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The maximization of the mixing entropy with the optimal range of enthalpy in high-entropy alloys
(HEAs) can promote the formation of a stable single solid-solution phase with the absence of competing
intermetallic compounds. The resultant effects, such as lattice distortion, can contribute to excellent
mechanical properties, which has motivated numerous efforts to develop and design single-phase HEAs.
However, challenges still remain, particularly on quantifying the lattice distortion and relating it to
materials properties. In this study, we have developed a NbTaTiV refractory HEA with a single body-
centered-cubic (BCC) structure using an integrated experimental and theoretical approach. The theo-
retical efforts include thermodynamic modeling, i.e., CALculation of PHAse Diagram (CALPHAD). The
microstructural evolutions have been investigated by systematic heat-treatment processes. The typical
dendrite microstructure was observed, which is caused by the elemental segregation during the solid-
ification in the as-cast condition. The structural inhomogeneity and chemical segregation were
completely eliminated by the proper homogenization treatment at 1200 �C for 3 days. The homogeneous
elemental distribution was quantitatively verified by the Atom Probe Tomography (APT) technique.
Importantly, results indicate that this HEA exhibits the high yield strength and ductility at both room and
high temperatures (up to 900 �C). Furthermore, the effects of the high mixing entropy on the mechanical
properties are discussed and quantified in terms of lattice distortions and interatomic interactions of the
NbTaTiV HEA via first-principles calculations. It is found that the local severe lattice distortions are
induced, due to the atomic interactions and atomic-size mismatch in the homogenization-treated
NbTaTiV refractory HEA.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Novel metallic alloys beyond Ni-based superalloys with high
strengths, thermal stabilities, and desirable ductility at high tem-
peratures are highly desirable in the aviation and aerospace in-
dustries. To meet the increasing demand of elevated-temperature
alloys, exotic multi-principal-element metallic alloy systems, also
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referred to as high-entropy alloys (HEAs), have been proposed and
studied due to their simple microstructures and promising prop-
erties. The ideal HEA-design strategy is to form a single solid-
solution phase, considering the configurational entropy (>1.5R,
where R is the ideal gas constant), and the enthalpy of formation
ðDHf Þ with the combinations of alloy components [1e8]_ENREF_1.
The reduction of the Gibbs free energy by the high configurational
entropy leads to the formation of the simple solid-solution phase,
such as face-centered-cubic (FCC) [9], body-centered-cubic (BCC)
[10e13], and hexagonal-close-packed (HCP) [14,15] structures.
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These features, in turn, contribute to attractive materials proper-
ties, especially, high hardness/strengths, and excellent softening
resistance at elevated and cryogenic temperatures [3e5]. These
properties of the near-equimolar HEAs are known to be associated
with the locally-strained atomic structures (lattice distortion) in
the simple-single solid-solution phase. Moreover, the recently-
developed twinning or transformation-induced plasticity (TWIP
or TRIP) HEAs, whose compositions are greatly deviated from the
near-equimolar ratios, have also attracted the increasing attention
due to their excellent mechanical properties [1,5,16e25].

There have been extensive efforts to develop single-phase re-
fractory HEAs for high-temperature applications above 1100 �C
[10e13,26e28] and to comprehend the underlying relationship
between their uniquemicrostructure andmechanical performance.
However, limited studies have investigated the lattice distortions in
HEAs, using x-ray or neutron diffraction [29e31]. Furthermore, the
quantitative evaluation of the lattice distortion, through statistical
calculations with experimental observations, is still not fully
developed. Moreover, only a small number of alloy systems have
been verified as single BCC solid-solution phases from experiments
[32,33]. For instance, many HEAs exhibit not only elemental seg-
regations in the as-cast condition, but also the formation of small
amounts of ordered phases after the heat treatment [27,34e36].
The chemical inhomogeneity and second-phase formation could
hinder the fundamental and in-depth understanding of the main
strengthening effect of HEAs. Therefore, the development of single
solid-solution phase HEAs with homogeneous elemental distribu-
tions is vital to elucidate how lattice distortions affect mechanical
properties. In the present study, we have designed a NbTaTiV re-
fractory HEA, which contains a single BCC solid-solution phase, via
the CALculation of PHAse Diagram (CALPHAD) approach [37e39].
The structure of the NbTaTiV alloy was investigated, using the in-
tegrated experimental and theoretical approach. The systematical
heat treatments were conducted to develop the single-phase solid-
solution microstructure with the fully-homogenous elemental
distribution.

Furthermore, we investigated the lattice distortion and the local
atomic environment of the BCC NbTaTiV alloy system through the
ab initio method, based on Special Quasirandom Structures (SQS)
[40] that approximate random distributions of atomic species in a
medium-sized supercell. The fully-homogeneous single-phase
NbTaTiV refractory HEA shows excellent yield strengths at room
and high temperatures (up to 900 �C), which are mostly induced by
the lattice distortion. The in-depth understanding of the lattice-
distortion effect on mechanical properties gained through this
investigation is expected to provide the alloy-design strategy for a
significant step forward in obtaining the in-depth understanding of
the refractory HEAs' microstructures and properties for high-
temperature applications.

2. Experimental methods

2.1. Materials

The alloys were prepared from Nb, Ta, Ti, and V elements of
99.99wt percent (wt.%) purity by vacuum arc-melting. Prior to each
alloying, the chamber was evacuated to 10�5 torr. After the cham-
ber pressure reached the desired value, the ultra-high purity argon
gas was supplied to produce an arc beam. A Ti getter was used to
consume traces of oxygen and hydrogen for all melting steps. To
achieve a fully-homogeneous distribution of elements, the ingot
was melted more than 10 times, by flipping them over between
each step. From the master alloys, rods with a 4-mm diameter and
50-mm length were solidified in a Cu mold under the Ar atmo-
sphere, followed by direct casting into cylindrical rods, using a
drop-casting technique. These fabricated alloys were sealed in the
vacuumed (10�2 torr) quartz tube with the triple-pumped argon
and experienced the heat treatments at 1000 �C for 1 day, 1200 �C
for 1 day, and 1200 �C for 3 days. After that, the samples werewater
quenched.

2.2. Computational methodologies

The CALPHAD calculations were carried out, using the TCNI8
thermodynamic database supplied by ThermoCalc™ [41]. This
database covers the entire composition ranges of all six constituent
binaries of the NbeTaeTieV system. However, it is anticipated that
the inclusion of thermodynamic descriptions for all ternaries will
enhance the reliability of the database especially in applications for
HEAs. Recent publications [37,38,42] detail the database de-
velopments and applications of the CALPHAD modeling for HEAs.

2.3. Microstructural characterization

Scanning-electron microscopy (SEM) was conducted, using a
Zeiss Auriga 40 equipped with back-scattered electrons (BSE), and
energy-dispersive X-ray spectroscopy (EDS). The SEM images were
analyzed, using the ImageJ software [43] to obtain the volume
fractions of dendrites and interdendrites, respectively. The surface
morphology of the polished samples was studied by the electron-
backscatter diffraction (EBSD) to indicate the presence of a single
solid-solution phase and confirm the variation of the grain size and
morphology after the heat treatment.

For the APT observation, needle-shaped specimens were made,
using standard lift-out methods with an FEI Nova focused ion beam
(FIB) [44,45]. The data collection was conducted, using a local
electrode atom probe (CAMECA LEAP 4000X HR) equipped with an
energy-compensating reflectron lens and a 10 pico-second 355 nm
ultraviolet (UV)-pulsed laser. The specimen was cooled to 30 K,
while a 50 pJ laser energy and a 200 kHz pulse repetition rate were
used to evaporate ions with a detection rate of 0.005 ions per pulse.
The data reconstruction and analysis were conducted, employing
the IVAS 3.6.12 software (CAMECA instruments).

2.4. In-situ neutron-diffraction experiments

In-situ neutron-diffraction (ND) measurements of as-cast and
heat-treated NbTaTiV alloys with a specimen diameter of 4mm and
length of 8mm under compression were performed to investigate
the deformation behavior at room temperature (RT), using an MTS
load-frame on the VULCAN Engineering Diffractometer at the
Spallation Neutron Source (SNS), Oak Ridge National Laboratory
(ORNL) [46,47]. The ND instrument utilizes the time-of-flight (TOF)
arrangement, which allows for the ND measurements with a
diffraction pattern, covering a wide range of d spacings without the
rotation of samples or detectors. The VULCAN is equipped with two
detectors, designated as Banks 1 and 2 at± 90�. These two detectors
were employed to record diffraction patterns corresponding to the
lattice planes, which are parallel to the axial and transverse di-
rections, respectively. The sample is illuminated by the incident
neutron beam of a 3� 3mm2 slit size and 2-mm collimators.
During the measurement of the diffraction patterns, a constant
load-control mode with a stepwise-loading sequence was utilized.
The measurement time of the neutron-diffraction data was
20min at each stress level. When the stress level reached 1100MPa
(close to the yield strength), the control mode was changed from
the load to displacement control modeswith an incremental step of
0.2mm. The collected data were analyzed by single-peak fitting,
using the VULCAN Data Reduction and Interactive Visualization
software (VDRIVE) program [48].



Fig. 1. CALPHAD-calculation data for NbTaTiV. Calculated equilibrium phase mole
fractions during solidification for Nb23.8Ta25.5Ti24.9V25.8. The inset shows the compo-
sition evolution of the BCC solid-solution phase during non-equilibrium solidification
using the ScheileGulliver models.

C. Lee et al. / Acta Materialia 160 (2018) 158e172160
2.5. Mechanical tests

The mechanical experiments were carried out under uniaxial
compression for the as-cast alloy at RT, as well as the heat-treated
alloy at RT, 300 �C, 500 �C, 700 �C, 800 �C, and 900 �C, using a
computer-controlled Material Test System (MTS) servo-hydraulic-
testing machine. It was very difficult to obtain high-quality speci-
mens without the cast flaws, such as pores using copper-mold drop
casting. Alternatively, further processes, such as rolling, are
necessary to remove the flaws. Indeed, the secondary processing,
i.e., rolling, seems to be quite effective to eliminate the micro-flaws
formed during solidification. However, the microstructure, such as
the grain size of samples after secondary processing, will be
significantly changed or modified from that of the as-cast micro-
structure. It is believed that uniaxial compression is a possible
method to obtain the intrinsic mechanical properties of as-cast and
heat-treated NbTaTiV refractory HEAs. The experiments were
conducted at an initial strain rate of 10�3 s�1 with a specimen
diameter of 4mm and length of 8mm (aspect ratio of 2:1). During
the experiments at high temperatures, the test specimens were
heated to the desired temperature by a furnace. Note that the
mechanical test result is obtained from three to five repeated trials.
All values of yield strengths and stress-strain curves are chosen as
the representative data, which indicates the mean values of yield
strengths. The repeated measurements of mechanical properties at
elevated temperatures suggested that each set of tests show less
than 8% deviation. The surface of the heat-treated specimen was
polished to observe the surface-deformation morphology after 15%
deformation.

2.6. First-principles calculations

The total-energy calculations were performed, using the Vienna
ab initio simulation package (VASP) [49] based on the density
functional theory (DFT) with the projector augmented wave (PAW)
[50,51] method. The Perdew-Burke Ernzerhof (PBE) [52] function
under the non-spin polarized generalized gradient approximation
(GGA) interaction is used to describe the exchange and correlation
interaction. The kinetic energy cutoff of 500 eV for the plane-wave
basis is employed. Using the Monkhorst-Pack scheme, the Brillouin
zone integration is carried out at 5� 5� 5 k-points [53]. The
convergence threshold for energy is 10�4 eV, while the symmetry-
unrestricted optimization for the geometry is performed, employ-
ing the conjugate gradient scheme until the residual force on each
atom is less than 0.01 eV/Å.

3. Results

3.1. Computational prediction of phase formation and evolution via
the CALPHAD approach

The CALPHAD calculations were used to predict the micro-
structure of the NbTaTiV alloy. Fig. 1 shows the predicted equilib-
rium and non-equilibrium phase mole fraction versus temperature
plots in the alloy system. A single BCC solid solution is predicted to
form with the bulk composition of Nb23.8Ta25.5Ti24.9V25.8, atomic
percent (at. %). The calculated liquidus and solidus temperatures
are Tliq¼ 2161 �C and Tsol¼ 1941 �C, respectively. The BCC solid
solution decomposes into a minor HCP phase at Tdec¼ 432 �C. The
ratio of the temperature range where the BCC solid solution is
stable over the solidus temperature [i.e., ðTsol � TdecÞ=Tsol ] is
determined to be 0.78. Gao et al. [54] previously proposed that a
ratio greater than 0.30 typically favors a single-phase solid solution
in the as-cast state.

The non-equilibrium solidification was simulated, using the
Scheil-Gulliver model [55], which assumes equilibrium mixing in
the liquid state and no diffusion in the solid state. The simulation
predicts the formation of a single BCC solid solution during the
entire non-equilibrium solidification. Based on the evidence, the
real solidification path is thought to be somewhere between the
equilibrium and Scheil-Gullivermodel. The simulation also predicts
the chemical segregation associated with Ta, Ti, and V due to
constitutional cooling. It is believed that as the temperature de-
creases, the BCC phase is rich in Ta at earlier stages of solidification
in the dendrite arms, while the interdendritic region is enriched in
Ti and V in later stages (the inset in Fig. 1).
3.2. Chemical inhomogeneity in the as-cast sample

Fig. 2(a) shows the scanning-electron microscopy (SEM) back-
scattered electron (BSE) image of the as-cast NbTaTiV refractory
HEA. The microstructure consists of dendritic and interdendritic
regions without any secondary phase. The different contrast be-
tween the dendritic and interdendritic regions suggests that
elemental segregation occurs during the solidification process. The
elemental distributions and chemical compositions of dendritic
and interdendritic regions in the as-cast alloy were examined by
the energy-dispersive-spectroscopy (EDS) mapping and point EDS
analysis (not shown). The dendrite is enriched in Nb and Ta, while
Ti and V are more preferentially distributed in the interdendritic
region, which is consistent with the CALPHAD calculation in Fig. 1.
The results of chemical compositions are summarized in Table 1.

The neutron-diffraction (ND) pattern in Fig. 2(b) reveals the
formation of a single BCC phase without clear features related to
the chemical segregation. Similarly, the EBSD-phasemap in Fig. 2(c)
shows the presence of a single BCC solid-solution phase. These
results indicate that the ND and EBSD techniques can properly
characterize the crystallographic-based microstructural features,
such as the phase formation and grain size.

Atom probe tomography (APT) was performed to confirm the
chemical homogeneity of the as-cast sample at the atomic scale and
the composition of each region. Fig. 2(d) and (e) present elemental



Fig. 2. Phase and microstructural characteristics of as-cast NbTaTiV, studied by SEM, ND, EBSD, and APT data. (a) The dendritic microstructure in SEM-BSE images of the as-cast
NbTaTiV alloy (b) Neutron-diffraction patterns with the peaks indexed for a BCC structure (c) EBSD-phase map of the as-cast NbTaTiV alloy (d) Concentration-depth profile of all
alloying elements taken along the black arrow (top), three-dimensional atommaps of individual elements (middle) and frequent-distribution histograms (bottom), for the dendritic
region, and (e) Interdendritic region in the as-cast NbTaTiV alloy. The frequency-distribution histograms of constituent elements were calculated with a block size of 100 atoms with
the solid lines showing the binomial-distribution curves, and the dots are the observed experimental results.
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maps and one-dimensional concentration-depth data from the
dendritic (bright contrast) and interdendritic (dark contrast) re-
gions in analyzed volumes of 74� 71� 79 nm3 and
81� 76� 114 nm3 in the as-cast condition, respectively. The den-
dritic region was found to have a calculated composition of Nb
27.265, Ta 27.381, Ti 21.862, and V 22.150, at. %, while the inter-
dendritic region had a calculated composition of Nb 20.997, Ta
11.669, Ti 33.149, and V 32.164, at. %.

The homogeneity of the atomic distributions within the APT
dataset was evaluated via the chi-squared statistics using a fre-
quency distribution analysis (FDA) [56], in which compositions
from 100 ion bins of the observed data were compared to a bino-
mial distribution, which represents a random solid solution. The
results of this analysis are presented in the inset of Fig. 2(d) and (e)
with the experimental data (dots) overlaid on the theoretical
binomial (random) distribution (solid line). The experimental re-
sults were in good agreement with the random binomial distri-
bution, indicating random atomic arrangements within the atom-
probe dataset. The m value or c2 normalized to the sample size
quantifies the extent of the elemental-distribution randomness.
Only the m value is reported in this case (see Table 1) due to the very
large sample size, which causes the p test to be extremely sensitive
to small variations. The m value ranges from 0 to 1, with 0 indicating
a complete random solid solution, and 1 representing a complete
association of the elements. The c2 statistics applied to the APT
data, including the m value, are explained in more detail by Moody



Fig. 2. (continued).
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et al. [57] and Miller _ENREF_24_ENREF_24 [56]. One-dimensional
concentration-depth profiles taken along a 10-nm cylindrical re-
gion further reflect that there are no statistically-significant con-
centration fluctuations in the dendritic and interdendritic regions,
as shown in Fig. 2(d) and (e). However, there are clear chemical-
composition differences between the two regions. The dendritic
region contains higher amounts of Nb and Ta elements, whereas
the interdendritic region consists of higher amounts of Ti and V,
which are consistent with the EDS results (Table 1), and CALPHAD
prediction (Fig. 1).

3.3. Tailoring single phase with homogeneous chemistry via
thermal treatment

As an attempt to achieve a homogeneous single phase without
the compositional segregation in the as-cast alloy, systematic
thermal treatments have been conducted, based on the CALPHAD
results (i.e., heat treatments at 1000 �C for 1 day, 1200 �C for 1 day,
and 1200 �C for 3 days). As the homogenization temperature and
duration increase, an apparent microstructural variation is
observed, as shown in Fig. 3(aec). The dendrite-arm spacings and
volume fractions of dendritic and interdendritic regions for the
sample heat-treated at 1000 �C for 1 day are slightly larger
[Fig. 3(a)] than those of the as-cast sample [Fig. 2(a)]. The quanti-
tative difference of dendrite-arm spacings and volume fractions are
summarized in each figure. This variation implies an insufficient
diffusion at the above temperature. The heat treatment at 1200 �C
for 1 day leads to the blurred contrast between dendrites and
interdendrites [Fig. 3(b)], which indicates a gradual reduction of the
compositional segregation.



Table 1
SEM-EDS and APT compositions, and elemental distribution analyses of as-cast and homogenization-treated refractory NbTaTiV HEAs. Chemical composition (in atomic
percent, at. %) of constitutive regions in as-cast and homogenized alloys, determined using the energy-dispersive spectroscopy (EDS) and atom-probe tomography (APT),
respectively. The binomial distribution of the analyzed data in comparison to the binomial distribution of the theoretical data is provided by the parameters of c2 and m for each
element.

Materials Parameters

e EDS results APT results

Alloys Elements Average of atom fraction (%) Average of atom fraction (%) m

As-cast
NbTaTiV (Bright contrast region)

Nb 28.6 27.265 0.0564
Ta 33.7 27.381 0.1029
Ti 19.8 21.862 0.0779
V 17.9 22.150 0.1014

As-cast
NbTaTiV (Dark contrast region)

Nb 18.9 20.997 0.0422
Ta 9.0 11.669 0.0390
Ti 36.3 33.149 0.0586
V 35.8 32.164 0.0664

Homogenized
NbTaTiV

Nb 23.8 24.944 0.0375
Ta 25.5 23.627 0.1328
Ti 24.9 25.076 0.0820
V 25.8 24.959 0.0379
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To obtain a fully-homogeneous elemental distribution, the
sample was subjected to a longer heat treatment at 1200 �C. This
thermal treatment results in the complete elimination of the den-
dritic segregation concomitant with the grain growth (grain sizes of
200e400 mm), as observed in Fig. 3(c). The EDS measurements (not
shown) were conducted to further confirm the homogeneous
chemical distribution in the sample heat-treated at 1200 �C for 3
days. No formation of other phases along the grain boundary as
well as inside the grain was observed. The specific chemical
composition for the homogenized microstructure was investigated
by the point EDS analysis. Importantly, each element was distrib-
uted as a nearly-equi-atomic percentage throughout the sample.
The results of chemical compositions are summarized in Table 1.
The ND pattern and EBSD-phase map show that there is no obvious
formation of the secondary phase or phase transformation after the
heat treatment [Fig. 3(d) and (e)].

The atomic-scale distribution of elements for the homoge-
nized sample was measured, using an analyzed volume of
63� 61� 75 nm3 by APT. The APT results reveal a uniform dis-
tribution of alloying elements with near-equal atomic concen-
trations, as can be seen in Fig. 3(f). The FDA in Fig. 3(g) shows a
good agreement between the experimental data and the bino-
mial distribution [33,57]. The m values, as discussed above, can be
found in Table 1. Note that the APT-tip samples were extracted,
adjacent to the grain-boundary region, to ensure a homogeneous
elemental distribution, as secondary phases tend to precipitate
along grain boundaries [58]. In short, the chemical segregation in
the as-cast state was effectively eliminated by a systematic heat-
treatment process, and the single-phase solid solution with the
atomic-scale random elemental distribution was accomplished.
3.4. Mechanical properties at room and elevated temperatures

Fig. 4(a) presents the compressive engineering stress-strain
curves of the as-cast and homogenization-treated NbTaTiV al-
loys at RT with a strain rate of 1� 10�3 s�1. The yield strengths
(sy) of the as-cast and heat-treated samples are comparable (as-
cast: 1236MPa, and heat-treated: 1273MPa) without the fracture
occurring at a compressive strain limit of 30%. The compression
experiments at RT were carried out, using the in-situ ND to
investigate the deformation behavior during elastic and plastic
deformations. Fig. 4(b) and (c) exhibit the corresponding lattice-
strain evolutions of {110} and {200} planes along the loading
direction, as a function of the applied stress for the as-cast and
homogenized samples, respectively. The lattice strains during
loading, εhkl, are calculated from the shift of single-peak posi-
tions, using

εhkl ¼
dhkl � dhkl;0

dhkl;0
(1)

where dhkl is the d-spacing obtained from the hkl diffraction at a
given load, and dhkl,0 refers to the value without the load. The
lattice-strain evolution can provide the {hkl} plane-specific lattice
strain during deformation. Generally, the {110}-oriented grains
yield initially, because the {110} orientation is preferred for the slip
in the BCC structure, and then the additional load transfers to
{200}-oriented grains, resulting in the increase of the {200} lattice
strain, which is known as load sharing or partitioning [59]. Our
results obtained from both the as-cast and homogenized samples
show the similar load-sharing trend, as observed in the conven-
tional BCC alloys. However, the slopes of {110} and {200} lattice
strains increase during the loading to 750e850MPa, and
900e1000MPa, respectively, in the as-cast condition. In contrast,
the slopes for the homogenized state maintain a linear response
until 1100MPa.

The lattice-strain evolutions for {110} and {200} grains reveal
that the stress value for the elastic-plastic transition of the as-cast
sample (~1000MPa) is slightly lower than the homogenized one
(~1100MPa), which is consistent with the engineering stress-strain
behavior [Fig. 4(a)]. Fig. 4(d) and (e) illustrate the variations in the
normalized peak width (W/W0) of {110}, {200}, {211}, and {310}
peaks as a function of engineering strain. Note that the reference
peak width (W0) was taken at the initial diffraction pattern (before
the applied stress). For both conditions, no significant changes of
peak widths were observed during elastic deformation. After
yielding, however, the peak widths of the homogenized sample
[Fig. 4(e)] increase more considerably than those of the as-cast one
during plastic deformation. The width increase could be associated
with the stress-induced heterogeneous substructure, such as
distortion and twining [60,61]. However, based on our examination
concerning the lateral surface of the 15% deformed specimens using
SEM and EBSD as shown in Fig. 5(aec), a number of slip bands are
observed without the formation of twin bands. These results
indicate that the plastic-deformation behavior is mainly dominated
by the dislocation-slip mechanism, and during the deformation of



Fig. 3. Microstructural evolutions of the NbTaTiV alloy as a function of heat-treatment conditions, studied by SEM, ND, EBSD, and APT data. The SEM-BSE images of after-
annealed samples at different temperatures and time periods: (a) 1000 �C for 1 day, (b) 1200 �C for 1 day, and (c) 1200 �C for 3 days, (d) Neutron-diffraction patterns of the NbTaTiV
alloy after the heat treatment at 1200 �C for 3 days with the peaks indexed for a BCC structure. (e) EBSD-phase map of the homogenization-treated NbTaTiV alloy, and (f) A one-
dimensional concentration-depth profile of all alloying elements taken along the black arrow for the homogenization-treated NbTaTiV alloy (top). Three-dimensional atom maps of
individual elements (bottom) (g) FDA of constituent elements with a block size of 100 atoms for the homogenized NbTaTiV alloy. The solid lines are the binomial distribution, while
dots are the observed experimental results.
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the homogenized sample, more dislocations are produced as the
plastic deformation proceeds.

The elevated-temperature compressive tests were performed
up to 900 �C at a strain rate of 1� 10�3 s�1 for the homogenized
alloy, and the stress-strain curves are illustrated in Fig. 6. As the
temperature increases, the yield strength gradually decreases from
1273MPa (RT) to 688MPa (900 �C). Similar to the RT stress-strain
curve, potent strain hardening is retained up to 800 �C, but a
slight reduction of the hardening capability is observed at 900 �C.
Note that the samples did not fracture up to a compressive strain
limit of 30%. The values of the yield stress (sy) for the homogenized
NbTaTiV alloy as a function of temperature are summarized in
Fig. 6.
4. Discussion

4.1. Homogenization-treatment effects

The unique property of HEAs is obtained by increasing the
configurational entropy, which introduces a simple solid-solution
microstructure with severe lattice distortions caused by the
random distribution of the constitutive elements that vary appre-
ciably in size. Therefore, it is expected that the extent of the
distortion effect is maximized when all the elements are homo-
genously distributed without the second-phase formation. In the
present work, the fully-homogeneous single solid-solution micro-
structure in the NbTaTiV refractory HEA was achieved through



Fig. 3. (continued).

C. Lee et al. / Acta Materialia 160 (2018) 158e172 165
experimental and theoretical approaches. The clear microstructural
evolution was captured from the chemically-inhomogeneous to
simple BCC structures after the heat treatments. The chemical in-
homogeneity is associated with the different melting temperature
of each element in the alloy system. The segregation ratio,
SR¼ (Cdr)i/(Cidr)i, which considers the melting temperature of each
constituent element [62] of the alloying component, was used to
quantify the influence on micro-segregation. Here, the (Cdr)i and
(Cidr)i are the atomic fractions of the element, i, in the dendritic and
interdendritic regions, respectively. The calculated SR values for Nb,
Ta, Ti, and V in the as-cast sample based on the APT chemical
analysis are 1.30, 2.35, 0.65, and 0.69, respectively. These values
reflect that the Nb and Ta elements with highmelting temperatures
contribute mainly to the formation of dendritic regions, whereas
the Ti and V elements with lower melting temperatures are pref-
erentially distributed in the interdendritic regions. This calculation
trend is consistent with the CALPHAD results (the inset in Fig. 1).
Based on the configurational-entropy approach, the chemical
inhomogeneity in the as-cast sample is expected to reduce the
distortion effect, as compared to the fully-homogeneous sample,
which determines the extent of strengthening in the materials.
However, the alloys in both states exhibit similar yield strengths.
This trend could be due to other microstructural differences be-
tween the as-cast and heat-treated alloys, such as the grain size and
possible presence of the residual stress during the casting process,
as well as the compositional segregation making it difficult to
clarify the influence of lattice distortion. Nevertheless, the variation
at the distortion level during microstructural evolution could be
determined by features obtained from neutron diffraction, such as
lattice parameters and peak intensities. The lattice parameters of
the as-cast sample and the heat-treated sample at 1200 �C for 3
days were determined from the ND patterns, using a single-peak
fitting approach [63], and the averaged lattice parameters from
the peaks observed were estimated to be 3.2372± 0.0002Å and



Fig. 4. Comparison of mechanical properties and in-situ neutron-diffraction data
of the as-cast and homogenization-treated NbTaTiV. (a) Engineering compressive
stress-strain curves of the as-cast and homogenization-treated NbTaTiV at room
temperature. Evolution of lattice strains for (b) [110] (c) [200] oriented planes in as-
cast (black line) and homogenization-treated (red line) alloys as a function of
applied stress. Evolution of normalized peak widths as a function of macro-strain for
(d) As-cast, and (e) Homogenization-treated NbTaTiV HEAs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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3.2318± 0.0001Å, respectively. A theoretical crystal-lattice
parameter (amix) of the NbTaTiV alloy can be estimated with the
rule of mixtures approach:

amix ¼
Xn
i¼1

ciai (2)

where n is the number of alloy components, ci is the atomic fraction
of the ith element, and ai is the lattice parameter of the ith element.
The lattice parameters measured for both as-cast and homogenized
samples are slightly different with those acquired from the rule of
mixtures (3.2342Å), which could indicate lattice distortions in both
cases.

4.2. Quantitative determination of lattice distortion via experiments
and calculations

Lattice distortion, which essentially originates from the atomic-
size mismatch in an alloy, constitutes one of the main features
distinguishing HEAs from other metallic materials [4]. Importantly,
lattice distortion affects the deformation mechanism as well as the
mechanical properties of HEAs [30,31,64]. For example, severe
lattice distortions produce unconventional dislocation lines in
HEAs, leading to a distinct deformation mechanism in metallic
materials [65,66]. These lattice distortions also introduce energy
barriers against dislocation motions and serve as a strengthening
mechanism [67]. Many properties of solid-solution HEAs, e.g., the
phase stability and atomic-level stresses, are found to be correlated
with the overall atomic-size mismatch [68,69].

There are experimental and theoretical reports regarding the
influence of the lattice distortion on the diffraction-peak intensities
in HEAs [30,31]. Specifically, the CueNieAleCoeCreFeeSi HEAs
exhibit a considerable reduction in the XRD or ND intensities with
the increase of the number of additional principal elements [31].
The peak intensities of neutron diffraction are closely related to the
local chemical ordering/disordering in the lattice-distorted single-
phase HEAs. During the neutron-beam irradiation, severe neutron
scattering occurred on the rough diffraction planes, which is
induced by significant lattice distortions, and it is expected to
weaken the detectable diffraction signal. Similar to thermal effects,
the atomic deviation from neutral positions (structural distortion)
gives rise to the substantial deviation of the crystallization integ-
rity, and, thus, an enhanced scattering effect. Thus, it results in
simplified diffraction patterns and depressed peak intensities [31].
In the present study, the ND results show that the intensity of the
{110} peaks for the homogenized sample is reduced by approxi-
mately 27%, as compared to the as-cast condition. Note that the
diffraction peaks are fitted by the single-peak fitting method and,
then, divided by the proton charge to conduct the precise com-
parison of peak heights. It can be deduced that the significant
chemical inhomogeneity in the as-cast sample could induce the
local chemical ordering, which leads to higher peak intensities. The
evolutions of lattice strains and normalized peak widths during
deformation, obtained by in-situ neutron studies, indicate that the
slips of the as-cast alloy in the {110} and {200} oriented planes
occur earlier than the homogenization-treated alloy, and a high
density of dislocations is formed during plastic deformation. These
distorted lattices induce the formation of local elastic-stress fields.
During deformation, mobile dislocations could interact with the
local elastic-stress fields. These stress fields could hinder the
dislocation movements, which accounts for the high amounts of
dislocations during plastic deformation [70].

Recently, Toda-caraballo et al. developed the strengthening
theories to evaluate solid-solution strengthening in multicompo-
nent alloy systems [71]. For solid-solution strengthening of metallic
solid solutions originates from the elastic interactions between
local stress fields of solute atoms and those of dislocations [67,72].
The interaction force (F) can be estimated as

F ¼ Gb2d ¼ Gb2½bda þ dG� (3)

where da ¼ 1
a
da
dc, dG ¼ 1

G
dG
dc , G is the shear modulus of the alloy, b is

the magnitude of the Burgers Vector, and b is a constant, which is
related with the difference in the interaction forces between screw
and edge dislocations and the local stress field caused by solute
atoms [71]. Typically, b is 2e4 for screw dislocations and �16 for
edge dislocations, respectively [71e73]. In the consideration of the
ductility feature of the presently-studied BCC alloy, it is likely that a
mixture of edge and screw dislocations is present, and thus, the b

was determined to be 9 [13,74]. In a concentrated solid solution, the
solute induced stress, Ds, can be expressed as:



Fig. 5. SEMandEBSD imagesof thedeformed lateral surface. (a) SEMmicrograph of thehomogenization-treated alloy after 15%deformation. (b and c) The EBSDphase and inverse pole-
figure mapping images of the 15 %-deformed homogenized NbTaTiV at room temperature. The SEMmicrograph of the 15 %-deformed homogenized sample shows a large density of slip
bands that were nonuniformly oriented within different grains formed during plastic deformation. Furthermore, no strain-induced phase transformation was found to occur during
compression testing, i.e., the single BCC solid-solution phase is observed on the phasemap, and other deformation bands, such as local twin bands, were not observed from EBSD analyses.

Fig. 6. Mechanical properties for NbTaTiV at elevated temperatures. Compressive
engineering stress-strain curves and a summary of compression-yield strength (sy) for
the homogenization-treated NbTaTiV alloy obtained at room temperature, 300 �C,
500 �C, 700 �C, 800 �C, and 900 �C, respectively.
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Ds ¼ AF4=3c2=3E�1=3
L

b2
(4)

where A is a dimensionless material constant, c is a solute con-
centration, and EL is the dislocation-line tension.

In the case of the single solid-solution phase HEA, the elastic and
atomic-size mismatches are major factors for the solid-solution
strengthening, which can be expressed as [13]:

Dss ¼ Dsa þ DsG (5)

where Dsa and DsG are the strengthening contributions from the
atomic-size mismatch (lattice distortion), and elastic-modulus
mismatch (modulus distortion), respectively. According to Eqs.
(3) and (4), the solute-induced stress with the consideration of
the lattice distortion and modulus distortion can be expressed as
[75]:

DsaðGÞ ¼ A
0
Gd4=3aðGÞic

2=3
aðGÞi (6)

where A
0
is a material-dependent dimensionless constant of the

order of 0.04, G is the shear modulus of the alloy, which is esti-
mated to be 49.5 GPa using the rule of mixtures, di is the estimated
average difference of the atomic size or shear modulus, and ci is the
solute concentration [74,75]. In case of a single BCC phase HEA, the
dai and dGi in the adjacency of an element, i, are evaluated as av-
erages of the atomic-size and modulus differences of this element
with its neighbors, respectively,
dai ¼
9
8

X
cjdaij (7)



Table 2
The theoretical parameters (Å3) of the six binary systems. A calculated volume before and after alloying for six binary systems, variation of volume, DV, and average of the
volume difference, DVij, in the supercell.

Parameters Materials

Nb50Ta50 Nb50Ti50 Nb50V50 Ta50Ti50 Ta50V50 Ti50V50

Volume (Before alloying) 294.17 284.45 256.31 284.34 255.03 244.89
Volume (After alloying) 294.08 284.72 254.32 285.04 254.64 245.28
DV 0.0900 - 0.2700 1.9900 �0.7000 0.3900 �0.3900
DVij 0.0113 �0.0338 0.2488 �0.0875 0.0488 �0.0488

Table 3
Theoretical calculations and experimental results of lattice distortions. Effective

lattice constant ðdeffi Þ of each element, lattice constant (d), and lattice-distortion

parameter (mD) of theoretically-calculated results in comparison to the experi-
mental data. Note that the experimental results are calculated, based on the
chemical composition, which is obtained from the APT measurements and lattice
constants that are obtained through neutron diffraction.

Parameters Elements

Condition Nb Ta Ti V

Atomic Volume (Å3) e 18.36 18.40 17.23 13.43
Atomic Fraction (%) Calculation 0.250 0.250 0.250 0.250

Experiment 0.249 0.236 0.251 0.250

deffi (Å) Calculation 2.8613 2.8597 2.8611 2.6263
Experiment 2.8558 2.8578 2.8563 2.6194

d (Å) Calculation 2.8021
Experiment 2.7988

mD(Å) Calculation 0.2344
Experiment 0.2373
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dGi ¼
9
8

X
cjdGij (8)

where daij ¼ 2ðri � rjÞ=ðri þ rjÞ, dGij ¼ 2ðGi � GjÞ=ðGi þ GjÞ, Gi and Gj

are the shear moduli of ith and jth elements, respectively, and cj is
the atomic fraction of jth element in the alloy.

According to the above equation, the strengthening components
in the NbTaTiV alloy due to the lattice and modulus distortions are
estimated to be Dsaz 431MPa, and DsGz 227MPa, respectively.
This result indicates that the lattice distortions are likely to be the
dominant strengthening factor rather than modulus distortions in
this alloy system.

From this point of view, one can point out that the quantitative
as well as qualitative measurement of lattice distortions in the
homogenized alloy is apparently important for understanding the
strengthening mechanism. Yeh et al. [31] suggested the mathe-
matical parameters of the distortion effect from the x-ray diffrac-

tion (XRD) structure factor of F
T ;D
hkl ¼ Fhkl expð�MT �MDÞ, which is

formulated by the combination of the Debye-Waller temperature

factor, MT ¼ 8p2ðu2ÞT
�
sin q
l

�2

, and lattice-distortion factor, MD,

where q and l are the angle and wavelength of the incident x-ray
beam, respectively. This thermal factor is remarkably associated

with the vibration amplitude of atoms, uT . Similar to the vibrational
amplitude of atoms caused by thermal effects, the lattice-distortion
factor, MD, is formulated as:

MD ¼ 8p2
�
u2

�D�sin q

l

�2

(9)

In this factor, which is modified from MT, the deviation

displacement of atoms due to the intrinsic lattice distortion, uD, is

the major effective term to determine MD. The uD can be expressed
by the following equation:

uD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i

�
deffi � d

�2vuut (10)

where deffi is the effective lattice constant of the ith element, and d
is the average lattice constant of n elements, which are obtained
from the atomic size of the incorporated elements related to the

crystal structure. The effective lattice constant, deffi , is calculated by:

deffi ¼
Xn
j

fj

�
1þ DVij

Vi

�1=3

di (11)

where fj is the atomic fraction, Vi is the atomic volume, di is the
lattice constant of the ith element, DVij is the atomic-volume
change of the ith element dissolved into the jth element, respec-
tively. According to Eq. (6), the intrinsic lattice distortions due to
the incorporation of different size elements were calculated, using
the first-principles method. The BCC NbTaTiV HEAs were modeled
through the special quasi-random-structure (SQS) [76] method.
Here, the intrinsic lattice distortion of the NbTaTiV alloy at zero
temperature is calculated. The fj is set to 0.25 because there are four
elements, in which the composed elements are equally distributed
in the HEA alloy. To calculateDVij and Vi, six kinds of binary systems
need to be constructed, including A50B50, which denote the systems
containing A and B, two of the four elements. A supercell containing
16 atoms is employed to construct the binary systems through SQS,
and the lattice vectors of the supercell are defined as a ¼ 1 1 1; b ¼
1 1 1; and c ¼ 2 2 0. The volumes of the six binary systems are
listed in Table 2. The volume before alloying denotes the sum vol-
ume of all the atoms in the supercell. To calculate the volume of
supercells, one needs to multiply the number of atoms by the
atomic volume in Table 3. The volume after alloying denotes that of
the supercell after optimization. Then the total volume change, DV ,
can be obtained by DV ¼ V (after alloying) - V (before alloying).
Also the average atomic-volume differences, DVij, can be calculated
through DVij ¼ DV=N. Here N is equal to 8, since it corresponds to
half of the number of atoms in the supercell.

According to Eqs. (5) and (6), the lattice-distortion parameters

(uD) are calculated and listed in Table 3. For the quantitative com-
parison with the experimental result, the atomic fraction, which is
obtained by the APT measurement, and the lattice parameter,
which is acquired from the neutron-diffraction pattern, is replaced

in fj and d factors, respectively. The obtained parameter, applying
these experimentally-measured values, 0.2373Å, is fairly close to
the theoretically-calculated parameter (0.2344Å) of the lattice

distortion (uD). The detailed values of lattice constants and lattice
distortions are illustrated in Table 3. It indicates that the homoge-
nization treatment promotes the rearrangement of atoms as a
random distribution. Hence, the crystalline lattice is distorted as
the predicted value of the theoretical calculation with the



Fig. 7. First-principles calculation data. (a) Distribution of the interatomic distances
for the first to fifth nearest neighbors (NN) of the BCC NbTaTiV HEA calculated from the
optimized SQS. The blue dashed lines show the average interatomic distances for the
first to fifth NNs, and (b) Box plot presenting the distribution of interatomic distances
of 1NN bonds in the SQS for the BCC NbTaTiV HEA. The box presents the first and third
quartiles of the bond lengths for a type of atomic bonds. The whisker extends to either
the 1.5 interquartile ranges or the maximum and minimum values. The median and
mean for each type of atomic bonds exhibit as the green solid line and red dashed line,
respectively. The reference bond lengths, calculated from comparable BCC structures
for the homoatomic pairs and B2 structures for the heteroatomic pairs, are shown in
blue squares. (c) Two different locally-relaxed atomic structures of the BCC NbTaTiV
HEA. The shortest and longest bond lengths of the NbeNb and V-V pairs for the first
nearest neighbors in the supercells with the SQS model. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

C. Lee et al. / Acta Materialia 160 (2018) 158e172 169
homogenization treatment.

4.3. Quantitative determination of lattice distortion via first-
principles calculations

The mean-field lattice-distortion parameter is somewhat
ambiguous in determining the local atomic displacement. To
quantitatively understand the local lattice distortion of the BCC
NbTaTiV HEA system, the distribution of atomic distances in a
relaxed 64-atom NbTaTiV SQS was analyzed and shown in Fig. 7(a).
It illustrates that the interatomic distance of all nth nearest-
neighboring (NN) pairs extends over a wide range, suggesting
that many of the atoms deviate profoundly from their ideal lattice
sites, leading to a severe local lattice distortion in this alloy system.
The average interatomic distances of atomic pairs are r¼ 2.80, 3.23,
4.57, 5.42, and 6.47Å for the first to fifth NN pairs, respectively. The
effects of the local atomic relaxation can be excluded if we fix the
atomic positions at the BCC lattice and only optimize the volume of
the SQS. In such a case, the interatomic distances, rather than
showing a wide spread, exhibit single values with r¼ 2.80, 3.24,
4.58, 5.37, and 5.61Å for the first to fifth NN pairs. For the short-
range pairs, the average NN distances from the SQS are similar to
the ideal BCC lattice. However, the deviation in average interatomic
distances from an ideal BCC lattice for the 4NN and 5NN is
noticeable. These results suggest that while the BCC lattice is
maintained on average for the NbTaTiV HEA, a severe lattice
distortion is predicted to be noticeable over longer ranges of atomic
distances.

The BCC NbTaTiV system has ten different types of atomic pairs,
i.e., the homoatomic pairs of NbeNb, TieTi, TaeTa, and VeV, and
the heteroatomic pairs of NbeTi, NbeTa, NbeV, TieTa, TieV, and
TaeV. Fig. 7(b) presents the NN interatomic distance of the afore-
mentioned pairs in the SQS after the structural optimization.
Additional DFT calculations were performed for the homoatomic
and heteroatomic pairs with BCC and B2 crystal structures,
respectively, to obtain the reference bond length for the inter-
atomic pairs. These calculations provide comparable bond lengths
for the atomic pairs in the BCC HEA. The mean and median of the
interatomic distance of each pair are also shown in Fig. 7(b). The
interatomic distance of all 1NN pairs spreads in wide ranges.
Considering both the range of the interatomic distances and the
mean value of a pair, a large number of atoms in the SQS shift
strongly away from their ideal lattice sites, indicating a severe local
lattice distortion in the NbTaTiV system. The lattice distortions can
be defined as the change of the bond length with respect to the
reference bond length:

Lattice distortion ¼ jdi � drj
dr

� 100 (12)

where di is the interatomic distance of a pair in the relaxed SQS, and
dr is the interatomic distance obtained for a pair with a BCC or B2
structure. Using this formula, the largest lattice distortion pairs are
VeV and TieTi, which are 4.7% and 5.1%, respectively. Among the
heteroatomic pairs, the largest lattice distortions are the NbeV and
TieV pairs with a lattice distortion of 6.1% and 8.1%, respectively.

Fig. 7(b) illustrates how likely an atomic pair is compressed or
elongated in the HEA. When the median bond length is less than
the reference bond length of a pair, e.g., NbeNb, the bond is more
likely to be under compression. The homoatomic pairs between
NbeNb and TaeTa, the largest atoms of the HEA are mostly com-
pressed, while the pairs of VeV, the smallest atom of the HEA are
mostly elongated. On the other hand, in heteroatomic pairs, Ti
atoms in combination with Nb and Ta appear to be balanced with
their neighboring atoms on average. The heteroatomic pairs, with
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the V atoms, show mostly elongation in their bond lengths. The
compression/tension behavior in the bond lengths can be referred
to the local environment of a pair, where placing some of the atoms
in its neighborhood induces compression or tension to its bond. For
example, while most of the NbeNb pair bonds are under
compression in the HEA system, some of the NbeNb pair bonds are
elongated due to the existence of V atoms in its first nearest
neighboring environment as shown in Fig. 7(c). In addition to the
difference in the atomic size, the change in the bond length of the
HEA is also related to the chemical interactions among the principal
elements.

4.4. Comparison of the temperature dependence of yield strengths

Fig. 8 shows the yield strengths of the NbTaTiV refractory HEA
and two reported refractory HEAs [11], and conventional alloys,
such as the Al-based alloy [77], Ti-based alloy [78], and Ni-based
superalloys [11] at high temperatures. Compared with refractory
HEAs, other alloys show a drastic decrease of the yield strength at
certain temperatures. The Inconel 718, which maintains higher
yield strengths at elevated temperatures, as compared with other
conventional alloys, exhibits a rapid decline of the yield strength
around 700 �C. However, the refractory HEAs, NbTaTiV, MoNbTaW,
and MoNbTaVW, present no substantial reduction of yield
strengths as a function of temperatures. Besides, the values of yield
strengths for NbTaTiV and MoNbTaVWalloys are much higher than
other alloys at the temperatures above 800 �C. The ability of the
material to retain its strength at high temperatures could be the
consequence of the sluggish diffusion [79]. The nature of the slower
diffusion of elements at higher temperatures in the single BCC
structural refractory HEAs may arise from its structure, which
consists of multi-principal elements (that possess the high melting
temperature and different atomic radii) [79]. Thus, these trends can
lead to the strong resistance of high-temperature softening.

5. Conclusions

Overall, this comprehensive study provides a method of the
design and development of the single-phase BCC solid-solution
phase refractory HEA, using an integrated experimental and theo-
retical thermodynamic-calculation approach. The results of the APT
measurement and the neutron-diffraction patterns indicate that
the structure is composed of a single-phase BCC solid solution as
well as a homogeneous elemental distribution with equimolar ra-
tios. Furthermore, the mechanical-test results of the
Fig. 8. Comparison of the temperature dependence of yield strengths. Yield
strengths of the NbTaTiV alloy and two reported refractory HEAs (MoNbTaW and
MoNbTaVW), conventional HEA (Al2.0CoCrCuFeNi), Al-based alloy (6061 Al alloy), Ti-
based alloy (Tie6Ale4V alloy), and Ni-based superalloys (Inconel 718 and Haynes
230) as a function of temperature [10,72,73].
homogenization-treated sample show the excellent yield strength
and plasticity at RT as well as elevated temperatures. The dominant
strengthening mechanism was found to be solid-solution hard-
ening, which stems from the distortion of the crystalline lattice
during deformation. It is thought that this strengthening mecha-
nism induces slow elemental diffusion at high temperatures,
which, consequently, leads to the strong resistance of high-
temperature softening. The distorted lattice for this alloy system
was quantitatively calculated by the mathematical computation
and theoretical modeling, such as first-principles calculations. The
results of the above modeling and analysis indicate that the local
severe lattice distortions are induced, due to the atomic-size
mismatch and local atomic interactions in the homogenization-
treated NbTaTiV refractory HEA. These results provide (1) a novel
alloy-design strategy, (2) a fundamental understanding of the
lattice-distortion effect on mechanical properties, and (3) a road
map to produce better materials for high-temperatures
applications.
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