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High entropy alloys (HEAs) are potential next-generation structural materials, yet accurate prediction of
phase stability remains a challenge. We study two equimolar refractory high entropy alloys, NbMoTaTi-X
(X = W, V). Ab initio calculations are performed to determine the vacancy exchange potential in both al-
loys. Results and experimental confirmation indicate that a zero/low vacancy exchange potential predicts
phase instability in NbMoTaTiW, while elemental trends of the same predict segregation in single phase
NbMoTaTiV. If these results hold true across other systems, vacancy exchange potential can serve as a
rapid predictor of stability in the vast HEA compositional space.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

For centuries, alloy design has consisted of the selection of one
or more principal elements, with other elements added in small
concentrations to optimize particular properties such strength,
toughness, or corrosion resistance. High entropy alloys (HEAs), also
known as multi-principal element alloys, represent a different and
useful design paradigm in metallurgy and materials science. In-
stead of beginning with a single base element and adding a va-
riety of alloying elements, HEAs have compositions of at least 4
principal elements, often in equimolar proportion [38]. Although
part of the motivation underlying the study of HEAs is the forma-
tion of a single, thermodynamically stable phase in order to sup-
press embrittling intermetallics, multiphase materials in high en-
tropy systems can be beneficial due to precipitation strengthen-
ing [8,16,18,28]. HEAs based on 3d transition metals have received
the bulk of the attention in the research community over the past
decade [22]. In contrast, HEAs composed of refractory metals such
as Nb, Mo, W, etc. have received relatively little attention until re-
cently [5,22]. While this HEA subgroup is less mature, refractory
HEAs (RHEAs) could potentially serve as next-generation structural
materials for high temperature applications such as gas turbines or
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advanced nuclear energy systems, particularly nuclear fusion reac-
tors [9,11,25,29].

Much effort has gone into determining which HEA compositions
tend to form a single phase solid solution [12,13,19,30,31,39]. Along
with the formation of a single solid solution, possible equilibrium
states can include multiple solid solutions, spinodal decomposi-
tion, and intermetallic precipitate formation. Recently, there has
been a focus on the use of computational techniques such as first—
principles electronic structure calculations to screen the huge HEA
compositional space available to determine which compositions
form single phase solid solutions. Both HEA compositions studied
in this work, equimolar NbMoTaTiW and NbMoTaTiV, are predicted
to form single phase body-center cubic (BCC) solid solutions by
Troparevsky et al. [31], as well as by the Alloy Search and Predict
(ASAP) tool developed by King et al. [1,12,13].

Vacancy behavior is also important due to their involvement in
a variety of material processes such as solid state diffusion, high
temperature creep deformation, and radiation damage. The infor-
mation available in the literature concerning vacancy behavior in
HEAs is sparse, which is likely due to the difficulty in determin-
ing the vacancy formation energy in complex solid solutions. In
pure monatomic crystals, a single vacancy formation energy (VFE)
is sufficient to describe the system at a given temperature because
all of the sites in the crystal are symmetrically equivalent. Using
atomistic simulation, the VFE of a pure material can be obtained by
comparing the energy of a pristine supercell of N atoms with zero
vacancies, E(N, 0), and a supercell with a single atom removed in
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order to form a vacancy, E(N — 1, 1), accounting for the different
number of atoms in each case [20]:

£ N-1
EVa_E(N_l’l)_T

In contrast, in highly chemically complex crystalline systems like
HEAs, each site in the crystal can have a varying local atomic envi-
ronment. Therefore, instead of a single vacancy formation energy
to describe the system, a distribution of vacancy formation en-
ergies is required, as a function of the local environment of the
vacancy. A similar calculation can be performed for a HEA by re-
moving an atom, but one must properly account for the effect of
changing the composition of the supercell by introducing a chem-
ical potential term [37]:

N-1
N

E(N.0) (1)

E(N-1.1) E(N.0)=Ef  — 2)
Va;
where Va{ indicates that an atom of type i was removed from site
j in the supercell to create a vacancy, and u; is the chemical po-
tential of element i within the HEA. In practice, the determina-
tion of the chemical potential of each component in a HEA is very
challenging. Methods such as the cluster expansion (CE) technique
have been used for binary and ternary alloys [3,33,37], but for sys-
tems of more than 3 components the number of effective cluster
interactions which must be included in the expansion leads to a
prohibitively high computational cost. Therefore, we define a va-
cancy exchange potential ﬁVaJ: in the same manner as Belak and

Van der Ven [3]:
e f
Ryg = EVa{ = Wi (3)

Although this quantity alone will not allow for the determination
of the VFE distribution, useful insights may still be extracted from
the behavior and trends of the vacancy exchange potential [3]. The
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VFE should be independent of the atom type which occupies the
vacant site in the pristine supercell because the system has no
memory of the atom which occupied the site. The VFE should de-
pend only on the local atomic configuration surrounding the va-
cancy [26]. Therefore, differences in the vacancy exchange poten-
tial between different components of the alloy are primarily at-
tributable to differences in chemical potential between the compo-
nents.

In this work, we employ ab initio calculations to obtain the
distribution of vacancy exchange potentials for each element in
equiatomic BCC NbMoTaTi—(W, V) solid solution HEAs at 0 K. In
addition, the NbMoTaTi-(W,V) HEAs are synthesized using the arc
melting technique, followed by characterization using scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD). We show the relationship be-
tween vacancy exchange potential, phase stability, and elemental
segregation, with results implicating that vacancy exchange poten-
tial could be a simple, yet powerful tool to predict phase stability
and segregation behavior in complex alloys such as HEAs. In par-
ticular, we find that the mean vacancy exchange potential of Ti in
NbMoTaTiW is approximately zero. Upon casting, this HEA under-
goes phase separation into two solid solution phases, one of which
is Ti-rich with an HCP structure and another which is W-rich with
a BCC structure.

Non-spin polarized first-principles density functional theory
(DFT) calculations were conducted using the Vienna Ab initio Sim-
ulation Package (VASP) [6,14]. A plane-wave cutoff energy of 600
eV was used throughout the calculations, along with a I"'-centered
7x7x7 k-point grid to sample the Brillouin zone. The total energy
of the pristine supercell was found to converge to within 5 meV
under these conditions. The projector augmented-wave (PAW)
pseudopotentials were used to describe the ion-electron interac-
tions [4,15]. The Perdew-Burke-Ernzerhof parameterization of the
generalized gradient approximation (GGA) exchange-correlation

Fig. 1. (a) Vacancy exchange potential distribution in NbMoTaTiW. A normal distribution fit for each element is also shown. (b) SEM image of NbMoTaTiW HEA, along with
EDX intensity maps for Ta, Mo, Ti and W. There are two distinct phases, one which appears dark in the SEM image and is rich in Ti, and the other bright in the SEM image

and rich in W.
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functional, revised for use in solids (PBEsol) was used [23,24]. Ad-
ditionally, relaxation of the supercell size, shape, and ionic posi-
tions was performed for both the pristine and vacancy-containing
structures to account for the effect of local lattice distortion.

In order to physically represent the random solid solution HEAs,
the sequential quasirandom structure (SQS) method was employed
[40]. The SQS method has been shown to accurately predict the
properties of disordered solids with supercells as small as 16 atoms
[10,17,27,35,36]. Distinct 30 atom SQS supercells for both alloys
were produced using the mcsqs code within the Alloy Theoretic
Automated Toolkit [32,34]. Please see the Supplementary Materials
for more details about SQS generation and larger 125 atom simu-
lations conducted for validation purposes. The SQS method differs
from other popular methods for representing random solid solu-
tions such as the coherent potential approximation (CPA) and the
virtual crystal approximation (VCA) in that it is not an effective
medium approach, and therefore the SQS method can provide de-
tailed insights into the effect of local atomic structure within ran-
dom solid solutions.

To better understand both RHEAs and connect the results of the
calculations with the physical structure of the alloys, we experi-
mentally synthesize both RHEA compositions. Elemental powders
(99.9% purity or greater) purchased from Alfa Aesar are vacuum
pressed into 25 gram pellets and cast. Samples are melted in an arc
melter (Centorr Vacuum Industries Model 5SA) within an ultrapure
(99.999% pure Ar) inert atmosphere following a pump-and-purge
procedure to maximize atmosphere purity. The arc melter utilizes
a copper hearth cooled by chilled water upon which the molten
RHEAs solidify. After the initial casting, the samples are removed,
flipped, and remelted three times in order to enhance sample ho-
mogeneity.

After arc melting, the as-cast RHEAs are sectioned using a low-
speed saw and mechanically polished using SiC polishing paper
to 1200 grit and 1 pum diamond particle suspension. The sam-
ples are imaged using a JEOL 6610 SEM equipped with EDX to
enable elemental identification and quantification. A Bruker D8
Discover General Area Detector Diffraction System (GADDS) em-
ploying a 1.6 kW sealed tube cobalt anode and Vantec-2000 two-
dimensional detector is used to acquire the XRD spectra. These are
acquired with sample rotation and scan axis oscillation to ensure
that the data obtained are representative of the sample at large.

Fig. 1 (a) shows the estimated vacancy exchange potential prob-
ability density function (PDF) in BCC NbMoTaTiW. Half of the Ti
sites in the 30 atom NbMoTaTiW SQS have negative vacancy ex-
change potential values, and the mean vacancy exchange potential
for Vay; is 0.07 eV. A negative vacancy exchange potential suggests
inherent thermodynamic instability at 0 K for the Ti atomic sites
within BCC NbMoTaTiW as it indicates an energetic preference for
a vacant site instead of a Ti atom occupying that site.

An SEM micrograph of as-cast NbMoTaTiW is shown in
Fig. 1(b), along with EDX elemental maps. Two regions are present,
a dark region rich in Ti and a bright region rich in W. Ta is more
concentrated in the bright region, whereas Nb and Mo are rela-
tively evenly distributed between the two regions.

The vacancy exchange potential distribution for NbMoTaTiV is
shown in Fig. 2(a). In this case, the VFE among Ti sites is higher
than in NbMoTaTiW, and the spread in vacancy exchange potential
among the different elements is smaller due to the absence of W.
A low-magnification SEM image of as-cast NbMoTaTiV is shown in
Fig. 2(b), along with EDX elemental maps of Ta, Ti, and V. The as-
cast sample has a dendritic/cellular microstructure, with the dark
dendrites being rich in Ti and V and the brighter interdentritic re-
gion rich in Ta. A higher magnification SEM image of NbMoTaTiV
is shown in Fig. 3. At higher magnification the microstructure ap-
pears cellular, with an EDX linescan showing that the dark bound-
aries are indeed enriched in Ti and V, while depleted in Ta. Nb
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Fig. 2. (a) Vacancy exchange potential distribution in NbMoTaTiV. The data for each
element is fit with a normal distribution, which is also shown. (b) SEM image of
as-cast microstructure of NbMoTaTiV HEA, with EDX elemental maps for Ta, Ti, and
V.

does not segregate into either the cell boundary region or within
the cells, while the segregation of Mo is relatively small.

XRD patterns of the as-cast NbMoTaTiW and NbMoTaTiV RHEAs
are shown in Fig. 4(a). The XRD patterns show a dual phase BCC +
HCP structure in the as-cast NbMoTaTiW RHEA, while the as-cast
NbMoTaTiV RHEA has a single phase BCC structure. The dark Ti-
rich phase in Fig. 1(b) is likely HCP while the bright W-rich phase
corresponds to the BCC phase.

In order to quantify the degree of segregation in NbMoTaTiV,
a ratio of the concentration in the dendrite region and the inter-
dendritic region Cge,/Cipe is calculated for each elemental compo-
nent in NbMoTaTiV, shown in Fig. 4(b), plotted against the mean
vacancy exchange potential (fiy,). This plot shows a strong corre-
lation between the vacancy exchange potential of the elements in
the HEA and the degree to which those elements tend to segre-
gate upon casting. Elements, such as Ti and V, with lower vacancy
exchange potentials, tend to become enriched in the dendritic re-
gion. Conversely, elements such as Ta with a higher vacancy ex-
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Fig. 3. 1,000X magnification SEM image of as-cast NbMoTaTiV along with EDX
linescan showing Ti/V enrichment and Ta depletion in the dark, dendritic region.
The solid red bar indicates the linescan path.

change potential tend to become depleted in the dendritic region
and enriched in the interdendritic region.

The most notable aspect of our results is the fact that the ob-
tained mean vacancy exchange potential for Ti in BCC NbMoTaTiW
(0.07 eV) is very close to zero, with half the sites having negative
vacancy exchange potential values. This implies the chemical po-
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tential of Ti in the NbMoTaTiW BCC HEA is approximately equal
to the vacancy formation energy at 0 K. Upon casting NbMoTaTiW
forms a Ti-rich HCP phase, indicating that Ti is indeed not ther-
modynamically stable in the equimolar NbMoTaTiW BCC structure
at room temperature, even though this composition is predicted by
several methods to be a single phase BCC structure [1,12,13,31]. Un-
like NbMoTaTiW, NbMoTaTiV does form a single phase BCC struc-
ture upon casting, while the mean vacancy exchange potential of
Ti is 0.32 eV, significantly greater than in NbMoTaTiW. Therefore, a
mean vacancy exchange potential near zero could be indicative of a
tendency for phase separation in HEAs. Furthermore, the large dif-
ference in vacancy exchange potential between Ti and W in NbMo-
TaTiW compared to the small difference in vacancy exchange po-
tential between Ti and V in NbMoTaTiV might be an indication of
why replacing W with V leads to single phase BCC stability.

Han et al. reported the as-cast microstructures of
NbMoTaTiyW-type HEAs, including equimolar NbMoTaTiW [7].
They report single phase BCC crystal structure for NbMoTaTiW,
which is in disagreement with our finding of a dual phase BCC
+ HCP structure for NbMoTaTiW. But, in their study they also
report calculated phase diagrams obtained from Thermo-Calc
[2] using the TTNI 8 database. In these calculated phase diagrams,
HCP appears as one of the stable phases in NbMoTaTiW below
approximately 800°C. One possible explanation for the difference
in our results is that in their casting procedure, cooling may have
occurred so quickly that the HCP phase was unable to nucleate
and grow, resulting in just BCC being present in the as-cast
microstructure.

Upon casting NbMoTaTiV did exhibit a dendritic microstructure
with elemental segregation. Again, there is a connection to the
vacancy exchange potential. Elements with comparatively low va-
cancy exchange potentials tend to concentrate within or near den-
drite arms, while elements with relatively high vacancy exchange
potential tend to become enriched in the interdendritic region.

In summary, we have shown that the vacancy exchange poten-
tial has the potential to be a powerful tool for prediction of phase
stability and elemental segregation in complex solid solutions such
as HEAs. We use ab initio calculations to predict the vacancy ex-
change potential in NbMoTaTiV and NbMoTaTiW. Because both of
these compositions are predicted to be single phase BCC alloys
by multiple sources, we model them as BCC random solid solu-
tions using the SQS method. We find that half of Ti sites in NbMo-
TaTiW have a negative vacancy exchange potential, unlike NbMoTa-
TiV, indicating some degree of thermodynamic instability for BCC
NbMoTaTiW. Subsequent experimental study of the microstructure
and phase stability of these alloys indicates a dual phase BCC +
HCP structure for NbMoTaTiW, while NbMoTaTiV has a single phase
BCC structure. In single phase NbMoTaTiV, we find that there is a
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Fig. 4. (a) XRD patterns of NbMoTaTiW and NbMoTaTiV. NbMoTaTiW demonstrates peaks indicative of the presence of both BCC and HCP phases, while NbMoTaTiV demon-
strates only BCC diffraction peaks. (b) Plot of segregation ratio Cge,/Cine VS. the mean vacancy exchange potential (fiy,) for each element within the NbMoTaTiV alloy.
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connection between the vacancy exchange potential and elemental
segregation upon casting, with elements that have a lower vacancy
exchange potential in the alloy tending to become enriched in the
dendritic region and elements which have a higher vacancy ex-
change potential tending to become enriched in the interdendritic
region. Therefore, the vacancy exchange potential as predicted by
ab initio calculations can be used as an indicator of phase stability
and elemental segregation and merits further study as a potential
tool for computational screening of phase stability and segregation
in high entropy alloys.
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