calculated ‘t’ justifies the hexagonal
structure of high entropy alloys. The minimum °t’ for
wave propagation along 6 = 55° imply that the re-
establishment time for the equilibrium distribution of
thermal phonons will be minimum for propagation of
wave along this direction.

1.3. Ultrasonic attenuation due to p-p interaction
and thermal relaxation phenomena
While evaluating the UA, it is understood that the
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wave is propagating along the z-axis [<001> direction] of
ScTiZrHf high entropy alloy. The UA coefficient divided
by frequency squared (A/f?)an is calculated for
longitudinal wave (A/f?)_ and for shear wave (A/f?)s using
Eq.(16) under the condition ot << 1 at different
temperature. Eqg. (19) has been used to calculate the
thermo-elastic loss divided by frequency squared (A/f2)h.
Figs. 6-7 present the values of the temperature dependent
(A2, (AIf?)s, (A/f?)t and total attenuation (A/f?)total.

It is obvious from Figs. 6 and 7, the Akh. type of
energy losses for longitudinal wave, shear waves and the
thermo-elastic loss increase with the temperature of
material (A/f?)akn is proportional to D, Eo , Tand V-3 (Eqns.
17, 18). Table.3 shows that Epand V are increasing with
temperature, hence Akhieser losses in ScTiZrHf high
entropy alloy is mostly affected by thermal conductivity
and thermal energy density. Therefore, the ultrasonic
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attenuation increases due to the reduction in the thermal
conductivity. Thus, ultrasonic attenuation is mainly
governed by the phonon—phonon interaction mechanism.
A comparison of the UA could not be made due to lack of
experimental data in the literature.

Form Figures 6-7, it is clear that the thermo-elastic
loss is very small in comparison to Akhieser loss and also
the UA for the longitudinal wave (A/f?), is superior than
that for the shear wave(A/f?)s of the total attenuation
(Ao =(AFP)m+(Af2)L+(AY)s). UA due to p—p
interaction for longitudinal wave is leading factor.
Thermal conductivity and thermal energy density are the
main factor that affects the total attenuation. Thus, it may
be predicted that ScTiZrHf behave as it’s the purest form
at room temperature and are more ductile demonstrated by
the minimum ultrasonic attenuation while at high
temperature (700K) ScTiZrHf high entropy alloy is least
ductile. Therefore, at room temperature there will be least
impurity in ScTiZrHf high entropy alloy. The minimum
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UA for ScTiZrHf at 300K defends its quite even
hexagonal structure state. This suggests that the
interaction between acoustical phonon and quanta of
lattice vibration for ScTiZrHf is large in evaluation to
other hexagonal materials.

Conclusions

Based on the exceedingconversation it isuseful to
state that:

eThe principle established on simple interaction
potential model remains valid for calculating higher-order
elastic coefficients for hexagonally structured high
entropy alloys.

ot has been found that the ScTiZrHf high entropy
alloy is mechanically stable.

eFor ScTiZrHf high entropy alloy, the thermal
relaxation time is found to be of the order of picoseconds,
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which defends their hexagonal structure. As ‘t’ has
smallest value along 6 = 55° the time for re-establishment
of equilibrium distribution of phonons, will be minimum,
for the wave propagation in this direction.

eCompared to other hexagonal high entropy alloy,
acoustic coupling constants of ScTiZrHf, for the
longitudinal wave, are larger. Therefore change of
acoustic energy into thermal energy will be larger, for the
ScTiZrHf high entropy alloy.

e The ultrasonic attenuation due to phonon-phonon
interaction mechanism is predominant over total
attenuation as a governing factor thermal conductivity and
thermal energy density.

¢ The mechanical properties of the high entropy alloy
ScTiZrHf are superior at room temperature than at high
temperatures, since at room temperature the ultrasonic

o Study can be beneficial for the processing and non-
destructive characterization of high entropy alloy. These
results will provide a ground for investigating the major
thermophysical properties in the field of other HE alloys.
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C. Pai, H. Yaypasis, I1.K. SxaBa

IIpyxkHi, MexaHi4HI Ta Ten10}i3UYHI BIACTUBOCTI 0THO(PA3ZHOTO
YeTBEPTHHHOT0 BUCOKOEHTpomiiiHoro criiaBy SCTiZrHf

Kageopa ¢isuxu, Incmumym @izuunux nayk npogecopa Padowcenopa Cinexa (RajjuBhaiya),
B B.C. Vuigepcumem Ilypsanuan, icaynnyp, Inois, pkyadawa@gmail.com

BiAnoBigHO 10 MOAeNi HOTEHIiany B3aeMO/il, PO3PaX0BaHO KOHCTAHTH MPYKHOCTI BHCOKOTO TOPSIKY JUIS
BHCOKOCHTPOITIHUX CIUIaBiB B OfHO(a3HOMY 4eTBepTuHHOMY crutaBi SCTiZrHf mpu ximuartHiii Temmeparypi.
[pyxHi koHCTaHTH Apyroro nopsaky (SOECS) monmomaraioTh BH3HAYHMTH iHINI YJIBTPa3BYKOBi mapamerpu. 3a
nonomoroto SOECS inmi Momynmi mpyxHocTi (MOxynb 06’€MHOI HPY>KHOCTI, MOAYJb 3CyBY, Moxyib HOHra,
koedirient I110, KOHCTAHTH TMPYKHOI KOPCTKOCTI Ta Koedirient IlyaccoHa) OLIHIOIOThCA NpU KIMHATHIM
TeMIeparypi JUisl MPYXKHOCTI Ta MEXaHIYHUX XapaKTePHCTHK. [HII yIbTpa3ByKOBI mapaMeTpy po3paxoBYIOTHCS
IIpY KIMHATHIH TeMIepaTypi U1 Py KHOI Ta MeXaHIgYHOI XxapakTepucTuku. 3a gornomororo SOEC omineHo 3MiHy
TeMIepaTypH YJIbTPa3ByKOBHX LIBHIKOCTEH Y3/I0BX OCi Z KpucTaia. Y310BXK L€l OCi OpieHTallil TaKOXK OLIHEHO
TeMIepaTypHi 3MiHH cepenHboi mBUAKOCTI Jlebas Ta dacy TemaoBoi pemakcamii (t). Takoxk mpoaHami3oBaHO
YIIBTPa3ByKOBI BIACTHBOCTI, MOB'sI3aHi i3 MPY)KHUMH, TCTUIOBUMH T4 MEXaHIYHUMH BJIACTHBOCTSAMH, SIKi 3aJI€KaTh
Bix TeMneparypu. Po3paxoBaHo 3aracaHHs yJIbTPa3ByKy BHACTIJOK ()OHOH-(OHOHHOI (P-P) B3aeMOLIl IIpU pi3HHUX
Temrneparypax. [Ipu mocnmifkeHHI yabTpa3ByKOBOrO OcCialbieHHs, SIK (QYHKUIi TeMmeparypH, MOKa3aHo, LIO0
TEIUIONPOBIIHICTH € OCHOBHUM (haKTOPOM, a p-p-B3a€EMO/Iisl BiMIOBifa€ 3a 0ciablieHHs], 1 BUSIBICHO, IO MEXaHiuHi
BJIACTHBOCTI BUCOKOEHTpoITiiHOTO crutaBy SCTiZrHf kpauri npu xiMmHaTHil Temnepatypi.

KirouoBi ciioBa: BHCOKOGHTPOMIWHMI CIUIaB, yJIbTPa3BYKOBI BJIACTHBOCTI, TEILIOMPOBIAHICTb, MpPYKHi
BJIIACTUBOCTI.
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