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A B S T R A C T   

Local lattice distortion is usually hypothesized to be severe in TiZrHfNbTa refractory high entropy alloy (RHEA). 
However, few works have made to quantitatively evaluate element specified distortion and its effect on me
chanical behavior of this alloy. In this work, we herein provide a quantitative assessment of element specified 
local lattice distortion in both the as-prepared and tested TiZrHfNbTa RHEA using a combination of X-ray 
diffraction and extended X-ray absorption fine structure spectrum (EXAFS). The results show a more significant 
local lattice distortion (5.2 ± 0.3%) around Zr-center than that (4.0 ± 0.4%) around Nb-center in the as-prepared 
TiZrHfNbTa RHEA, and the distortion magnitude become more prominent after tensile test. Splitting features are 
observed in the Fourier transformed EXAFS spectra due to heterogeneous atom motions during deformation. The 
underlying mechanisms of this element-specified local distortion and its influence on solid solution hardening 
and ductility degradation are discussed as well.   

TiZrHfNbTa refractor high-entropy alloy (RHEA) has recently 
emerged as promising candidate for high-temperature structural appli
cations [1–2] due to high strength and ductility. Local lattice distortion, 
tightly relating to individual alloying components, is proposed to play a 
key role in solid solution hardening of TiZrHfNbTa RHEA [3–5]. 
Although, local lattice distortion in body center cubic (BCC) structured 
TiZrHfNbTa RHEA is often hypothesized to be much more significant 
than that of face center cubic (FCC) structured CrMnFeCoNi (Cantor) 
HEAs [5–8], few experimental works have been conducted on direct 
comparisons of their local lattice distortion degrees due to limited 
methods. The lacking of quantitative assessment of element specified 
local lattice distortion leads to controversial viewpoints on contributions 
of local lattice distortion to mechanical behavior. Wang et al. [9] 
showed that alloying Hf into NbTa solution would manifests a much 
higher strengthening potency than Ti. While, addition of Zr to NbTa base 
greatly reduces the ductility [10]. Nevertheless, higher content of Zr in 
bulk metallic glasses favors a higher ductility [11]. For RHEAs, Senkov 
et al. [1] replaced W, Mo and V with Hf, Zr and Ti, and thus obtained the 

extensively studied TiZrHfNbTa alloy with high ductility. Based on our 
studies [8,12,13] of Cantor alloys, the local lattice distortions closely 
relate to atomic size misfit, and it should be heterogeneous in 
TiZrHfNbTa RHEA due to a larger atomic size misfit. Profound under
standing of element specified local lattice distortion in TiZrHfNbTa 
RHEA would save time on composition tailoring. 

However, it is not easy to interpreting factors that causing local 
lattice distortion due to difficulties in accurate estimation of atomic size. 
Thirathipviwat et al. [14] consider atomic size misfit is one of the 
foremost contributions, while Meng et al. [15] demonstrate that electron 
transfer produces variations in local lattice distortion magnitude. Our 
studies indicate a reduction of local lattice severity due to charge 
transferring in Cantor alloy [8]. Recent atomistic simulations have dis
cussed the correlations among local lattice distortion and other prop
erties associated with the charge transfer and electronegativity [16]. 
The local electronic structure evolution of the constitute elements dur
ing alloying would change the size of electron cloud and thus vary the 
lattice distortion. Finding another parameter that has no necessity to 
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obtain exact atomic radius should be an alternative option. To quanti
tatively evaluate element specified local lattice distortion in TiZrHfNbTa 
RHEA and explore its correlations with mechanical performance, a 
combination of appropriate experiment methods is the key. 

The frequently used methods on quantifying local lattice distortion 
are synchrotron radiation-based X-ray diffraction (SR-XRD), neutron 
scattering, pair distribution function (PDF), high resolution transmission 
electron microscope (HRTEM) and extended X-ray absorption fine 
structure spectrum (EXAFS) [17]. The averaged lattice parameter could 
be obtained using Rietveld refinement of a full SR-XRD pattern, and 
subsequently the averaged atom pair distance r. For the high quality of 
SR-XRD dataset, local lattice distortion could be extracted from the 
Bragg peak decay. By fitting across the entire r-range of a PDF spectrum, 
it is possible to estimate local lattice distortions in a relatively longer 
atomic range, as well as r. The EXAFS spectrum allows direct probing of 
atom pair distance around specific element atoms, potentially providing 
element specified local lattice distortions. SR-XRD, PDF and EXAFS 
datasets generate both temporally and spatially averages, making these 
results more statistical significance. Using only SR-XRD or PDF are 
difficult to capture element specified local structure evolutions. EXAFS 
data set only could provide local coordination environment including 
coordinated atom type and number, bond distance and local chemical 
environments. But the averaged atom pair distance it provides is not 
superior to SR-XRD and PDF. Whereas, the HRTEM is capable of yielding 
high resolution images of atomic columns in a material, the atomic size 
and atom pair distance are possible to be measured. However, the 
sample preparation is much more difficult, and it’s not easy to exclude 
the effects of sample thinning and electron beam heating. We thus 
propose to assess local lattice distortion in TiZrHfNbTa RHEA using a 

combination of SR-XRD and EXAFS [8]: extracting averaged atom pair 
distance rfrom SR-XRD pattern, meanwhile, obtaining element specified 
atom pair distance from EXAFS spectra. Subsequently, element specified 
local lattice distortion could be calculated using Eq. (1), 

χi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j
Cj

(
1 −

ri− j

r

)2
√

× 100% (1)  

where χi is local lattice distortion centered around i atom, ri− j the atom 
pair distance from j to i, r the averaged atom pair distance calculated 
from lattice parameter a, and Cj the atomic content of j element atoms. In 
this method, we use atom pair distances from experiment datasets, no 
need for theoretical evaluation of atomic radius. 

Bulk TiZrHfNbTa alloy are prepared by arc melting of counterpart 
pure metals (purity >99.99%) in Ar atmosphere. Air cooling, homoge
nization, hot-rolling, cold-rolling, and annealing are processed in 
sequence. Dog-bone-shaped tensile sample, tested (MTS-810 standard) 
at a constant strain rate of 5 × 10− 4 s − 1, shows a yield strength of 
~1100 MPa and a fracture strain of ~14% in Fig. S1 (a). Electron 
backscattering diffraction pattern (EBSD) and Energy-dispersive X-ray 
spectroscopy (EDS) are collected using JEOL JSM-7900F to characterize 
chemical compositions and microstructure in Fig. 1(a), (b) and (c). 
Similar grain size and orientation are observed in the as-prepared and 
tested samples (Fig. S1 (b) and (c)), respectively. Twin-jet electro- 
polisher is conducted to collect EDS mappings (Titan Cubed G2 60 at 
300 kV) of the as-prepared TiZrHfNbTa RHEA. The results in Fig. 1(d), 
S2 (a) and (b) show no obvious element aggregate. 

Two TiZrHfNbTa RHEA samples (as-prepared and tested) with a 
thickness of ~60 μm are prepared. The tested one is cut from the fracture 
part of the dog-bone-shaped tensile sample. SR-XRD patterns are 

Fig. 1. (a) Chemical composition obtained from EDS spectra. (b) IPF image of as-prepared TiZrHfNbTa RHEA without deformation. (c) IPF image nearby the fracture 
part of a tested TiZrHfNbTa RHEA. (d) EDS mapping of the as-prepared TiZrHfNbTa RHEA. 
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collected at 1W1A beamline in Beijing Synchrotron Radiation Facility 
with an incident wavelength of λ=1.5438 Å, a 2theta range from 30 to 
100◦ with a scan step of 0.02◦. Transmitted EXAFS spectra from K-edges 
of Zr and Nb are measured at 1W1B beamline. Transmitted EXAFS 
spectra of Zr and Nb foil are collected at the same time to estimate 
amplitude attenuation factor S2

0 for EXAFS fitting analysis. Fluorescence 
EXAFS spectra from K-edges of Ta and Hf are measured at 4B9A 
beamline, and that of Ta foil for self-absorption effect correction 

evaluation. Demeter software package [18] is used for XANES normal
ization and EXAFS fitting with some constraints [19]. 

Both of the as-prepared and tested TiZrHfNbTa RHEA samples hold 
typical BCC structure in Fig. 2(a) and (b). The Rietveld refinement and 
line profile fitting analysis are conducted using High Score suite [20]. 
The peak profile is modeled by a Pseudo-Voigt function corrected for 
asymmetry owing to axial divergence. The full width at half maximum 
(FWHM) of diffraction peak is calibrated using standard Si powder 

Fig. 2. (a) XRD patterns and the corresponding fitting details of as-prepared (a) and tested (b) TiZrHfNbTa RHEA. The dotted fitting line skipped three points to make 
the experiment patterns observed. (c) The calculated D-spacing values and the (d) full width at half maximum (FWHM) of the as-prepared and tested samples. The 
error bars are shown in blue. 

Fig. 3. XANES spectra, extracted k2-weight EXAFS spectra and Fourier transformed EXAFS spectra without phase corrections (a-c) from the Zr K-edge and (e-g) from 
Nb K-edge of as-prepared and tested TiZrHfNbTa RHEA, respectively. 
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sample measured at the same condition. The preferred orientations are 
refined using March-Dollase function with caution. A slight low-angle 
side shift of the diffraction peaks in Fig. 2(b) compared with that in 
Fig. 2(a), which indicates variations of Type I and Type II strains [21]. 
The obtained lattice parameters are a = 3.4158(2) Å and a = 3.4506(3) 
Å for the as-prepared and tested samples, respectively. The measured 
lattice parameter of the as-prepared sample is 0.007 Å larger than the 
calculated one (3.409 Å) in accordance with Vegard’s law [1,22]. This 
slight positive deviation has been observed in binary alloy system [23], 
and is proposed as an indicate of random distribution of alloying ele
ments in the TiZrHfNbTa RHEA [1]. Meanwhile, the result agrees well 
with the EDS mappings in Fig. 1(d) and thus justifies the equiatomic 
constraint in EXAFS fitting. The interplanar spacing for individual 
planes increases overall as well in Fig. 2(c). FWHM broadening in Fig. 2 
(d) implies a rise of Type III strains, as well as local lattice distortions, in 
the deformed sample. The variation of diffraction peak intensity after 
deformation manifesting a local lattice strain increase on (110) plane 
and a reduction in (200) plane, which will be further explored from 
EXAFS results in the following. 

Fig. 3 shows comparison of EXAFS spectra from Zr and Nb K-edge of 
as-prepared and tested TiZrHfNbTa RHEA with those of standard Zr and 
Nb foils. The well overlapping of XANES spectra above the absorption 
edge in Fig. 3(a) indicates similar local electric structure of Zr in 
TiZrHfNbTa RHEA and standard Zr foil. However, the afterward dif
ferences in oscillation amplitude and frequency imply variations in local 
coordination structures around Zr-center among the three alloys. The 
differences are more clearly presented in extracted k2-weight EXAFS 
spectra in Fig. 3(b). After Fourier transformation in Fig. 3(c), one broad 
main coordination peak with a shoulder is observed for the as-prepared 
sample, probably due to a limited k range (0–13.6 Å− 1). But this broad 
peak split into two sharp ones after test, which manifests re-ordering of 
atoms around Zr center. Noticeably, the coordination peak positions in 
Fig. 3(c) demonstrate a shorter averaged atom pair distance centered 
around Zr in TiZrHfNbTa RHEA than that in Zr foil. 

The high similarity of XANES spectra in Fig. 3(d) in the above edge 

range manifests local electronic structures of the three samples are alike, 
which is quite different from the Cantor alloys [8]. This also indicates 
little atomic size change caused by electron charge transfer in 
TiZrHfNbTa RHEA. The deviation after white line peak in Fig. 3(d) 
suggests slight differences of local coordination structure between the 
as-prepared and tested TiZrHfNbTa RHEAs. However, the oscillation 
amplitude of XANES spectra from TiZrHfNbTa RHEAs are much weaker 
than that of standard Nb foil, resulting from the difference of local co
ordination environments such as element type, atom pair distance, and 
coordinated atom number. The extracted k2-weighted EXAFS spectra in 
Fig. 3(e) further verify this point in mismatches of oscillation frequency 
and amplitude. The averaged atom pair distance around Nb center in 
TiZrHfNbTa RHEAs in Fig. 3(f) is shorter (about 0.3 Å) than that of Nb 
foil, and hence indicating a lattice shrinkage compared with Nb foil. The 
splitting feature illustrates a re-ordering of coordination atoms from a 
broader local atom pair distance distribution to two distinguishable 
shells. Some atoms become closer to the Nb and Zr centers, while, others 
go far away, corresponding to the first and second nearest neighbor shell 
in the coordination configuration of a typical BCC structure. The dif
ferences in atom movements would possibly form some ordered clusters, 
such as preferred orientation as presented in Fig. 2(b). 

To clarify the heterogeneous atom motions during tensile deforma
tion, EXAFS fitting analysis is carefully conducted with constraints due 
to a limited k range. Firstly, equiatomic confinement is applied ac
cording to the EDS mapping and SR-XRD results. Then, the same edge 
energy shifts parameter and Debye-Waller factor variable are used to all 
the fitted shells in accordance with the similarity of XANES feature and 
extracted EXAFS oscillation. These constraints make the EXAFS fittings 
with five shells possible in a limited k range of 2.4–13.6 Å− 1 and R range 
of 1.4 to 3.6 Å. The S2

0 is set as 0.91 based on EXAFS fittings of standard 
Zr and Nb foil. The fitting details and results are shown in Fig. 4, Fig. S3, 
and Table S1. In a standard Nb foil with a BCC structure, the first shell 
consists of 8 Nb atoms with a distance of 2.88 Å, and the second shell has 
6 with a distance of 3.33 Å [24]. Although it is difficult to classify the 
atom pair distance distribution in Fig. 4(a) into to two shells due to a 

Fig. 4. Atom pair distance evolutions around (a) Zr-center and (b) Nb-center in TiZrHfNbTa RHEA from the as-prepared state to after tensile test (tested state). Error 
bars are presented in blue. (c) Comparison of local lattice distortions around Zr-center and Nb-center in the as-prepared and tested TiZrHfNbTa RHEA. Error bars are 
presented in black. 
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relatively uniform interval, we see clearly that Ta and Ti atoms are near 
the Zr center, while, Zr, Nb and Hf atoms are far away from the center. In 
contrary, only Ti atoms are found to be closer to Nb center in Fig. 4(b). 
However, this ranking becomes more evident after tensile test as 
demonstrated by the hollow square marks in Fig. 4(a) and (b). This result 
potentially illustrates that atoms with larger atomic radius are in favor of 
going to outer shell, while, smaller atoms are fond of staying in the inner 
shell during tensile test. 

We quantitatively evaluate local lattice distortion around Zr-center 
and Nb-center using Eq. (1). The results give a χi of (5.2 ± 0.3)% 
around Zr-center in the as-prepared TiZrHfNbTa RHEA in Fig. 4(c), 
approaching to the solid solution limit of ~6.6% [21] [25] in binary 
solid solutions. However, this value reaches to 6.8% after tension test, 
and the sample still keeps in a single BCC phase. But we should keep in 
mind that the χi is calculated from averaged atom pair distance, while, 
the limit value comes from the theoretical atomic radius. The χi around 
Nb-center is (4.0 ± 0.4)%, close to the local lattice distortion around 
Ni-center in CrMnFeCoNi HEA [8]. In TiZrHfNbTa RHEA, larger atoms, 
Zr, hold a more profound local lattice distortion, while, smaller atoms, 
Nb, present a moderate local lattice distortion. Possibly, this is the 
reason that a more prominent solid-solution hardening is observed for 
alloying Zr. The increases of local lattice distortion magnitude after 
tensile test, probably, resulting from dislocation and twinning activities. 

Unfortunately, it is difficult to collect transmitted EXAFS spectra 
from the Ta and Hf K-edges due to experiment condition confinements. 
We therefore collected EXAFS spectra as long as possible in fluorescence 
mode to simply explore atom pair distance evolution. However, we do 
not obtain desirable self-absorption (SA) effect corrections even using 
standard Ta foil as shown in Fig. S4, S5 and S6. The SA effect has greatly 
reduced the oscillation amplitude of EXAFS spectra, but it has little 
impact on the position of coordination peak. Therefore, we could 
roughly compare the atom pair distance evolution using EXAFS spectra. 
The XANES spectra from the Ta and Hf K-edges of as-prepared and tested 
TiZrHfNbTa RHEA in Fig. 5(a) and (c) present little variations, although 

the white line peak of TiZrHfNbTa RHEA is much lower than that of Ta 
foil in Fig. 5(a). The averaged atom pair distance around Ta-center be
comes about 0.05 Å longer in Fig. 5(b) after tensile test, and that of Hf- 
center goes a 0.09 Å elongation. We further calculated the changes of 
averaged atom pair distance around Zr-center and Nb-center, and get a 
− 0.06 Å and − 0.05 Å shortening after tensile test. This shows clearly 
that the averaged atom pair distance around larger atoms would go 
through a longer distance under the same deformation. Probably, the 
bond interactions centered around larger atoms are weaker than that 
around smaller atoms, thus making the atom pair distance easier to be 
elongated. However, this elongation probably has little good to 
plasticity. 

In summary, we combine SR-XRD and EXAFS methods to elucidate 
element specified local lattice distortion in TiZrHfNbTa RHEA before 
and after tensile test. The XANES spectra reveal little charge transfer 
among alloying compositions in TiZrHfNbTa RHA. An interesting co
ordination shell splitting is observed in the EXAFS spectra after tensile 
test due to heterogeneous atom motions. The results demonstrate a more 
significant local lattice distortion around Zr than that around Nb centers 
in the as-prepared TiZrHfNbTa RHEA, and become more prominent after 
tensile test. 
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