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Abstract: The main disadvantage of fcc (face-centred cubic lattice) high-entropy alloys is the low
stress level at the yield point (¢ 1) at a test temperature above room temperature. This restricts their
practical application at high test temperatures from 773 K to 973 K. In this study, we found that a high
stress level was reached at the yield point 0¢; = G/100-G/160 (G is the shear modulus) of the [001]-
and [144]-oriented crystals of the Co3 36Cr23.20Fer3 goNiay gsAly 67 (Alg 3CoCrFeNi) high-entropy alloy
(HEA) within a wide temperature range of 77-973 K under tension, due to the occurrence, of nanotwins,
multipoles, dislocations under plastic deformation at 77 K and the subsequent precipitation of ordered
L1, and B2 particles. It was shown that grain boundaries are not formed and the samples remain in
a single-crystal state after low-temperature deformation and subsequent ageing at 893 K for 50 h.
Achieving a high-strength state in the Alp3CoCrFeNi HEA single crystals induces the orientation
dependence of the critical resolved shear stresses (1) at T > 200 K (7 [144] > 1[001]), which is
absent in the initial single-phase crystals, weakens the temperature dependence of o ; above 573 K,
and reduces plasticity to 5-13% in the [144] orientation and 15-20% in the [001] orientation.

Keywords: Aly3CoCrFeNi high-entropy alloy; single crystals; high-strength state; L1, and B2
particles; twinning

1. Introduction

High-entropy alloys (HEAs) are a new class of alloys that have a combination of unique properties,
namely, high strain hardening, good plasticity and good ductile fracture strength [1-6]. At low
temperatures, single-phase fcc (face-centred cubic lattice) HEAs are only comparable to high-strength
materials (09 1~G/140-G/220; here G is the HEA shear modulus, equal to 85, 81 and 67 GPa, respectively,
at77,296 and 773 K [7]), which include materials with a yield point 0 1 ~G/100, and they are low-strength
(001 > G/360) at T > 296 K, due to the strong temperature dependence of the yield point o¢ 1(T) [2-6].
Commonly, a high level of 0 ; in single-phase polycrystals is achieved by a decrease in grain size.
However, in fine-grained HEA polycrystals, within the high-temperature range at T > 673 K, the 0 ;
sharply decreases as a result of grain-boundary sliding (GBS) [2].

The fcc Aly 3CoCrFeNi alloy is one representative of the HEAs, which is characterized by medium
stacking fault energy y = 0.051 J/m? and demonstrates a unique combination of properties, such
as high strength, work hardening, good plasticity in tension at room and cryogenic temperatures,
corrosion resistance, high oxidation resistance and excellent fatigue resistance [5,8-14].

The high level of strength properties at the yield point, achieved in the Aly3CoCrFeNi HEA due
to Al alloying in the single-phase state, led to the development of twinning at T < 296 K. In poly- and
single crystals of the Aly 3CoCrFeNi HEA, twinning when interacting with slip provides a strong strain
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hardening, and at the same time retains plasticity up to 30-70% [5,10]. In addition, the Alp3CoCrFeNi
HEA is a precipitation-hardening alloy, and ordered L1, and B2 particles precipitate in it, which
leads to an increase in the strength properties of this HEA [15-18]. Thus, with the precipitation of B2
particles, the tensile strength can be increased from 1200 MPa at room temperature to 1600 MPa at 77 K,
while maintaining ductility up to 17% [10]. Despite this combination of unique properties at T < 300 K,
the Aly3CoCrFeNi HEA in the high temperature range at T > 300 K, like other fcc HEAs, remains
low-strength [1-5]. This impedes its practical application at high test temperatures from 773 K to 973 K.

In the present paper, in relation to Aly3CoCrFeNi HEA single crystals, an attempt has been
made for the first time to achieve high stresses at the yield point 0 1, within the wide temperature
range of 77-973 K, under tension, due to the occurrence of nanotwins, multipoles and dislocations
under plastic deformation at 77 K, and the subsequent precipitation of ordered L1, and B2 particles.
For this purpose, two orientations, [144] and [001], were chosen for the following reasons. Firstly, in the
[144]-oriented crystals, the maximum Schmid factor for twinning, n1yy = 0.5, is greater than the Schmid
factor for slip, mg = 0.4, and these crystals are favorable for obtaining a dislocation structure with
twins [19,20]. To obtain a dislocation structure without twins, [001]-oriented crystals were chosen in
which, conversely, the Schmid factor for slip, mg = 0.41, is larger than the Schmid factor for twinning,
My = 0.23 [5]. Secondly, in the chosen orientations, the mg during deformation remains constant,
due to the shear multiplicity in [001]-oriented crystals, which do not change during the precession in the
[T44} -oriented crystals [21]. This will allow the critical resolved shear stresses (CRSS) 7., of deformed
crystals to be determined, provided that the single-crystal matrix is preserved after thermomechanical
processing, due to plastic deformation at 77 K and subsequent ageing at 893 K for 50 h.

2. Materials and Methods

Single crystals of the Coy336Cr2320Fe23 80Nin1 ggAly 67 (Alg3CoCrFeNi) (at.%) HEA were grown
via the Bridgman method in a helium atmosphere using ingots cast in a resistance furnace (InterSELT,
St.-Petersburg, Russia). To achieve a homogeneous distribution of the elements in the bulk of the ingots,
they were remelted three times. The dog-bone-shaped tension samples had a gauge length of 12 mm
and a cross section of 2 X 1.5 mm?. The samples were cut using wire electrical discharge machining.
The damaged surface layer was ground off mechanically, and then electrically polished in 200 mL of
an H3PO4 + 50 g CrO3 (phosphoric acid with chromium trioxide) electrolyte at room temperature.
The crystals were homogenized in a helium atmosphere at 1473 K for 48 h, and then quenched in water.
Homogenization leads to a uniform distribution of elements over the crystal volume, which, as will be
shown below, is confirmed by the precipitation of L1, and B2 particles in the defect structure of the
samples. To determine the orientation of the crystals, the diffractometric method was used by means
of a DRON-3M X-ray diffractometer (Bourevestnik, St.-Petersburg, Russia) with monochromatic Fe Ko
radiation, the technique for which was presented in [22]. The high-strength state 0y ; ~ G/100-G/120
was achieved in two steps. The first step consisted of the low-temperature plastic deformation at 77 K
of the [001]-and [T44]-oriented crystals, within which a stress level of 700 MPa =~ G/120 was achieved
in both orientations. This stress level was reached at a strain of 50% in the [T44]—0riented crystals
and at strain of 20% in the [001]-oriented crystals. The second step consisted of the ageing at 893 K
for 50 h in a helium atmosphere of the deformed crystals, followed by cooling in water. During the
selected ageing process, firstly, ordered L1, and B2 particles were precipitated, which contributed to an
increase in stresses of gg 1 [15-17]. Secondly, the temperature of ageing, 893 K, was not sufficient for
the recrystallization of the dislocation structure [2,15,17], which allows the samples to be preserved
following deformation in a single-crystalline state. The mechanical properties within a temperature
range of 77 to 973 K were determined using an Instron 5969 universal testing machine (Instron, Nowood,
MA, USA) at a strain rate of 4 X 10~* s~!. For the test at 77 K, the sample and grips were immersed in a
special vessel with liquid nitrogen, in which both were held for 10 min before the start of the test, and
then the sample was deformed in liquid nitrogen. Tests in the temperature range of 200 to 973 K were
carried out in a special heat chamber, which is included in the equipment of the Instron 5969 universal
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testing machine. The heating/cooling rate of the chamber was 2 K/min. The sample was inserted in
grips, heated/cooled together with the chamber, kept at each temperature for 30 min before testing,
and then deformed. The CRSS values for slip were calculated using the expression 7., = 0g1 X Mg
(where 0 1 is the uniaxial stress at the 0.1% offset strain yield point). Transmission electron microscopy
(TEM) studies were performed using a JEOL-2010 electron microscope (JEOL, Tokyo, Japan) at an
accelerating voltage of 200 kV. The thin foils were prepared using double-jet electropolishing (TenuPol-5,
“Struers”, Ballerup, Denmark) with an electrolyte containing 20% sulphuric acid in methyl alcohol at
room temperature, with 12.5 V applied voltage. The chemical composition of the single crystals after
quenching was determined using the X-ray fluorescence method, by means of a wave-dispersive X-ray
fluorescence XRF-1800 spectrometer (SHIMADZU, Kyoto, Japan), giving the atomistic percentages
Co =23.36%, Cr = 23.29%, Fe = 23.80%, Ni = 21.88% and Al =7.67% (at.%). After quenching, the single
crystals formed an fcc-based substitution solid solution, and did not contain dispersed particles of the
second phase.

3. Results and Discussion

TEM investigations have shown that a planar dislocation structure, with dislocation pile ups,
developed in the quenched Alj3CoCrFeNi HEA single crystals after undergoing strain at 77 K [5].
In the [001]-oriented crystals, after undergoing strain of 20%, a high density of dislocations and
multipoles was observed, but there were no twins. Thin twins with a thickness of 15-25 nm were
found in the [144]-oriented crystals after undergoing strain of 50% at 77 K, simultaneously with a
high density of dislocations and multipoles. Figures 1 and 2 display the dislocation structures after
ageing at 893 K for 50 h of the deformed [001]- and [144]-oriented crystals of the Aly3CoCrFeNi HEA,
having undergone up to 20% and 50% strain, respectively, at 77 K.

During the ageing of the deformed crystals at 893 K for 50 h, recrystallization did not occur, grain
boundaries were not detected and, therefore, the single-crystalline matrix was retained, as in samples
deformed at 77 K (Figures 1 and 2). In the deformed [144]- and [001]-oriented crystals, ageing at 893 K
for 50 h led to the precipitation of coherent L1, and non-coherent B2 particles [15,17]. In the diffraction
pattern, clear super-structural reflections from L1, and B, particles were detected (Figures 1a and 2c).
The particles differed in size d (L1, with d = 5-7 nm [17] and B2 with d = 30-40 nm (Figures 1c and
2b). The simultaneous precipitation of L1, and B2 particles in the matrix apparently suppressed the
formation of the nuclei of grain boundaries, and the recrystallization process did not occur during
this ageing, which requires further research and is not discussed in this paper. In polycrystalline
Aly3CoCrFeNi HEA, particles were precipitated in the grain body, L1,, and at the grain boundaries,
B2 [15]. In the initial quenched Alj3CoCrFeNi HEA single crystals, when aged for 50 h at 893 K, only
L1, particles with the same size were precipitated, while B, particles were not precipitated, due to
the very high nucleation barrier, as a result of the need to generate large elastic and fcc/B2 interphase
energies [17,18]. In the deformed [144]- and [001]-oriented crystals during ageing at 893 K for 50 h, L1,
particles were distributed uniformly in the matrix, as was shown earlier in [17]. The precipitation of
B2 particles occurred along the boundaries of multipoles and at dislocations, as well as near the twin
boundaries in the deformed [144]-oriented crystals (Figures 1 and 2). Therefore, we can infer that not
only grain boundaries in polycrystals, but also dislocations, multipoles and twins in deformed crystals
facilitate the nucleation of B2 particles in an imperfect structure.
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Figure 1. Dislocation structure of the [001] Aly3CoCrFeNi HEA single crystals, deformed up to 20%
strain at 77 K and aged at 893 K for 50 h: (a) diffraction pattern, showing super-structural reflections
from L1, and B, particles; (b) the bright-field image, showing multipoles and high dislocation density;
(c) the corresponding dark-field image of B, particles distributed along the boundaries of multipoles
and at dislocations.

Figure 2. Dislocation structure of the [144] Aly3CoCrFeNi HEA single crystals, deformed up to 50%
strain at 77 K and aged at 893 K for 50 h: (a) the bright-field image, showing twinning, multipoles and
high dislocation density; (b) the corresponding dark-field image of B, particles distributed near twins,
along the boundaries of multipoles and at dislocations; (c) diffraction pattern showing reflections from
twins, L1, and B, particles.

Figure 3 shows the “stress—strain” (o(¢)) curves at 77 K for the [144]— and [001]-oriented crystals,
and indicates the level of strain at which the stress of 700 MPa was achieved during deformation.
Figure 4 displays the temperature dependence of the yield point g 1(T) and CRSS 7, (T) for three states
(quenched, deformed and deformed + aged) of the [T44}— and [001]-oriented crystals of Aly3CoCrFeNi
HEA, under tensile strain and within the wide temperature range T = 77-973 K.
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Figure 3. The stress—strain response in the quenched [144]- and [001]-oriented crystals of the
Alj 3CoCrFeNi high-entropy alloy under tensile strain at 77 K; (a) [T44] orientation; (b) [001] orientation.
The dotted line on the curve shows at what level of tensile strain the stress level of 700 MPa was reached
in the studied orientations.The stress-strain response of the [001]-oriented crystals shown earlier in [5]
(with permission from Elsevier, 2020) is given in this figure to demonstrate the orientation dependence
of the mechanical behavior of the studied crystals under tensile strain.
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Figure 4. (a,b) Temperature dependence of yield point and (c) critical resolved shear stresses of the
Alp 3CoCrFeNi HEA single crystals under tensile strain. The temperature dependences of the yield point
and critical resolved shear stresses of the quenched [001]-oriented crystals shown earlier in [5] (with
permission from Elsevier, 2020) are given in this figure to demonstrate the absence of the orientation
dependence of the critical resolved shear stresses in the quenched Aly3CoCrFeNi HEA single crystals

under tensile strain.

It can be seen that after low-temperature deformation at77 K, the o 1 of the [i44] -and [001]-oriented
crystals increased relative to the initial crystals in the studied temperature range; by 320 MPa at 77
K and 200-330 MPa at T > 296 K. The precipitation of L1, and B2 particles additionally increased
001 by 130 and 200 MPa at 77 K, and by 80-130 MPa at T > 296 K, relative to the deformed [001]-
and [144]-oriented crystals, respectively (Figure 4a,b). As a result, in the [144]- and [001]-oriented
crystals, 0g1 = G/100-G/160 within a temperature range of 77-973 K, due to joint hardening with a
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dislocation structure and ordered particles (Figure 4a,b). Thus, Aly3CoCrFeNi HEA single crystals
became high-strength at T < 296 K, and close to high-strength at T > 296 K. In this state, as shown in
Figure 5, Aly3CoCrFeNi HEA single crystals remained plastic.
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Figure 5. Plasticity in the Aly3CoCrFeNi HEA single crystals: (a) [144] orientation; (b) [001]

orientation. Plasticity of the quenched [001]-oriented crystals was taken from [5] (with permission from
Elsevier, 2020).

In the initial quenched [144]- and [001]-oriented crystals of the Aly3CoCrFeNi HEA, the 7. values
were found to be independent of the crystal orientation within the studied temperature range, and the
Schmid law was satisfied (Figure 4c, curve 1) [5,17]. The temperature dependence of the 7.(T) of
both orientations consists of two sections, characteristic of the slip deformation of fcc substitution
alloys [5,23]. AtT <373 K, there is a strong temperature dependence of 7(T) (the thermally activated g
component of 7.r), associated with the thermally-activated interaction of dislocations with substitution
atoms. At T > 373 K, 7(T) is weakly dependent on temperature as G(T), and the athermal 7¢g
component of 7. is observed. The ratio 7(77 K)/7(300 K) = 2.1. Consequently, the behavior of the
initial Alp 3CoCrFeNi HEA single crystals is typical of low-strength fcc alloys [23].

Upon reaching a high-strength state at the yield point 0¢ 1, Alg3CoCrFeNi HEA single crystals
showed features of mechanical behavior that had not previously been manifested in the quenched HEA
single crystals. Firstly, in the deformed [144]- and [001]-oriented crystals of the Aly3CoCrFeNi HEA,
the 7, were found to be independent of the crystal orientation at 77 K only, since at the low-temperature
deformation, the same stress level of 700 MPa was artificially given, and g [T44] ~ mg[001] [19,20].
AtT > 200 K, 7o became dependent on the crystal orientation, and 7, [T44] > 1[001] (Figure 4c).
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According to the known models of hardening under the assumption of the additivity of the
contributions to 7. [16,24], the effect of hardening from a defect structure (dislocations, multipoles,
twins), L1, and B2 particles can be determined in the [144]-oriented crystals,

T = 18 + «Gbp'/? + nGbx =' + 75?2 4+ 52 1)

cr

and in the [001]-oriented crystals,

ta = g+ aGhp!? + o 4 7l @)
Here, TCQ, are the critical shear stresses of the quenched undeformed crystals, which do not depend
on the crystal orientation [5,25]; AtD® = «Gbp'/? is the hardening caused by dislocations (o is the
constant [3], G = 80 GPa [7] is the shear modulus of HEA, b = 0.25 nm is the Burgers vector of the
perfect dislocation, p is the dislocation density); At.¥ = 5nGbx~! is the contribution to hardening from
twins (0 is a constant, n = 5-7 is the number of dislocations in a pile up at a tensile strain of 5%, x is the
average distance between twin boundaries [26]); and 75! and 752 are the contribution to hardening
from L1, and B2 particles, respectively.
L1, particles are coherent [15-17], and their effect of hardening is determined by the contribution
of the elastic stress fields due to the mismatch between the lattices of the particle and matrix E, and the
long-range order in NizAl particles:

ATE2(b) = Aty (b) + Ata(D) 3)

where Aty (b) is the contribution of elastic stress fields from the L1, particles [24],

At (b) = 3-(;.|E|3-(]%)Z (4)

and At;(b) is the stress due to ordering in the L1, particles [16,24],

ul apfr ?
Aty(b) = E[(ﬁ) —f} ®)
Here, E = Aa/a,, is the lattice mismatch parameter of the initial matrix, a,;,, and L1, particles,
ap (Aa = ay, - ay), r is the particle radius in the slip plane, f is the volume fraction of particles estimated
by TEM, b = 0.25 nm is the modulus of the Burgers vector of the a/2 <110> dislocation, y is the antiphase
boundary energy, k is the number of dislocations in the complex and B = (Gb?)/2 is the line tension.
The contribution to hardening from L1, particles, estimated earlier for single crystals of the studied
HEA according to Equations (3)—(5), was 18 MPa [17]. Moreover, the AtE!? turned out to be the same
for crystals of all orientations, since after the precipitation of L1, particles, the orientation dependence
of CRSS was not observed, and the Schmid law was fulfilled [17].
B2 particles are non-coherent [15,27], and their contribution to hardening, according to [24], can be
estimated by the Orowan equation:
™2 = Gb/L (6)

Here, L = 250 nm is the average distance between B2 particles. The contribution to hardening
from B2 particles, with an average distance between them of L = 250 nm, was 80 MPa according to
Equation (6), and turned out to be close to the experimentally obtained data, whereby A2 = 60-80 MPa
in crystals of both orientations at 77 K. In both orientations, the contribution to the hardening from B2
particles was the same, and remained within the temperature range when studying the temperature
dependence of 7. (T) (Figure 4c). This correlated with the close volume fraction of B2 particles in the
crystals of the studied orientations, which was ~20%. The volume fraction of particles was determined
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from dark-field images, and 10 pictures from different places on thin foils were used to estimate it. At77
K in the studied orientations, after ageing, the 7., values turned out to be close (Figure 4c). In addition,
in the Aly3CoCrFeNi HEA single crystals after ageing at 973 K at 50 h, when only B2 particles were
precipitated, the 7. values were not dependent on the crystal orientation in a wide temperature range,
as was shown earlier in [27]. All this qualitatively indicates a similar volume fraction of the precipitated
B2 particles in the deformed [144]- and [001]-oriented crystals. Consequently, in the deformed [144]-
and [001]-oriented crystals of the Aly3CoCrFeNi HEA, the contribution to the CRSS value from B2
particles, as well as from L1; particles, does not depend on the crystal orientation.

Thus, the analysis of Equations (1) and (2) and the experimental data presented in Figure 4c shows
that the T(;Q,, 7112 and 782 in the deformed and aged Aly3CoCrFeNi HEA single crystals are independent
of the crystal orientation. Consequently, the orientation dependence of 7., in the deformed and aged
Alp3CoCrFeNi HEA single crystals is due to the orientation dependence of the dislocation structure
and, in this case, the dislocation structure with twins makes the largest contribution to the hardening
at the yield point, as compared to that without twins. So, TCQ,([T44]) = T?,([OOl]) =70 MPa at 296 K.
At 296 K, after low-temperature deformation at 77 K in the [001]-oriented crystals, where there was
no twinning, the contribution to hardening at the yield point from the defect structure relative to
quenched crystals was At = ATDS - TCQr =160 MPa — 70 MPa = 90 MPa, and in the [144]-oriented
crystals with twins in the dislocation structure, At = ( ATDS + ATCTrw) - Tg = 215 MPa — 70 MPa

= 145 MPa. In the [144]-oriented crystals at 296 K, the contribution to hardening at the yield point
from the defect structure was 55 MPa greater than in the [001]-oriented crystals (Figure 4c). If we
assume that when the stress level of 700 MPa was reached during the low-temperature deformation
at 77 K, the contribution of AR = xGbp'/2 to the [144]- and [001]-oriented crystals was similar, then
the difference in the stresses A1, in the deformed crystals can be seen to be due to twinning at 296 K.
The estimate of the contribution from twins 7/ = 6nGbx~! to hardening at the yield point—at an
average value of x = 500 nm, as determined from TEM data, 6 = 0.5 and n = 5—was 100 MPa, which
correlates quite well with the experimental data.

Moreover, the orientation dependence of the 7., value of high-strength crystals within a wide
temperature range is associated with the different temperature dependence of 7 (T). In the deformed
[144]-oriented crystals with twins in the dislocation structure, the 75 and the temperature dependence
of 7.-(T) were weakened (7.-(77 K)/7(300 K) = 1.3), and 7(T) was determined by the temperature
dependence of the shear modulus G(T) for the HEAs [7]. In the deformed [001]-oriented crystals
without twins in the dislocation structure, as in the initial crystals, the strong temperature dependence
of 7+(T) was preserved (7¢(77 K)/7+(300 K) = 1.7). If, when hardened by plastic deformation, the
0¢1 in the [144]— and [001]-oriented crystals was governed by slip, then the temperature dependence
of 7(T) should have the same dependence as the initial crystals, and 7., should not depend on
orientation. A weak temperature dependence of 7..(T), like G(T), was characteristic of twinning from
the yield point and its safekeeping over a wide temperature range [28]. A qualitative confirmation of
the development of twinning in the deformed [144]-oriented crystals from the onset of deformation at
T > 200 K is the fact that within a temperature range of 200 to 473 K, the 7, is close in magnitude to the
CRSS for twinning, /% = 200MPa, obtained with the [011]-oriented crystals of the Al 3CoCrFeNi HEA,
with a Schmid factor for twinning, my, close to that of [144} -orientation (1, = 0.47 in [011]-crystals
and my, = 0.5 in [144]-orientation) [5].

Secondly, the precipitation of L1, and B2 particles preserves the orientation dependence of 7.,
induced by low-temperature deformation at 77 K. However, in the deformed [144]-crystals after ageing,
tg and 7.(T) were again increased. The ratio 7(77 K)/7(300 K) = 1.5, and this has been revealed to
be close in magnitude to the deformed [001]-crystals, with particles in which the onset of plastic flow
was associated with slip and 7.(77 K)/7(300 K) = 1.7. TEM investigations of the dislocation structure,
after strain of 5% at 296 K in the aged [144]-crystals, showed that the onset of plastic flow in these
crystals was also associated with slip, rather than twinning. Ordered coherent L1, particles, as was
shown earlier in [17], suppress the development of twinning in the Aly3CoCrFeNi HEA single crystals.
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Thirdly, in the strain-hardened [144]-and [001]-oriented crystals, 01 and 7. were found to change
only slightly within a temperature range of 573 to 973 K (Figure 4). In polycrystalline CoCrFeMnNi
HEA with a grain size of 4.4 um, 0o decreased by 1.4 times with an increase in temperature from
673 K to 973 K, due to the GBS, which usually occurs in polycrystals at T > Ter (Ter = 0.5T, is the
critical temperature above which GBS occurs in polycrystals; T,,—melting temperature) (Figure 4b).
In strain-hardened [144]- and [001]-oriented crystals, there were no grain boundaries, but there were
twins and multipoles. Twins are athermal obstacles to moving dislocations, and there is no sliding on
them. Multipoles, like twins, are also obstacles to moving dislocations [5]. Both twins and multipoles
provide a high stress level at the yield point 0y, and its weak dependence at T > 573 K. However,
the contribution to 0y 1 from multipoles is smaller than that from twins at T > 573 K (Figure 4). In the
hardened [144]- and [001]-oriented crystals with L1, and B2 particles, the 7, values change slightly
within a temperature range of 573 to 873 K. At T > 873 K, 7. decreases, which can be associated with
an increase in the size of B2 particles, and with the partial dissolution of L1; particles during heating
and testing, since the temperature of 873 K is higher than the ageing temperature [15-17], and this
requires additional study.

Finally, achieving a high-strength state at the yield point ¢p; in the Aly3CoCrFeNi HEA
single crystals via deformation and subsequent ageing was accompanied by a decrease in plasticity
(3.5-13 times in [144]-crystals and 2.3 times in [001]-crystals) (Figure 5), but at the same time, the samples
retained their ductile fracture qualities. With an increase in the stress level at the yield point oq 1,
achieved via the dislocation structure during low-temperature deformation, the uniform strain in
the crystals decreased. In the [144]-orientation with twins in the dislocation structure, oq 1 increased
3-5.5-fold, and the plasticity decreased to 7-13% compared to the initial crystals within a temperature
range of 296 to 973 K. In the [001]-oriented crystals without twins in the dislocation structure,
00,1 increased 2—-4-fold compared to the initial crystals of this orientation, but the plasticity remained
equal to 15-20% (Figures 4 and 5).

It should be noted that in the high-strength [144]- and [001]- oriented crystals of the Aly3CoCrFeNi
HEA under tension at a test temperature of 773 K, a serrated flow was observed on the o(¢) curves, as in
the quenched crystals of this alloy under tension and compression [8,17]. Consequently, in high-strength
single crystals of the Aly3CoCrFeNi HEA upon tensile strain at 773 K, dynamic strain ageing was
observed, associated with the formation of Cottrell atmospheres by mobile Al atoms near a moving
dislocation core [8]. Dynamic strain ageing qualitatively confirms that during the precipitation of
particles, some of the Al atoms are in a solid solution and lead to the blocking of moving dislocations.
The locking and rapid unlocking of dislocations from the atmosphere of Al atoms leads to a serrated
flow on the o(¢) curves [8,17].

Thus, the achievement of a high-strength state at the yield point o 1 of the Aly3CoCrFeNi HEA
single crystals via low-temperature straining and subsequent ageing provides, on the one hand, a high
stress level of 01 at T > 296 K and a weak temperature dependence o 1(T) at high temperatures
T > 573 K, which is determined by the absence of GBS yet, while on the other hand retaining plasticity.

4. Conclusions

It was shown that the achievement of a high-strength state at the yield point 0 in the
Alp3CoCrFeNi HEA single crystals via low-temperature straining at 77 K and ageing at 893 K
for 50 h provides a high-stress level of 01 at T > 296 K, and a weak temperature dependence o 1(T) at
high temperatures T > 573 K, which is determined by the absence of GBS, but at the same time retains
plasticity of up to 7-13% in the [144]-oriented crystals, and up to 15-20% in the [001]-oriented crystals.
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