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Low temperature elastic properties
of Aly sCoCrCuFeNi high-entropy alloy
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The independent c;;, ¢4y, and c;, elastic constants of Aly;CoCrCuFeNi high-entropy
alloy with the fce structure were experimentally determined by the ultrasonic spectroscopy
method in temperature region from 77 to 300 K. The results were obtained on samples
with an axial [100] and [111] growth textures. Temperature changes in Young modulus,
shear modulus, volume modulus, Poisson’s ratio, Pugh’s index and the elastic anisotropy
factor were determined. The Pugh’s index values are in the range between 1.26 (77 K) and
1.60 (300 K), which indicates the relatively low alloy ductility at low temperatures.
Negative values of the Cauchy pressure c¢;5 — ¢, are possibly caused by the influence of a
relatively strong directed interatomic bond in a disordered solid solution, which is a
high-entropy alloy.
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HuspkoTremMunepaTypHi NpyskHi BJACTHBOCTI BHCOKOEHTPOIIIMHOIO cmjaBa

Aly 5CoCrCuFeNi. O.C.Byramos, B.C.Knouko, A.B.Kophieyb, I.B.Konodii, O.0.Kondpamos,
T.M.TuxoHo8cvra

HesanemxHl KOHCTAaHTH TNPYMKHOCTL €7, €4y 1 €19 BUCOKOEHTDPONINHOTO CILIABY
Al, 5CoCrCuFeNi 3 rparenenTpoBaHO0 Ky6iuHOI0 CTPYKTYPOIO eKCIIEPHMEHTAJbHO BH3HA-
YeHO YJBbTPa3BYKOBOIO clieKTpocKkomnieio Bix 77 go 300 K. PesynsTaT; orpuMaHO Ha 3pas-
Kax 3 akciampHOoo TeKcTyporo pocty [100] i [111]. BusnaueHo TeMIepaTypHi 3MiHUI
moxnyais IOura (E), scyBy (G), o6’emuHoro moxpyaa (B), koedimienra Ilyacoma, impekca
ITyxa i daxTopa mpy:kHOl amisorpomii. Ingexc Ilyxa mae Bemuuuny Big 1.26 (77 K) mo
1.60 (300 K), mo mpumyckae BiZHOCHO HUBbKY IJIACTUYHICTL CIJIABY IIPU HUBBKiH TeM-
mepatypi. Bix’emHe sHauenHa mapamerpa Komwm ¢,,—C,, MOMKINBO 00yMOBJIeHEe IIPOIBOM
BiJHOCHO CHJILHOTO HAIIPaBJIEHOTO MiKaTOMHOTO 3B’A3KY y HEBIOPAJZKOBAHOMY TBEPAOMY
PO3UUHi, AKUM € BHCOKOEHTPOIiNHUU cIJaB.

HesaBucumBble KOHCTAHTHI YIPYTOCTH Cqq, C4y H Cj9 BBICOKODHTDOIMIIHOTO CILIAaBa
Aly 5CoCrCuFeNi ¢ rpaneleHTPUPOBAHHON KyOHYECKON CTPYKTYPOil 9KCIIePUMEHTAIBHO OIIpe-
IeJIeHbl YJILTPAa3BYKOBOM cmexkTpockonueil or 77 mo 300 K. PesyiabraTsl mosydyeHbl HA 00-
pasmax ¢ akcuaiabHOU TekcTypoil pocta [100] u [111]. Omnpenesnensl TemMuepaTypHble M3MeEHE-
uHus wmoxyaeir IOura (E), casura (G), oobemuoro moxayias (B), rosdhdunuenta Ilyaccona,
ugekca Ilyxa m darTopa yupyroii ammdorponuu. MHgekc Ilyxa obiagaer BeJIMUYMHON OT
1.26 (77 K) mo 1.60 (300 K), uro mpeamosiaraerT OTHOCHTEJIbHO HUBKYIO IIJIACTUYHOCTH CILJIA-
BA IIPM HUBKOH Temneparype. OTpunarenbHble 3HAUEHNS Iapamerpa Komu ¢;y — €44, BOSMOXKHO,
BBIBBAHBI IIPOSIBJIEHNEM OTHOCHUTEJILHO CHJILHOI HAIPABJIEHHON MEKATOMHOI CBSA3M B HEYIIOD:-
JIOYEHHOM TBEPAOM PACTBOPE, KAKUM SBJISAETCA BbICOKOIHTPOIUMHBIN CILIAB.
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1. Introduction

Multicomponent equiatomic high-entropy
alloys (HEAs) containing five or more dif-
ferent elements attract special attention,
since the concept of high mixing entropy
opens new doors to the development of mod-
ern materials with unusual combinations of
mechanical and functional characteristics
that cannot be achieved by traditional mi-
crodoping on the basis of one dominant ele-
ment. HEAs have excellent physical and
chemical properties, such as high specific
density and hardness, increased strength
and ductility, wear, heat and corrosion re-
sistance. The advantage of HEAs over con-
ventional alloys, along with an abundance
of possible stoichiometric compositions, al-
lows not only the creation of unique struc-
tural and functional materials, but also
makes it possible to discover their new
properties. However, the potential of HEAs
properties has not been fully disclosed.

Model cast alloys of Al CoCrCuFeNi sys-
tem (x = 0.25 — 6 mol) with a phase compo-
sition on the basis of simple fce and bec
structures are the most studied among the
high-entropy materials [1-10]. They demon-
strated unique properties of HEAs.

In [11], wusing an example of the
Aly 5CoCrCuFeNi composition, for the first
time, the qualitative nature of the relation-
ship between low-temperature (0.5 — 300 K)
acoustic properties and structural state was
observed. The results were obtained using
the method of resonant mechanical spectros-
copy at a bending vibration frequency of
310 Hz. The authors point to the heteroge-
neity of the dendritic microstructure due to
the segregation of elements, but do not take
into account the crystallographic texture,
which is inevitably formed when creating
alloy blanks by the argon-arc method with
directed heat removal. Texture leads to an-
isotropy of properties, including elastic
properties, which are some of the most im-
portant mechanical properties that reflect
the nature of the internal bond forces in the
crystal.

In this regard, it became necessary to
study the low-temperature (between 77 and
300 K) properties of the AlyzCoCrCuFeNi
alloy, using the resource of pulsed ultra-
sonic technology, which includes high fre-
quencies (50 MHz), orientation and polari-
zation of ultrasonic waves.
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2. Experimental

Multicomponent AlysCoCrCuFeNi alloy
with the composition Al-4.46, C0-13.48, Cr-
17.18, Cu-21.01, Fe-18.46, Ni-19.4 (wt.%)
was obtained by alloying the elements (~
99.9 % purity) on a water-cooled copper
hearth in an arc furnace using a non-con-
sumable tungsten electrode in an atmos-
phere of high-purity argon. The density of
the alloy determined by hydrostatic weigh-
ing was 7.979 g/cm3. Two rectangular sam-
ples 5.5x4x4 mm3 in size were cut out by
electrospark cutting from adjacent sections
of the initial cast billet (7x7x30 mm3). For
acoustic measurements, plane-parallel faces
oriented perpendicular HEAP®'P and parallel
HEA parallel {5 the direction of heat removal
were ground. Metallography showed a
coarse-grained dendritic structure consist-
ing of a dendritic matrix and an interden-
dritic phase. The grain size was in the
range of 10—20 microns. The morphology of
the dendritic structure has a pronounced co-
lumnar character. The microhardness of the
alloy was 2500 MPa (HEAP°'P) and
2300 MPa (HEAPrarallel)  X._ray  diffrac-
tometry showed the cast alloy with two fcc
phases with lattice parameters az..; =
0.3599 (dendritic matrix) and @z =
0.3594 + 0.0005 nm (interdendritic phase).
For both samples, the predominant orienta-
tion of the dendrites by the crystallographic
axes [001] (HEAPerP) and [111] (HEAParallely
is perpendicular and parallel to the direc-
tion of heat removal, respectively. Hereinaf-
ter, the designations of the samples are ac-
Cepted as HEA(OOI) and HEA(III)'

By the time of our measurements, the
microstructure data for the alloy were ob-
tained using a scanning electron microscope
with an X-ray microanalyzer. The elemental
compositions of the dendritic matrix and
the interdendritic phase were found to be
significantly different. The composition of
dendrites is enriched in Fe, Cr and Co by
more than 20 at.% of each element and de-
pleted in Cu and Al by less than 10 at.%.
The interdendritic regions are enriched in
Cu up to ~ 65 at.% and practically do not
contain (less than 4 at.%) Fe, Cr and Co. In
addition, the Laves phase with an ordered
B2 structure and a different element compo-
sition is present at the boundary between
dendrites and interdendritic regions. Thus,
the cast alloy Aly sCoCrCuFeNi is formed in-
homogeneously due to spinoidal decomposi-
tion.
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Fig. 1. Temperature dependences of the

propagation velocity of longitudinal V; and
shear Vg ultrasonic waves at 50 MHz fre-
quency in HEA(001) (a, ¢) and HEA(111) b, d)
samples.

Acoustic studies in the temperature
range between 77 and 300 K were per-
formed using the ultrasonic spectroscopy
technique, which includes a phase-sensitive
pulse bridge with frequency compensation.
The relative error in the speed sound meas-
urements was 1076, In this work, the exci-
tation and detection of longitudinal (L) and
shear (S) waves at 50 MHz frequency was
carried out by broadband lithium niobate
resonant piezoelectric transducers with
50+2 MHz intrinsic resonance frequency. The
"piezoelectric transducer — sample” acoustic
contact was created with silicone oil and
honey. The studies were carried out in the
heating mode at a rate of 40 K/h and a
temperature step of 2 K.

3. Results and discussion

Fig. 1 shows the temperature depend-
ences (77 — 300 K) of the propagation ve-
locities of longitudinal V; and shear Vg
waves at 50 MHz frequency for HEAqy)
(Fig. la, ¢) and HEA(HI) (Fig. 16, d ) sam-
ples with the sound propagation vector ori-
ented in [001] and [111] directions, respec-
tively. When measuring Vg;;;;(T), an ex-
tremely small amplitude of the ultrasonic
wave was noted (due to the scattering of
sound on structural inhomogeneities) com-
parable to the wavelengths, which were ob-
served in this sample according to electron
microscopy data. At T < 215 K, the ampli-
tude value became critical for further meas-
urements due to a slight deterioration in
the acoustic contact. The dependence V(T)
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Table 1. Low temperature elastic proper-
ties of Al; ;CoCrCuFeNi high-entropy alloy

T,K |cy;, GPa|c,,, GPa|c;,, GPa A

80 227.9 77.2 45.4 0.845
100 227.4 76.4 46.5 0.845
120 226.6 75.7 47.7 0.846
140 225.5 74.8 49.1 0.847
160 224.3 78.7 50.7 0.849
180 2238.2 72.5 52.3 0.849
200 222.1 71.5 53.7 0.849
220 221.1 70.4 55.4 0.850
240 219.9 69.3 56.9 0.850
260 218.8 58.5 58.5 0.850
280 217.8 67.0 60.2 0.851
300 216.8 66.0 61.6 0.851

and Vg(T) is represented by linear func-
tions within the experimental error. It
should be noted that the angular velocity
dispersion VS[OOI] was not detected, which
indicates a high degree of the axial texture

perfection in the sample volume.
Based on the V;(T) and Vg(T) data, an

estimated calculation of the constants and
moduli of elasticity of the alloy was carried
out using the known relations for cubic
crystals. The values of cyy, ¢4y, €19 inde-
pendent elastic constants were calculated by
the formulas:

€11 = PV%[001]’ Cqq = PV%[001]
and
11+ 2¢19 + degy = 3pVE 111}

The results are summarized in Table.
The elastic constants made it possible to

determine the averaged polycrystalline B (bulk
modulus), G (shear modulus), E (Young’s
modulus) elastic moduli and ¢ (Poisson’s ratio)
using the Voigt-Reuss-Hill approximation [12]:

=— 9  Bv=Br=""g5
Gy + Gp €11~ €1+ 6cyy

=— 5 o Gv= 5
5(cy1 — €12)C44
GR = ’
degy + 8cqp — 3¢q9
9BG 3B - 2G
E=—"— o6=—"T"T"T"7"4-777.
3B+ @) 23B + @)
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The subscripts "V" and "R" represent
the Voigt and Reuss approximations, re-
spectively.

Fig. 2 shows the temperature changes in
the elastic moduli B, G, E and Poisson’s
ratio 6. As a rule, taking into account the
elastic properties of a material, it is cus-
tomary to discuss its plasticity. In this case,
the Pugh’s index B/G and the Cauchy pres-
sure cy19 — ¢4y are used. This is due to the
fact that the bulk modulus B and shear
modulus G represent the total energy of the
binding forces and the energy of shear dis-
locations. The parameter cy5 — ¢4y = CP is
used to determine the angular character of
the atomic bond in crystals. It is generally
accepted that the critical value of the ratio
(B/G)*=1.75 (or o"=0.26, respectively)
separates materials into plastic and brittle
[18]. If B/G > (o > 0.26), the plastic behav-
ior of the material is predicted, otherwise
the material behaves rather rigidly. On the
other hand, the parameter ¢y — ¢4y = CP
reflects the nature of the bond forces in
crystals. At CP > 0, the bond is metallic,
and at CP < 0, the covalent bond predomi-
nates and, thus, responds to the elasticity
of the solid.

From the temperature dependences of
B(T), G(T) and o(T), it follows that Pugh’s
index B/G and Poisson’s ratio ¢ have 1.26-
1.60 and 0.16-0.22 ranges of values, re-
spectively; they are well below the critical
values of 1.75 and 0.26. This result unam-
biguously indicates that in the low-tempera-
ture region, this entropy alloy will not have
acceptable ductility. This conclusion is also
confirmed by the presence of a negative
sign in the difference between the elastic
constants c¢y9 — ¢4y, which indicates a no-
ticeable role of the more rigid interatomic
covalent bond in the fec alloy. Its formation
is the result of overlapping of the valence
electron shells of interacting atoms; and
such overlap is possible only with a specific
orientation of the electron shells, at the
same time, the overlap region is located in
a specific direction with respect to the in-
teracting atoms.

Using the example of single-crystal elas-
tic constants of high-entropy Cr—Mn—Fe—Ni
and Mn—-Fe—-Co—Ni alloys with an fecc struec-
ture [14, 15], it was suggested that the elas-
tic properties of HEA are similar to inter-
metallic compounds, although they are dis-
ordered solid solutions. Thus, it is possible
that strong directed interatomic bonds
dominate in high-entropy alloys.
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Fig. 2. Temperature dependences of Young’s
modulus (E), shear modulus (G), bulk modu-
lus (B), Poisson’s ratio () and Puch’s index
(B/G) in the Al,;CoCrCuFeNi high-entropy
alloy.

4. Conclusions

The temperature dependence (77 to
300 K) of the longitudinal and shear sound
velocity in the AlysCoCrCuFeNi alloy meas-
ured by the method of ultrasonic spectros-
copy makes it possible to draw the following
conclusions.

Temperature changes in the ¢q(T),
c4(T) and c;9(T) elastic constants and the
Young’s modulus, shear modulus, bulk
modulus, Poisson’s ratio and elastic anisot-
ropy factor have been determined.

The Pugh’s index was found to have the
value from 1.26 (77 K) to 1.60 (300 K),
which indicated a possible low ductility of
the high-entropy alloy in the low-tempera-
ture region.

It is suggested that the negative values
of the Cauchy parameter c;q — ¢4y are due
to the manifestation of a strong directed
interatomic bond in a disordered solid solu-
tion of the Aly ;CoCrCuFeNi alloy.
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