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The longitudinal v, and transverse v, ultrasonic velocities in different geometric directions
and sections of samples of as-cast equimolar high-entropy alloy (HEA) AICuCrCoNiFe in
spatially heterogeneous state are measured by means of the automated ultrasonic tech-
nigques of high resolution at the frequencies of 10-30 MHz. A considerable spread of the
v; and v; values and the corresponding elastic moduli is revealed in different sections of
samples. This fact points to spatial inhomogeneity of the HEA that is consistent with the
existence of the «, 71 and j» phases. Alongside with the spatial inhomogeneity, the anisot-
ropy of ultrasonic velocities (4-8%) of the samples is revealed. The values of the elastic
moduli (E), (G), (B), the Debye temperature @p, the Poisson’s ratio (1) and the ratio
(B (G) are calculated with using the averaged ultrasonic velocities (v;), (v) and the mass
density p. The acoustic parameters (E) = 199.1 GPa, (G) = 77.5 GPa, (B) = 159.9,
(Op)= 498.4 K exceed those for pristine metals composing the HEA and indicate high
interatomic bond stiffness, high resistance to dislocations movement and low compressi-
bility. Relatively low established ratios () = 0.29 and (B Y(G) = 2.132 are consistent with
low plasticity of the HEA.

Keywords: as-cast high-entropy alloys, ultrasonic, elastic properties, inhomogeneities,
elastic anisotropy

3a 0onomozoto asmomamuz08ar020 YIbmpazeyko8o20 Memoody 8UCOKOL po30inbHoI 30am-
nocmi Ha yacmomax 10-30 MHz 6ynu eumipsni nozooeoxcus V) i nonepeuna Vy meuOKocmi
VILMPA3BYKY 8 PIZHUX 2eOMEeMPUYHUX HANPIMKAX | HA PI3HUX OLIIHKAX 3PA3KI8 ) TUMOMY
exgiamomuomy eucoxoenmponiiunomy cniasi (BEC) AlICuCrCoNiFe ¢ npocmopogo me-
00HOpiOHOMY cmaHi. Buseneno 3naunui poskud suauens V| i Vi ma 6i0noGiOHUX MOOYi6
NPYIHCHOCMI HA PI3HUX OLIAHKAX 3PA3KI8, WO B6KA3YE HA NPOCHOPO8Y HEOOHOPIOHICHb
BEC i y32e000cyemuves 3 ichysanHam o-, yi- i yo-pas. Ilopso 3 npocmoposoro HeoOHopio-
HICMIO 8UABNEHO AHI30MPONiI0 weuokocmell yrompaseyky (4—8%) y spazkax. 3 suxopuc-
MAHHAM YCcepeOHeHUX 3HaueHb weuoxocmetl yiompaszeyky (), () i macoesoi eycmunu p
pospaxosano senuuunu mooyuie npysxcnocmi (E), (G), B), memnepamypu Jlebas Op, xo-
epiyienma Ilyaccona () i eionowennss BN(G)  Axyemuuni  napamempu
(E)=199.1 GPa, (G) = 77.5 GPa, B) = 159.9, (®p) = 498.4 K nepesuwyromo yi 3ua-
YenHs1 O YUCTUX Memalis, wo 6xo00ams 00 ckiady BEC, i exazyiomb Ha 8UCOKI dHcopc-
MKICMb MIJICAMOMHO20 38 3Ky Ma GUCOKY CIIUKICMb 00 pyXy OUCTOKaAyill i Manre cmuc-
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Kauus. Bcmanoeneno eionocno museki  smawennss () = 029 i eionowennHs
B (G) = 2.132, wo y3200xcyemucs 3 Huzvbkoio naacmuunicmio BEC

KarouoBi cjioBa: muTHii BUCOKOCHTPOMIMHUE CIIJIaB, YABTPa3BYK, MPYKHI BIaCTHBOCTI,
HEOJHOPITHOCTI, IPY>KHA aH130TPOITis

1. Introduction

High-entropy alloys of the Al,CoCrCuFeNi system have attracted much atten-
tion during last 10 years due to their unusual structure and properties [1-7]. Ac-
cording to [1,2], the HEAs are characterized by large mixing entropy that means
maximal chaos in atomic distribution. However, contrary to this statement, a
number of experiments have shown that during crystallization, the majority of the
HEAs are decomposed on dendrites and interdendrite zones and as-cast state con-
tains two or more phases with simple crystal lattices: fcc, bee, hep [2-7].

The Al,CoCrCuFeNi HEA possess physical, mechanical and chemical proper-
ties which are widely covered in literature. The bcc phase increases hardness of
the AlCoCrCuFeNi HEA to 208420 Hy, depending on Al content [3,8]. High
tensile mechanical properties of the as-cast Al,CrCuFeNiCo alloys are reported in
[2,8,9] and complemented in [10,11]. High abrasive wear of the Al,CoCrCuFeNi
(0 £ x £ 3) HEAs is reported in [8,12]. The HEA exhibits high thermal stability
[2,11], the superior high-temperature strength sustained up to 800°C, enhanced
plasticity and large work-hardening capability [8]. The strengthening mechanisms
are considered in [2,11,13]. Thus the Al,CrCuFeNiCo HEA have a high potential
for application as engineering materials in the tool-alloy and high-temperature al-
loy industry.

Important fundamental characteristics of a solid are elastic moduli, which de-
termine mechanical properties. Particularly, the elastic moduli are needed for
evaluation of the stress for dislocations movement, the fracture toughness, the
work hardening rate as well as for estimation of the interatomic bond stiffness. At
the same time, accurate information about elastic properties of the HEA is limited.
The data upon the tensile Young’s modulus [2,5] or the elastic modulus E ob-
tained by means of indentation are mostly available [6,7,11]. However in these
measurements, a probable elastic anisotropy of HEAs cannot be revealed.

The authors of [14] used dynamic-mechanical analyzer for measurement of the
Young’s modulus of the Al,CoCrFeNi (x = 0-1) alloys in the frequency range of
1-16 Hz. However the applied technique is an effective one to study internal fric-
tion in amplitude-dependent range and damping capacity of a material. Similar to
other resonance techniques, this method is an integral one and it cannot test elastic
properties of separate zones of a sample without its destruction. In [15], the elastic
moduli of the equimolar CrMnCoFeNi HEA were measured in the temperature
range of 50-300 K using the resonant ultrasound spectroscopy and sufficiently
precise data upon weak temperature dependence of the Young’s and the shear
moduli were obtained. Notice that the alloy was Al-free and homogeneous single-
phase (100% fcc) one.
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Computer simulation by the EMTO-CPA calculation method was conducted
and quantitative acoustic data were obtained in [16] for Al Hf; \NbTaTiZr HEA
with respect to the concentration of Al and Hf. This approach was not applied to
study the Al,CrCuFeNiCo HEAs although it has great potential for definition of
elastic constants and its development could provide the basis for rapid ultrasonic
test of texture in anisotropic HEAS.

Thus, there is insufficient experimental information upon precise quantitative
elastic properties of the as-cast Al,CrCuFeNiCo HEAs, their spatial inhomogenei-
ty and anisotropy. In this connection, the aim of this work was determination of
acoustic and elastic properties of the as-cast equimolar AICuCrCoNiFe HEA at
room temperature with taking into account their heterogeneity and anisotropy.

For this purpose, the longitudinal v, and transverse v; ultrasonic velocities in
various zones and in different geometric directions in a specimen of the AlCu-
CrCoNiFe alloy were measured by using automated ultrasonic equipment. Based
on the obtained data, the bulk-wave ultrasonic velocities were averaged and the
mass density p, the corresponding averaged elastic moduli (E), (G), (B), the ratio
(B)/(G), the Poisson’s ratio (1) and the Debye temperature ®@p were determined.
At that special attention was paid to the extreme measured and calculated values
giving the information upon spatial heterogeneity and anisotropy of the studied
alloy.

2. Experimental details

The 1.2 kg ingots of the AlIFeCoNiCuCr HEA were melted in the vacuum
10" torr induction furnace by melting of mixture of the elemental metals Al, Fe,
Co, Ni, Cu, Cr with the purities of better than 99.9 wt%. The chemical composi-
tion of the alloy was determined by X-ray fluorescence analysis (Table 1). The
X-ray diffractometer DRON-3M with the Co K,-radiation was involved to char-
acterize structure and phase composition of the AIFeCoNiCuCr HEA.

Table 1
Chemical composition of the AIFeCoNiCuCr HEA
Specimen Elements, wt(at.)%
Al Fe Co Ni Cu Cr
Ao Al 9.3 18.2 18.2 19.0 19.47 15.7
27121 (18.0) (17.0) (16.2) (16.9) (16.0) (15.8)

The rectangular specimens (A;, and A'; ) with the dimensions of
6.146 x 5.131 x 5.025 mm were machined for ultrasonic and X-ray diffraction
experiments. The specimen planes were mechanically polished in order to attain
their alignment for ultrasonic measurements. The deviation from the specified dis-
tances between parallel planes did not exceed £2 um. Samples of the denoted siz-
es were cut out from larger plates taking into account the results of scanning by
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narrow ultrasonic beam. At that the most acoustically homogeneous areas were
selected.

Fig. 1 represents a schematic view of

a specimen in an orthogonal coordinate

i system where the symbols K1, C, K2 are
the zones of the specimen tested by
sonic.

The ultrasonic measurements were
s > 3 executed on frequencies of 10-30 MHz
K1 — G‘\ Ky & T =20+ 1°C by automated techniques

described in [17,18]. The bulk-wave ul-

Qp\ trasonic velocities vjj were measured in

c the K1, C, K2 zones of a specimen in

ﬁ\ three orthogonal directions (Fig. 1). The

K2 first index of vij corresponds to the direc-

tion of ultrasonic wave propagation and

Fig. 1. Schematic view of a specimen for the second one corresponds to the orien-

ultrasonic measurements tation of polarization vector. In addition,

the selective automatic scanning of a

specimen along direction 1 at the orientation of the wave vector of the longitudi-

nal ultrasonic wave in directions 2 (Vo) or 3 (v33) was carried out. The size of the

beam cross-section for longitudinal and transverse waves did not exceed 2 and 4
mm, respectively.

Ultrasonic velocity was measured upon the time interval of passing through a
zero value of identical periods of high-frequency filling of a selected pair of the
reflected ultrasonic pulses. The absolute instrumental error of measurement of the
Vij on a time base of 10 us was 10'4, and the relative error was by one order less.
The real error of the ultrasonic velocities in the studied objects was estimated up-
on spread of the measured values. The density p of specimens was measured using
quartz as etalon by means of the differential Archimedes’ method with the error of
10 on 10 g specimen. Procedures for measurement and analysis of experimental
data were carried out by using appropriate software. The calculations of the elastic
parameters and the Debye temperature were performed by using well known ex-
pressions:

K2 ™

G= p<vt>2 , 1)
E=GA, )
B=GA/3(3-A), (3)
n=(’-2)/2(a*-1), (4)
B/G=A/3(3-A), (5)
A=(3a’-4)/(a’-1), (6)
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®D=E(9ij 13+ 13 | @)
kKlamA ) L (w)” (W)

where a=(v,)/(v,); (viy and (v are the averaged bulk ultrasonic velocities; h is

the Planck’s constant; K is the Boltzmann constant; N is the Avogadro number; A

is the total atomic weight. It could be noted that the ratio B/G as well as the Pois-
son’s ratio 1 characterizes plasticity of metals and alloys [19].

3. Results and discussion

Table 2 represents the measured longitudinal ultrasonic velocity vj; in different
zones (Fig. 1, K1, C, K2) in orthogonal directions of a specimen of the as-cast
AlFeCoNiCuCr HEA, its averaged values in each orthogonal directions, the ani-
sotropy of the vj;. The analogous data for transverse ultrasonic velocity vj; are rep-
resented in Table 3.

Table 2
The values of the longitudinal ultrasonic velocity vjj in different zones (K1, C, K2) of
a specimen in orthogonal directions of the as-cast AlIFeCoNiCuCr HEA, the
averaged values of vjj in each directions 1, 2, 3, the magnitude of the ultrasonic
velocity anisotropy (Ansz_», Ans_1, Ang_») and its maximal relative dispersion. The
values of Ang;j, Anyj were obtained by rotating of the polarization vector of the
transverse waves in a plain perpendicular to the wave vector. X, (X}, AXma/{X) are
the generalized denotations of the ultrasonic values

Specimen ¥ — Zone of Cs:pecimen — X AXm(%KX),

Va3, m/s | 60744 | 6096.2 | 6142.2 | 6104.3 1.11

Voo, m/s | 6048.7 | 5988.7 | 5907.5 5981.6 2.36
A V11,m/s — 6192.3 - 6192.3 —
2 1 Ang, % | 004 1.76 3.89 2.03 _
Anz 1, % — 1.58 — 1.43 —
Any o, % - 3.34 - 3.46 -

Va3, m/s | 6078.2 | 6054.6 | 6026.4 6053.1 0.86

Voo, m/s | 6029.5 | 6118.3 | 6095.6 6081.1 1.46
, Vi1, M/s - 6034.9 - 6034.9 -
A1z Ang % | 0.80 1.05 1.14 0.46 _
Anz 1, % - 0.03 - 0.30 -
Anqi_o, % - 1.37 — 0.76 —

It is evident from the Table 2 that the maximum of anisotropy of longitudinal
velocity Ans., = 3.89% is observed in the A;_, specimen towards to 3 direction on
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specimen edge in zone K1. For the sample A1, in zone K2 Anz., = 1.14%. The
maximum spread of the vj; values is also small (2.36 and 1.46% for specimens
A, and A'1_,, respectively). Anisotropy of the transverse velocity is observed in
the same directions. The spread of the vj; values attains 4.91% (specimen A;_)
and 7.52% (specimen A’y_,), respectively (Table 3).

Table 3

The transverse ultrasonic velocity vjj in different zones (K1, C, K2) of a specimen of
the as-cast AIFeCoNiCuCr HEA, the averaged values of vij ({v21 23}, (v31,32)), its
anisotropy (Ans1_32, Ano1_23) and averaged values in orthogonal directions 2 and 3

. Zone of specimen
Vvay, mis | 34243 | 34629 | 3490.4 | 34592 1.91
Ve, m/s | 3596.7 | 3596.7 | 34865 | 3560.0 3.10
<V3;Tl1’/’°;2>’ 3510.5 | 3529.8 | 3488.4 | 3509.6 1.18
A”g/lf32’ 4.91 3.79 0.11 2.94 4.91
0
A, | Vemis | 34931 | 35161 | 35399 | 35130 1.33
i Vs, /s | 3568.7 | 35259 | 34926 | 3520.1 2.16
<V§{/283>’ 3530.9 | 3521.0 | 35162 | 35227 0.42
A”g/l—%’ 2.14 0.28 1.34 1.25 2.14
0
(V1213), - 3423.9 - 3423.9 -
m/s
Vo, m/s | 3595.6 | 3653.4 | 34537 | 3567.6 5.60
vap, m/s | 3547.7 | 3549.9 | 35585 | 3552.0 0.30
<V?;Tl1’/12>1 3571.6 | 3601.6 | 3506.1 | 3559.8 2.68
A”g/HZ’ 1.34 2.87 2.99 2.40 2.99
0
N Vor, m/s | 3559.4 | 3429.0 | 34542 | 3480.9 3.75
2 'y mis | 36883 | 3696.9 | 3595.9 | 3660.4 2.76
<V$;72S3>’ 3623.8 | 3562.9 | 3495.0 | 3560.6 3.62
A”g/l% 356 | 752 | 234 4.47 7.52
0
(V12,13 — 3401.8 - 3401.8 —
m/s
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Table 4 represents the results of the generalization of the data presented in Ta-
ble 2 and Table 3 for the as-cast AIFeCoNiCuCr HEA.

Table 4
The ratio of the longitudinal velocity and the averaged transverse velocity v;i/Vij,ik),
the maximal dispersion of the ratio vii/{vij,ik), its averaged values and maximal
dispersion in a direction, the resulting average values of the ultrasonic velocities (v}
and (vy) and their ratio a = (v|)v;) for specimens of the as-cast AlIFeCoNiCuCr HEA

Specimen ¥ i Zone of (s:pecimen — X AXm%KX),
Va3l(Vay,30) | 1.730 1.727 1.761 1.739 1.96
Vool(Vpy23) | 1.713 1.701 1.680 1.698 1.94

Ay, V11/<V12113> — 1.809 — 1.809 —

a vy, m/s — — — 6092.7 -

(vpy, m/s — — — 3503.0 -

(ViKve) - - - 1.739 -
v33/{Vay,30) | 1.702 1.681 1.719 1.701 2.23
Vool(Vo1 03) | 1.664 1.717 1.744 1.708 4.68

N V11/<V12113> — 1.809 — 1.809 —

12 v, mis - - - 6056.4 N

(Vp), m/s - - - 3537.3 —

VKV - - - 1.712 -

It is evident from the Table 4 that along with a slight dispersion AXmax/(X) of
the averaged ultrasonic velocities (Vo1 23) (0.42% for the sample A;_, and 3.62%
for the sample A'y_») the ratio (v;i/(vij) in different zones of a plane of specimen
A1_, does not exceed 2% and of specimen A’ attains 4.68%.

The investigated specimens were scanned in direction 1 by the longitudinal ul-
trasonic beam with the wave vectors 2 or 3 (Fig. 1). The corresponding depend-
ences Voo(x), E»(x) and vi3(x), E3(x) were calculated taking into account the rela-
tive constancy of the vi/v(x). Fig. 2 represents typical scan results by the longitu-
dinal ultrasonic beam for velocity va3(x) and modulus E3(x) of both A1, and A1,
specimens. In this case the Young’s modulus E3(X) vs. coordinate X in 3" direc-
tion is plotted upon the vz3(x) dependence. It is evident that the dependencies
E3(x) for both samples show similar behavior. The values of the longitudinal ul-
trasonic velocity and the Young’s modulus are varied within the intervals
6004-6124 m/s and 218-231 GPa, respectively (Fig. 2). Similar behavior was ob-
served for share modulus and bulk modulus.

Using the data presented in Table 4 the averaged bulk ultrasonic velocities (vy),
(Vp), the averaged elastic moduli (E), (G), (B), the ratio (B)/(G), the Poisson’s ratio
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(n) and the Debye temperature ®p of the as-cast AIFeCoNiCuCr HEA were calcu-
lated and shown in Table 5.

6100
6120}
«» 6080f
~
S
> 6040/
6000 ¥
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
X, pm X, pm
a C
228+ 2321
2261
230t
@« 224t
a o
O 222 . o 228}
LL]' -
220'//'“ Y
218¥
. . . . . 224 , . . . .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Xi Hm X, l,lm
b d

Fig. 2. Typical curves of scan from K1 to K2 zones (Fig. 1) with the longitudinal ultra-
sonic beam of a specimen of the AIFeCoNiCuCr HEA: a, b are the specimen A;_o; c, d
are the specimen A'1_»; a, ¢ are the ultrasonic velocity v33(X) in 3rOI direction; b, d are the
Young’s modulus in 3rOI direction E3(X). The ratios vj/v; = a; = 1.739 for the specimen
A1_o and vj/vy = ap = 1.701 for the specimen A’'1_» (Table 4)

The calculated elastic parameters show variation of the values depending on
the minimal and maximal ultrasonic velocities derived from the same plain of the
sample (Table 5). In particular the Young’s modulus (E) of the as-cast
AlFeCoNiCuCr HEA is varied within the range of 173.4-226.9 GPa. The bulk
modulus (B) and the shear modulus (G) have values 146.1-168.0 and
65.3-91.4 GPa, respectively.

Thus the anisotropy of acoustic and elastic parameters and their big dispersion
were revealed in the as-cast equimolar AlIFeCoNiCuCr HEA. The cause of the an-
isotropic behavior is dendrite microstructure combined with chemical inhomoge-
neity of the as-cast state. First of all it is well-established inhomogeneous distribu-
tion of chemical elements [5,20-22] and the presence of the specific dendrites mi-
crostructure of the as-cast alloy (Fig. 3).

Micrograph of the as-cast HEA AICuCoFeNiCr exhibits existence of gray den-
dritic creations (D) with the average size of 150-200 um (Fig. 3, arrow 1), dark
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Table 5

The values of mass density p, the acoustic and elastic parameters of the as-cast
AlFeCoNiCuCr HEA calculated with using maximal,
minimal and averaged v, and v; values

Specimen
Ao A A1 A1
p, glem® 7.309 7.305 7.309 7.309
(vi), m/s 6092.7 6056.4 5907.5 6000.1
(vp), m/s 3503.0 3537.3 2988.7 3245.9
(E), GPa 224.8 226.9 173.4 199.1
(G), GPa 89.7 91.4 65.3 775
(B), GPa 151.7 146.1 168.0 159.9
(BY(G) 1.691 1.598 2.574 2.132
M) 0.253 0.241 0.328 0.290
®p, K 508.0 512.2 488.8 498.4
Min values of Averaged
Note Max values of v; and v; values of
v; and v;
V) and V;

A1 111y,

I, Pulses

Fig. 3. Microstructure of the as-cast HEA AICuCoFeNiCr: 1 is the denrite axis; 2 is the
ID zone; 3 is the inclusion enriched with Cu [20]

Fig. 4. XRD powder diffractograms of the as-cast AIFeCoNiCuCr HEA (A1_p). XRD

pattern for A’q_o is similar

interdendritic zones (ID) (arrow 2) with white inclusions (arrow 3). According to
[20], the D branches and ID zones are formed from mutually dissolved elements
of corresponding concentrations whereas a fraction of excessive elements with
low temperature of crystallization (for example Cu) is displaced into 1D zones. In
fact an essential inhomogeneous distribution of Cu in the as-cast HEA
AlCuCoFeNiCr with its prevailing localization in ID zones was revealed in [5,20].

Besides, XRD analysis has revealed three phases in the as-cast AIFeCoNiCuCr
HEA: one bcc phase a and two fcc phases y1 and v, (Fig. 4,a,b) that is consistent
with the data reported in [3-5]. According to the electron microscopy studies [6,7]
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the as-cast HEASs contain even more nanosized phases with different morphology,
structure (A2, B2, L1,) and chemical composition. The lattice parameter of the
bce phase is a, = 0.2879 nm and of the fcc phases are a,; = 0.3629 nm and
ayp = 0.3599 nm. The ratio of the phases 26 : 12 : 62 is estimated using the ratio of
the integral intensities ly; : ly, : la of the (111)y, (111)y, and (110)a diffraction
lines taking into account the multiplicity factors relating to fcc and bcc lattices.

Consequently the as-cast equimolar AlFeCoNiCuCr HEA is a heterogeneous
material with the complex structure, phase composition and distribution of chemi-
cal elements and the precise ultrasonic techniques and proposed approach provide
its express testing.

The obtained averaged elastic moduli and the Debye temperature have high
values (E) = 199.1 GPa, (®p) = 498.4 K (Table 5) in the most part of specimens in
our precise experiment. Particularly the Young’s modulus is higher than that
measured in tensile experiment on the AlyFeCoNiCr HEA (x = 1) 163 GPa [2] and
estimated by indentation of the AlFeCoNiCr HEA 168 GPa [23]. In addition it is
reported in [5-7], the tensile and indented Young’s modulus of the equimolar
AICoCrCuFeNi alloy does not exceed 180-182 GPa. This difference between dy-
namical ultrasonic data and mechanically testing ones is usually observed for the
majority of alloys.

The increased Young’s modulus and the Debye temperature of the as-cast
AlFeCoNiCuCr HEA (Table 5) is a good evidence of the high interatomic bond
stiffness. This is consistent with the strong binding effect in HEA mentioned in
[2]. The high bulk modulus (B) = 159.9 GPa means weak compressibility of the
HEA.

On the other hand, relatively large share modulus (G) = 77.5 GPa means high
resistance to dislocations movement in the HEA. Moreover the ratio
(BYKG) =2.132 is low as compared to pristine Al 2.93-3.08; Cu 2.76-2.90; Co
2.32 [24] and Cr 2.27 [25] and higher than that for pristine Fe 1.99 and Ni 2.02
(Table 5). These data along with the relatively low Poisson’s ratio indicate low
plasticity of the HEA at room temperature. This is consistent with high hardness
[3,8,20] and tensile mechanical properties of the as-cast AlyCoCrCuFeNi HEAs
[2,8-11].

Notice that estimation of the elastic moduli of the HEAs upon ultrasonic meas-
urements data requires obligatory taking into account anisotropy of the acoustic
parameters, which can be associated with the oriented dendritic microstructure.

4. Conclusions

1. The as-cast equimolar AICuCrCoNiFe HEA is elastically inhomogeneous
and anisotropic system. Anisotropy of longitudinal ultrasonic velocity v; attains
4% and of transverse ultrasonic velocity v; achieves 7.5-8% resulting from orient-
ed dendritic microstructure.
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2. The averaged values of the elastic moduli (E) = 199. GPa, (G) = 77.5 GPa,
(B) = 159.9 GPa and the Debye temperature (®p) = 498.4 K of the HEA exceed
those for pristine metals composing this alloy and indicate high interatomic bond
stiffness, high resistance to dislocations movement and low compressibility. The
relatively low values of the Poisson’s ratio (n) = 0.29 and the ratio (B)/(G) = 2.132
are consistent to the low plasticity of the HEA.

3. The obtained results are evidences of a suitability of the applied ultrasonic
technique for diagnostics of elastic properties and related characteristics of the
inhomogeneous HEAs. The obtained results will be used for improvement of
technology to manufacturing of HEAs with more homogeneous structure.

This work was carried out with financial support of the Project 22/15-H within the
Target Complex Program of N.A.S. of Ukraine «Fundamental Problems of the Creation
of New Nanomaterials and Nanotechnologies» and partially of the budget program
022/15-B of the Structure and Properties of Solid Solution Department of the
G.V. Kurdyumov IMP of N.A.S. of Ukraine. Authors express thankful to V.P. Zalutskii
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B.M. Haoymos, O.U. 3anopooicey, M.A. /[opouenko, B.A. Muxatinosckuti,
C.1O. Maxapenxo, A.B. IIpowax

YNbTPA3BYKOBbIE UCCJIEOOBAHUA IMTOIO HEOOHOPOOHOIO
BBICOKO3HTPOMUHOIO CIJIABA AlCuCrCoNiFe

C moMoIIbI0 aBTOMAaTH3UPOBAHHOTO YJIbTPa3BYKOBOTO METO/a BBICOKOTO pa3peiieHUs Ha
yactotax 10-30 MHz u3mepens! npoioneHas V| U morniepeyHast Vi CKOPOCTH yIbTpa3ByKa
B Pa3NIMYHBIX TEOMETPHUYECKUX HAMPABJICHUSIX U HA Pa3HBIX y4acTKax oOpasIoB B JIUTOM
9KBMAaTOMHOM BbiCOKO3HTponuitHOM ciuiaBe (BOC) AICuCrCoNiFe B mpocTpaHCTBEHHO
HEOJTHOPOHOM cOCTOsiHMM. OOHApY)KEH 3HAYUTENBbHBIN Pa30poC 3HAYEHUH V| U Vy U CO-
OTBETCTBYIOIIUX MOJYJIEH YIIPYTOCTH Ha Pa3IMYHbIX yUaCTKaX 00pasIioB, YTO YKa3bIBaET
Ha MPOCTPAHCTBEHHYIO0 HEOAHOPOAHOCTh BOC U cormacyercs ¢ CyliecTBOBaHHEM O.-, Y1-
u y2-¢a3. Hapsimy ¢ npocTpaHCTBEHHOW HEOJIHOPOIAHOCTHIO BBISIBJICHA aHM30TPOITHS Yilb-
Tpa3BYKOBBIX ckopocTel (4—8%) B obpasmax. C HCTIOIL30BaHUEM YCPETHEHHBIX CKOPO-
cTeil ynbrpasByka (V|), (V{) ¥ MacCOBOW TUIOTHOCTH P PacCUHMTaHbl 3HAYCHHUS MOIyJICH
ymapyroctu (E), (G), (B), Temmeparypa Jlebas ®p, koahdurment Ilyaccona () u oTHO-
urenue (BY/(G). Axyctnueckue napametpsl (E) = 199.1 GPa, (G) = 77.5 GPa, (B) = 159.9,
(Op) = 498.4 K mpeBBIIAOT 3TH 3HAYEHUS JIJIST YUCTHIX METAJLIOB, BXOJSIINX B COCTaB
BOC, u yka3bIBalOT Ha BBICOKHE XKECTKOCTh MEKaTOMHOM CBS3U U YCTOMYUBOCTH K JIBU-
KCHHIO JTUCITOKAIIMI U MaJIyl0 C)KUMAeMOCTh. Y CTAHOBJICHBI OTHOCHUTEJILHO HU3KHE 3Ha-
yenus (M) = 0.29 u orHomenus (B)/(G) = 2.132, yTo cornacyercst ¢ HU3KOM TIACTUIHO-
cteio BOC

KuaroueBble cj10Ba: TUTON BHICOKOIHTPOIIUUHBINA CIUIaB, YIbTPa3BYK, YIPYrue CBOWCTBA,
HEOJHOPOJHOCTH, yIpyras aHu30TPOIIHS
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