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Abstract
The effects of atomic size mismatch and chemical complexity on the local
lattice distortion of solid-solution alloys VNbTa, TiVNbMo, TiVNbMoTa and
TiVNbMoTaWRe with body-centered cubic (BCC) structure are quantitatively
studied with time-of-flight neutron total scattering, extended X-ray absorption
fine structure (EXAFS) measurements and first principles calculations.
Neutron atomic pair distribution function (PDF) measurements found that the
local lattice distortion in the ternary solid-solution alloy VNbTa is 1.1%,
obviously larger than that of the most complicated solid-solution alloy (0.27%
for TIVNbMoTaWRe). Our results suggested that atomic size mismatch in high
entropy alloys is more critical to the local lattice distortion than chemical
complexity. Both EXAFS analysis and theoretical calculations indicate that
there is a maximum of ~4% difference between the bonding length of different

atomic pairs in VNbTa.
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1. Introduction

High entropy alloys (HEAs) are solid-solutions of multi-principal elements with
nearly equiatomic chemical composition [1-3]. It is believed that the high
configurational entropy has a significant effect on the Gibbs’ energy of crystalline
phase, which stabilizes solid-solutions rather than intermetallic phases [4—-6]. Due to
the atomic size mismatch, local lattice distortion is believed to be one of the main
structural characters of HEAs [1,3,7,8]. Numerous investigations have shown that
lattice strain yielding from local lattice distortion plays a key role to the structural
stability, precipitation, microstructure, formation and evolution of defects, which
affect the integrated mechanical properties of HEAs [9—-13]. Generally, the localized
distortion around the solute atoms interacts elastically with the dislocations through
the material, resulting in solid-solution strengthening [14—16]. The most studied
medium-entropy alloys of CoCrNi, CoCrFeNi are stable FCC solid-solutions, while
CoCrFeMnNi is not so stable and precipitation occurs when it is annealed at elevated
temperatures [17]. Due to the chemical short-range order, however, the formation of
intermetallic phases becomes more likely as the number of alloying elements
increases. The lattice distortion of HEAs arises from not only atomic size mismatch,
but also the differences in the crystal structure and bonding preferences of alloying
elements present.

Lattice distortion in HEAs was generally described by the parameter of atomic size
mismatch before [6,18]. Atomic size mismatch (d) is an empirical concept borrowed
from metallic glass, which describes the glass forming ability. The atomic size
mismatch is generally estimated as [18]
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of the individual alloy component, respectively. Experimental results suggested that
larger atomic size mismatch (6>11%) favors the formation of metallic glass, and

HEAs have less d values [18]. However, the estimation of  is very rough because the
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atomic size of elements depends on the crystal structure and the atomic radius in
alloys is even not strictly defined. In recent years, an experimental method based on
total scattering has been built [7,19,20] which can quantitatively measure the lattice
distortion in HEAs, and the results indicated that the lattice distortion in HEASs is
localized in a distance of 2-3 unit cells. Experimental results also suggested that the
lattice distortion in most HEAs was over estimated with atomic size mismatch
parameter, especially to the FCC solid solution alloys [7,21,22]. Chemical complexity
has also effects on the structural disorder, which can introduce additional lattice
vibrations at 0 K [23] and local lattice distortion. X-ray diffraction has found
structural distortion in some refractory solid solution alloys with BCC structure [24],
and the lattice distortion of some Zr- and Hf-bearing HEAs was also studied by X-ray
total scattering method [20]. However, the synergetic effects of atomic size mismatch
and chemical complexity on the lattice distortion of HEAs are not systematically
studied before. In this paper, the effects of atomic size mismatch and chemical
complexity on the lattice distortion in four BCC solid-solution alloys with different
chemical complexity are quantitatively investigated by using time-of-flight total
neutron scattering, extended X-ray absorption fine structure measurements and
theoretical calculations.
2. Experimental details and calculation methods

Solid-solution alloy ingots were prepared by arc melting of high purity element
mixtures for more than 5 times and casted in a copper mold. The neutron total
scattering measurements were conducted at NOMAD station, Spallation Neutron
Source at Oak Ridge National Laboratory with time-of-flight neutron source, the
measured PDFs were refined with random bcc structure models using PDFGui
software [25]. EXAFS spectra were collected at beam 6-BM-M, National Synchrotron
Light Source II at Brookhaven National Laboratory. The EXAFS at the K-edge of
each element was measured in fluorescence mode and the energy was calibrated with
the known energies of absorption edge of pure metal foils. The fluorescence X-ray

was collected in grazing exit mode with angle of 2~5 degrees in order to reduce



self-absorption. The analysis of the Fourier Transforms (FTs) of EXAFS and fitting
were conducted using Demeter software in k range of 3-13 A 26].

The local structure of the BCC solid solution alloys was also studied by
first-principles calculation based on density functional theory by constructing a
supercell model. Vienna ab initio simulation package (VASP) software was employed
to optimize the lattice structures and obtain system energies. The interaction between
ions and electrons was processed by the Projector Augmented Wave (PAW) method
[27]. The exchange-correlation potential was adopted the Perdew—Burke—Ernzerhof
(PBE) [28] method under the Generalized Gradient Approximation (GGA). The plane
wave cutoff energy was set to 400 eV, and the total energy convergence criterion was
set to 1x107 eV/cell. The conjugate gradient method was adopted for the processing
of the structure relaxation, and the force components were relaxed to less 1.0x102
eV/A. The 3 x 2 x 2 (2 x 2 x 1) Monkhorst-pack k-point mesh and the
Methfessel-Paxton technique were used for VNbTa, TiVNbMo and TiVNbMoTa
(TiVNbMoTaWRe) supercells, which are constructed by 3 x 4 x 5 (3 x 3 x 7)
supercell with BCC crystal structure. The Gaussian Smearing method was adopted to
distribute the electron near the Fermi level for increasing the convergence speed. The
valence electron configurations of Ti, V, Nb, Mo, Ta, W and Re were 3d%4s?, 3d4s?,
4s%4p%4d35s2, 4d*5s2, 5d°6s%, 5d*6s* and 5d°6s? respectively. The supercell structures
in the present work were built by similar atomic environment (SAE) software [29].
Fig. 1a shows the crystal structure of VNbTa supercell with 54 atoms which positions
have been optimized by the SAE method, and the corresponding pair correlation
function of VNbTa MEAs is demonstrated in Fig. 1b.

3. Results and Discussion
3.1 Local lattice distortion measured with time-of-light neutron
Unlike FCC solid-solution alloys, BCC is not a close-packed structure. Precious
X-ray total scattering measurements [20] have revealed that the BCC solid-solution
alloys generally have much larger local lattice distortion (LLD) than the known FCC
solid-solution alloys, except CoCrFeMnNiPd [7,21]. Zr- and Hf-bearing



solid-solution alloys with BCC structure have anomalously larger local lattice
distortion of more than 2% [20]. The BCC solid-solution alloys can contain metal
elements from 3d to 5d. It is interesting to compare the effect of different d-shell
electrons on the local structure of solid-solution alloys. Fig. 2 shows the atomic pair
distribution function (PDF) profile of VNbTa measured with TOF neutron total
scattering techniques. With a randomly distributed structure model, the fitting shown
as the solid line yields a lattice constant of 3.2290 A. However, the first two peaks
corresponding to the 1°' and 2nd nearest neighbors, cannot be well fitted and their
d-values obviously shifted from the expectation, which suggests a severely local
lattice distortion in one unit cell range. Since the lattice is severely locally distorted,
we fit the PDF profile in 3 different regions separately, i) local (within one unit cell
<4 A); ii) long-range (beyond 3-unit cells) and iii) the intermediate region. As shown
in the bottom panel of Fig. 2, the fitting is much improved. The lattice constant in the
long-range region is 3.2287 A, very close to the whole range fitting. We define the
relative change between the lattice derived from the fitting in different regions and
that from total profile fitting as the lattice strain, similar with the LLD concept used
before [7,19,20,22]. The fitting in local region yields a lattice constant of 3.265 A and
the corresponding strain is 1.11%. This is larger than that of all the HEAs with FCC
structure. The lattice strain exists very locally in the lattice of VNbTa solid-solution
alloy, and the strain in the medium-range (1-3 unit cell) drops quickly to 0.7%. The
larger local lattice strain in BCC solid solution alloys than the FCC alloys is easy to
be understood because BCC is not a close-packed structure and atoms in the unit cell
may have more “free” space to adjust their positions which can minimize the total
lattice energy.

In order to check the effect of chemical complexity on the local lattice distortion,
we measured other three HEAs with different chemical compositions TiVNbMo,
TiVNbMoTa and TiVNbMoTaWRe. Fig. 3 shows the observed PDF of
TiVNbMoTaWRe HEAs fitted with a random distributed structural model in different

space range. It is obvious that the fitting of the first two peaks in this 7 principle



element HEA are better than that in the ternary system. Similar analysis indicated that
the maximum local lattice strain in this HEA is 0.27%, only 1/4 of the ternary alloy.
Similar fitting was performed for the 4 and 5-element alloys and the lattice strain is
shown in Fig. 4. It is obvious that the local lattice strain decreases with the increase of
chemical complexity, from 1.11% in the ternary alloy to 0.69% and 0.61% in the 4-
and 5-element alloys, respectively, and to the smallest of 0.27% in the 7-element
alloy.

It is interesting to compare the local lattice strain based on PDF measurements and
the estimated lattice mismatch with the empirical formula and atomic sizes. Table 1
illustrates the calculated and measured local lattice distortion, and estimated atomic
size mismatch. The calculated local lattice distortion is defined as terms of the change

of atomic coordinate position with respect to the ideal lattice sites
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where N is the number of atoms, and (x,, y,, z;) and (x, ¥, z ) are the reduced

coordinates of the ideal and distorted positions of each atom for individual alloy
component. Comparing the 4 HEAs, the most chemically complicated 7-element alloy
has the smallest values of LLD, which is in agreement with estimated ¢ and Ad values.
The estimated atomic size mismatch o for the 4 studied HEAs have similar values.
However, the measured LLD and the corresponding 6 values of all the alloys have big
difference, and the atomic size mismatch obviously overestimated (3 to 12 times) the
local lattice distortion to the alloys with 4 and more elements. Our results indicated
that chemical complexity of high entropy alloys is close related to local lattice
distortion, but is not a must. Atomic size mismatch is an easy way to estimate the
lattice distortion, while PDF is a quantitative method which can accurately measure

the local lattice strain of HEAs.

Table 1 The maximum local lattice distortion (LLD) measured by neutron
PDE the estimated atomic size mismatch O calculated lattice constant
(a), bulk modulus E and lattice distortion quantity (4d) of HEAs



HEAs VNbTa TiVNbMo TiVNbMoTa TiVNbMoTaWRe

LLD* 1.11% 0.69% 0.61% 0.27%
o 3.845% 4.076% 3.781% 3.353%
Ad (A) 0.0955 0.1126 0.0937 0.0586
a(A) 3.2197 3.1640 3.1992 3.1692
E (GPa) 180.8 178.6 182.2 228.8

3.2 Atomic pair distance measured with EXAFS

The local lattice distortion in HEAs is due to the position offset of individual atoms
from the ideal lattice sites, and the interatomic distance of individual pairs is thus a
little different. This reflects the broadening of Bragg peaks in the XRD or neutron
diffraction profiles. However, normal diffraction and total scattering methods are
difficult to provide details of individual atomic pair distance in HEAs. The
interatomic distance can be either calculated from first-principles or measured by
EXAFS with certain simplified structure models [30]. Fig. 4 shows the k>-weighted
FTs of EXAFS at the K-edge of V and Nb and Ls-edge of Ta in VNbTa solid-solution
alloy. The dotted and solid lines are observed and fitted with a randomly distributed
solid-solution structure model with 4 shells of neighbors. The reciprocal space k range
is 3-11, 2.4-12 and 3.6-14 for the K-edge of V and Nb, and L3-edge of Ta,
respectively. The interatomic distance of individual pairs are listed in Table 2. The
average interatomic distance around core atoms of V, Nb and Ta is 2.77 A, 2.82 A and
2.85 A, respectively, which is in good agreement with the trend of expected atomic
sizes.

The fitting of FTs for alloys of TiVNbMo, TiVNbMoTa and TiVNbMoTaWRe is
difficult because of too many fitting parameters due to the chemical complexity. In
order to obtain a reasonable result, the structure model is simplified as a ternary-like
systems based on the atomic weight, for example, the seven elements in the most
complicated HEA was simplified as 3 groups of (TiV)(NbMo)(TaWRe). The deducted
interatomic distance of different pairs in the BCC solid-solution alloys are illustrated
in Table 2. The trend of bonding distance between different pairs is in generally good
agreement with the sum of atomic size, which suggests that our simplification of

structural models for FTs fitting is reasonable.
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3.3 Theoretical calculations

To understand the details of the lattice distortion in these solid solution alloys, the
relaxed crystal structures were obtained by using the first principles calculations. The
structures of HEAs were built by similar atomic environment (SAE) software [29,31],
and the structure screening is conducted by the software according to the pair
correlation functions up to the third nearest neighboring atomic pairs (see Fig. 1b). In
order to obtain the stable structures, all the structures undergo the relaxation process
for releasing stress, and the system energies reach the minimum. The calculated
distance of different atomic pairs in VNbTa alloy are listed in Fig. 6 together with
those derived from EXAFS measurements, and the calculated values are generally fit
well with the measured ones. The calculated bond lengths in other HEAs are shown in
Figs. s1-s3 as supplementary. Though the EXAFS analysis of other BCC solid
solution alloys used simplified structure models, the derived interatomic distances are
in general agreement with the calculated values. Under the influence of alloying, the
most homoatomic distances in the alloy is quite distinct from that in a pure metal
(listed in Tables s1, s2). For examples, the homoatomic distances of V-V (Nb-Nb
and/or Ta-Ta) in the four alloys are clearly larger (smaller) than that in pure metals.
Instead, the impact acting on the homoatomic distances of Ti-Ti were relatively small
in the TiVNbMo, TiVNbMoTa and TiVNbMoTaWRe alloys. Unlike the case of V-V
and Ti-Ti, the average homoatomic distances of Mo-Mo were more complex, which
became small in the TiVNbMo and TiVNbMoTaWRe alloys, and slightly large in
TiVNbMoTa. To most heteroatomic distances, the values are between the
corresponding homoatomic distances. The results indicated that the alloying atomic
radius were significantly different with that in the pure metals. The difference of
homoatomic distance in pure metal and solid solution alloys are attributed to the
charge transfer between atoms with different electronegativity [20,32]. In fact, the
charge transfers can be calculated according to Bader topological analysis [33].
Charge transfer between atoms strongly interrelates with atomic distribution, which

changes the bond length. Atoms in the lattice of HEAs are usually in compressive or



tensile state by surrounding atoms due to the lattice distortion. The stress of atoms in
the lattice is very local which can be empirically described by atomic level pressure
[32]. The same atom have variable sizes during alloying which yields complex atomic
level pressures in solid solution alloys have also been observed in FCC solid solution
alloys before [32]. By comparing the error bars of bond length in Fig. s3, the error
bars of the TiVNbMoTaWRe are significantly smaller than that of other alloys, which
directly suggests that the local lattice distortion in the TiVNbMoTaWRe alloy is
obviously smaller than that in other alloys. The result is consistent with atomic size
mismatch and experimental data.

Local lattice distortion is one of the main structural characters of HEAs, which has
significant effects on the mechanical and physical properties of alloys. The lattice
distortion in HEAs is closely relative to both atomic size mismatch and chemical
complexity. The lattice distortion can be qualitatively estimated from atomic size
mismatch. However, due to the slight difference of atomic size alloying in different
systems, empirical estimation is insufficient. The combination of total scattering,
EXAFS measurements and first principles calculation is a powerful method to reveal
the local lattice distortion quantitatively in HEAs, and our results suggest that atomic
size mismatch is more critical to lattice distortion than the chemical complexity.

4. Conclusions

In summary, the local structure of the BCC solid solution alloys was studied by
experimental measurements and theoretical calculations. The neutron total scattering
analysis suggested that both chemical complexity and atomic size mismatch have
effect on the lattice distortion in HEAs, but the latter one is more sensitive. EXAFS
analysis and first principles calculation indicated that the nearest atomic pair distance
strongly depends on the atomic size of elements and the size of the same atom may

vary in different alloys.
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Figure Captions

Fig. 1 (a) The crystal structure model and (b) the pair correlation function of VNbTa
solid solution alloy. The 3 x 3 x 3 supercell model, containing 54 atoms, has selected
for DFT calculation. The atomic positions have optimized by the SAE method. 1o is
the first nearest neighbor distance.

Fig. 2 The atomic pair distribution function analysis of VNbTa measured with
time-of-flight neutron scattering a) the PDF profiles in the whole r-range (1.5-30 A) is
fitted with a randomly distributed bcc structure model, and the first two peaks are not
well fittld; b) Th( ] fitting is improv(d by split th{Iwholl] profile into 3 different
regions: local (within one unit cell), intermediate region (1-3 unit cells: 4-10 A) and
long-range (>10 A)

Fig. 3 The atomic pair distribution function analysis of TiVNbMoTaWRe measured
with time-of-flight neutron scattering a) The PDF profiles in the whole r-range
(1.5-30 A) is fitted with a randomly distributed bcc structure model, and the first two
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plaks ar[Inot w(ll fittld; b) Thlfitting is improv[d by split th{Iwhol[ Iprofil[linto 3
different regions: local (within one unit cell), intermediate region (1-3 unit cells: 4-10
A) and long-range (>10 A)

Fig. 4 The local lattice strain in the solid-solution alloys derived from PDF fitting

Fig. 5 The fitting of FTs of EXAFS at the K-edge of V and Nb and L3-edge of Ta in
VNbTa solid-solution alloy

Fig. 6 Distance of atomic pairs in VNbTa ternary solid solution alloy obtained by
EXAFS measurement and first principles calculation
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Table 2 The distance of atomic pairs in HEAs from fitting of FTs of EXAFS profiles

Alloy V(Ti)-core Nb(Mo)-core Re(W,Ta)-core
k (A, R (A) k (A, R (A) k(A1) R (A)
d(A) d(A) d(A)
VNbTa k: 3-11, R: 1.25-5 k: 2.4-12, R: 1.25-5 k: 3.6-14, R: 1.5-5
V-V:2.77 (9) Nb-V: 2.74 (12) Ta-V:2.85 (1)
V-Nb: 2.78 (9) Nb-Nb: 2.81(6) Ta-Nb: 2.86 (1)
V-Ta: 2.77 (9) Nb-Ta: 2.88 (2) Ta-Ta: 2.85 (1)
TiVNbMo k: 3-12, R: 1.25-3 k: 3-12, R: 1.25-3
V-V (Ti): 2.75 (2) Nb-V (Ti): 2.79 (6)
V-Nb (Mo): 2.75 (2) | Nb-Nb (Mo): 2.80 (7)
k: 3-11, R: 1.25-3 k: 3-11, R: 1.25-3
Ti-V (Ti): 2.85 (12) Mo-V (Ti): 2.74 (1)
Ti-Nb (Mo): 2.83 (9) | Mo-Nb (Mo): 2.75 (3)
TiVNbMoTa | k: 3-12, R: 1.25-3 k: 3-14, R: 1.25-3 k: 3-11, R: 1.25-3
V-V (Ti): 2.69 (4) Nb-V (Ti): 2.731 (3) Ta-V (Ti): 2.77 (4)
V-Nb (Mo): 2.80 (7) | Nb-Nb (Mo): 2.80 (8) Ta-Nb (Mo): 2.81 (8)
V-Ta: 2.73 (1) Nb-Ta: 2.82 (9) Ta-Ta: 2.83 (10)
TiVNbMo- k:3-13, R: 1.25-3 k: 3-14, R: 1.25-3 k: 3-11, R: 1.25-3
TaWRe V-V (Ti): 2.67 (7) Nb-V (Ti): 2.70 (4) Re-V (Ti): 2.59 (15)

V-Nb (Mo): 2.74 (1)
V-Ta (W, Re): 2.72
(3)

Nb-Nb (Mo): 2.78 (3)
Nb-Ta (W, Re): 2.77 (2)
k: 3-12.5, R: 1.25-3
Mo-V (Ti): 2.57 (17)
Mo-Nb (Mo): 2.77 (2)
Mo-Ta (W, Re): 2.75
(1)

Re-Nb (Mo): 2.76 (1)
Re-Ta (W, Re): 2.74 (1)
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