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ABSTRACT

Single-phase hexagonal close-packed structure of the ScYLaGdTbDyHoErLu high-entropy alloy was studied in detail. The applicability of the
rule of mixture was analyzed with respect to the lattice constant, mechanical parameters, elastic properties, melting point, and hardness of the
alloy. Significant tension-compression asymmetry has been found and explained by the strength differential effect during the uniaxial tests.

Numerous deformation twins and high densities of stacking faults can be observed from the morphological characterization by a transn@

electron microscope, which governs the main deformation mechanism during the plastic deformation in the current high-entropy alloys

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0045414

I. INTRODUCTION

High-entropy alloys (HEAs) that are mainly defined from the
viewpoint of composition and configuration entropy have attracted
widespread attention in the materials community from 2004.'~
One is that the alloys contain five or more principal elements in an
equimolar or near-equimolar ratio, and each element accounts for
5%-35% [atomic percent (at. %)]. The other is that the alloys have
a value of the configuration entropy at least 1.5R in a random
chaos system (R is the gas constant). As soon as they appeared,
researchers have given them much attention because of their
unique properties, including high hardness and strength,” unique
corrosion resistance,” high thermal stability,” excellent irradiation
resistance,”'’ good magnetic properties,'"'” and outstanding frac-
ture, fatigue, and thermoelectric properties.”™"”

It is attractive that some single-phase HEAs that are thermo-
dynamically metastable can be prepared by mixing multi-principal
elements. At present, representative HEAs possess exact near-
equimolar ratios, including body-centered-cubic (BCC) TiZrHfNbTa
HEA'® and face-centered-cubic (FCC) CoCrFeMnNi HEA."” In con-
trast, hexagonal close-packed (HCP) HEAs were rarely reported.'®"”
The HEAs with HCP structures mainly consisted of rare-earth ele-
ments, which presented similar atomic sizes and crystal structures.

The HCP HEAs were synthesized by arc-melting taking the com-
positions of YGATbDyLu,”” GdTbDyTI'mLu,” HoDyYGdTb,”'~**

GdHoLaTbY,"® ScYLaTiZrHf> GdHoErTbDy,” CeGdTbDyHo,”
Irz6Mo0Rhas sRU W 15, Trap sMosoRhy0RuxsWo s, ™ AIHESCTiZr,”
Tb,03Dy207H0203Er10,Tm; e, and ScTiZrHE’' A novel preparation
method, the thermal decomposition of single-source precursors, was
adopted for the fabrication of IrOsReRhRu HCP HEA.””

Overall, most developed HCP HEAs were composed of
rare-earth elements, and only a few studies focused on the mechan-
ical behavior, not as thoroughly investigated as in BCC and FCC
HEAs. Recently, Qiao et al. investigated the strengthening behavior
in DyErGdHoLuScTbY, DyGdHoLaTbY, and ErGdHoLaTbY HCP
HEAs and found that the solid-solution strengthening (SSS) was
weak in rare-earth HCP HEAs compared with that in BCC and
FCC HEAs.'®'"” The deformation mechanisms were still not under-
stood clearly up to now. Therefore, one goal of this research is to
explore the limit of the number of principal components in
rare-earth based HCP HEAs. Moreover, another objective is to
investigate the mechanical properties and deformation mechanisms
of the newly designed rare-earth based HCP HEA.

Il. RULES OF HCP STRUCTURE HEAs

The phase formation is mainly predicted by the phase
diagram for traditional alloys, but the phase diagrams of HEAs
with more constituent elements are not available. Hence, several
criteria, including the enthalpy of mixing (AH,), entropy of
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mixing (AS,,;), atomic-size difference (8),”” valence electron con-
centration (VEC), and ¢-parameter based on thermodynamics,
were proposed to predict the phase formation in various HEAs.
The configurational entropy, AS,,,s can be obtained by

ASconf = RInN, ey
where R is the gas constant and N is the number of elements.
Mixing the constituent elements with an equiatomic ratio, AS,,;,

can reach the maximum value based on Eq. (1). The stability of
HEAs is determined by AH,,;, and AS,,;, together.'” § and AH,,;,

are defined as follows:
N
5= | > e =y, 6)
)
n
AHpie =4 Y AHjcc, 3)

i=Lirtj

where ¢; (and ¢;) is the atomic fraction of the ith (and jth) compo-
nent, j; is the atomic radius of the ith constituent element, and
7( = > cr;) is the average atomic radius of the alloy, AHj; is the
mixidg! enthalpy of a binary liquid alloy, which can be acquired
from the empirical model in the liquid state.” In addition, Yao
et al. found that it is preferent for HEAs to form solid solution if
the atomic-size difference (6) is lower than 5.5.°> Recent studies
indicated that HEAs show the single-phase solid solution structures
when —16.25 kJ/mol < AH;<+5 k]/mol.‘%

The single ¢-parameter is defined as”’

ASmix - |AHm1x|/Tm

, 4
1521 @

© =

where Sj is the excessive entropy of mixing, which is modeled as a
function of atomic size and atomic packing. T,, is the melting
point of the alloy. It is found that the single-phase solid solutions
are generally formed for multicomponent HEAs with ¢ > ¢,, and
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amorphous phases or multiphases with ¢ < ¢,. Gao et al. identi-
fied the criteria ¢, with the value of 7.”° The basis for the forma-
tion of a single-phase HEA can be described by these critical
parameters (AH,,, ASiv 0, and ¢). Besides, VEC can be used to
judge the phase formation,

VEC = " c(VEC), (5)

i=1

where (VEC); is the VEC of the ith element. It is currently believed
that the present HEAs possess the HCP structure with VEC 3.7~
These parameters of different single HCP HEAs together with the
ScYLaGdTbDyHoErLu alloy are summarized in Table L. Therefore, it
can be inferred that the ScYLaGdTbDyHoErLu alloy can form a
single-phase HCP HEA based on these parameters.

lll. EXPERIMENTAL PROCEDURES

Equiatomic ScYLaGdTbDyHoErLu ingots were prepared
by vacuum arc melting in the Ti-gettered high-purity argon
atmosphere using high-purity elements (weight purity >99.9%).
The ingots were remelted six times to ensure the chemical homoge-
neity. The structures of the alloys were characterized by x-ray
diffraction (XRD) using the Cu Ko radiation in the 20 range of
20°-80°. Optical microscopy (OM) and scanning electron micros-
copy (SEM) were employed to observe the microstructures of the
alloys, and an energy dispersive spectrometer (EDS) was used to
analyze chemical compositions. The structures of as-cast and
deformed alloys were further analyzed by the JEM-F200 transmis-
sion electron microscopy (TEM), selected area electron diffraction
(SAED), and high-resolution transmission electron microscopy
(HRTEM). The TEM samples were prepared by ion-beam thinning.
Elastic properties of the alloys were investigated by resonant ultra-
sound spectroscopy (RUS) with the rod-like samples under a gauge
dimension of ¢ 3 x2.5mm. The thermal properties of the alloys
were examined by a differential scanning calorimetry (DSC) at a
rate of 15 K/min from room temperature (298 K) to 1773 K under a
high purity argon atmosphere.

TABLE I. The different thermodynamic parameters of the single HCP HEAs. R is the gas constant, R =8.314 Jmol~' K"

Alloys Seonr (Jmol ' K71 AH,,;x (K] mol™) A (%) VEC @ Reference
ScYLaGdTbDyHoErLu 2.20R 0.4 34 3 55.1 This work
GdHoLaTbY 1.51R 0 2.2 3 97.5 18
DyGdHoLaTbY 1.79R 0 2.1 3 116.2 19
ErGdHoLaTbY 1.79R 0.1 2.2 3 100.8 19
DyErGdHoLuScTbY 2.1R 0.3 2.8 3 79.1 19
YGdTbDyLu 1.61R 0 1.6 3 245.9 20
GdTbDyTmLu 1.61R 0 1.4 3 18.8 20
HoDyYGdTb 1.61R 0 0.8 3 701.5 21
GdDyErHoTb 1.61R 0 0.9 3 626.6 26
A115Hf25SC10Ti25Zr25 1.55R -17.5 4.9 3.75 5.8 29
Tb20.3Dy20.7H020.3Er19_7Tm19 1.61R 0 4.8 3 21.3 30
ScTiZrHf 1.38R 43 43 3.75 18.5 31
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The Vickers hardness tests were conducted by a load of 200 g
with a dwell time of 15s. Each sample was measured 12 times, and
the average value was taken to ensure the consistency. The tensile
samples were cut from the ingots, which were dog-bone-like shape
with a gauge dimension of 10 mm in length, 3 mm in width, and
2mm thick. The compressive testing specimens with a diameter of
3mm and a height of 6 mm were cut from the ingots by a wire-
electrode cutting machine. All the surfaces were grinded and the
two end’s surface were carefully polished to guarantee acceptable
parallelism with an aspect ratio (height/diameter) of 2:1 to an accu-
racy of 5um. It should be pointed out that these samples were not
rolled because of the formation of cracks, although the deformation
in each pass during the rolling was very low. The strain rates of
compression and tension tests were 5x 10™*s™" and carried out by
an Instron 5969 mechanical testing machine. One strain gauge with
the size of 9 x 3 mm was pasted on the gauge section of the sample
to measure the strain during each tension test. Both the compres-
sion and tension tests were done at least three times to make sure
the accuracy and repeatability of the results.

ARTICLE scitation.org/journalljap

IV. RESULTS
A. Microstructures
Figure 1(a) shows XRD patterns of the as-cast

ScYLaGdTbDyHoErLu alloy. It is obvious that only a set of the
HCP structure existed, in agreement with the theoretical prediction,
which will be discussed in detail in Sec. V. The lattice parameter of
the alloy was determined to be a=0.36 nm, ¢=0.5655nm, and
c/a=1.5708. The lattice constants of the alloy and its constituent
elements are summarized in Table II. The OM pictures indicated
equiaxial grains in the present ScYLaGdTbDyHoErLu alloy, as
shown in the inset of Fig. 1(a).

The average grain size of the ScYLaGdTbDyHoErLu alloy that
measured and calculated by OM was 38 um, which is in accordance
with the SEM result, as presented in Fig. 1(b). Employing EDS
mapping for a blue-colored rectangular area from Fig. 1(c), it is
apparent that the elements distributed uniformly within the grains.
The significant differences cannot be detected within the experimen-
tal uncertainty (Scyy;Y11.4La118Gd11.8Tb1o6Dy107H010,5Er11 4lu107

~
&
~

ScYLaGdTbDyHoErLu
(101) * HCP

Intensity (a.u.)

FIG. 1. (a) XRD pattern of the as-cast ScYLaGdTbDyHoErLu HEA. The inset in (a) is the OM image of the current alloy. (b) and (c) show the SEM micrograph and EDS

mapping, respectively.
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TABLE II. Lattice constants, a, ¢, and c/a ratios of the ScYLaGdTbDyHoErLu HEA,
and single constituent elements. The calculated values are obtained by the RoM.

Alloy and elements a (nm) ¢ (nm) cla
ScYLaGdTbDyHoErLu  Exp. cal.  0.3600 0.565 5 1.5708
0.357 8 0.566 2 1.5826
Sc 0.3309 0.5273 1.5935
Y 0.36474 057306 1.5711
La 0.377 2 0.607 2 1.6098
Gd 0.363 6 0.57826  1.5904
Tb 0.360 1 0.56936 1.5811
Dy 0.3593 0.56537 1.5735
Ho 0.35773 0.56158 1.5698
Er 0.35588 0.55874 1.5700
Lu 0.35031 0.55509 1.5846

similar to the normal composition). Moreover, a strong fluctuation
of the elemental distribution was observed at the grain boundary.
Each rare-earth element distributed inside the grains homogeneously
(~6.9at. % for each other elements), and some oxygen appeared at
the grain boundary. The similar distribution has been reported in
previous studies on rare-earth HCP HEAs with precipitates, and the
element of oxygen was enriched at grain boundaries as well.'*'>"
The oxygen was mainly from the raw material due to the exposure
during the fabrication and/or transportation of the material, since
rare-earth metals and alloys were easily oxidized.

Some small particles can be found within the grains in Fig. 1(b).
The content of each element for the particle inclusions were approxi-
mately 11.1at. % in the ScYLaGdTbDyHoErLu alloy. Therefore, the
elemental concentration distribution within particles was analogous
to that of the matrix. It is worth noted that the dimension of the par-
ticles was beyond the resolution limit of the SEM-EDS instrument,
which means that the EDS spectrometer readings may contain addi-
tional signals from the matrix.

The TEM analysis was employed to further investigate the
composition of the particles in the ScYLaGdTbDyHoErLu alloy,
as displayed in Fig. 2. The morphologies of the
ScYLaGdTbDyHoErLu alloy were island-like in Fig. 2(a), where
bright precipitates were embedded in the dark matrix. The size of
the precipitates was approximately 1 um. The elemental composi-
tion of the precipitates was studied by TEM-EDS, demonstrating
in the upper right corner of Fig. 2(a), with a composition of
Sc77.96Lug 4Er4 76HO, 7Y5 67DY1.36L20.03Gdo 77Tbg 62, which mani-
fests that the precipitates were Sc-rich (~78 at. %). The TEM-EDS
mapping that displayed in Fig. 2(e) revealed that the precipitates
in the alloy mainly consisted of Sc element, which were in good
agreement with the results of Fig. 2(a). The SAED of the precipi-
tates along the [112] zone axis was displayed in Fig. 2(c), which
corresponds to a BCC structure. In contrast, the XRD pattern in
Fig. 1(a) shows that the alloy almost has a single HCP phase, and
no sharp peaks corresponding to the BCC phase were captured,
because the small size and low volume fraction of the particles
were not easily detected by the XRD instrument due to the resolu-
tion limit.

Similarly, some precipitates were found in YGdTbDyHo"' and
YGATbDyLu™ HEAs as well. The Y-rich precipitates were mainly

ARTICLE scitation.org/journalljap

located at grain boundaries in YGdTbDyHo HEAs."' Takeuchi
et al. believed that the Ta-rich precipitates were found in the grains
of YGATbDyLu alloys, since Ta was wrapped up by the Lu element
as a major impurity.”’ The different enrichment may be attributed
to many factors, such as the interaction of different constituent ele-
ments and the distinctly forming method, etc. The SAED pattern
along the [0001] zone axis of the region A with an HCP structure
was shown in Fig. 2(b). The alloy was chemically homogeneous,
and there were no precipitates or secondary phases if ignoring the
presence of minor particulates inside the grains. In the as-cast
ScYLaGdTbDyHoErLu alloy, the twins were observed in Fig. 2(d).
These growth twins stemmed from nucleation along the faulted
layers during solidification.””~** The width of growth twins in the
ScYLaGdTbDyHoErLu alloy mostly ranged from 100 to 300 nm.

B. Mechanical properties

The true stress-strain curve of the ScYLaGdTbDyHoErLu
alloy upon quasi-static compression is presented in Fig. 3(a).
The compressive yielding strength (o}), compressive fracture
strength (o%), and compressive plastic strain () for the current
ScYLaGdTbDyHoErLu HEA were 251 MPa, 1197 MPa, and 20.2%,
respectively. The detailed compressive mechanical properties, the
Vickers hardness values of the ScYLaGdTbDyHoErLu HEA and its
constituent elements at room temperature are listed in Table III.

In order to explore the mechanical properties of the
ScYLaGdTbDyHoErLu HEA, the tensile tests at a strain rate of
5x107*s™" at room temperature were conducted, since the tensile
strength was more sensitive to structural defects. The typical true
tensile stress—strain curves are displayed in Fig. 3(b). It can be observed
that the tensile yielding strength (o) was 213 MPa, the tensile fracture
strength (O'ft) was 329 MPa, and the tensile plastic strain (8;) was
12.2%. It is noted that o} was much higher than ¢! in the current
HEA, indicating a distinguishing working-hardening capacity. The for-
mation of working hardening will be discussed in Sec. V.

For the sake of revealing deformation features of the alloy
upon quasi-static tensile deformation, TEM was employed to
observe the fracture morphology and to investigate the deformation
structure in detail. Straight line-like deformation twins (DTs) and
growth twins co-existed in the deformed alloy, as clearly observed
in Fig. 4. The inset in Fig. 4(b) was the HRTEM image of the
straight line-like DTs, and most DTs—with a twin thickness of less
than 100 nm except for the thicker growth twins were widely
found. As shown in Fig. 4(b), a large number of DTs formed along
the growth-twin walls. Meanwhile, the SAED pattern of DTs is
shown in Fig. 4(b). This result was generally consistent with previ-
ous reports that mechanical twinning was activated during continu-
ous loading in the annealed twin boundaries.”” Under uniaxial
tensile loading, multiplication of dislocations tended to pile up at
the boundaries to form dislocation plug groups, resulting in a con-
tinuous increase in the local stress between the dislocations and
boundaries. When the local stress reached a critical value, the DTs
would be activated.

It should be noted that the growth-twin boundaries together
with grain boundaries were considered as effective barriers for dis-
locations. In addition, the dislocation interaction will lead to a
higher strain energy on the growth twins compared with the grain.
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FIG. 2. (a) and (b) TEM bright-field images of the ScYLaGdTbDyHoErLu alloy for the as-cast sample in (a) and (d). (b) and (c) show SAED patterns of the precipitation

and HCP matrix, respectively. TEM-EDS mappings of precipitation are shown in (e).

Therefore, the growth-twin boundaries acted as preferential sites by
analyzing the character of DTs in the ScYLaGdTbDyHoErLu HEA.
The HRTEM and inverse fast Fourier transform (IFFT) images of the
bottle-shaped red wire frame that marked in Fig. 4(c) were noticeably
depicted in Fig. 4(d), which reveals that there were high-density stack-
ing faults (SFs) in the deformed ScYLaGdTbDyHoErLu alloy.

V. DISCUSSION
A. Rule of mixture (RoM)

Figure S1 shows the DSC curve of the ScYLaGdTbDyHoErLu
alloy in the supplementary material. A smooth curve with no endo-
thermic or exothermic peaks of the HEA manifested no phase
transformation appeared before it was melted. The lowest point of
the curve, indicated by the arrow, is the melting point of the alloy.
So it can be determined from Fig. S1 that the melting point is

1336 °C for the alloy. The ScYLaGdTbDyHoErLu alloy possesses

high thermal stability and keeps the HCP structure all the time 2

before melting. The melting points of the current HEAs and their
constituents are listed in Table IV.

Meanwhile, Poisson’s ratio (v), bulk modulus (B), Young’s
modulus (E), and shear modulus (G) of the alloys and the corre-
sponding constituent elements are summarized in Table IV.
The melting point that was calculated by the rule of mixture (RoM)
was 1441.6 °C, which substantially matches with the experimental
values of 1336 °C. The measured elastic properties (B, E, and G)
and T, were in good agreement with the calculation by RoM. The

properties (P) can be calculated by
P = Z c;Pj, (6)
i=1
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FIG. 3. (a) The compressive true stress—strain curve of the ScYLaGdTbDyHoErLu HEA at room temperature. (b) Loading the tensile true stress—strain curve of the

ScYLaGdTbDyHoErLu HEA.

where P; is the mechanical property of the constituent element.
Poisson’s ratio (v,) of the alloys can be determined,”®

3B. — 2G,

T 23B.+ G’ @)

Ve

where B. and G, are the calculated bulk modulus and shear
modulus by the RoM, respectively. v, of the ScYLaGdTbDyHoErLu
alloy was 0.27, which is basically the same with the experimental
value.

The lattice constants (a, ¢, and c¢/a ratio) of the current
ScYLaGdTbDyHoErLu HEA with the constituent elements, and the
calculated results by RoM, are listed in Table II. The values exhib-
ited good agreement between the experiment and calculation. The

TABLE lll. The compression properties and  hardnesses of the
ScYLaGdTbDyHoErLu HEA and their constituent elements. The calculated values
for HEAs are achieved by the RoM.

Alloy and elements HV of,(MPa) o';(MPa) 8;(%)

ScYLaGdTbDyHoErLu Exp.cal. 164 251 1197 202
98.8 169 878 25.1
Sc 73 55
Y 134 280 1065 20.6
La 39 90 415 34.2
Gd 63 83 677 25
Tb 71 140 921 18.6
Dy 110 260 823 22.3
Ho 127 180 976 24.2
Er 130 195 1233 26.9
Lu 142 240 915 28.9

mechanical properties (o) and HV) of the alloy do not meet the

RoM, as seen from Fig. 3(b) and Table III.

B. Solid-solution strengthening (SSS)

The Vickers hardness was linearly proportional to the compres-
sive yielding strength, which is benefit of uncovering the strengthening
mechanism based on the compressive mechanical properties. The
compressive mechanical properties and hardness are summarized in
Fig. 5(a). It is obvious that the experimental values have been signifi-
cantly improved upon the compression yielding strength and hard-
ness, which reveals that the present alloy has undergone vital
strengthening effects. The main strengthening in most HEAs is solid-
solution strengthening (SSS) since it is hard to distinguish the solute
and solvent atoms. Meanwhile, the solute element content is especially
high, which leads to the significant SSS results. Currently, the classical
Labusch equation has been successfully modified and applied to calcu-
late SSS in HEAs." The value of SSS of the HEAs can be estimated by

2/3
Ao = <ZAaf’2) ,

where Ao; is the SSS value of the ith component element. Ac; can be

expressed as
Ac; = ZGf . @

Here, Z is a material-dependent dimensionless constant (Z=0.04),"
G is the experimental value of the shear modulus of the HEAs, as
obtained in Table IV, f; is the mismatch parameter, as calculated in
detail elsewhere,”” and ¢; is the atomic fraction of the ith element.

The SSS value of the current ScYLaGdTbDyHoErLu HEA can
be obtained by Eq. (11), which was 53 MPa. The SSS value
was greatly enhanced with the increase in constituent elements.
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FIG. 4. (a)-(c) TEM bright-field images of the ScYLaGdTbDyHoErLu HEA after fracture. The inset in (b) is SADE patterns of TDs (the red arrow). (d) is the HRTEM of

the red dashed region of (c). IFFT of the SFs is shown in the inset of (d).

In other words, a large lattice distortion formed a great lattice mis-
match in the current rare-earth HEAs. Therefore, the larger value
of 4 is, the more obvious of the SSS can be obtained. More detailed
values of & and Ao in the different rare-earth HEAs are shown in
Fig. 5(b). The calculated value of the compressive yielding strength
(O')C,“l ) can be predicted by the following equation:

o = GJ’,””‘ + Ao, (10)

y

where ¢™* is the average yielding strength of the constituent ele-

ments by RoM. The 0';"1 value of the alloy was 222 MPa, which was

basically consistent with the experimental values (O';) within the
allowable range of error. The calculated and experimental yielding
strengths of the alloy are displayed in Fig. 5(c). Obviously, the
yielding strength of the current HEA can be easily predicted by the

SSS model.

C. Plastic deformation

To achieve the uniform plastic deformation and avoid crack-
ing, according to the Von Mises-Taylor criterion, each grain must
satisfy five independent slip systems.*® Most of HCP alloys cannot
meet the Von Mises-Taylor criterion because of lack of
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TABLE IV. The values of the elastic performance (B, E, and G), Poisson’s ratio and melting point of the ScYLaGdTbDyHoErLu HEA and constituent elements.

Poisson’s ratio

Bulk modulus, B

Young’s modulus, E ~ Shear modulus, G~ Melting point, T},

Alloy and elements (v) (GPa) (GPa) (GPa) (°C)
ScYLaGdTbDyHoErLu  Exp. 0.27 45.1 62.1 244 1336
cal. - 449 63 24.8 1411.6
Sc 0.28 55 73 29 1541
Y 0.29 58 72 27 1526
La 0.28 27 36 14 920
Gd 0.26 36 51 20 1312
Tb 0.27 43 58 23 1356
Dy 0.24 43 68 27 1407
Ho 0.24 42 66 26 1461
Er 0.25 48 70 28 1529
Lu 0.27 52 73 29 1652

independent slip systems at room temperature. Therefore, the
alloys with the HCP structure need to produce twins or non-basal
slips to exhibit favorable plasticity.**

The DTs acted as a carrier of the stress release, which can be
observed easily in the TEM visualization. Twinning, causing a plenty
of lattice orientation change, was the main reason that increased the
¢ axis strain to improve the plasticity of the alloy. Through character-
ization of morphologies by TEM, it is found that DTs with a width
of less than 100 nm was active during plastic deformation, as shown
in Fig. 4(a). During analysis of the secondary-twins associated with
the nucleation within the HEAs, it is obvious that the growth-twin
boundaries were prone to be preferential nucleation sites, as dis-
played in Fig. 4(b). Furthermore, many SFs were generated within
the grains in Figs. 4(c) and 4(d). Basically, the micro-twins and new
twins will be formed due to the multiplication and expansion of SFs
with the increase in plastic strain.

The ratio of ¢/a shows significant impacts on the different
types of slip, and the ideal value of the perfect stacking model of
HCP structures is ¢/a=1.633. The ratios are lower than the ideal
values in Ti alloys, which manifests that the deformation

mechanism is dominated by the prismatic (a) slip."” Moreover, the
basal (a) slip is treated as the governed deformation mechanism in
Mg, Zn, and Cd alloys when the ratios are close or higher than the
ideal values.”’ The axial ratio is reduced in the HCP alloys, which
makes the non-basal slip easy to be activated. In this case, the acti-
vation stress will be increased for the basal slip and decreased for
the prismatic and pyramidal slip.” Similarly, the recent studies
have shown that the ratio of ¢/a has been tuned into regimes to
promote the activation of non-basal slips in HEAs.**

It is reasonable to speculate that the ScYLaGdTbDyHoErLu
alloy can produce a large number of the non-basal slip with the
axial ratio of 1.571, which is lower than the ideal value of 1.633.
The schematic diagram of the microstructure evolution in the
ScYLaGdTbDyHoErLu alloy during tensile deformation is pre-
sented in Fig. 6. The non-basal slip will be activated after yielding.
With the increase in the strain, the multiplication and expansion of
SFs appeared in the localized growth twins. The DTs will be nucle-
ated as soon as the overlap of SFs reached a critical density. Such a
critical arrangement was preferentially observed within the active
DTs, which were located adjacent to growth-twin boundaries.

(a) I o (D)ss (c)
ScYLaGdTbDyHoErLu ScYLaGdTbDyHoEr 250| ScYLaGATbDyHoErLu 251
50 = 222.29
=
=45k 2, 200
a ~
yErGdHoLuScTbY =
S 40F B 150
~ =
© sl <
33 % 100
=
30r { ErGdHoLaTbY )
>~ S0
25 | DyGdHoLaTbY
2.1 24 2.7 3.0 33 0 A ix al exp
3 (%) ° % Sy %

FIG. 5. (a) The measured compression mechanical properties (HV, cr;) of the HEAs. Pentagrams represent the experimental values, and the solid lines represent the cal-
culated values by the RoM. (b) Comparison between experiments and calculations on the compressive yield strength. (c) 6 and Ao values of rare-earth HEAs with the

single-phase HCP structure.
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FIG. 6. The deformation processes of the ScYLaGdTbDyHoErLu HEA under
quasi-static tensile.

It is obvious that the asymmetry between tensile and compres-
sive yielding of the ScYLaGdTbDyHoErLu alloy appeared, which is
related to the strength differential (SD) effect. The compressive and

tensile yielding strength of the alloy were 251 and 213 MPa, respec-
tively. The SD-parameter can be defined as”"*”
CYS| — |TYS|
SD=2—""— | 11
|CYS| + |TYS| an

where CYS and TYS represent the compressive yielding stress and
tensile yielding stress, respectively. CYS was slightly higher than the
TYS in the ScYLaGdTbDyHoErLu alloy, and the SD value was
0.1638. In other words, the tension-compression yielding asymme-
try of the alloy existed under the uniaxial stress state at room
temperature.

Generally, the tension-compression yielding asymmetry phe-
nomenon has been widely reported in many traditional alloys, such
as magnesium alloys”>** and aluminum alloys.”” The pronounced
negative SD effect takes place in most conventional alloys in which
the CYS is significantly lower than the TYS.”"”° This rare-earth
based HEA has nonequivalent families of slip systems, since the
HCP structure is geometrically anisotropic and the critical resolved
shear stress on the slip system changes considerably. Compared
with FCC or BCC alloys, the current HCP HEA deformed by slip
and twinning during the plastic deformation. Different from non-
directional slips, twinning is more sensitive to the shear direction,
which means the twinning can be active in one direction but not
activated in the opposite direction. According to the TEM results, a
large number of DTs can be observed after fracture. The DTs will
be activated during the plastic deformation due to the high level of
local stress. In the current HCP HEA, the basal slip and twinning
played a more significant role in the compression tests. However,
the basal slip and non-basal slip were regarded as the main defor-
mation mechanism in tension.”” The higher CYS was obtained
because of the difference of critical activation stress of non-basal
slips and twinning, which results in the asymmetry in tension and
compression tests.

VI. CONCLUSIONS

In summary, a novel ScYLaGdTbDyHoErLu alloy with a
single HCP structure was designed, as predicted by the proposed
parameters, including AH,,;,, AS,,ix» 8, VEC, and ¢-parameter. The

ARTICLE scitation.org/journalljap

microstructures and mechanical properties were investigated in
detail, from which the main conclusions were obtained as follows:

(1) The thermodynamic parameters were used to preliminarily
predict the single HCP phase of the ScYLaGdTbDyHoErLu
rare-earth based HEA, which was verified by SEM and TEM
characterization.

The lattice constants, melting point, and elastic properties
(bulk modulus, Young’s modulus, and shear modulus) of the
ScYLaGdTbDyHoErLu alloy that were obtained were in accor-
dance with the RoM. The hardness and compressive yielding
strength that calculated by RoM were higher than the experi-
mental values, which reveals the obvious strengthening effect.
The compressive yielding strength of the HEA can be well
predicted by the SSS model. The value of Ao of the
ScYLaGdTbDyHoErLu alloy was 53.29 MPa. The solid-solution
strengthening effect will be stronger due to the increase in com-
positional element or difference in atomic radii.

A large number of SFs and DTs nucleated from the growth-
twin boundaries by observing the morphologies of tensile
specimens. The asymmetry phenomenon was characterized by
the positive SD parameter, since the compressive yielding
strength was higher than the tensile yielding strength in the
current HEA.

(@)

3)

4

SUPPLEMENTARY MATERIAL

See the supplementary material for the DSC curve of the
ScYLaGdTbDyHoErLu HEA. The melting point of the current
alloy was marked by the red arrow in Fig. SI.
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