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Abstract

This study investigated the microstructure and mechanical properties of AINbTiVZr series high-entropy alloys (HEAs)
through both experimental studies and density functional theory calculations. Significant improvements in the microstructures
and mechanical properties were achieved for the AINbTiVZr series HEAs by meticulously adjusting the alloy composition
and employing homogenization heat treatment. Notably, the specimen designated as Al sNbTiVZr, s demonstrated excel-
lent mechanical properties including a compressive yield strength of 1162 MPa and a compressive strength of 1783 MPa.
After homogenization heat treatment at 1000 °C for 24 h, the Al, sNbTiVZr 5 alloy exhibits brittle-to-ductile transition.
Further atomic-scale theoretical simulations reveal that the decrease of Al content intrinsically enhances the ductility of the
alloys, thereby indicating that the mechanical properties of the AINbTiVZr series HEAs were significantly influenced by the
chemical composition. Additionally, specific atomic pair formations were observed to adversely affect the microstructure
of the AINbTiVZr series HEAs, particularly in terms of ductility. These findings provide valuable insights for the design
and optimization of light weight HEAs, emphasizing the synergistic adjustment of alloy composition and heat treatment
processes to achieve a balance between the strength and ductility.
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1 Introduction thermal resilience and mechanical performance stability.

For instance, BCC-structured HEAs composed of refractory

High entropy alloys (HEAs), defined as alloys containing
four or more principal elements in equiatomic or nearequi-
atomic ratios [1], have emerged as a focal point of inter-
est within the domain of materials science due to their
exceptional performance. The unique structural character-
istic of HEAs includes exceptional corrosion resistance,
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metals such as W, Zr, Hf, Cr, Ti, Ta, Nb and V have under-
gone extensive investigation for their remarkable mechanical
properties and thermal stability across a spectrum of tem-
peratures [2-6].

The microstructure and mechanical properties of HEAs
are significantly dictated by the composition and proportion
of alloying elements. Efforts to achieve weight reduction in
HEAs have led to the incorporation of low-density elements,
among which Al has been prevalently employed [7-11]. For
example, the investigations conducted by Senkov et al. [12]
have demonstrated that partial or total replacement of Hf/
Cr with Al in HfNbTaTiZr and CrMo,, sNbTa,, sTiZr alloys
not only reduces the density of these alloys by at least 9%,
but also enhances their hardness, yield strength by at least
12%, andhigh-temperature strength within the temperature
range of 1073 K to 1473 K by more than 50%. Further-
more, research by Stepanov et al. [13—15] on AINbTiVZr
HEAs has elucidated that the increase of Al concentration
correlates with an elevation in hardness. However, the phase
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composition of the HEA becomes more complex with the
incorporation of Al element, encompassing not only the
BCC matrix but also integrating C14 Laves phase and Zr,Al
particles. This alteration in microstructure caused significant
deterioration of ductility in refractory HEAs with elevated
Al content. Homogenization treatment have been identified
as a viable strategy to counteract this adverse effect, thus
enhancing the overall properties. Chen et al. [16] found that
the compressive yield strength of AINbTiZr HEA increased
to 1579 MPa after homogenization, and the ultimate com-
pressive strength, fracture strain improved by 308 MPa and
9.2%, respectively, compared to as-cast HEA. Addition-
ally, homogenization treatments performed by Yurchenko
et al. [17] on the Al,;Cr(Nb,sTi,;V,5Zr, alloy at 1200 °C
resulted in an approximate 50% increase in yield strength
while retaining similar ductility.

The application of density functional theory (DFT) cal-
culations has been recognized as an effective way for the
optimization and conceptualization of novel HEAs [18-20].
The work of Jeong et al. [21] exemplifies this approach com-
bined with DFT calculations to investigate 40 single-phase
solid-solution lightweight HEAs with BCC structure. Their
comprehensive analysis reveals that the valence electron
concentration plays a crucial role in determining the elas-
tic modulus. This underscores the significance of electronic
structure in influencing the mechanical behavior of HEAs.
As for the NbVTiZr series HEAs, Qiu et al.[22] elucidated
the mechanism of strengthening by adding Al element. This
enhancement can be primarily attributed to the strong angu-
lar characteristic bonds formed between the introduced Al
atoms and the existing transition metal atoms.

Thus, a synergistic approach combining both computa-
tional methods and experimental techniques is promising
to yield HEAs with superior mechanical properties, thereby
broadening the applicability of HEAs in advanced engineer-
ing and technological applications.

So far, the reported AINbTiVZr series HEAs have
exhibited commendable strength, but their ductility is less
than desirable. This study employs a synergistic approach
that combines theoretical calculations and experimental
preparation to investigate the influence of elemental ratio
and heat treatment processes on the microstructure and

mechanical properties of AINbTiVZr series HEAs. This
integrative approach provides a strategy for optimizing
the performance in the design of HEAs, with the goal of
developing novel AINbTiVZr HEAs that exhibit compre-
hensive high ductility and excellent strength.

2 Materials and Methods
2.1 Experimental Procedures

In this study, we prepared as-cast button-like HEAs ingots
using raw metal particles with purity exceeding 99.99% by
vacuum arc melting (VAM) process. These samples were
designated as AINbTiVZr (Al-Zr) and Al, sNbTiVZr 5
(Al 5-Zr, 5) respectively, and the mass was about 200 g
each ingot. The compositions of these ingots are listed
in Table 1. To ensure the homogenization, the samples
were flipped seven times within the vacuum furnace cham-
ber. Subsequently, cubic specimens which were 10 mm
in length were electric discharge wire cut from the cen-
tral part of the ingot, and then ground mechanically using
the SiC paper ranging from 240# to 5000#, followed by a
20-min polishing with diamond paste.

To eliminate element segregation induced during the
preparation of these HEAs samples, these cubic specimens
were homogenized at 800 °C and 1000 °C for 24 h. Prior
to homogenization, the specimens were sealed in a quartz
tube along with pure titanium pellets to prevent oxidation
and a near vacuum environment were maintained with an
internal pressure of 1072 MPa. After homogenization, the
quartz tube samples were air-cooled to room temperature.
The microstructure evolution and element distribution of
the as-cast and homogenized specimens were observed by
a scanning electron microscope (SEM, JEOL JSM 7001F)
equipped with an X-ray energy spectrometer. Compression
tests were performed on cylindrical specimens with the
diameter of 6 mm and height of 9 mm using the universal
testing machine (MTS 858, USA) at a compression speed
of 1 mm-min~! until the height reduction exceeded 40%
according to ASTM D695 standards.

Table 1 Compositions of the

Alloys Al Ti \'% Zr Nb
alloys (at.%)
AINDbTiVZr Nominal 20 20 20 20 20
800 °C 19 25 16 18 22
1000 °C 20 20 20 20 20
AlysNb TiVZr, 5 Nominal 12.5 25 25 12.5 25
800 °C 12 29 28 12 19
1000 °C 12 25 25 13 25
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2.2 Calculation Details

All calculations were carried out using the density func-
tional theory (DFT) framework as implemented in the
Vienna ab initio simulation package (VASP) [23-25]. The
electron—ion interactions were described using the projec-
tor augmented wave (PAW) method [26]. The exchange and
correlation effects among electrons were treated within the
generalized gradient approximation (GGA) [27] in the Per-
dew-Burke-Ernzerhof (PBE) form [28]. A cutoff energy of
500 eV was chosen for convergence. For all 128-atom AIN-
bTiVZr HEAs supercells, a 5 X5 x5 k-point gird automati-
cally generated with a Gamma-centered scheme was adopted
for all cell optimizations until the total energy and force of
the system were converged to an accuracy of 107> eV and
0.01 eV/A, respectively.

In this work, considering the random distribution of alloy-
ing atoms, the HEAs supercells were constructed with 128
atoms (4 X4 X4 unit cells) in a BCC lattice using the special
quasi-random structure (SQS) approach [29]. The method uti-
lizes the mesqs code within the Alloy-Theoretic Automated
Toolkit (ATAT) [30] to simulate random solid solutions.
Figure 1 shows the SQS supercell of Al,(Nb,(Ti gV cZr,,,
which approximately matches the atomic composition of the
AINbTiVZr HEA. Additionally, Monte Carlo (MC) method
combined with DFT calculations was employed to study the
effect of chemical short-range order (CSRO) on the property
of these HEAs as a comparison. The optimized SQS structure
was used as the initial starting point for MC simulations. The
simulations were conducted at a temperature of 600 K. To
enhance the computational efficiency, a relatively low preci-
sion with a cutoff energy of 350 eV for plane waves and a

Fig. 1 Crystal models of Al,¢Nb,TiyqV,sZr,,
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3% 3 X3 k-point gird for Brillouin zone integration was utilized
to obtain different structural models with varying degrees of
CSRO. The CSRO value can be qualified by Warren-Cowley
SRO parameters [31]:

\4

) p
a=1--. (1

i .
c]

where pivj denotes the probability of finding atomic species j
around an atom of type i in the v’s neighboring shell and ¢;
is the atomic concentration of type j. The SRO a=0.0 indi-
cates that the system is a randomly disordered solution. Posi-
tive values show a tendency to decrease the number of ij
atom pairs, while negative values indicate the opposite ten-
dency. To evaluate the CSRO, the nearest-neighbor shell in
BCC structure was considered, and the sum of CSRO was
defined as ). |a;|

For the HEA systems, the density derived electrostatic and
chemical (DDEC6) charge partitioning method can be used to
determine atomic binding characteristics [32,33]. Mechanical
properties can be derived by the energy-strain method imple-
mented in the VASPKIT package [34]. The three independent
elastic constants C,,;, C;, and C,, are represented in the form
of an elastic stiffness tensor matrix for cubic structures:
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3 Results and Discussion

3.1 Microstructure and Mechanical Properties
of the AINbTiVZr Series HEAs

Figure 2 illustrates the microstructural evolution of the
as-cast and homogenized specimens. It is discernible that
the homogenization process significantly influences the
microstructure of the AINbTiVZr series HEAs, especially
for the specimen homogenized at a higher temperature.
For the specimens designated as Al-Zr and Al 5-Zr 5 sub-
jected to homogenization at 1000 °C for 24 h (as depicted
in Fig. 2a3 and b3), no obvious contrast variation is
observed. This uniformity in contrast is suggestive of a
comprehensive intermixing of the five principal elements,
thereby facilitating the realization of the high-entropy
effect by forming a highly randomized atomic arrange-
ment and suggesting superior mechanical properties after
1000 °C/24 h homogenization. According to our previous
study [35], it is identified that the dark regions and bright
regions observed in the as-cast sample are indicative of the
BCC structure phase and the ZrAlV intermetallic, respec-
tively. The bright ZrAlV phases are prone to wrap the BCC
structures and divide them into block morphology. As for
the Al s-Zr, 5 specimen, due to low Al and Zr content,
the BCC structures connect and coarsen while the brittle
intermetallics discontinuously distributed. The decreased
amount of intermetallics indicates an improvement in

mechanical properties compared to the as-cast Al-Zr speci-
men. Following the homogenization at 800 °C for 24 h (as
depicted in Fig. 2a2 and b2), a diminution in the size of the
dark BCC phases is observed. Additionally, an increased
prevalence of diminutive, discrete block-like bright phases
is noted, interspersed among the BCC phase and surround-
ing the bright ZrAlV intermetallics. Specifically, in the
case of the Al s-Zr,, 5 specimen, the BCC structure phase
is observed to assume a position of dominance as shown
in Fig. 2b2. The previously coarse ZrAlV intermetallics
undergo transformation into slender, elongated lens-
shaped phases after the homogenization treatment.

To elucidate the segregation behavior of different ele-
ments within HEAs, the energy dispersive spectroscopy
(EDS) elemental mapping of the specimens after homog-
enization is depicted in Fig. 3. The analysis derived from
EDS is shown in Table 1. In the case of the Al-Zr specimen,
even after homogenization at 1000 °C, the distribution of
Ti and Zr remains relatively notably heterogeneous. The
bright phases wrapped in BCC structure phases exhibit an
enrichment of Zr and a corresponding depletion of Ti. The
homogenization treatment did not eliminate the element seg-
regation completely, possibly attributable to the Al-Zr ele-
ment pair which processes the most negative binary mixing
enthalpy value among the constituents of the AINbTiVZr
series HEAs. In contrast, the elemental segregation of the
Al 5-Zr,, 5 specimen is significantly improved after homog-
enization at 1000 °C for 24 h (as depicted in Fig. 3b2). The

Fig.2 SEM images of the microstructure of the as-cast and annealed HEAs specimens. a; as-cast Al-Zr; a, Al-Zr annealing of 800 °C/24 h; a3
Al-Zr of annealing 1000 °C/24 h; b, as-cast Al 5-Zr, 5 b, Al 5-Zr, 5 annealing of 800 °C/24 h, b3 Al 5-Zr, 5 annealing of 1000 °C/24 h
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distribution of each principal element appears significantly
more homogeneous, and the elemental composition closely
aligns with the nominal composition, as detailed in Table 1.
Furthermore, as demonstrated in Table 1, the concentra-
tions of Al and Zr elements remain remarkably consistent
throughout the homogenization treatment process for both
specimens. This consistency suggests an inherent tendency
for these elements to form a stable phase within the AINb-
TiVZr series HEAs.

Figure 4a delineates the engineering compression
stress—strain curves for both as-cast and homogenized speci-
mens with varying compositions. For the specimen homog-
enized at 800 °C, the presence of phase with inherent brittle-
ness near the boundaries of the BCC structure leads to the
initiation of cracks during the deformation process, which
results in premature fracture even in the elastic deformation
stage. Consequently, the engineering compression curve of
this specimen is omitted from presentation. A noteworthy
observation is the manifestation of a brittle-ductile transition
in the Al 5-Zr, 5 specimen subsequent to homogenization
at 1000 °C for 24 h. This specimen demonstrates an engi-
neering strain exceeding 40%, with an ascending trajectory
attributable to the equitable distribution of principal elements.
The relevant mechanical properties are also listed in Fig. 4b
for comparison. After homogenization, the Al-Zr specimen
exhibits enhancements in yield strength (¢, ,) and ultimate
compression strength (o,) to 1344 MPa and 1471 MPa,
respectively, marking significant increments of 12.28% and
16.19%. However, the homogenized Al-Zr specimen shows a
marginal reduction in fracture strain alongside a constricted
yield stage, which suggests an incomplete elimination of Al
and Zr segregation after homogenization at 1000 °C. This
segregation engenders the formation of intermetallic com-
pounds, encapsulating other phases within the alloys. Further
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homogenization at higher temperatures might be necessary to
provide sufficient kinetic energy for atomic diffusion within
the equiatomic HEA to eliminate the segregation effect. Con-
trastingly, when the concentration of Al and Zr elements is
reduced, the mechanical properties of the as-cast Al s-Zr; 5
specimen were significantly improved, with o, , and o, reach-
ing 1162 and 1783 MPa, respectively, in conjunction with
a substantial improvement in fracture strain to 28.8%. This
elucidates that, in addition to the positive influence of the
heat treatment process on the mechanical properties of the
AINbTiVZr HEAs, a reduction in the Al and Zr content also
contributes to an enhancement in both strength and ductility
of the AINbTiVZr series HEAs.

3.2 Atomic Mechanism Analysis of HEAs

DFT calculations are commonly used to predict the thermo-
dynamic, structural, and elastic characteristics of alloys. This
computational method facilitates in-depth insights into the
structure—property relationships of alloys and provides theo-
retical guidance for alloy design. By utilizing this method,
we compared the differences in performance between differ-
ent compositions and chemical ordered structures, including
formation energies, electronic structures, and mechanical
properties.

3.2.1 Chemical Composition Effect

To evaluate the thermodynamic stability of the AINbTiVZr
series HEAs, the formation energy at O K can be derived by
the equation:
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Fig.4 a Engineering compression stress—strain curves, b relevant mechanical properties
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where E,, represents the total energy of the AINbTiVZr
HEA system, N, represents the number of atoms of different
alloying elements, and E™™* represents their corresponding
energy values in ground states per atom, as listed in Table 2
[12]. The formation energies of the Al,NbyTi gV yeZryy
and Al ¢Nbs,Ti3, V3,756 structures obtained through SQS
modeling are -0.04 and 0 eV/atom, respectively, as is shown
in Table 3. The calculated formation energy of HEAs is
relatively low, approaching 0 eV/atom, which signifies the
possibility of experimentally obtaining the discussed alloys.
Additionally, the predicted valence electron concentration
(VEC) values for both alloys are less than 6.87 as shown
in Table 3, suggesting the formation of BCC structure, cor-
roborating the theoretical framework presented in existing
literature [36]. Furthermore, the decreasing trend of the
formation energy with the increase in Al concentration is
consistent with the findings by Qiu et al. [22], indicating
that the incorporation of Al enhances the thermodynamic
stability of the alloy. The calculated lattice constant for the
structure of Al;(Nb3,Ti3,V3,Zr;¢ and AlygNbs,TiyeVoeZtsy
structures are 0.324 nm and 0.326 nm, respectively. These
calculated values align closely with the values reported by
Vishwanadh et al. (0.325 nm) [37] and Qiu et al. (0.326 nm)
[22], thereby validating the robustness and reliability of the
DFT method used in this study.

To analyze the strengthening mechanisms accurately, we
calculated the elastic constants of the AINbTiVZr series
HEAs. Based on these elastic constants from DFT calcu-
lations, the shear modulus (G) and bulk modulus (B) can
be calculated using the Voigt-Reuss-Hill (VRH) method
[38—43]. The VRH method provides a precise theoretical
evaluation for polycrystalline materials by taking the average

between the lower Voigt and the upper Hill boundaries,
which can be expressed as:

1 1]|C+2C, 1
B==(By+By) =~
2( v 2[ 3 +3(Sll+2S12)
. 4)
1 1] (€1 —2C) +3Cy 5 (
G==(Gy+Gp) = =
2 2 5 48, — S + 35,

where §;; is the compliance tensor, which is the inverse of the
stiffness matrix C;. The Young's modulus E and Poisson's
ratio v can be obtained from these values:

_ _9BG
3B+G
,_3B-2G " ®)
" 2(3B+0G)

Table 3 provides the calculated elastic constants of the
AlyeNb,TiysVoeZt,, and Alj¢Nb;,Tiz,Vi,Zr 4 structures,
satisfying the Born stability criteria for cubic crystals, spe-
cifically: C,-C;,>0, C;;+2C,>0, C;;>0and C,>0. It
suggests that both structures are mechanically stable. An
analytical review of the results for the Al,(Nb,(Ti,qV,sZr,,
structure shows that the mechanical properties B, E, and
G are quantified as 122.3 GPa, 85.5 GPa, and 30.9 GPa,
respectively. For the Al;(Nbs,Tis, V3,714 structure, the bulk
modulus is calculated to be 127.7 GPa, which is close to that
of the AlNb,TiysV,4Zr,, structure. However, the decrease
in Cy, has led to a diminution in both E to 73.4 GPa and G
to 26.2 GPa. The change in composition principally affects
the E and G values of the AINbTiVZr HEAs, resulting in a
large increase of the B/G ratio to 4.9. Such an increase sig-
nificantly enhances the ductility of the Al;(Nb3,Ti3,V3,Zr ¢

Table 2 Atomic radius, Pauling
electronegativity, VEC, density,

Atomic No Atomic radius (10%) Pauling

VEC p(g-em™) Crystal E}’“lk(eVatom_l)

electronega- structure
crystal structure, and ground tivity (RT)
state energy per atom for
alloying elements [12,36] Al 13 1.43 1.61 3 2.7 FCC -3.75
Ti 22 1.46; 1.47 1.54 4 4.51 HCP -7.76
vV 23 1.32;1.34 1.63 5 6.00; 6.11 BCC —-8.94
Zr 40 1.6 1.55;1.33 4 6.51;6.52 HCP —-8.52
Nb 41 1.43; 1.46 1.6 5 8.57 BCC —-10.21
Table 3 Calculated lattice constant, VEC, formation energy, and elastic constants of different HEAs
Alloys Source a (nm) VEC Eg,, (eV-atom™) (|, C, Cy B E G v B/G
AINbTiVZr AlLyNb,TiygVyeZr,, (SQS) 0.326 420 -0.04 150.3 108.3 40.0 1223 85.5 309 0.393 3.96
0.325[37]
0.326!1221
AlygNb,(TircV,Zr,, (MC)  0.326 420 -0.10 1585 106.8 46.1 124.0 999 36.6 0.366 3.39
AlysNbTiVZrys Al ¢Nbs,Tis, V3,716 (SQS) 0.324 4.38 150.7 1163 34.6 127.7 734 262 0.404 4.88
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structure alloy compared to the Al,(Nb, TiycV,Zr,, struc-
ture. Invoking Pugh's criterion [44], which posits that a
polycrystalline material is deemed ductile if the ratio of
B/G exceeds 1.75, it becomes evident that a reduction in
the concentrations of Al and Zr exerts a negligible effect
on the B value and slightly decreases the values of E and G.
This alteration effectively enhances the ductility of the AIN-
bTiVZr series HEAs. These simulation results well explain
the enhanced plasticity observed in the Al s-Zr, 5 specimen
during experimental investigations.

To elucidate the compositional effect on the alloy per-
formance at the atomic scale, we conducted a comparative
analysis and examination of the bonding characteristics of
these two structures as depicted in Fig. 5. Within this qui-
nary alloy system, the bond orders of atomic pairs involving
Nb, such as Nb-Nb, Nb-V, and Nb-Zr bonds, are relatively
high, typically exceeding 0.3. In contrast, the chemical
bonds that incorporate Al, such as Al-Al, Al-Ti, Al-Zr, and
Al-V bonds, exhibit relatively weak bond orders, ranging
from 0.20 to 0.25. Figure 6a presents the density of states
(DOS) for the Al,NbycTiyeV,6Zr,, alloy in a SQS structure.
The total DOS at the Fermi level (Ep) is non-zero, indicating
a distinct metallic behavior for this system. The electronic
states near the Ey predominantly comprise Al-p orbitals
and d orbitals of other transition metals (Ti, V, Zr and Nb).
Notably, the d electrons of all transition metals are strongly
localized, causing them to show distinct shape features in the
DOS near the Ep. Among these transition metals, the Nb-d

and V-d orbitals exhibit remarkable similarity, positioned to
the left of the Ey, whereas for Zr and Ti atoms, their d orbital
peaks align precisely with the Ep.. Furthermore, upon simul-
taneously reducing the contents of Al and Zr, the system is
predominantly occupied by the bonds related to Nb, Ti and
V, while the bonds associated with Al and Zr are reduced by
approximately half. Consequently, the alterations in bonding
characteristics caused by the composition differences could
significantly reduce the formation of intermetallic related
to Al-Zr, thereby affecting the mechanical properties of the
AINbTiVZr series HEAs.

3.2.2 CSRO Effect

In contrast to pure metals and conventional alloys, HEAs
samples often exhibit local chemical inhomogeneities often
occur in actual HEAs samples, which may also affect the
strength and ductility of the alloy. To address this issue, we
employed a DFT-based Monte Carlo simulation to explore
the CSRO effect in the Al,(Nb,Ti,V,Zr,, refractory
HEA. The MC structure refers to the preliminary form or
stage of local chemical ordering. The final state is obtained
through approximately 2000 steps of MC simulation when
the potential energy stabilizes, and the cumulative CSRO
value increases from 1.19 in the SQS structure to 4.69. As
listed in Table 3, the formation energy of the alloy in its
final CSRO configuration drops to —0.10 eV/atom from its
initial random state, suggesting that the energy difference

Bond type
0.5
=~ @ ~AlTi;,V 5,Zn Nby,
=@ = Al TiyV 367r)Nbyg
0.4
o}
=
(=]
= 0.3
3
m
0.2

Bond number

P P R R AP AR O R

15

Fig.5 Comparison of the bond order and bond number for the Al,(Nb,¢Ti,V,cZr,, and Al;(Nbs,Tis, V3,71 structures
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after structural optimization is attributable to the altera-
tions in atomic arrangement induced by the CSRO effect.
As illustrated in the Fig. 7, in the MC structure, the CSRO
(charge density difference) values for Al-Ti and Al-Zr bonds
are significantly negative (below -0.6), indicating a strong
tendency toward the formation of chemically favorable atom
pairs in the alloy. Conversely, the CSRO values for Al-Al,
Ti—Ti, and Ti-Zr bonds are positive (greater than 0.4), sig-
nifying a decrease in the number of these atom pairs. The
comparative analysis of bonding characteristics between the

two structures reveals that both the number and the order
of Al-Ti and Al-Zr bonds have increased after MC simula-
tion, as is shown in Fig. 8. According to existing literature
[12], the enthalpy of formation for Al-Zr intermetallic phase
ranges from —43.7 to —41.4 kJ/mol, whereas for Al-Ti inter-
metallic phase, it is spans from — 30 to — 20 kJ/mol. There-
fore, in high-aluminum content refractory HEAs, the for-
mation of Al-Zr intermetallics are thermodynamically more
favorable. The formation of these Al-Zr atom pairs could
provide a foundation for subsequent compound formation.
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Furthermore, as shown in Table 2, among the constituent
elements, Zr exhibits significant atomic size differences
[45], which is generally unfavorable for the formation of
disordered solid solutions, thus explaining the segregation
behavior of Al-Zr elements in the AINbTiVZr series HEAs
specimens as depicted in Figs. 2 and 3. Besides, as is shown
in Fig. 8, the bond strengths of Al-Al, Zr-Zr, Ti-Zr, Ti-Ti
and V-V pairs are weakened in the MC structure.

The calculated mechanical properties of the MC structure
show an obvious decrease in E and G, as listed in Table 3,
resulting a lower B/G value (3.4) and Poisson's ratio v (0.37).
This indicates that the CSRO effect diminishes the ductil-
ity of the alloy, primarily due to the change in the number
and strength of various atom pairs. A comparison of elastic
constants between the MC and SQS structures reveals a sig-
nificant variance in the C,, coefficient, approximately 15%,
as listed in Table 3. C,, describes the shear resistance at the
(100) crystal plane along the [001] direction [21,39,40], and
a higher value indicates greater corresponding resistance.
Thus, the elastic constants E and G demonstrate heightened
sensitivity to the CSRO effect. In addition, DOS analysis (as
shown in Fig. 6) shows that the MC structure displays two
peaks located on both sides of the Fermi level for Ti and Zr
elements compared to the SQS structure, resulting in the
formation of a pseudo band gap. This signifies that the bond
strength of the relevant atomic pairs has also changed. In
summary, the CSRO effect profoundly affects the mechani-
cal properties of the AINbTiVZr series HEAs, contributing
to the observed reduction in ductility.

4 Conclusions

In this study, the influence of alloy composition and heat treat-
ment processes on the microstructure and mechanical proper-
ties of AINbTiVZr series HEAs has been investigated through
a combination of experimental approaches and DFT calcula-
tions. Our research findings are summarized as follows:

1. The microstructure and mechanical properties of AINb-
TiVZr HEAs were significantly improved through reduc-
tion of Al and Zr composition. Compared to the Al-Zr
specimen, the as-cast Al s-Zr, 5 specimen exhibited
superior mechanical properties, with a yield strength
and an ultimate compression strength of 1162 and
1783 MPa, respectively.

2. After homogenization treatment at 1000 °C for 24 h, the
Al 5-Zr, 5 specimen exhibited a brittle-to-ductile transition,
maintaining its structural integrity without fracturing even
when subjected to the compression strain exceeding 40%.

3. Atomic-scale theoretical simulations provided profound
insights into the influence of alloy composition and
CSRO on the performance of HEAs. It has been eluci-
dated that reducing the content of Al and Zr is beneficial
for enhancing the ductility of the HEAs. Furthermore,
the CSRO effect promotes the formation of certain spe-
cific atomic pairs, thereby exerting a negative influence
on the microstructure of AINbTiVZr serise HEAs, ulti-
mately compromising the mechanical properties of the
HEAs, particularly their ductility.
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