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a b s t r a c t 

It is often assumed that atoms are hard spheres in the estimation of local lattice distortion (LLD) in high- 

entropy alloys (HEAs). However, our study demonstrates that the hard sphere model misses the key ef- 

fect, charge transfer among atoms with different electronegativities, in the understanding of the severely 

distorted local structure in the body-centered cubic (BCC) HfNbTiZr HEA. Through the characterization 

and simulations of the local structure of the HfNbTiZr HEA, we found that the LLD regions in HfNbTiZr 

have larger average size compared with face-centered cubic (FCC) HEAs, but the magnitude of LLD sig- 

nificantly varies from one atomic site to another because of electron transfer from larger atoms, Hf and 

Zr, to smaller ones, Nb and Ti. Our finding may form the basis for the design of high performance HEAs 

through tuning their site-to-site chemical heterogeneity. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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The rapid development of high entropy alloys (HEAs), solid- 

olution alloys consisting of multiple components at equiatomic 

r near-equiatomic concentration [ 1 , 2 ], has made discoveries of 

nusual edge dislocation-controlled strengthening mechanism and 

utstanding radiation resistance particularly in the body-centered 

ubic (BCC) refractory HEAs [3–5] . Compared with the most stud- 

ed face-centered cubic (FCC) HEAs composed of 3 d transition met- 

ls only [6–8] , what makes refractory HEAs unique is the diverse 

ocal atomic environment caused by the large difference of elec- 

ronegativity and atomic size among their constituents including 

 d , 4 d and 5 d elements [9–11] . Thus, fundamental understanding

f the compositional complexity effect on local atomic environ- 

ents in refractory HEAs may reveal new design principles for 

igh performance alloys. 

The compositional complexity of HEAs generates local lat- 

ice distortion (LLD) since atomic size mismatch among different 

tomic species makes no atom occupy the perfect lattice posi- 
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ions. Experimental studies of local structure reveal that the FCC 

EAs composed of 3d transition metals have less pronounced LLD 

 12 , 13 ], but some BCC refractory HEAs exhibit severe LLD with the

tomic displacements even meeting the Lindemann melting cri- 

erion [ 11 , 14–16 ], leading to a significant improvement of yield 

trength [17] . Beside LLD, the compositional complexity can induce 

harge transfer among atomic species with different electronega- 

ivity. However, less attention has been paid to the importance of 

he local chemistry difference in HEAs. Compared with the most 

tudied FCC HEAs consisting of only 3 d transition metals, charge 

ransfer effect (CTE) in the BCC refractory HEAs composed of 3 d , 

 d and 5 d elements can be significant owing to the large elec- 

ronegativity difference. The inclusion of CTE in local atomic en- 

ironment study is critical for the understanding of BCC refractory 

EAs’ unusual mechanical behaviors and excellent radiation resis- 

ance because defects’ movement can be profoundly impacted by 

iased CTE among elements with different electronegativity. 

In compositionally complex HEAs, LLD and CTE are inevitably 

ntertwined to diversify local atomic environments. To deeply un- 

erstand this uniqueness of diversified local atomic environments 

n HEAs, we examined the influence of CTE on LLD in the most 
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Fig. 1. (a) SQS supercell with an ideal BCC crystal structure. (b) ideal structure fit to the PDF of HfNbTiZr. (c) Close view of the fitting of the first and second PDF peaks in 

(b). 
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tudied BCC refractory HEA, HfNbTiZr, through a combination of 

ocal structure characterization and different simulation methods 

n the present work. Our study clearly revealed that the CTE plays 

 critical role in the reduction of average atomic size mismatch in 

he HfNbTiZr HEA with severe LLD. Moreover, our finding of local 

nvironment-dependent CTE highlights another tuning parameter 

or the design of high performance HEAs. 

The HfNbTiZr sample was prepared by arc melting Hf, Nb, Ti, 

nd Zr metals ( ≥ 99.5 wt% purity). The arc-melted button was 

ipped and remelted five times before dropping cast into a rect- 

ngular copper mold. The drop-cast ingot was then sealed into a 

acuum quartz tube and homogenized at 1,473 K for 24 h, followed 

y water quenching. Some powder was ground from the homoge- 

ized specimen for the X-ray total scattering experiment. The total 

cattering measurements were conducted at the 11-ID-B beamline 

f the Advanced Photon Source with an X-ray energy of 58.6 keV 

 λ = 0.2116 Å). The PDFgetX3 [18] was used to obtain the atomic 

air distribution function (PDF) by a Fourier transformation of the 

easured total scattering structure function, S( Q ), 

 ( r ) = 

2 

π
∫ Q 

0 [ S ( Q ) − 1 ] sin ( Qr ) dQ . 

Here, Q is the scattering vector and r the real-space interatomic 

istance. The Q range for the Fourier transformation is 20 Å 

−1 . To 

nd the atomic configuration solution for the HfNbTiZr HEA, we 

sed both a small box modeling software, PDFgui [19] , and a large 

ox modeling software, RMCprofile [20] software to fit the mea- 

ured PDF. Specifically, PDFgui was employed to fit the smallnon- 

istorted and relaxed supercells constructed based on the special 

uasi-random structure (SQS) approach to the experimental PDF 

y optimizing parameters including lattice constant, thermal fac- 

or, and instrument parameters. For the large Reverse Monte Carlo 

RMC) structure model, RMCprofile software was used for the fit- 

ing by optimizing atomic position and instrument parameters. 

To examine the LLD in HfNbTiZr, a non-distorted BCC structure 

odel with randomly distributed Hf, Nb, Ti and Zr atoms shown in 

ig. 1 a was fitted to the experimental PDF over an interatomic dis- 

ance range of 30 Å. Here, the non-distorted supercell containing 

50 atoms was constructed, utilizing the SQS approach [21] . Fig. 1 b 

ompares the experimental and fitted PDFs by showing their differ- 

nce curve. The difference curve indicates that the first and second 

DF peaks cannot be fitted by the non-distorted SQS model while 

eyond these two PDF peaks, the experimental PDF agrees well 

ith the fitted one, demonstrating the deviation of the local struc- 

ure from the average structure. Details about the deviation can be 

een from a close view of the local structure fitting, as shown in 

ig. 1 c. It can be seen that the first and second peaks of the ex-

erimental PDF shift towards each other to form a broad atomic 

hell. In other words, the average inter-atomic distance among the 

rst nearest neighboring atoms (1NNA) increases, while the second 
2 
earest neighboring atoms (2NNA) shorten their average distance. 

hese features demonstrate that the LLD in HfNbTiZr has a corre- 

ation length of 4 Å up to the second atomic shell, namely the av- 

rage radius of the LLD regions. The correlation length reported for 

he FCC HEAs including CoCrFeNiPd composed of 3 d and 4 d tran- 

ition metals is less than 3 Å, strongly localized within the first 

tomic shell. Compared with the FCC HEAs, the large LLD regions 

n the HfNbTiZr can make dislocations propagate across a rugged 

andscape, leading to a pronounced strengthening effect. 

To explore the possible structural configuration in HfNbTiZr, we 

rstly implemented a RMC method, a hard sphere approach, to re- 

roduce the experimental PDF [21] . Note that CTE was not consid- 

red in the RMC method. In the RMC fitting, a large simulation box 

ith 21,296 atoms arranged in a random fashion was constructed 

rst (see Fig. S1 in the supplementary file). The benefit of con- 

tructing such a large simulation box is to sample all possible local 

tomic environments, which must be considered for the composi- 

ionally complex HEAs. In the RMC fitting procedure, atoms were 

llowed to translate a random distance but without atom swap 

oves. Hence, the random-alloy configuration was maintained. The 

MC structure model and its fit to the experimental PDF were 

hown in Fig. 2 . The RMC structure model unambiguously reveals 

hat atoms in the HfNbTiZr HEA displace from their BCC crystallo- 

raphic sites. Meanwhile, the RMC fit matches the measured PDF 

ery well over the whole r range, suggesting the structure model 

btained from the RMC method can reproduce both the average 

nd local structures. Moreover, another RMC fitting by allowing 

toms both translate a random distance and swap equally with 

ach other was performed to see if chemical ordering contributes 

o the LLD. To quantify the chemical ordering, we used the Warren- 

owley short-range order (SRO) parameter [22] , 

i j 
n = 1 − P i j 

n 

C j 

here P 
i j 
n describes the probability of finding an atom of type j 

djacent to an atom of type i , the subscript n refers to the n th

tomic shell, and C j is the concentration of atom j . The case of an

deal random alloy has a Warren-Cowley parameter of zero. A pos- 

tive value of αi j 
n represents an ordered structure, while a negative 

alue reflects chemical segregation. Our calculation shows that the 

nclusion of swap move introduces some Nb-Nb segregation (Fig. 

2), but the fitting is not improved by the Nb-Nb segregation (Fig. 

3). It is apparent that the local Nb-Nb segregation has negligible 

nfluence on the severe LLD in HfNbTiZr HEA. Therefore, the severe 

LD found in the HfNbTiZr HEA is purely attributed to the atomic 

isplacements induced by size mismatch among constituents. 

We further conducted the density functional theory (DFT) cal- 

ulation to examine the CTE on the LLD of the HfNbTiZr HEA. 

he DFT calculations were carried out by using the VASP code 

ith the projector augmented wave method [ 23 , 24 ]. The exchange- 
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Fig. 2. (a) Structure model obtained from the RMC fit. (b) RMC fit to the PDF of HfNbTiZr. Here, only a small portion of atoms in the RMC simulation box are shown to 

clearly demonstrate LLD. 

Fig. 3. (a) Relaxed supercell obtained from DFT calculation. (b) Relaxed structure fit to the experimental PDF of HfNbTiZr. 
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orrelation functional was chosen as the generalized gradient ap- 

roximation in the Perdew-Burke-Ernzerhof form [25] . A 2 × 2 × 2 

-centered k -point mesh was chosen for the Brillouin Zone sam- 

ling. The plane-wave energy cutoff was 300 eV. The energy and 

orce tolerance were 10 −4 eV and 0.01 eV ̊A 

−1 , respectively. The 

on-distorted SQS supercell shown in Fig. 1a was used for the DFT 

alculations. The DFT simulations were performed to find the op- 

imal volume with the lowest energy and then to relax the atomic 

ositions by fixing the supercell volume. 

Fig. 3 a shows a relaxed random structure from the DFT calcu- 

ation. Similar to the RMC simulation case, atoms in this relaxed 

upercell also displace from their ideal BCC crystallographic po- 

itions. Still, it can be seen that atoms in the DFT supercell are 

ess distorted than those in the RMC supercell presented in Fig. 2 a, 

hich is also manifested in their mean square-root displacement 

eing 0.239 Å and 0.351 Å for DFT and RMC supercells, respec- 

ively. To test whether the DFT supercell can reproduce the exper- 

mental PDF, we further fitted the relaxed supercell to the experi- 

ental data, as shown in Fig. 3 b. The fit matches the observed PDF

ery well, including the local structure in the small r range. Struc- 

ural configurations generated by both RMC and DFT simuations 

eproduce the experimental PDF, but atoms displace much less in 

he DFT supercell ( Fig. 3 a) than the RMC supercell ( Fig. 2 a), sug-

esting a significant impact of CTE on LLD. 
3 
In the RMC simulation, atoms are assumed as hard spheres 

ithout the consideration of CTE. However, when forming alloys 

onstituent atoms can lose or gain electrons to vary sizes accord- 

ng to their electronegativity difference. Fig. 4 a shows the charge 

hange of d (t 2g ) orbitals, �ρ , for each atom in the DFT super- 

ell after the relaxation of atomic positions. Here, a positive value 

f �ρ indicates gaining electrons while a negative value means 

osing electrons. It can be seen that the majority of small Nb and 

i atoms attract electrons whereas large Hf and Zr atoms donate 

lectrons. Therefore, there exists a charge transfer from large Hf 

nd Zr atoms to small Nb and Ti ones, which is expected since Hf 

nd Zr atoms have smaller electronegativity values than Nb and 

i atoms. As a consequence, large Hf and Zr atoms decrease their 

izes while the size of small Nb and Ti atoms increases. But the 

xtent of the atomic-size change depends on the local atomic en- 

ironments, which results in the fluctuation of the atomic size for 

ach element. Taking the Zr element as an example, Fig. 4 b and c

how the local configurations of the largest and smallest Zr atoms, 

espectively. We can see that the largest Zr atom has more like- 

toms, Zr and Hf, as the 1NNAs and 2NNAs, whereas the smallest 

r atom has more unlike-atoms, such as Ti and Nb, as the 1NNAs 

nd 2NNAs, leading to a higher CTE around the smallest Zr atom. 

 similar trend is also found for the local configurations of the 

argest and smallest Hf atoms, exhibited in Fig. 4 d and e. 
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Fig. 4. (a) Correlation between charge transfer for d (t 2g ) orbitals and atomic radius. (b–e) Local configurations of the largest and smallest Zr/Hf atoms. 

Table 1 

Charge transfer effect on atomic radii and size mismatch 

for the HfNbTiZr HEA. 

Atomic radius ( ̊A) δ (%) 

Hf Nb Ti Zr 

Hard sphere 1.78 1.62 1.63 1.78 7.3 

Soft sphere 1.71 1.66 1.67 1.71 1.4 
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A widely used parameter to describe the LLD of HEAs is the 

ize-mismatch parameter 

= 

√ 

N ∑ 

i =1 

c i 

(
1 − r i / 

∑ N 

j=1 
c j r j 

)2 

(1) 

here N , c i, j , and r i, j are the total number of constituent ele- 

ents, atomic fraction, and atomic radius of the ith or jth ele- 

ent, respectively [ 26 , 27 ]. However, the CTE has been rarely con-

idered in the LLD evaluation for HEAs by treating the constituent 

lement with a fixed atomic size. Here, we quantitatively ana- 

yzed the CTE on the LLD of the HfNbTiZr HEA. Table 1 shows the

TE on the atomic radius for each element in the HfNbTiZr HEA. 

or the hard sphere case, the atomic radius, r i , is obtained from 

he measured lattice constants of pure BCC metals [28] through 

 

3 /2 = ¾ × π × r i 
3 , where a is the lattice constant. For the soft 

phere case, the atomic radius for each element is calculated from 

he DFT supercell through the Wigner-Seitz method [29] . It is ob- 

ious that the formation of the HfNbTiZr HEA alters the atomic 

adii of their constituent elements. Through charge transfer, the 

ize mismatch is dramatically reduced from 7.3% to 1.4%, a de- 

rease of ~80%. Therefore, the CTE reduces the extent of the av- 

rage LLD in the HfNbTiZr HEA to stabilize its distorted structure. 

eanwhile, we should realize that lattice distortion locally can 

till be very large, depending on the local environments especially 

here the like atoms, e.g. Zr and Hf, are neighboring to each other 

 Fig. 4 b). The broad distribution of atomic radius for each element 

n Fig. 4 reflects the complexity of local atomic environments. 

In summary, we investigated the LLD in the HfNbTiZr HEA 

hrough a combination of local structure characterization and sim- 

lations. The PDF analysis reveals that the local structure of the 

fNbTiZr HEA deviates from its average structure by an expansion 

f the distance between the first nearest neighboring atoms and 

eanwhile a shrink of the distance of the second nearest neigh- 

oring atoms. The BCC HfNbTiZr HA has a longer LLD correlation 

ength than all the FCC HEAs reported till now, indicating the exis- 

ence of severe LLD in HfNbTiZr. The comparison between RMC and 
4 
FT simulation results demonstrates that CTE significantly reduces 

he average lattice distortion, but lattice distortion is still severe 

articularly in local regions formed by similar atoms with a negli- 

ible charge transfer effect. 
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