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Eutectic high-entropy alloys (EHEAs) that combine the advantages of HEAs and eutectic alloys are promising
candidates for high-temperature applications. However, currently developed EHEAs still exhibit high densities
and low high-temperature strengths, which limit their usage. Here we propose a strategy to design lightweight,
strong, and high thermal-stable EHEAs by introducing an extremely stable Heusler-type ordered phase (L2;
phase) containing a high-content of low-density elements and constructing a low lattice misfit eutectic-phase
interface, which can lead to generate ultrafine and stable lamellar structures and high-density of coherent
nanoprecipitates. As a manifestation of this strategy, a novel bulk Al;7Ni34Ti;7V32 EHEA was designed to consist
of L2; and body-centered-cubic (BCC) phases (interlamellar spacing ~ 320 nm) with a lattice misfit only 2.4%.
This alloy has one of the lowest densities (~ 6.2 g/cm®) among all EHEAs reported previously and exhibits much
higher high-temperature hardness and specific yield strengths than most reported refractory HEAs (RHEAS),
lightweight HEAs (LWHEAs), EHEAs, and conventional superalloys. This work paves the way to develop light

EHEAs with excellent high-temperature properties.

1. Introduction

Fossil energy and aerospace are currently working toward longer
endurance, lower energy consumption, and lower carbon emissions [1,
2]. Traditional Ni-based superalloys have served these key industries for
decades, but they have gradually reached their service temperature
limits, as well as been inherently expensive and high density. [3,4].
Novel Fe-based superalloys with significant cost advantage and rela-
tively low densities have been developed to attempt to replace or
partially substitute for Ni-based superalloys [5,6], but they still exhibit
some drawbacks, such as the low high-temperature strengths and
insufficient lightweight. Therefore, new high-temperature structural
materials are urgently required that should be lighter, stronger, and
more thermally stable to obtain further efficiency gains and environ-
mental friendliness in the next generation of aero engines and
gas-turbine engines.

Eutectic high-entropy alloys (EHEAs) [7,8] as a subclass of HEAs [9,

* Corresponding authors.

10], which can combine the advantages of HEAs and eutectic alloys
[11], are superior candidates for high-temperature applications. Up to
now, there are dozens of different EHEA systems having been developed,
and they can be roughly classified into two categories based on the
structures of eutectic phases. The first category is composed of
face-centered-cubic (FCC) and B2 phases, such as AlCoCrFeNis
[12715], A119F620C020Ni41 [16,17], CI‘FeNiz.zAlo.g [18], Ni30C—
030CrioFe1pAligWa  [19], Aljg3C0o15CrisNisoy [20], FeogoNiiggM-
n3p9Al141Cre  [21],  Alj7Co28.6Cri4.3Fe1ssNinsg  [22], and
Aly7.4Co021 7Cro1 7Nigg s [23]. This type of EHEAs usually have an
excellent strength-ductility combination at room temperature, but their
high-temperature mechanical properties are poor due to the low
strength of the FCC phase and the poor creep resistance of the B2 phase
at elevated temperatures. The second one consisted of the FCC phase and
uncommon intermetallic compounds (IMCs), such as CoCrFeNiNby 45
[24], CoCrFeNiMnde [25], V1()Cl‘l5MD5CO]QNi25F625.3Nb9_7 [26],
COFeNi1.4VMO [27], COzMOQgNizVWQ.g [28], Zr0.6CoCrFeNi2.o [29],
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Hfo_55C0CrFeNi2_0 [29], CoCrFeNiTao_4 [30], and CrFeNi1A85V0_64Ta0,36
[31]. This class of EHEAs generally possess high strengths because of
their strengthening effects of hard IMCs that have multiple types with
various complex crystal structures. Nevertheless, the most stable poly-
type remains unclear, and phase transition may occur as the temperature
and/or applied stress change in these IMCs [32]. In addition, their
crystal structures are quite different from that of the FCC phase, which
indicates that it is difficult to form low misfit coherent/semi-coherent
eutectic phase interface with a high interfacial bonding strength.
These above and other issues will cause considerable difficulty to control
the microstructures and properties of the EHEAs. In particular, the
current reported EHEAs exhibit relatively high densities, which are
nearly all larger than 7.0 g/cm? (see Table S1). Therefore, the current
EHEAs cannot yet satisfy the requirement for high-temperature
applications.

Our very recent preliminary work firstly discovered potential body-
centered-cubic (BCC) - Heusler (L2;) dual-phase EHEA with similar
crystal structures and low lattice misfit (~ 1.90%) in an Al-Cr-Ti-Ni
system, which has uniform and ultrafine lamellar structures (inter-
lamellar spacing of ~ 400 nm) and exhibits low density (~ 6.4 g/cm>),
superior high-temperature mechanical properties, and outstanding
thermal stability [33].

Motivated by the previous work [33], we propose a systematic
design strategy for the development of lightweight, ultrastrong, and
high thermal-stable EHEAs by introducing an extremely stable
Heusler-type ordered phase containing high contents of low-density el-
ements and constructing a low lattice misfit eutectic-phase interface (see
the Supplementary material for more details on the design strategy). To
establish the validity of this strategy, a novel Al-Ni-Ti-V system EHEA
(i.e., Al;7Nig4Ti;7V3p) that is composed of Ni-Al-Ti-rich L2; and V-rich
BCC phases was designed. This EHEA has one of the lowest densities (~
6.2 g/cm®) among the current reported EHEAs and ultrafine lamellar
structures (interlamellar spacing of ~ 320 nm) and exhibits outstanding
thermal stability and much superior high-temperature mechanical
properties, compared to the most reported refractory HEAs (RHEASs),
lightweight HEAs (LWHEAs), EHEAs, and conventional Ni-/Ti-based
alloys. The inherent thermal stable and strengthening mechanisms were
revealed by experimental studies and theoretical analyzes, including
transmission electron microscopy (TEM) and three-dimensional (3D)
atom probe tomography (3DAPT) characterizations, high-temperature
hardness and compression tests, ab-initio molecular dynamics (AIMD)
simulations, density functional theory (DFT) calculations, and CALcu-
lated PHase Diagram (CALPHAD) predictions. The present work pro-
vides valuable insight into the development of high-performance
lightweight EHEAs useful for applications at elevated temperatures.

2. Materials and methods
2.1. Alloy fabrication

Bulk EHEA ingots with the predetermined compositions of
Al;7Nig4Tiy7V3y were prepared from > 99.9 wt% (wt%) pure metals
using arc melting. The ingots were melted five times to ensure chemical
homogeneity. The densities of the bulk ingots were measured, using the
Archimedes drainage method by a ME204E balance with a precision of
0.0001 g. In general, the apparent softening will occur in conventional
Ni-based superalloys when the temperature is above 650 °C, such as
Inconel 718, GH4169, and NC19FeNb, due to the unfavorable phase
transformation (e.g. formation of detrimental phases, etc.) and the
coarsening of y’ and y" strengthening phases [34-38]. This indicates the
instability of phase structure in such Ni-based superalloys. In order to
verify that the present EHEA has the excellent phase structure and size
stability at temperatures beyond 650 °C, and also to confirm that this
EHEA has the potential to replace Ni-based superalloys at higher tem-
peratures, a typical heat treatment of annealing at 800 °C for 30 h, in an
argon atmosphere, was selected.
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2.2. Microstructure characterization

Both the as-cast and annealed samples were polished using standard
metallographic procedure, and their microstructural morphologies were
examined via an electron probe microanalyzer (EPMA) (JXA-8530F
PLUS). The phase constituents of the alloys were identified by the X-ray
diffraction (XRD) (Empyrean, Holland) with Cu Ko radiation between a
scanning 20 range of 20 and 100° and at a scanning rate of 4°min. . The
XRD patterns were analyzed using the Rietveld structural refinement
approach as implemented in the General Structure Analysis System
(GSAS) package [39]. In the Rietveld analysis, the refined parameters
included scale factor, background, shift lattice constants, profile
half-width parameters, isotropic thermal parameters, strain anisotropy
factor, occupancy, atomic functional positions, bond lengths and bond
angles. The Rietveld refinement was processed following the Rietveld
refinement guidelines formulated by the International Union of Crys-
tallography Commission on powder diffraction [40]. Firstly, the Riet-
veld refinement was based on the V-rich BCC phase and Ni>AlTi-type L2;
phase. The space group of IM-3M and FM-3M were indicated in PDF card
22-1058 and 54-0386, respectively. The background was corrected
using a Chebyschev polynomial of the first kind. The diffraction peak
profiles were better fitted by the Thompson-Cox-Hastings pseudo-Voigt
function and by the asymmetry function described by Finger et al. [41].
The strain anisotropy was corrected by the phenomenological model
described by Stephens to obtain more accurate lattice parameters [42].
If the Ry, factor that was obtained after the Rietveld refinement of the
XRD data was not more than 10%, the reliabilities of the refinements
were close to the ideal results.

The samples for electron-backscattered diffraction (EBSD) studies
were electro-polished in a solution of 10% perchloric acid and 90%
ethanol at 30 V for 5 s at -25 °C, and the EBSD tests were conducted on
an FEI Quanta 650F scanning electron microscope equipped with an
automatic orientation acquisition system (Oxford Instruments-HKL
Channel 5). The thermal behavior of the EHEA was analyzed by differ-
ential scanning calorimeter (DSC) (Netzsch STA 449 F3) from 50 to
1600 °C with a heating/cooling rate of 10 °C/min. in an argon atmo-
sphere. TEM characterizations were conducted on an FEI Tecnai G2 F20
S-TWIN operating at 200 kV. Two methods were used to fabricate the
TEM foil samples. The as-cast and annealed samples were prepared by
an FEI Helios Nanolab 600i dual-beam focused ion beam (FIB) instru-
ment using a Ga-ion beam for milling. The deformed samples with a
plastic strain of ~ 10% at 800 °C were prepared by twin-jet polishing on
the 3 mm-diameter disks, using an electrolyte consisting of 95% (volume
percent) ethanol and 5% perchloric acid in a volume fraction at a tem-
perature of -40 °C and an applied voltage of 30 V. The 3DAPT sharp-tip
samples were prepared by a FEI Nova 200 dual-beam FIB instrument.
The APT measurements were performed, using a local electrode atom
probe (LEAP 4000 XHR, CAMECA Instruments, USA). The APT data
were reconstructed and analyzed, using the IVAS 3.8 software provided
by CAMECA Instruments. A double-tilt heating holder with a tantalum
furnace (Model 652, Gatan, Inc., Pleasanton, CA, USA) was used for the
in-situ TEM observation. The TEM thin foil was employed for continuous
heating from RT to 600 °C, then to 800 °C, and at last to 1000 °C using
the smart mode. This sample was conducted for holding for 10 min. at
each elevated temperature, and the BF TEM images and selected-area
electron diffraction (SAED) patterns were obtained at the correspond-
ing temperature after holding for 10 min.

2.3. Mechanical tests

The alloy samples with dimensions of 10 mm x 10 mm x 2 mm were
ground and then mechanically polished by using standard metallo-
graphic procedure for hot hardness tests. The hot hardness tests were
conducted both on the as-cast and annealed samples at RT, 400, 600,
800, and 900 °C, employing a high-temperature Vickers hardness tester
(HTV-PHS30, England). The alloys were cut into rod-type samples with
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size of 8 mm in diameter and 12 mm in length for compression tests. The
sample surfaces were polished with sandpaper to remove the wire-
electrode cutting trace. Uniaxial compression tests were conducted
both on as-cast and annealed samples at RT, 600, 700, 800, 900, 1000,
and 1100 °C, using a thermo-mechanical simulator (Gleeble3800)
operating at a strain rate of 103 s, Each test was repeated three times
to ensure the consistent data, and the average values (e.g., the stress-
train curves, yield strengths, and plastic strains) are presented.

2.4. CALPHAD calculations

The CALPHAD calculations were conducted, using the Pandat 2021.1
software and its PanHEA2021 database, developed by CompuTHerm
LLC [43]. In the present work, the eutectic point between the Heusler
(L21) and BCC phases was predicted by establishing the pseudo-binary
NiAlTi (L2;) — V (BCC) phase diagram via thermodynamic calcula-
tions. The phase transformation at the eutectic point composition was
predicted during solidification to be used for phase thermal stability.

2.5. AIMD & DFT simulations

All electronic structure simulations are employed, using the CP2K
package [44]. Perdew-Burke-Ernzerhof (PBE) functional [45] with the
Grimme D3 correction [46] was used to describe the system. Kohn-Sham
DFT has been used as the electronic-structure method in the framework
of the Gaussian and plane waves method [47,48]. The
Goedecker-Teter-Hutter (GTH) pseudopotentials [49,50],
DZVP-MOLOPT-GTH basis sets [47], were utilized to describe the mol-
ecules. A plane-wave energy cut-off of 500 Ry has been employed.

The AIMD simulations are carried out, using the NVT ensemble at
3000 K using Canonical sampling through velocity rescaling [51] with
the time step of 2 fs. The simulation was conducted in a
three-dimensional periodic boundary box of 11.68 x 11.68 x 11.68 A®
with a cubic supercell of 128 atoms for the AI-Ni-Ti-V system. We
equilibrate the system for about 2 ps and a time length of 8 ps was used
to analyze and calculate radial distribution function. The partial PDF
[gap(r)] can be calculated, employing the following equation [4]:

Vol s
NN, 4ar® ; ;5(|rﬁ| =) ¢b)

gub(”) =

where V is the volume of the supercell, N, and Nj are the numbers of
elements, a and b, |rl]| is the distance between elements, a and b, and the
bracket, ( ), represents the time average of different configurations.
The diffusion constants of each element in the liquid state can also be
predicted by AIMD simulation through plotting the mean square
displacement (MSD) versus time, using the following equation [4]:

2
D — lim/ R = Ri(0)]
>0 6[

(2)

where D; is the self-diffusion constant of species, i, and R;(t) and R;(0)
denote the atomic position of species, i, at time, t, and t = 0, respectively.
The angular brackets represent an average over all the same species.

The total-energy calculations at zero temperature were carried out
on selected ternary and quaternary L2; phase to analyze the trend of the
alloying elemental substitution. All the structures were fully relaxed
with respect to the volume and the atomic coordinates. The configura-
tion that resulted in the lowest energy was used for data analysis. The
energies of formation (Ej) of the various virtual compositions in ternary
and quaternary systems via DFT calculations utilizing the following
equation:

1

= o g ENWALTICV ) —a E(Ni)—b E(AL) —c E(Ti) —d E(V)]

3
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where the a, b, ¢, and d are the number of atoms for Ni, Al, Ti, and V. E
(NigAlpTi Vy) is the total energy of alloy, and E(M) (M = Ni, Al, Ti, V) is
the energy of pure element in its stable structure.

3. Results
3.1. Phase and microstructures of the Al;;Nig4Ti;;V3a EHEA

Systematic phase and microstructural characterizations of the as-cast
and annealed Al;7Ni34Ti17Vsg alloy were conducted not only to obtain
the detailed microstructural data, but also to evaluate the thermal sta-
bility of this alloy (Figs. 1 - 4, S4-S7).

In the as-cast state, the Al;7Ni34Ti;7V3z alloy exhibits a uniform and
ultrafine lamellar microstructure (Fig. 1(a)). The XRD pattern in Fig. 1
(c) demonstrates that this alloy is composed of ordered L2; (exhibiting
the low-angle superlattice diffraction peaks at 26 values of 26.1° and
30.3°) and disordered BCC phases. The EBSD phase map (the inset in
Fig. 1(c)) indicates that the coarse and fine lamellae correspond to L2;
and BCC structures, respectively. The DSC results (Fig. S4) reveal that
only one melting event is present both in the heating and cooling curves,
which substantiates the eutectic composition in the Al;7Nig4Ti;7Vsa
alloy. The statistical lamellar width distribution based on numerous
backscattered electron (BSE) images, and EBSD maps reveals that the
average lamellar widths for the L2; (A\2;) and BCC (Apcc) phases are
199.4 nm and 123.1 nm, respectively (Fig. 1(d)). Thus, the eutectic
interlamellar spacing (Ae = Ar21 + Apcc) of the as-cast Alyj7NigsTij7Vsa
alloy is determined to be 322.5 nm. After annealing at 800 °C for 30 h
(Fig. 1(b)), the ultrafine eutectic lamellar morphology (A = 332 nm, see
Fig. 1(e)) and dual-phase L2; and BCC structures are sustained (Fig. 1
(c)), which indicates the excellent phase structure and size stability of
the EHEA up to 800 °C at the present annealing time scale. In addition,
the measured density of the Al;7Nig4Ti;7V32 EHEA is 6.178 g/ em®, close
to its theoretical density of 6.209 g/cm?, which heretofore represents
one of the lowest densities among all EHEAs reported previously (see
Table S1).

The TEM analysis was conducted to further identify the detailed
information within the eutectic phases (Fig. 2). The SAED patterns along
two different zone axes ([001] and [011]) further reveal that the
eutectic phases are composed of L2; and BCC structures (Fig. 2(a) and
(b)). Note that some faint superlattice reflections are also present in both
[001] and [011] zone axes SAED patterns of the BCC phase (Fig. 2(b)),
indicating the possibility of ordering within the BCC phase. The bright-
field (BF) TEM image in Fig. 2(c) indicates a high-density of precipitates
within the BCC matrix. The high-magnification dark-field (DF) TEM
image in Fig. 2(d) obtained from the superlattice spot of {111} (the inset
of Fig. 2(d)) suggests that the precipitates and BCC matrix exhibit bright
and dark contrast, respectively, indicating that the precipitates have the
L2;-ordered structure, while the BCC matrix has a disordered structure.
This is further substantiated by the high-resolution TEM (HRTEM)
characterization (Fig. 2(e)) and the corresponding electron-diffraction
patterns from the fast Fourier transform (FFT) (insets of Fig. 2(e)) con-
taining both the precipitates and BCC matrix. Additionally, a coherent
interface between the L2, precipitate and BCC matrix is identified by the
HRTEM characterization.

The BF TEM image in Fig. 2(f) indicates that there are also abundant
precipitates within the eutectic L2; phase. An HRTEM image of the
eutectic L2; phase is shown in Fig. 2(g), wherein two typical precipitates
are embedded within the L2; matrix. The electron-diffraction patterns
from FFT for precipitates (the upper right inset of Fig. 2(g)) and L2,
matrix (the upper left inset of Fig. 2(g)) reveal that the precipitates and
matrix have the disordered BCC and ordered L2; structures, respec-
tively. Furthermore, a magnified HRTEM image presented in the lower
right inset of Fig. 2(g) demonstrates that the BCC precipitates have a
coherent interface with the L2; matrix. An HRTEM image showing the
eutectic phase interface of L2;/BCCis displayed in Fig. 2(h), wherein the
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Fig. 1. Phase and microstructural information of the Al;7Ni34Ti;7V32 alloy. (a-b) Backscattered electron (BSE) images of the as-cast and annealed alloys, respectively.
(c) XRD patterns of the as-cast and annealed alloys. Inset shows the EBSD phase map of the as-cast alloy. (d-e) The statistical lamellar width distribution of the as-cast

and annealed alloys, respectively.

corresponding electron-diffraction patterns from FFT for both phases are
shown as insets. The magnified HRTEM image from the inverse FFT
(IFFT) corresponding to the interfacial region of L2;/BCC in Fig. 2(i)
reveals that a high density of edge dislocations is present at the eutectic
phase interface. This feature can also be observed in the BF TEM image
in Fig. 2(c), wherein there are abundant misfit dislocations along the
eutectic phase interface. Combining the Rietveld refinement results on
XRD pattern (Fig. S5) and HRTEM characterization, the lattice param-
eters for the eutectic BCC phase (agcc) and L2; phase (ai2,) are calcu-
lated to be 0.3028 and 0.5909 nm. Thus, the lattice misfit (5) between
the eutectic L2; and BCC phases is determined to be only 2.4% using Eq.
(4) [4]:

5 — 2((1L21—2113CC) 4)

(ar2,+2apcc)

The orientation relationship between the eutectic L2; and BCC
phases can be identified as [001],, || [001]z. from the above HRTEM
characterization on the eutectic phase interface (Fig. 2(h) and (i)).
Consequently, both the lower § value (2.4%) and HRTEM character-
ization indicate that a cube-on-cube semi-coherent interface between
the eutectic L2; and BCC phases has been formed. In our design strategy
(see the first part of Supplementary Materials), we have tried to design a
new kind of EHEA system containing eutectic Heusler (L2;) and BCC
phases. The similar crystal structures and low lattice misfit between L2,
and BCC phases can decrease the nucleation barrier for eutectic phases
and nanoprecipitates, and thus refine microstructures and stabilize the
eutectic phases and nanoprecipitates with a high number density. Thus
it can be seen, the present experimental observations agree well with the
model predictions of initial EHEA design.

To further identify the compositions and morphologies of the
eutectic phases and nanoprecipitates, a detailed 3DAPT analysis was
conducted (Figs. 3 and 4). The 3D-reconstruction-ion maps containing

various elements for the eutectic BCC phase in Fig. 3(a) reveal that a
high density of Al-Ni-Ti-rich (L2;) precipitates are dispersed within the
BCC matrix that is enriched in V. This trend can be observed more
clearly from the 22 atomic percent (at%) Ni + 11 at% Al + 11 at% Ti +
V-isosurface. Fig. 3(b) shows the 3D-reconstruction-ion maps of a typical
L2; precipitate, wherein the Al, Ni, and Ti atomic clusters can be clearly
observed. One-dimensional compositional profiles across the interface
of the BCC matrix/precipitate further suggest that Al, Ni, and Ti are
partitioned into the L2; precipitate, and V is partitioned into the matrix
(Fig. 3(c)). The L2; precipitates contain an average composition of
21.91 at% Al, 38.90 at% Ni, 22.39 at% Ti, and 16.80 at% V measured by
extracting 2 nm diameter spheres from dozens of precipitates to produce
the bulk composition of these spheres, while the BCC matrix has an
average composition of 81.02 at% V, 7.11 at% Ni, 3.63 at% Ti, and 8.24
at% Al The statistical size distribution from numerous TEM images and
3D-reconstruction ion maps reveals that the average diameter for the
L2, precipitates is 3.11 nm (Fig. 3(d)).

The 3D-reconstruction-ion maps of various elements, including the
eutectic L2y phase and a small part of the BCC phase, are shown in Fig. 4
(a). Evidently, Al, Ni, and Ti are partitioned into the L2; phase, and V is
partitioned into the BCC phase, which is further substantiated by the
one-dimensional compositional profiles spanning the eutectic phase
interface (Fig. 4(b)). Additionally, V-rich (BCC) precipitates that are
dispersed inside the L2; matrix can be observed from the 9 at% V-iso-
surface. The 3D-reconstruction-ion maps corresponding to a typical BCC
precipitate clearly reveal the presence of V-atomic clusters (Fig. 4(c)).
This trend can also be substantiated by the one-dimensional composi-
tional profiles across the L2; matrix/BCC precipitate interface presented
in Fig. 4(d). Utilizing the same method with the composition measure-
ment of L2; precipitates, the BCC precipitates have an average compo-
sition of 43.36 at% V, 26.45 at% Ni, 13.10 at% Ti, and 17.09 at% Al, and
the L2; matrix has an average composition of 25.37 at% Al, 47.03 at%
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Fig. 2. TEM characterization of the Al;;Ni34Ti;7V32 alloy. (a-b) SAED patterns along two different zone axes ([001] and [011]) for eutectic L2; and BCC phases,
respectively. (c) BF TEM image of the as-cast alloy, showing a high density of nanoprecipitates within the BCC phase. (d) DF TEM image of the BCC phase for the as-
cast alloy obtained from the {111} superlattice spot encircled in yellow in the inset of (d). Inset shows the SAED pattern of the [011] zone axis for the BCC phase. (e)
HRTEM image of the as-cast alloy, showing the L2; precipitates embedded inside the BCC matrix. The upper left inset presents the electron-diffraction pattern (EDP)
of the BCC matrix from FFT; the lower right inset shows the EDP of the L2; precipitate from FFT. (f) BF TEM image of the as-cast alloy, showing the distribution of
precipitates within the eutectic L2; phase. (g) HRTEM image exhibiting the BCC precipitates embedded inside the L2; matrix. The upper left inset shows the EDP of
the L2, matrix from FFT; the upper right inset shows the EDP of the BCC precipitate from FFT; the lower right inset presents a magnified HRTEM image for the
interface of the BCC precipitate/L2; matrix. (h) HRTEM image of the as-cast alloy, showing the eutectic-phase interface of L2,/BCC. The upper and lower insets show
the EDPs of the eutectic L2; and BCC phases, respectively. (i) A magnified-HRTEM image from the inverse FFT showing the interfacial region in (h).

Ni, 24.82 at% Ti, and 2.78 at% V. The statistical size distribution in-
dicates that the BCC precipitates have an average diameter of 3.59 nm
(Fig. 4(e)). Summarizing, the eutectic BCC phase that has a high-level of
V (> 80 at%) is a V-rich phase, which contains a high density of Al-Ni-Ti-
rich L2, precipitates, while the eutectic L2; phase that is rich in Al (~ 25
at%), Ti (~ 25 at%), and Ni (~ 47 at%) can be identified as an Ni»AlTi-
type Heusler phase, wherein the V-rich BCC precipitates are present. The
formation of nanoprecipitates is a diffusive phase-transformation
behavior in HEAs, mainly due to the interaction of multiple elements
and the presence of intrinsic coherent interface between the precipitates
and matrix [52-54].

In addition, the morphologies of both precipitates after annealing at

800 °C for 30 h were characterized by TEM (Figs. S6(a), (b)). The
average sizes of the L2; and the BCC precipitates were determined to be
9.93 nm (Fig. S6(c)) and 13.40 nm (Fig. S6(d)), respectively. Although
both types of precipitates have grown and coarsened after annealing,
compared to the as-cast state, they still remain spherical and a smaller
size of approximately 10 nm. Furthermore, an in-situ TEM study was
performed to real-time monitor the structural stability of eutectic phases
at elevated temperatures (600, 800, and 1000 °C, see Fig. S7). Both the
BF TEM images and SAED patterns were obtained at each corresponding
temperature after holding for 10 min. Note that the SAED patterns of
both eutectic phases remain nearly unchanged from RT to 1000 °C,
which further substantiates that the present EHEA has an outstanding
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phase structural stability. Table 1
Hardness (HVj 3) of the Aly;Ni34Ti;7V3, EHEA at elevated temperatures.
3.2. Mechanical properties of the Al;7Ni34Ti;;V32 EHEA at elevated RT 400 °C 600 °C 800 °C 900 °C
temperatures As-cast 480+ 478+ 474+ 459+ 446
18 24 19 24 18
To evaluate the high-temperature mechanical properties of the Annealing (800 °C, 478 + 470 + 464 + 455 + 440 +
Aly7Niz4Ti 7V32 EHEA, we performed hardness and compression tests on 30 h) 11 18 17 17 25
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Table 2
Yield strengths (MPa) of the Al;;Ni34Ti;;V3 EHEA at elevated temperatures.
RT 600 °C 700 °C 800 °C 900 °C 1000 °C 1100 °C
As-cast 1527 + 38 1209 + 24 1015 + 22 786 + 18 616 + 21 342 +£13 256 £ 9
Annealing (800 °C, 30 h) 1464 + 35 1153 + 28 970 £ 19 746 + 21 582 +17 330 £ 16 237 £ 8

temperatures (Figs. 5, S8 and Tables 1, 2,). Note that the tensile tests
were also conducted on as-cast samples from room temperature to
1100 °C. However, we failed to obtain any available results from this test
due to the intrinsic brittleness of this EHEA system.

The hardness of the as-cast Al17Ni34Ti;7V32 EHEA from room tem-
perature to 900 °C was evaluated and compared to other representative
alloys (Fig. 5(a) and Table 1) [15,35,55]. Among the surveyed alloys,
Aly7Niz4Tiy7V3e has a higher hardness throughout all temperatures,
especially at elevated temperatures, compared to these reported
high-entropy superalloys (HESAs), EHEA, and traditional Ni-based su-
peralloys. Although the hardness of the Al;7Nig4Ti;7V32 EHEA is lower
than that of the Co; sCrFeNi; 5Tips HEA at room temperature, it far
exceeds the HEA at elevated temperatures, which suggests that the
Alj7Ni3qTi;7Vsy EHEA has a strong resistance of high-temperature
softening. Furthermore, the comparison of the specific hot hardness
displayed in Fig. 5(b) indicates that the Al;7Nis4Ti;7V32 EHEA exhibits
more obvious advantage due to its lower density and higher hardness,
compared to the other representative alloys.

The compression tests were performed from room temperature to
1100 °C to further evaluate the elevated-temperature mechanical
properties of the Aly7Nis4Tii7Vsy EHEA (Figs. 5(c)-(f), S8, Table 2).
Although the yield strengths of this alloy gradually decrease with
increasing temperature, they still maintain the rather high levels at
elevated temperatures, such as 1209 + 24 MPa at 600 °C, 1,016 + 22
MPa at 700 °C, and 786 + 18 MPa at 800 °C in the as-cast state (Fig. 5(c)
and Table 2). The temperature dependence of the specific yield strength
(SYS) of the as-cast EHEA was evaluated and compared to other reported
up to twenty alloys (Fig. 5(d)), containing the representative HEAs
[56-58], EHEAs [24,33], LWHEAs [59], RHEAs [60-65], and traditional
Al-based alloy [61], Ti-based alloy [66], Fe-based alloys [59,67], and
Ni-based superalloys [60]. Evidently, the Al;7Ni34Ti;7Vs2 EHEA exhibits
the highest SYS above 600 °C among the surveyed alloys, far out-
performing other representative alloys except our previous reported
AlCr; 3TiNiy EHEA [33] that has the comparable SYS values with the
present Al;7Nis4Ti;7Vss alloy both at 1000 and 1100 °C. In addition, the
temperature dependence of the yield strength and SYS of these alloys are
summarized in Fig. 5(e) and (f) as a function of the homologous tem-
perature, i.e., the ratio of testing temperature/melting temperature
(T/Ty), respectively. Among the investigated alloys, the present
Aly7Ni34Ti 7V3e EHEA exhibits both the highest yield strength and SYS
when the value of T/T, is above ~ 0.45, especially the SYS, suggesting
that the Al;yNis4Ti;7Vsa EHEA has strong high-temperature softening
resistance. In general, the softening will occur in an alloy when the
temperature is above 0.5-0.6 T, due to the activation of
diffusion-controlled deformation mechanisms [68]. For instance,
although the precipitation-strengthened Al;5CrsFesoMngsTis LWHEA
has both the highest yield strength and SYS from room temperature to
500 °C (T/Ty ~ 0.37) (Fig. 5(d)-(f)) among the investigated alloys, it
softens rapidly with the further increase of temperature. However, the
above trend is not totally supported by the T/Ty dependence of yield
strength or SYS for the present Al;7NigsTij7Vsy alloy. The measured
melting temperature of the Alj7Nig4Ti;7V3y EHEA is 1296.85 °C
(Fig. S4), which is lower than that of most other representative alloys
shown in Fig. 5(d)-(f), especially these RHEAs. Surprisingly, Al;7Nis4.
Tiy7Vsz has both the highest yield strength and SYS when the value of
T/Tp, is above ~ 0.45 among these alloys. In addition, both the hardness
and SYS of the annealed EHEA exhibit very slight reduction, compared
to the as-cast state (Tables 1, 2, and Fig. S8), indicating that an excep-
tional thermal stability of the present EHEA resulted from the thermally

stable phases and microstructures. Moreover, our previous reported
AlCr; 3TiNip EHEA [33] with L2 and BCC structures also exhibits rather
high levels in both the yield strength and SYS at elevated temperatures
(see Fig. 5(d)-(f)), which indicates that the present design strategy has
the validity and universality for developing lightweight, strong, and
high thermal-stable EHEAs for elevated-temperature applications.

4. Discussion
4.1. Mechanisms of thermal stability

The phase and microstructural thermal stability, which can greatly
impact the mechanical properties at elevated temperatures, is one of the
crucial criteria to determine whether a high-temperature structural
material can reliably serve for a long time. The above experimental re-
sults indicate that the present Al;7Ni3sTij7Vsy EHEA exhibits an
outstanding thermal stability. Herein, the underlying mechanisms of the
phase and microstructural thermal stability for this EHEA were dis-
cussed, based on experimental analyzes, first-principles studies,
including the AIMD and DFT calculations, and CALPHAD prediction.

The aforementioned experimental results revealed that the
Aly7Niz4Tiy7V32 EHEA is composed of the L2 phase (containing the L2
eutectic phase and L2, precipitates) and BCC phase (containing the BCC
eutectic phase and BCC precipitates). The L2; phase is rich in Ni, Al, and
Ti and lean in V, while the BCC phase is enriched in V, and depleted of
Ni, Al, and Ti, which is consistent with the model predictions of initial
EHEA design (see the first part of Supplementary Materials). Generally,
the formation and stability of phases are closely related to their chemical
compositions. The chemical distribution in the L2, phase indicates that
there may be a coupled role of Ni, Ti, and Al related to the formation and
stability of the L2; phase. The AIMD simulations can reveal the preferred
interatomic bonding in the liquid state that has an effect on the phase
formation during solidification, and the probability of such bond for-
mation can be determined by the partial pair distribution function (PDF)
via the measurement of the intensity of near-neighbor pairs against the
distribution of atoms [4,69]. The partial PDFs (Fig. 6(a)) reveal the
existence of the preferred first-nearest-neighbor pair correlation of
Ni-Al, Ni-Ti, and Ti-Al, which indicates the strong tendency for Ni, Al,
and Ti to form short-range ordered structures in the liquid state. By
contrast, the Al-Al, Ni-Ni, Ti-Ti, V-Al, V-Ni, V-Ti, and V-V are among
those less favorable pairs. Thus, the preferred short-range ordering
among Ni, Al, and Ti may intensify during solidification and serve as the
precursors to nucleating the Ni-Al-Ti-rich L2; phase. The weak bonding
between V and the other elements (Ni, Al, and Ti) may promote the
formation of the V-rich BCC phase. The preferred interatomic bonding
among Ni, Al, and Ti can also be intuitively observed from the snapshot
of the atomic structure at T = 3000 K (Fig. 6(b)). The present calculation
results of partial PDFs were in line with the above experimental obser-
vations, and further verified the design strategy of EHEAs (see Supple-
mentary Materials). Furthermore, the predicted diffusion constants via
AIMD simulations through plotting the mean square displacement
(MSD) versus time (Fig. 6(c)) reveal that Ti has the lowest diffusivity,
followed by Al, and V has the highest diffusivity, followed by Ni (see the
upper left inset of Fig. 6(c)). This trend indicates that the relatively-slow
diffusion capabilities of Ti and Al and the relatively-quick diffusion
capability of V will facilitate the formation of energetically-favorable
Ti-Al-Ni and V clusters, respectively, which is consistent with the re-
sults of partial PDFs.

The DFT calculations were conducted to understand the phase
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formation and stability of the present EHEA. To confirm the presence of
an energetical preference for the formation of L2; and BCC phases,
substituting V for Ni, Al, and Ti in the NiAlTi-type L2, phase, respec-
tively predicts the energies of formation (Ep) of the various virtual
compositions in ternary and quaternary systems via DFT calculations.
The results reveal that substituting V for all the three elements causes
almost a linear increasement of the energy (Fig. 6(d) and Table 3), which
indicates that such substitution is energetically unfavorable, and
consequently, the V solubility in the L2; phase should be limited. This
trend is consistent with the present experimental results that the V
content in the eutectic L2; phase is very low (i.e., 2.29 at% V in the as-
cast state), and V is rejected from the L2; matrix to form the V-rich BCC
precipitates during solidification from high temperatures (see Figs. 2(f),
4(a), and S6(b)). Similarly, the Ni, Al, and Ti elements were rejected
from the BCC matrix to form Ni-Al-Ti-rich L2; precipitates (see Figs. 2
(c), (d), 3(a) and S6(a)). Meanwhile, the DFT calculations also confirm
the initial model predictions of EHEA design with L2; and BCC struc-
tures (see Supplementary Materials).

Phase diagrams can provide the detailed information on the stability
of phases as a function of composition, temperature, and pressure. The
NipAlTi (L21)-V (BCC) pseudo-binary phase diagram in Fig. S3(a) reveals
a valley point at x(V) = 31.3 at.% and T = 1296 °C, which is close to the

so-called deep eutectic point [70]. The eutectic reaction (L— L2; + BCC)
occurs at this point, its solidification finishes in a narrow temperature
range, from 1296 to 1200 °C, and then the L2; + BCC duplex structure is
obtained at last. The phase transformation of the present Alj;Niz4.
Tiy7V3a EHEA was predicted during solidification (Fig. S3(b)), which
indicates that the L2; and BCC phases emerged nearly at the same time
and kept stable until room temperature, confirming the excellent phase
stability of the present experimental observations. In addition, the
equilibrium phase volume fractions for L2; and BCC phases in the
Aly7Niz4Ti 7V32 EHEA at 800 °C are predicted to be 66.5% and 33.5%,
respectively, which is very close to the experimental results annealed at
800 °C for 30 h (i.e., 65.3% L2; and 34.7% BCC). The comparison of the
experimental data and the results from the phase-diagram calculations
indicates that there is a reasonably good agreement between them, and
the outstanding thermal stability of the present Al;7Nisg4Tii;7Vsy EHEA
was further confirmed.

4.2. Strengthening mechanisms

The superior mechanical properties of the Al;7Nig4Ti;7V3a EHEA,
especially at elevated temperatures, should be related to the unique
strengthening mechanisms in this alloy. We now discuss the mechanisms

Table 3
DFT-predicted energies of formation (eV) of the various virtual compositions in L2; ternary and quaternary systems.
x=0 x=8 x=16 x =24 x =32 x =40 x =48 x =56 x =64
Nig4Al32Tizo. Vi -90.835 -82.097 -72.061 -62.045 -51.738 - - - -
NigsAl32.4Tiz2Vy -90.835 -70.723 -51.850 -35.225 -20.137 - - - -
Nig4.xAl32TizoVy -90.835 -77.913 -68.657 -39.545 -42.008 -14.647 -15.202 0.242 10.654
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Fig. 7. TEM characterization of the Al;;Ni34Ti;7V32 alloy. (a-c) Two-beam BF TEM images of the eutectic-phase interface dislocations feature of the as-cast sample
with different g vectors. The g vector is annotated in each image with the direction shown by the black arrow. (d-e) Two-beam BF TEM images of a ~ 10% plastically
deformed sample at 800 °C with g vectors of 101 and 110, respectively, showing the interactions between dislocations and nanoprecipitates within the BCC phase,
which are indicated by the red arrows. (f) Two-beam BF TEM images of a ~ 10% plastically deformed sample at 800 °C with g vectors of 011, showing the in-
teractions between dislocations and nanoprecipitates within the L2; phase, which are indicated by the red arrows.

that are involved.

As discussed above, both the experimental results and theoretical
simulations substantiate the outstanding phase and microstructural
thermal stability of the Al;yNissTi;7Vsy EHEA, which provides guar-
antee for the retention of high levels of hardness/strength at elevated
temperatures.

The Ni-Al-Ti-rich Heusler phase, as one of the eutectic phases in this
EHEA system, can be considered as being formed on the base of the NiAl-
based B2 phase by Ti doping that gives rise to an additional degree of
order and more thermally stable than the B2 phase [71]. In the
consideration of the unique L2; crystal structure of the Heusler phase,
only the (110) slip is favored since both the (100) and (111) slips would
involve the creation of a fault [71]. However, the occurrence of
cross-slip for 1/2<110> dislocations in this Heusler phase is impossible
because the (110) screw dislocation cannot transfer from one {110}
plane to another, as planes of this type do not intersect in the (110)
direction [72]. This trend was also corroborated by the hard sphere
model [73], which reveals that shear on a cube plane directly along the
(110) direction is extremely impossible in the L2; structure. Thus, an
inability of cross-slip for 1/2<110> dislocations has eliminated one way
by which dislocations may circumvent obstacles during
high-temperature deformation [72]. In short, the introduction of the
Heusler phase containing a high content of low-density elements (Al and
Ti) as one of the eutectic phases could endow the possibility of high
strengths, low densities, and excellent thermal stability in EHEAs, which
is in line with our initial design goals.

Before mechanical deformation, the preexisting interfacial disloca-
tion networks can be distinctly identified (see Figs. 2(c) and 7(a)-(c)).
The lattice mismatch between the eutectic BCC and L2; phases is

10

accommodated by two orthogonal sets of 1/2<100> edge dislocations
(Fig. 7(a)-(c)). It is widely known that the predominant slip vector in the
disordered BCC structure during room-/high-temperature deformation
is 1/2<111> (the closed-packed orientation of the BCC structure) [74,
75]. Thus, great differences in operative glide modes exist between the
L2; phase (1/2<110>), BCC phase (1/2<111>), and phase interface
(1/2<100>), which indicates that the dislocations produced during
high-temperature deformation cannot simply glide through the phase
interfaces via the cutting mechanism [76]. The two eutectic phases
deform through gliding on their respective characteristic slip systems,
and the dislocations within each phase interact with the preexisting
interfacial dislocation networks and are hindered by them, which
significantly decrease the overall dislocation mobility [71].
Additionally, the high density of coherent nanoprecipitates is present
in this EHEA, and considerable pinned dislocations can be observed
within both the eutectic BCC and L2; phases from the deformed samples
(Fig. 7(d)—(f). This feature indicates the strong interactions between
dislocations and nanoprecipitates, and thus, the high-temperature me-
chanical properties of the EHEA can also be enhanced via precipitation
strengthening. Precipitation strengthening, as one of the important
strengthening mechanisms, has been widely reported in the HEA sys-
tems that contain various precipitates [52,77]. Furthermore, a
cube-on-cube semi-coherent interface with a low lattice misfit (2.4%) is
present between the eutectic L2; and BCC phases, which can refine the
eutectic microstructure and stabilize the eutectic phases and their
interface with a high number density. This trend can further enhance the
high-temperature strengths and thermal stability for the present EHEA.
Also, the low misfit semi-coherent eutectic phase interface belongs to
the strong interfacial combination, which can decrease the cracking
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tendency of eutectic phase interface during deformation process. In
addition, during solidification and cooling of the lamellar composite
from the solidification temperature, the different coefficients of thermal
expansion (CTEs) of individual layers result in the difference in thermal
deformation. Below a certain temperature as called the joining tem-
perature, the layers become bonded and phase-specific stresses start to
develop [78,79]. Such stresses may also contribute to the improvement
of mechanical properties of the Al;7Nig4Ti;7V32 EHEA, which will be
estimated in our future work.

5. Conclusions

In summary, we proposed a valid and universal design strategy for
the development of lightweight, ultrastrong, and high thermal-stable
EHEAs by introducing the low-density-element-contained Heusler-type
(L2;) phase with a high-degree of order and constructing the low lattice
misfit eutectic-phase interface. Based on this new strategy, we success-
fully designed a novel Al;7Ni34Ti;7Vsa EHEA, with uniform and ultrafine
lamellar structures (interlamellar spacing ~320 nm) and one of the
lowest densities (~6.2 g/cm®) among all EHEAs reported previously.
This bulk EHEA exhibits exceptional size and microstructural stability,
and has much higher high-temperature hardness and SYSs than most
reported RHEAs, LWHEAs, EHEAs, and conventional superalloys. The
AIMD simulations, DFT calculations, and CALPHAD predictions further
substantiated the thermal stability of the Al;7Nig4Ti;7V3a, EHEA. The
EHEA’s superior elevated-temperature properties mainly attributes to
the ultrafine and thermal-stable eutectic structures arisen from the low
lattice misfit, extremely stable L2; structure, and low dislocation
mobility originated from the hindrance of preexisting eutectic-phase
interfacial dislocation networks and nanoprecipitates.

Overall, the present lightweight EHEA systems composed of L2; and
BCC structures are a promising candidate for elevated-temperature ap-
plications suffering from compressive loading.
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