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a b s t r a c t 

The point defect properties of body-centered cubic medium-entropy alloy NbZrTi were studied by first- 

principles calculations. Due to severe lattice distortion, a significant portion of conventional vacancy and 

interstitial structures are unstable and require large structural relaxation, indicating an irregular energy 

landscape with large site-to-site variations. The average vacancy and interstitial formation energy are 

0.95 eV ± 0.34 eV and 1.92 eV ± 0.39 eV, respectively, much lower than that of Nb (2.77 eV and 4.38 eV). 

The vacancy migration energy exhibits a wide distribution extending to 0 eV, resulting in preferential va- 

cancy migration through low barrier sites. The interstitial diffusion is slower than that of pure Nb due to 

the reduction of long < 111 > diffusion induced by the site-to-site variations in stable interstitial orienta- 

tions. Ti atoms diffuse much faster than Nb and Zr atoms due to the preferential interstitial binding with 

Ti. The effect of atomic composition and short-range order on elemental and total interstitial diffusion 

was also investigated. The obtained first-principles results are important for the development of inter- 

atomic potentials for radiation damage studies. When irradiated with 3-MeV Fe ions at 675 ◦C to a peak 

dose of ∼100 dpa, NbZrTi reduced the void formation at high temperature compared to Nb owing to its 

higher equilibrium vacancy concentration and closer mobility between vacancies and interstitial atoms. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Medium-entropy alloys (MEAs) and high-entropy alloys (HEAs) 

re important groups of multi-principal element alloys (MPEAs), 

 class of materials with two or more principal alloying ele- 

ents. The entropy-based definitions originate from the contri- 

ution of high mixing entropy to the formation of solid-solution 

hase [1] . MPEAs have demonstrated excellent mechanical prop- 

rties [2,3] and damage resistance [4] owing to their unique fea- 

ures of lattice distortion, sluggish diffusion, high-entropy effect 

nd cocktail effect [1] . Among MPEAs, MEA NbZrTi and NbZrTi- 

ased refractory HEAs have exhibited great mechanical perfor- 

ance and have shown great promise for applications as high- 

emperature structural materials [3,5,6] . This group of materials 
∗ Corresponding author. 
∗∗ Corresponding author at: School of Nuclear Science and Technology, Xi’an Jiao- 

ong University, Xi’an, 710049, China. 
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as been recently considered for potential employment in ad- 

anced nuclear reactors [7] . The advanced reactors pose severe 

hallenges to the material performance, as materials need to suf- 

er from high operating temperature (up to 1050 ◦C), high irradia- 

ion damage (up to 150 displacement per atom (dpa)), harsh cor- 

osive environment, and also ideally a longer service time [8,9] . 

herefore, there is a continuous demand for ideal material can- 

idates that can meet these extreme requirements. As conven- 

ional refractory alloys, NbZrTi-based refractory MPEAs have ex- 

ellent mechanical strength at high temperature [3] . In addition, 

arious types of NbZrTi-based alloys have also shown good room- 

emperature ductility [7] , such as NbZrTi [5] , NbZrTiHf [10] , NbZr- 

iHfTa [11,12] , NbZrTiMo 0 . 3 V 0 . 3 [13] , NbZrTiTaHfMo 0 . 75 [14] , (NbZr- 

iHf) 0 . 95 Al 0 . 05 [15] , etc. The body-centered cubic (BCC) structure 

lso has an intrinsically better resistance to radiation-induced void 

welling [16] . The concept of MPEAs offers a large compositional 

pace for the material property tuning, but the actual application 

f a material is usually a multifaceted problem where different 

roperties need to be balanced at the stage of alloy design. While 

he aspects of alloy production and mechanical properties of vari- 

https://doi.org/10.1016/j.actamat.2022.117806
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us alloy compositions have been studied previously [3] , the point 

efect properties have rarely been explored. As point defect ener- 

etics have a great impact on the mechanical properties [17] , cor- 

osion behaviours [18] and radiation resistance [19] , they are stud- 

ed in this work with NbZrTi as a representative material to show 

he distinct point defect properties of this group of materials. 

Point defect behaviours have been systematically studied in 

ace-centered cubic (FCC) structures, including Ni-based binary and 

ernary MPEAs [19,20] , Co-free HEA NiFeMnCr [21] and CoCrNi- 

ased MPEAs [22] , and have also been studied in BCC HEA 

TaCrW [23] . These studies have all shown that point defect for- 

ation and migration energies exhibit a certain degree of energy 

uctuation due to the difference in the local chemical environ- 

ent, and the interstitial diffusion is reduced due to lattice dis- 

ortion and sluggish diffusion effect. The closer mobility between 

acancies and interstitials is believed to promote the point de- 

ect recombination during irradiation. However, the defect energy 

eems to be also alloy dependent. For example, there is no con- 

istent trend for the relative magnitude of vacancy formation en- 

rgy compared to the constituent elements. In addition, due to the 

ore severe lattice distortion of BCC MPEAs, the energy distribu- 

ion is much wider [23] , indicating significantly different point de- 

ect properties from their widely studied FCC counterparts. 

Recently, there have been controversies regarding the currently 

stablished theory on the radiation resistance of MPEAs. FCC 

PEAs, which are more extensively studied, have shown great ra- 

iation resistance including reduced void swelling [4,24] , delayed 

efect microstructure growth and less degree of radiation-induced 

egregation [25] . It is believed to be attributed to the enhanced 

oint defect recombination, slower energy dissipation, extended 

ncubation period of dislocation loop growth and slower diffusion 

f defect clusters [4,20,25,26] . However, Parkin et al. found simi- 

ar saturation dose for defect clusters between BCC NbTaTiV and V 

nder heavy ion irradiation [27] . If the defect recombination rate 

s higher and the defect cluster growth is delayed, the threshold 

ose should be higher in MPEAs. The same work also showed that 

bTaTiV with a large lattice distortion did not lead to a greater 

eduction in defect generation compared to its FCC counterparts, 

hereas the reduction in defect mobility is usually believed to be 

ssociated with the magnitude of lattice distortion. In addition, 

y the same method of molecular dynamics (MD) simulations of 

ollision cascades induced by energetic particles [28] , discrepan- 

ies exist on whether enhanced point defect recombination dur- 

ng the initial displacement cascade is a major contributor to the 

adiation resistance of MPEAs, which may be only caused by de- 

ect evolution on a longer time scale [29,30] . Recently, there has 

een great progress in the development of interatomic potentials 

or defect and radiation damage studies for BCC MPEAs, including 

oNbTaVW [31] , TiVTa [32,33] and VTaW [33] . Thus, for NbZrTi- 

ased MPEAs and also other BCC MPEAs, it is crucial to first un- 

erstand their unique point defect behaviours by first-principles 

ethod so that accurate interatomic potentials can be constructed 

nd their impact on radiation resistance can be accurately charac- 

erized. 

In this work, we present a first-principles investigation on the 

nergy properties and migration behaviours of point defects in 

bZrTi. First, the magnitude of lattice distortion of NbZrTi was 

haracterized, showing more severe lattice distortion compared to 

CC and some BCC MPEAs. Next, vacancy formation energy and 

igration energy were systematically calculated, revealing an un- 

sual energy landscape induced by the large lattice distortion and 

hemical complexity. The interstitial formation energy and mi- 

ration behaviours were then studied, along with the impact of 

tomic composition and short-range order (SRO) on interstitial mi- 

ration. The obtained first-principles results were then used to 

enchmark an interatomic potential based on the embedding-atom 
2 
ethod (EAM) potential. Ion irradiation experiment was performed 

t 675 ◦C with 3-MeV Fe ions at a peak dose of ∼100 dpa to study

he difference in radiation damage behaviours between pure Nb 

nd NbZrTi, showing a direct impact of point defect energetics on 

he material irradiation resistance. 

. Methodology 

.1. First-principles calculations 

The first-principles calculations were performed with the Vi- 

nna ab initio simulation package (VASP) using the projector- 

ugmented wave method [34] . The generalized gradient approx- 

mation of Perdew-Burke-Ernzerhof (PBE) formalism was used to 

escribe the exchange-correlation functionals [35] . Semi-core elec- 

rons were included in all calculations to describe short inter- 

tomic distances for interstitial configurations, where 13, 12 and 

2 electrons were considered for Nb, Zr and Ti, respectively. The 

tudied system consists of 128 atoms with 42 Nb atoms, 43 Zr 

toms, and 43 Ti atoms. The alloy structure was constructed by the 

pecial quasi-random structure (SQS) method [36] using the Alloy 

heoretic Automated Toolkit [37,38] to ensure the equal probabil- 

ty of appearance of each type of atom at the first nearest neigh- 

our (1NN) and second nearest neighbour (2NN) sites. The Bril- 

ouin zone was sampled with a Monkhorst-Pack mesh of 3 × 3 ×
. This choice of k-point grid was validated by vacancy and inter- 

titial formation energies of pure Nb, Zr and Ti (see Fig. S1 of the 

upplementary Materials for the comparison of vacancy and inter- 

titial formation energies with different k-point meshes) [39–41] . 

he cutoff energy for the plane-wave basis was set to 400 eV, and 

he convergence criteria for ionic relaxation and self-convergence 

oop were set to 10 −4 eV and 0.01 eV/ ̊A, respectively. The spin 

olarization was initially included by using three different initial 

agnetic moments, but no magnetism was manifested after en- 

rgy minimization. Thus, spin polarization was not included for all 

he following calculations of NbZrTi. 

First, the system volume and atomic coordinates of the per- 

ect lattice structure was determined based on the conjugate gra- 

ient optimization. The phonon calculation was performed to ver- 

fy the structural dynamical stability. Second-order force constants 

f the supercell were calculated with a finite atomic displacement 

f 0.01 Å to each atom of the supercell for a total 768 sets of

isplacement. We maintained a k-point mesh of 3 × 3 × 3 and 

sed an additional support grid for the calculation of augmentation 

harges. The energy convergence criteria was set to 10 −7 eV. The 

and unfolding method from Ref. [42,43] was used to decompose 

he phonon modes onto the Brillouin zone of the primitive BCC 

ell based on the crystallographic symmetry using the PHONOPY 

ackage [44] . 

Next, different vacancy and interstitial structures were con- 

tructed and relaxed with a fixed system volume. For the calcu- 

ation of vacancy formation energies, 15 vacancies of each type of 

tom were randomly selected while it was ensured that the aver- 

ge number of each element is approximately equal at neighbour- 

ng sites. The initial structures for the calculation of interstitial for- 

ation energies include in total 18 < 110 > dumbbells, 18 < 111 >

umbbells, 9 < 100 > dumbbells and 9 tetrahedral sites with equal 

umber of Nb, Zr or Ti atoms being added as the interstitial atoms. 

he choice of initial interstitial structures is based on the relative 

tability of different interstitial structures in pure Nb. Our simula- 

ions show that the final interstitial structures have weak depen- 

ence on the initial structures. In addition to the random genera- 

ion of interstitial sites, different < 110 > and < 111 > dumbbell ori- 

ntations at the same interstitial site was also simulated to study 

he impact of local chemical environment. The point defect forma- 
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Fig. 1. (a) Evolution of accepted total energy relative to the initial system energy 

as a function of the Monte Carlo steps. (b) Evolution of Warren-Cowley SRO param- 

eters of different atom pairs in the first nearest neighbour shell for the accepted 

Monte Carlo steps. 
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ion energy was calculated as: 

 

f 
def = E def − E per ± μx , (1) 

here E per is the energy of the perfect structure, E def is the system 

nergy with a vacancy/interstitial, and μx is the chemical poten- 

ial of the removed atom (+) or added atom (-). The chemical po- 

ential of each element was determined by the Widom-type sub- 

titution technique [45] as adopted by previous defect studies of 

PEAs [20,21] . By substituting one element to another and calcu- 

ating the energy difference of the two systems, the chemical po- 

ential of each element can be determined. 20 substitutions were 

omputed in total and the chemical potentials for Nb, Zr and Ti 

ere determined to be -10.18 eV ± 0.03 eV, -8.39 eV ± 0.04 eV 

nd -7.76 eV ± 0.02 eV, respectively. The Bader charge analysis was 

erformed to determine the charge and volume of the removed 

tom [46] . 

The vacancy migration energies were computed using the 

limbing-image nudged elastic band (CI-NEB) method with a force 

onvergence tolerance of 0.03 eV/ ̊A [47] . In total, 60 migration 

aths were computed in which the first 30 migration paths used 

 or 5 intermediate images to characterize the shape of the mi- 

ration barriers and the rest of the migration paths used 1 inter- 

ediate image to increase the statistics of the average migration 

nergy. As there is a large variation among migration barriers of 

ifferent sites, one intermediate image has sufficient accuracy to 

valuate the average migration energy. 

The interstitial migration dynamics behaviours were studied by 

he ab initio molecular dynamics (AIMD) method. In dynamics sim- 

lations, a single k-point was employed with an energy cutoff of 

00 eV for the plane-wave basis. A systematic comparison of point 

efect formation energies was performed between a k-point mesh 

f 1 × 1 × 1 and 3 × 3 × 3, showing similar average formation en- 

rgies and correct order for different types of interstitial pairs (see 

able S1 and S2 of the Supplementary Materials for the compari- 

on of vacancy and interstitial formation energies). The system was 

ontrolled by the NVT ensemble using the Nose-Hoover thermo- 

tat. The interstitial migration of different structures was compared 

t a temperature of 1200 K. The results were averaged over four 

ifferent simulations in which the interstitial atom was introduced 

t a random site. For each simulation, after an initial equilibration 

ime of 3 ps, a total simulation time of 32 ps was computed with

 timestep of 2 fs. The mean square displacement (MSD) was ana- 

yzed by the VASP analysis program VASPKIT [48] : 

SD (m ) = 

1 

N a 

N a ∑ 

i =1 

1 

N t − m 

N t −m −1 ∑ 

k =0 

( r i (k + m ) − r i (k )) 2 , (2) 

here m is the length of the time window, r i (k ) is the posi-

ion vector of atom i at a timestep of k , N t is the total num-

er of timesteps, and N a is the total number of atoms. The MSD 

f the first half of the simulation time was selected to avoid 

arge statistical variations at longer time due to limited integration 

imesteps [19,49] . The interstitial trajectory was analyzed via the 

igner-Seitz defect analysis from the Ovito program [50] . The dis- 

ribution of atomic positions of the perfect lattice was also studied 

ith similar settings using the AIMD method at 300 K, 600 K and 

00 K. The NVT ensemble was employed with a timestep of 3 fs 

or a total of 15 ps. The atom positions after 10 0 0 timesteps were

sed to ensure the equilibration of the system. 

Lattice Monte Carlo (MC) simulations were performed to ob- 

ain the SRO structure of NbZrTi [51] . The positions of two ran- 

om atoms of different species were exchanged with an acceptance 

robability based on the Metropolis-Hastings sampling [52] . The 

pplied temperature was 500 K. The supercell volume was opti- 

ized every 50 swaps. A k-point mesh of 1 × 1 × 1 was used dur- 

ng the MC process. The Warren-Cowley SRO parameter was used 
3 
o describe the extent of chemical ordering [51,53] : 

ν
i j = 1 −

p ν
i j 

c j 
, (3) 

here p ν
i j 

is the probability of finding element j around element i 

n the νth neighbouring shell, c j is the atomic concentration of el- 

ment j. A random solid solution corresponds to a SRO parameter 

f zero. Positive and negative values correspond to a tendency of 

eceasing and increasing the number of i, j pairs, respectively. As 

hown in Fig. 1 , with the increase of MC steps, there is a general

rend of energy decrease and a clear tendency of elemental order- 

ng. Although it is difficult to obtain a full convergence with lim- 

ted MC steps, the variations of system energy and SRO parameters 

ecome more gentle around 1500 steps. Thus, the SRO structure 

t 1500 MC steps was used for the following study of interstitial 

igration. 

For comparison among BCC and FCC structures, equiatomic 

iCoCr and NiCoFeCrMn with a FCC structure and equiatomic 

TaTi and VTaW with a BCC structure were also studied by first- 

rinciples calculations with similar simulation settings. NiCoCr, 

TaTi and VTaW were used to compare the extent of lattice dis- 

ortion and NiCoFeCrMn was used to study the process of vacancy 

tructural relaxation. For FCC structures, a supercell of 108 atoms 

as constructed with the SQS method. A Monkhorst-Pack grid of 

 × 2 × 2 was used to sample the Brillouin zone with an energy 

utoff of 500 eV for the plane-wave basis. Spin polarization was 

onsidered for all calculations to account for the magnetic proper- 

ies of the constituent elements. For each alloy system, three dif- 
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Fig. 2. Radial distribution function of the BCC NbZrTi structure constructed by the special quasi-random structure method (a) before and (b) after structural relaxation. The 

distributions from different atom pairs are overlapped in (a). (c) Radial distribution function of the FCC equiatomic NiCoCr alloy after structural relaxation. 

f

r

2

w

(

a

t

b

X

a

p

w

t

f

p

o

w

t  

s

1

o

w

m

p

t

i

F

3

3

o

Table 1 

Quantification of the local lattice distortion in NbZrTi. The atomic radii are taken 

from Ref. [62] . 

Atomic size Local atomic distortion Average atomic 

mismatch δ (%) parameter α2 displacement �d ( ̊A) 

5.03 0.023 0.171 
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erent initial paramagnetic spin moments were considered, and the 

elaxed structure with the lowest system energy was selected. 

.2. Irradiation experiment and characterization 

The NbZrTi with a nominal composition of Nb 33 Zr 34 Ti 33 (at.%) 

as prepared by arc melting and casting by mixing pure metals 

purity > 99.9 wt.%) in a vacuum induction furnace. The as-cast 

lloys were homogenized at 1200 ◦C for 2 h in an Ar atmosphere 

o achieve a uniform elemental distribution. The as-homogenized 

ulk sample presented a single BCC structure, as evidenced by the 

-ray diffraction pattern (see Fig. S2 of the Supplementary Materi- 

ls). For comparison, Nb with a purity > 99.99 wt.% was also pre- 

ared for the irradiation experiment. Before irradiation, all samples 

ere mechanically polished using colloidal silica and then vibra- 

ory polished to remove the stress layer, resulting in a mirror sur- 

ace with a roughness of less than 3 nm. Subsequently, the sam- 

les were irradiated at 675 ◦C with 3-MeV Fe ions at a fluence 

f 1.02 ×10 17 ions/cm 

2 . The depth profile of displacement damage 

as calculated by the SRIM code [54] , assuming a displacement 

hreshold energy of 60 eV, 40 eV and 30 eV for Nb, Zr and Ti, re-

pectively [55] . The peak dose was calculated to be 99.8 dpa and 

29 dpa for Nb and NbZrTi, respectively, with the Kinchin-Pease 

ption in the quick calculation mode [56] . 

After irradiation, a focused ion beam (FIB) lift-out technique 

as utilized to prepare the cross-sectional transmission electron 

icroscope (TEM) samples. The FIB-induced damage was com- 

letely removed from the TEM samples using “flashing polishing”

echnique to avoid artifacts [57] . The characterization of radiation- 

nduced defect microstructures was carried out on a FEI Talos- 

200X operated at 200 kV. 

. Results 

.1. Local lattice distortion 

Local lattice distortion is one of the important properties 

f MPEAs, which has a significant impact on their mechanical 
4 
roperties, electrical and thermal conductivity, and damage tol- 

rance [4,58,59] . Based on first-principles calculations, the lattice 

onstant for NbZrTi is 3.381 Å, which is in good agreement with 

xperimental results of 3.36 – 3.41 Å [5] . The BCC HEAs tend to 

ave a larger lattice distortion than FCC NiCoFeCrMn-based alloys 

ue to the larger atomic size mismatch [60,61] . It is shown from 

ig. 2 (b) and (c) that after structural relaxation, the broadening in 

he atomic distance is much wider in NbZrTi than the FCC MEA 

iCoCr. Severe lattice distortion can be seen by the overlap be- 

ween the 1NN and 2NN in the radial distribution function, which 

s also seen in other refractory MEAs and HEAs including VTaCrW, 

fNbZr, HfNbTiZr and HfNbTaTiZr [23,61] . 

The extent of lattice distortion of NbZrTi is quantified here 

y several commonly used parameters [60,61,63] , as listed in 

able 1 : 

= 

√ 

n ∑ 

i 

c i (1 − r i / r ) 2 , r = 

n ∑ 

i 

c i r i , (4) 

2 = 

n ∑ 

j≥i 

c i c j 
∣∣r i + r j − 2 r 

∣∣
2 r 

, (5) 

d = 

1 

N a 

∑ 

i 

| r relaxed ,i − r unrelaxed ,i | , (6) 

here r i and c i are the atomic radius and atomic percentage of 

lement i , r unrelaxed and r relaxed are atomic position vectors in un- 

elaxed and relaxed structures, N a is the total number of atoms, 

nd α2 adopts the parameter representation from Ref. [60] to re- 

ect the pairwise relationship between different atom types. δ is 
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Fig. 3. (a) Valence charge density of NbZrTi and the corresponding atom types in the (1 1 0) plane. The partial charge density from E f - 5 eV to E f was selected, where E f is 

the Fermi energy. (b) Phonon band spectrum of NbZrTi. (c) Spatial distribution of atomic positions of NbZrTi at a temperature of 300 K, 600 K and 900 K. Atom positions at 

each timestep are projected in the (001) plane with four atoms aligned in the same column. 
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requently used to estimate the lattice distortion due to the atomic 

ize difference [63,64] , and α2 has shown strong correlation with 

ifferent alloy properties including phase, intrinsic elastic strain 

nergy and excess entropy [60] . However, these two parameters 

re calculated directly from the elemental radii, whereas �d is 

etermined by the first-principles method, which should provide 

 more accurate measure of the lattice distortion. The parameter 

f �d was compared among supercells of different sizes, showing 

hat a supercell of 128 atoms is sufficient to represent the lattice 

istortion (see Fig. S3 of the Supplementary Materials for the com- 

arison of supercell sizes of 54 atoms, 128 atoms and 250 atoms). 

he �d parameters for Nb, Zr and Ti are 0.14 Å, 0.15 Å and 0.22 Å,

espectively, where Ti has the largest displacement from its ideal 

attice site. 

By examining the 1NN bond length of different atom pairs, it 

s shown that Zr atoms tend to have larger bond length while Nb- 

ontaining bond length tends to be smaller. Ti atom, as the light- 

st element in NbZrTi, tends to accommodate these differences 

y atomic displacements. By analyzing the projected density of 

tates (DOS) of different elements, it is also shown that Ti has a 

arge DOS near Fermi level, which generally suggests its inferior 

attice instability compared to Nb and Zr [23,65] . Thus, large re- 

axation can further help stabilize Ti atoms in the BCC structure. 

he supporting evidence related to bond length and DOS analysis 

an be found in Table S3, Fig. S4 and Fig. S5 of the Supplemen-

ary Materials. In addition, there is a tendency of forming larger 

tomic displacement when there are fewer Nb atoms in the 1NN. 

he d-orbitals of a BCC structure can be classified into the d − e g 
nd d − t 2 g component. The d − t 2 g contribution points along the 

 111 > direction (direction of 1NN) and helps stabilize the BCC 

tructure, whereas the d − e g contribution points along the < 100 > 

irection (direction of 2NN) [66] . The valence charge density of 

bZrTi is presented in Fig. 3 (a)) in the (1 1 0) plane to visualize both

NN and 2NN chemical bonding. Clearly, Nb atoms have a strong 

 − t 2 g component along the < 111 > direction, which is manifested 
5 
y the higher charge density between nearest neighbours. In con- 

rast, the 1NN bonding is relatively weaker for Ti and Zr atoms. 

hus, when fewer Nb atoms are present in the surroundings, es- 

ecially with 0 or 1 Nb atom in the 1NN, the lack of stabilizing

lement leads to larger local lattice distortion. 

Although local lattice distortion has proved to be essential 

n stabilizing BCC structures [67,68] , atomic displacements from 

hemically-induced lattice distortion could be intermixed with 

tomic displacements induced by the tendency of structural trans- 

ormation [68] . Thus, before performing systematic defect calcula- 

ions, the phonon dispersion of the perfect lattice was calculated, 

s shown in Fig. 3 (b). Below zero frequency, there is little imag- 

nary component (less than 0.05 THz −1 in the spectral function), 

howing the stability of the studied structure. Significant phonon 

roadening can be observed due to the fluctuations of mass and 

orce constant in the MPEAs and the extent of broadening is also 

onsistent with other refractory MPEAs [43] . As the structural in- 

tability is usually associated with the transition to HCP and ω
hases, three HCP and ω phase SQS structures were constructed 

sing 96 atoms and 81 atoms, respectively. If the cell shape was 

ot fixed, all six configurations relaxed to BCC structure after en- 

rgy minimization (see Fig. S6 of the Supplementary Materials for 

he structural transformation). If the cell shape was fixed, the en- 

rgy of HCP phase was 33 meV/atom higher than the BCC phase, 

hereas the ω phase still transformed to the BCC phase, showing 

he stability of the BCC structure. In addition to the stability study 

t 0 K, the atom trajectories from vibration were also examined at 

0 0 K, 60 0 K and 90 0 K (see Fig. 3 (c)). If there is a tendency of

hase transformation, the atom positions will exhibit a large devi- 

tion from the ideal BCC lattice sites and show a consistent shift 

long a specific direction for all atoms, as evidenced in the case of 

iZrHf [68] . For NbZrTi, most of the atoms vibrate around BCC lat- 

ice sites with a circular distribution profile within the projection 

lane. Only few atoms ( ∼3 out of 128 atoms) show a deviation 

rom the ideal lattice site at 300 K, and this localized instability 
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Fig. 4. (a) Vacancy formation energy of different types of atoms in NbZrTi (blue error bar: standard deviation; gray error bar: maximum and minimum). (b) Atomic force of 

each atom in NbZrTi in the unrelaxed structure of Zr vacancy, where the unstable atom refers to the neighbouring atom that fills into the vacancy site during the structural 

relaxation. In total, 15 Zr vacancy structures were simulated. Results for Nb and Ti vacancies are also included in Fig. S7 of the Supplementary Materials. (c) Atomic force of 

each atom in NiCoFeCrMn in the unrelaxed vacancy structure. (d-e) Average displacement per atom in NbZrTi and NiCoFeCrMn after removal of a vacancy. (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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s greatly reduced at 600 K and 900 K. Based on these analyses, 

e show that the constructed SQS structure is stable with little 

ynamical instability. 

Based on the parameter of �d, the extent of local lattice distor- 

ion in NbZrTi is larger than BCC NbTiV and VTaCrW, and similar to 

lNbTiV and HEAs from the HfNbTaTiZr-based alloy system [23,61] . 

lthough point defect properties depend on the physical and elec- 

ronic properties of the constituent elements, the local lattice dis- 

ortion has a great impact on the structural stability and energy 

andscape, which also influences the point defect behaviours. 

.2. Vacancy 

Based on first-principles calculations, the vacancy forma- 

ion energies ( E v 
f 

) of Nb, Zr and Ti are 0.97 eV ± 0.39 eV,

.95 eV ± 0.36 eV and 0.92 eV ± 0.29 eV, respectively, as shown 

n Fig. 4 (a). There is a wide range of energies for each element

nd the average energy is approximately equal. The vacancy forma- 

ion energy is much smaller than those of its constituent elements 

2.77 eV from BCC Nb, and 2.00 eV and 2.01 eV from Zr and Ti of

CP structure). 

Interestingly, in 24% of the relaxed vacancy structures, the ini- 

ial vacancy site was filled by a neighbouring atom after energy 

inimization. For one instance, the new vacancy site was subse- 

uently filled by its own neighbouring atom again. To our best 

nowledge, this type of instability of vacancy site was not reported 

n other MEAs or HEAs. There is no clear difference in the local 

hemical environment around these unstable vacancy sites when 

he number of each element in the 1NN and 2NN shell is assessed. 

n addition, these sites are distributed randomly in the studied 

tructure with no clear spatial aggregation. For comparison, va- 

ancy relaxation was also performed in FCC HEA NiCoFeCrMn and 

o such instability was identified. By comparing the atomic force 

f each atom in the unrelaxed vacancy structures (see Fig. 4 (b) and 

c)), it is found that the atomic forces have similar distributions 

nd magnitudes between NbZrTi and NiCoFeCrMn. One might ex- 

ect that the extreme values of the atomic force in the unrelaxed 
6 
tructure, corresponding to the neighbouring atoms of the vacancy 

ite, is higher in NbZrTi due to the larger lattice distortion. How- 

ver, it is shown here that the difference in the initial atomic force 

s not significant between NbZrTi and NiCoFeCrMn, although two 

ifferent structures are compared. In addition, the unstable atom 

hat fills into the vacancy site does not necessarily experience a 

arge initial atomic force, which could be quite low in some cases 

see Fig. 4 (b)). The spontaneous replacement can occur when the 

ath to the vacancy site has no energy barrier regardless of the 

agnitude of the atomic force. Therefore, it is the unusual local 

otential landscape that leads to the spontaneous replacement of 

he vacancy site by the neighbouring atoms. The large lattice dis- 

ortion changed the potential energy landscape significantly from 

 lattice-based fluctuation, completely suppressing vacancy migra- 

ion barriers between certain neighbouring sites, while the slope 

f the potential of these unusual local sites were not greatly en- 

anced. 

By comparing the atomic displacement during the vacancy re- 

axation using Eq. (6) , it is shown from Fig. 4 (d) and (e) that NbZrTi

xperienced much larger structural adjustment. The average atomic 

isplacement is ∼6 × larger than that of NiCoFeCrMn. The over- 

ll larger degree of structural adjustment may lead to the lower 

 

v 
f 

of NbZrTi compared to that of its constituent elements. One 

lear evidence is that for unstable vacancy structures with spon- 

aneous exchange with a neighbouring atom, the average E v 
f 

is 

.69 eV ± 0.29 eV, which is lower than the overall average E v 
f 

of 

.95 eV ± 0.34 eV. The removal of an atom can trigger a large ex- 

ent of system relaxation, which lowers the total system energy 

nd E v 
f 

. However, there is no strong correlation between individ- 

al E v 
f 

and the total relaxed distance of the system because the 

ontribution of atomic displacement to the lowering of the system 

nergy also depends on the atom locations relative to the vacancy 

ite. The relationships between E v 
f 

and the number of each element 

n the 1NN shell, the number of each element in the 1NN and 2NN 

hell, Bader volume of the removed atom and Bader charge of the 

emoved atom all show weak correlations (see Fig. S8 - Fig. S10 

f the Supplementary Materials for the dependence of E v 
f 

on these 
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arameters). Further exploration is needed to determine whether 

 single parameter or combined parameters can be used to esti- 

ate the individual vacancy formation energy. Here, we show that 

ue to the large local lattice distortion and local chemical complex- 

ty, the structural relaxation is a complicated process and depends 

eavily on its local environment. 

In previous studies of MPEAs, no significant decrease of E v 
f 

was 

bserved. The average E v 
f 

of NiFeMnCr HEA is 1.96 eV [21] , which 

s comparable to its constituent elements of Ni [69,70] , Fe [69,71] ,

r [69] and Mn [71] . In the Ni-containing MPEAs, the average E v 
f 

s equal or slightly higher than pure Ni [20] . In BCC equiatomic 

TaCrW, the E v 
f 

also has a large energy spread, and the average E v 
f 

s slightly lower than pure W, but higher than pure Ta [23] . Thus,

here seems no clear trend on the relative magnitude of vacancy 

ormation energy compared to pure elements based on previous 

tudies, and such low E v 
f 

was not observed. 

First, lower vacancy formation energy in NbZrTi leads to a 

igher equilibrium vacancy concentration [55] : 

 v = exp 

(
S v 

f 

k 

)
exp 

(−E v 
f 

kT 

)
, (7) 

here S v 
f 

and E v 
f 

are vacancy formation entropy and energy, 

espectively. For example, for a temperature of 10 0 0 K, the 

xp (−E v 
f 
/kT ) term is ∼ 10 9 higher than that of pure Nb. Here, 

nergy calculations were performed at 0 K and we assume that 

 

v 
f 

does not decrease significantly relative to its constituent ele- 

ents [72] . Further evaluation of S v 
f 

is necessary by taking into ac- 

ount different entropy components [73–76] . Recent studies have 

hown that for a perfect lattice, the change of vibration entropy is 

f the same magnitude as that of configurational entropy among 

ifferent BCC MPEAs [43] , and entropy can be important in pre- 

icting phase stability of binary random solid solutions [77] . From 
ig. 5. (a) Distribution of vacancy migration energies in NbZrTi. (b) Correlation between

aths to all the 1NN sites for three different Nb vacancy sites. (d) Representative vacancy 

f the Supplementary Materials. 

7 
he perspective of C v , the equivalent average E v 
f 

should be actually 

ower than the arithmetic mean due to the wide distribution of E v 
f 

nd the tendency of vacancies to form near low-energy neighbor- 

oods [73] . In addition to the impact on C v , lower vacancy forma-

ion energy also indicates that less energy is required to produce 

 vacancy, which means that vacancy defects can be more easily 

ormed. 

These two differences have implications for materials used for 

uclear applications. First, radiation-induced swelling is a major 

oncern for long-term mechanical integrity of structural materi- 

ls. High equilibrium vacancy concentration promotes the ther- 

al emission of vacancies by void, reducing the extent of swelling 

t high temperature [55] . Second, it is believed that during the 

nitial stage of irradiation when the displacement cascade takes 

lace, the reduced heat dissipation from MPEAs can result in 

nhanced defect recombination, leading to a lower number of 

urviving defects after the thermal spike period [26,29,78] . If 

he defect formation energies are much lower, the same im- 

arted energy from the incident radiation can create a higher 

umber of defects during the thermal spike period, which com- 

etes with the aforementioned mechanism of enhanced defect 

ecombination. 

Fig. 5 (a) shows the distributions of vacancy migration energies 

 E v m 

) in NbZrTi. All three elements have similar wide energy dis- 

ributions with the lower end extending to nearly 0 eV. This is 

onsistent with previous calculations of vacancy formation energy 

ith no migration barrier. There is a weak correlation between the 

orward and backward migration energy, showing a Pearson’s cor- 

elation coefficient of 0.22 (see Fig. 5 (b)). We need to emphasize 

hat there is a distinct difference from FCC MPEAs, which usually 

ave stronger positive linear correlations between the forward and 

ackward migration barriers [21,23] . 
 the forward and backward migration energy. (c) Vacancy migration energies for 

migration barriers. The corresponding transition structures can be found in Fig. S11 
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Table 3 

Preferred directions for different types of dumbbell interstitials. 

Dumbbell Preferred Occurrence Second-preferred Occurrence 

type direction probability direction probability 

Nb-Ti < 110 > 9/17 < 111 > 7/17 

Ti-Ti < 110 > 13/14 < 100 > 1/14 

Zr-Ti < 110 > 9/12 < 113 > 2/12 

Nb-Nb < 111 > 5/6 < 012 > 1/6 

Zr-Nb < 111 > 1/2 < 110 > 1/2 

Zr-Zr < 013 > 1/1 
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Fig. 5 (c) lists the migration barriers to all eight neighbouring 

ites at three different Nb vacancy sites. At the same vacancy site, 

epending on the migration direction, the energy barrier varies 

ubstantially. For instance, the barrier can be 1.4 eV in one direc- 

ion and 0.1 eV in a different direction. At site 3, several migration 

aths were unstable, where the final states were spontaneously 

elaxed to the initial state. Representative migration paths were 

resented in Fig. 5 (d): the path 1 and 2 are conventional barrier 

rofiles with good symmetry; the path 3 and 4 have large differ- 

nces between forward and backward migration energies; the path 

 and 6 exhibit irregular barrier shapes. All these results indicate 

hat due to the large lattice distortion, the energy landscape could 

iffer significantly at a very local scale. The site-to-site variation 

s more prominent compared to FCC MPEAs and even some BCC 

PEAs [23] . For future material modeling at a larger scale, such as 

D and kinetic Monte Carlo (KMC) simulations, these character- 

stics need to be taken into account to reflect the distinct defect 

ehaviours of NbZrTi. 

Due to the wide distribution of the vacancy migration energy, 

sing the arithmetic mean to represent the average migration en- 

rgy could potentially bias the actual migration behaviours. For 

ach vacancy site, assuming only the vacancy jumps through the 

NN, there are eight possible migration pathways. Since the jump 

requency scales with exp (−E v m 

/ kT ) , the vacancy will preferentially 

igrate through sites of low E v m 

. A simple KMC algorithm was used 

o estimate the equivalent E v m 

. For each migration event, the num- 

er of each type of atom in the 1NN shell was randomly generated 

nd E v m 

of the corresponding atom type was randomly assigned to 

hese sites based on the first-principles results. This is supported 

y the weak correlation among vacancy migration energies at the 

ame site (see Fig. 5 (c)). The migration event and step time were 

hen determined based on the Monte Carlo method [79] . Because 

he correlation between the forward and backward E v m 

is weak (see 

ig. 5 (b)), we assume that each jump is independent from its pre- 

ious jump. In total, 10 6 jumps were computed. Here, we assume 

hat the Debye frequency and vacancy migration entropy do not 

ary, and we only focus on the impact of the variation of E v m 

. The

MC-equivalent mean was then determined by equating the total 

ime and total number of jumps of each element. 

As shown in Table 2 , the arithmetic mean overestimates the 

verage E v m 

of NbZrTi. This is expected because it is highly likely 

hat the migration takes place quickly through the low E v m 

sites 

mong all eight neighbouring sites. Since the method of arithmetic 

ean gives equal weight to large E v m 

values, it could give inaccu- 

ate E v m 

order among different elements, which affects the analysis 

elated to elemental diffusion and segregation. The KMC method is 

ess sensitive to extreme values from the limited data set, as each 

ump event is determined collectively from eight different E v m 

val- 

es. Based on the KMC method, the average E v m 

is approximately ∼
.35 eV, which is smaller than 0.45 eV from pure Nb. For pure Zr, 

he E v m 

values are 0.54 eV and 0.63 eV for the basal and non-basal

igration, respectively [80] . For pure Ti, the basal and non-basal 

 

v 
m 

energies are 0.40 eV and 0.53 eV [81] . Although Zr and Ti have

 different crystal structure, we show here that the E v m 

of NbZrTi 

s smaller than all of its constituent elements under ambient con- 

itions. We note that in NbZrTi, there is a small difference in E v m 

mong Nb, Zr and Ti. Due to the large energy spread of E v m 

, more
Table 2 

Average vacancy migration energy based on the KMC-equivalent me

type of atom is normalized by the total number of jumps from the K

Atom type KMC-equivalent mean at 10 0 0 K (eV) Jump perce

Nb 0.352 33.3 

Zr 0.348 34.5 

Ti 0.354 32.2 

8 
tatistics are needed to fully characterize the relative order of E v m 

mong different elements. 

.3. Interstitial 

Different initial structures including < 111 > dumbbells, < 110 > 

umbbells, < 100 > dumbbells and tetrahedral sites were simulated, 

s described in Section 2.1 . Among all the configurations, 61% of 

he interstitials moved to a different lattice site by rotating their 

irections and replacing other neighbouring atoms. The interstitial 

nstability originates from the irregular energy landscape induced 

y the large lattice distortion. In the work of Zhao [23] , unstable 

nterstitial configurations have also been observed in VTaCrW but 

ere not counted in the calculation of E i 
f 

due to the involvement of 

ntisite exchange. In this work, those configurations were included 

n the calculation of E i 
f 

using Eq. (1) . We have them considered be-

ause of two factors: (1) they are representative events in NbZrTi, 

nd (2) they have stable final states based on energy minimization. 

As shown in Fig. 6 (a), in the final configurations, Ti-Ti dumb- 

ell has the lowest formation energy, followed by Ti-Nb and Ti-Zr. 

ther types are not listed individually due to their limited number 

f occurrences. The average E i 
f 

is 1.92 eV ± 0.39 eV, much lower 

han 4.38 eV of the most stable < 111 > dumbbell of pure Nb. For

ure Zr and Ti with HCP structure under ambient conditions, ac- 

ording to different studies, the E i 
f 

values for the most stable in- 

erstitial configuration are in the range of 2.70 eV – 3.03 eV and 

.27 eV – 2.42 eV, respectively, which are also larger than that 

f NbZrTi [39,40,80,82] . The occurrence probabilities of interstitial 

onfigurations with low E i 
f 

have a higher tendency to form (see 

ig. 6 (b) and (c)). The occurrence probability here corresponds to 

tatic calculations with the same number of each type of atom be- 

ng added in the initial structures. For dynamic simulations, such 

s cascade collision simulations for radiation damage studies, we 

till expect a higher occurrence probability of Ti-containing inter- 

titials and a lower probability of Zr-containing interstitials based 

n E i 
f 
. However, we note that the defect formation dynamics is not 

eflected from static calculations. 

The preferred dumbbell directions are different for different 

ypes of atoms, as presented in Table 3 . For example, the Nb-Ti 

nterstitial can form both < 110 > and < 111 > dumbbells, but Ti-Ti 

nd Nb-Nb pair have a strong preference for < 110 > dumbbell and 

 111 > dumbbell, respectively. Due to the large distortion of the 

attice, unusual dumbbell directions can be formed. For the same 

nitial interstitial site with different dumbbell directions, the final 

onfigurations can be different, as illustrated in Table 4 . The loca- 

ion of the final interstitial site can be far away from the initial 
thod and the arithmetic mean. The jump percentage of each 

MC method. 

ntage (%) Arithmetic mean (eV) Jump percentage (%) 

0.526 ± 0.506 4.8 

0.378 ± 0.298 20.0 

0.498 ± 0.388 6.5 
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Fig. 6. (a) Interstitial formation energies for different final interstitial configurations (blue error bar: standard deviation; gray error bar: maximum and minimum). (b) 

Occurrence probabilities of different types of final interstitial configurations. (c) Occurrence probabilities of different elements in the final interstitial configurations. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. (a) Mean square displacement of interstitial migration in NbZrTi and Nb at 1200 K. (b) Representative trajectories of interstitial pairs in NbZrTi and Nb with the same 

diffusion time scale. The interstitial trajectories are unwrapped from the simulation box with periodic boundaries and are enclosed here in boxes of the same length scale. 

Table 4 

Stable final interstitial configurations at the same initial lattice site with differ- 

ent initial orientations for a Nb-Nb dumbbell. The corresponding final structures 

are provided in Fig. S12 of the Supplementary Materials (L c : lattice parameter, 

D initial −final : distance between the initial and final interstitial site). 

Initial dumbbell Final dumbbell D initial −final E i 
f 

(eV) 

direction configuration 

[111], [110], [101], [011] Ti-Ti [010] 
√ 

3 L c 1.82 

[1 1 1] , [01 1 ] Ti-Ti [011] 
√ 

3 L c 1.79 

[1 11 ] , [1 1 0] , [10 1 ] Ti-Ti [011] 2 
√ 

3 L c 1.31 

[11 1 ] Nb-Ti [11 1 ] 1.5 
√ 

3 L c 1.61 
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ite and the E i 
f 

of the stable interstitials can also be different. For 

uclear materials, the interstitial structures and formation energies 

ave a great impact on the dislocation loop nucleation, which fur- 

her impacts the irradiation hardening and defect microstructure 

volution [55,83–86] . 

The interstitial migration behaviours were studied by AIMD 

imulations at a temperature of 1200 K. NbZrTi has a lower MSD 

han pure Nb due to the more tortuous migration pathways (see 

ig. 7 ). The diffusion coefficients for Nb and NbZrTi are 1.02 ×
0 −10 m 

2 /s and 3.88 × 10 −11 m 

2 /s, respectively, according to 

he Einstein relation [87] . The interstitial atom in pure Nb can 

orm long one-dimensional (1D) diffusion path along < 111 > direc- 

ion, whereas the interstitial atom in NbZrTi diffuses in a three- 

imensional (3D) manner with more frequent changes of direc- 

ions. The 3D migration behaviour leads to a larger cross section of 

nteractions with defects of low mobility, such as vacancy and va- 

ancy clusters, and enhances the defect recombination [88] . The 

ump rate for NbZrTi is actually 9.6% higher than that of Nb, but 
9 
ue to the 3D spatial migration behaviour, the diffusion coefficient 

s only 38% of Nb at 1200 K. 

The correlation factor f c is used to examine the angular corre- 

ation between consecutive jumps [19,88] : 

f c = 

1 + cos θ

1 − cos θ
, (8) 

here θ is the angle between two consecutive jumps and f c is 

alculated by averaging cos θ over all trajectories. Nb and NbZrTi 

ave a f c of 0.19 and 0.20, respectively, showing negligible differ- 

nce. A value between 0 and 1 means that there is a tendency for 

he next jump to return back to the initial location of the previous 

ump. Although the average angular correlation between consecu- 

ive jumps is similar, two mechanisms contribute to the difference 

n diffusion coefficients between Nb and NbZrTi. First, interstitial 

toms in NbZrTi have their own preferred dumbbell directions and 

ave a higher probability to rotate their orientations (see Table 3 ). 

herefore, it is more difficult to maintain the same 1D < 111 > di- 

ection. Second, certain lattice sites can act as “trap sites” for in- 

erstitial atoms and make it difficult for interstitials to escape their 

urroundings. Based on the AIMD trajectories, there are six lattice 

ites in NbZrTi that an interstitial spends longer time at or returns 

o for more number of times compared to the maximum case from 

ure Nb. In addition to the stability of these sites, we also conjec- 

ure that as a large fraction of interstitial structures are unstable 

t their initial sites, the distance between stable interstitial struc- 

ures is farther than the regular atomic spacing from conventional 

aterials. Once an interstitial is trapped at a stable site, it is more 

ifficult to escape due to the longer distance from the neighbour- 

ng stable site. However, this needs further confirmation by simu- 

ations at a larger scale. 



T. Shi, Z. Su, J. Li et al. Acta Materialia 229 (2022) 117806 

Fig. 8. (a) Mean square displacement of different elements in NbZrTi at 1200 K. (b) 

Time fraction and number fraction of interstitial sites of different dumbbell types. 
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In NbZrTi, Ti diffuses much faster than Nb and Zr, as shown in 

ig. 8 . By examining the time fraction and number fraction of each 

ype of interstitial, we find that Ti-Ti dumbbell has the highest oc- 

urrence probability, followed by Ti-Nb and Ti-Zr. In contrast, Nb- 

r and Zr-Zr dumbbells have the lowest probability to form. This 

s in good agreement with the order of E i 
f 

(see Fig. 6 ), where Ti-Ti

umbbell has the lowest E i 
f 

and Zr-containing interstitials tend to 

ave higher E i 
f 
. For each type of interstitials, the time fraction and 

umber fraction have similar values because different interstitial 

airs have similar distributions of dwelling time at each site (see 

ig. S13 of the Supplementary Materials for the dwelling time dis- 

ribution of different interstitial pairs). According to the model for 

adiation-induced segregation [89] , assuming the vacancy diffusion 

ehaviours are identical for different alloy elements, a strong bind- 

ng of interstitials to a certain type of atom leads to a higher ten- 

ency of its segregation near defect sinks, such as surface or grain 

oundary [55] . Here, Ti atom is preferentially associated with the 

nterstitial, which can be explained by its positive binding energy, 

.e., the energy of converting one type of interstitial to the pre- 

erred type of interstitial [55] . Thus, Ti atom diffuses faster through 

he interstitial diffusion mechanism. The overall segregation be- 

aviour is then determined collectively by the interstitial and va- 

ancy diffusion mechanism [90–92] . 

Attempts have been made to tune the interstitial diffusion be- 

aviours through changing the elemental composition and local 

tomic bonding. The first attempt is to reduce Ti composition to 
10 
educe the diffusion of Ti. When the composition changes from 

quiatomic NbZrTi to Nb 0 . 4 Zr 0 . 4 Ti 0 . 2 , as shown in Fig. 9 (a) and (b),

he total diffusion coefficient is reduced due to the decrease of Ti 

ontent and the corresponding decrease of Nb and Ti diffusion co- 

fficients. The Ti-Ti dumbbell becomes less easily formed due to 

he reduced Ti composition. Accordingly, the proportions of Ti-Nb 

nd Ti-Zr dumbbells become higher (see Fig. 9 (c)). As the preferen- 

ial Ti diffusion is promoted by the preferential interstitial binding 

f Ti-Ti pair, Ti diffusion coefficient becomes lower. Although the 

raction of Ti-Nb dumbbell becomes higher, the Ti atom in Ti-Nb 

umbbell is more active and the Nb atom is relatively immobile, 

hich leads to the lower Nb diffusion coefficient. 

The second attempt is to study the impact of SRO structure 

hile keeping the same equiatomic composition. The SRO struc- 

ure was created by a combined Metropolis MC and density func- 

ional theory (DFT) scheme, as described in Section 2.1 . The overall 

iffusion coefficient is reduced due to the decrease of Ti and Nb 

iffusion coefficients (see Fig. 9 (d) and (e)). Fig. 1 (b) shows that 

he SRO structure has a strong tendency of Nb-Nb clustering and a 

oderate tendency of Zr-Ti clustering. Interestingly, the interstitial 

refers to migrate in the Ti- and Zr-enriched region as revealed by 

he diffusion trajectories, which leads to the lower diffusion coef- 

cient of Nb. This can also be reflected by the decrease of Ti-Nb 

umbbell fraction and the increase of Ti-Zr dumbbell fraction (see 

ig. 9 (f)). As the interstitial is mostly confined in the Ti- and Zr- 

nriched region, the long-range diffusion becomes less favoured, 

hich results in the decrease of elemental and total diffusion co- 

fficients. The ordering tendencies among different atom pairs all 

ave an impact on the interstitial migration behaviour. In contrast 

o these two structural tuning methods, another attempt by simply 

educing the percentage of the fast diffusion species of Ti atom in 

he 1NN shell shows no improvement for the reduction of Ti and 

otal diffusion coefficients (see Section 2 of Supplementary Materi- 

ls for the comparison). 

.4. Ion irradiation experiment 

To study the impact of point defect energy on radiation-induced 

oid swelling, ion irradiation experiment was performed at 675 ◦C 

ith 3-MeV Fe ions at a fluence of 1.02 ×10 17 ions/cm 

2 , corre- 

ponding to a peak dose of 99.8 dpa and 129 dpa in Nb and 

bZrTi, respectively. Void swelling is known to be pronounced 

t intermediate homologous temperature (T/T m 

) because the void 

rowth is limited by the low defect mobility at low tempera- 

ure and is limited by the high vacancy supersaturation concen- 

ration at high temperature [55] . As explained in Section 3.2 , the 

acancy formation energy of NbZrTi is much lower than that of 

ure Nb, the equilibrium vacancy concentration should be signifi- 

antly higher, limiting the void formation at high temperature. Ac- 

ording to previous experiments [93–97] , voids can be formed in 

b by heavy ion irradiation from 650 ◦C to 1120 ◦C, correspond- 

ng to a T/T m 

of 0.34 to 0.51. With 3.3-MeV 

58 Ni + ions, the max- 

mum void swelling occurred at a temperature of 1010 ◦C, corre- 

ponding to a T/T m 

of 0.47 [93] . Based on these previous effort s,

n irradiation temperature of 675 ◦C was selected because in ad- 

ition to the expected void formation in Nb at this temperature, 

 T/T m 

of 0.48 in NbZrTi [98] is also in the normal void swelling

emperature window [55] . Furthermore, this temperature falls into 

he operating temperature range of fourth-generation nuclear re- 

ctors including gas-cooled fast reactor and molten salt reactor 

8,9] . 

As shown in Fig. 10 (a), in the irradiated region of pure Nb, voids

nd dislocation loops were formed by agglomeration of vacancies 

nd interstitial atoms. Dislocation loops were also formed outside 

he SRIM-predicted ion range by diffusion of radiation-induced de- 

ects at high temperature. A great number of voids were observed 



T. Shi, Z. Su, J. Li et al. Acta Materialia 229 (2022) 117806 

Fig. 9. (a-b) Comparison of MSD of interstitial migration between NbZrTi and Nb 0 . 4 Zr 0 . 4 Ti 0 . 2 . (c) Number fraction of different dumbbell types in Nb 0 . 4 Zr 0 . 4 Ti 0 . 2 . (d-e) Com- 

parison of MSD between SQS-based NbZrTi and NbZrTi with a SRO structure based on the MC + DFT method. (f) Number fraction of different dumbbell types in NbZrTi with 

a SRO structure based on the MC + DFT method. The dotted lines in (c) and (f) represent the results from the SQS-based NbZrTi structure. 

Fig. 10. (a) Cross-sectional STEM-BF image of Nb irradiated at 675 ◦C. Depth profiles of the dpa and Fe ion concentration predicted by the SRIM code are shown. (b-c) BF 

TEM images of void formation in the irradiated regions of pure Nb at two different depths acquired at under-focused condition. (d) Cross-sectional STEM-BF image of NbZrTi 

irradiated at 675 ◦C along with the depth profiles of dpa and Fe ion concentration. (e-f) No formation of voids and visible defect microstructures in the irradiated NbZrTi. 
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mechanisms needs to be further evaluated. 
hroughout the irradiation area with an average diameter of 5.5 nm 

1.7 nm (see Fig. 10 (b) and (c)). In contrast, no voids and other

adiation-induced defect microstructures were observed in NbZrTi, 

s shown in Fig. 10 (d) – (f). The dislocation lines at a depth range

f 1500 nm – 2500 nm correspond to pre-irradiation defects. The 

nergy dispersive spectroscopy (EDS) mapping also showed that 

he spatial distributions of Nb, Zr and Ti are uniform in the irradi- 

ted and unirradiated region, and the atomic composition remains 

quiatomic (see Fig. S14 and Table S4 of the Supplementary ma- 

erials for the EDS mapping results). As expected, the higher equi- 

ibrium vacancy concentration limits the growth of voids, where 

he vacancy influx to voids are counterbalanced by the thermal va- 

ancy emission [55] . 

In addition, the enhanced recombination of point defects con- 

ribute to the observation of reduced defects. As reported for FCC 
11 
i-based MPEAs and BCC VTaCrW [20,23] , the recombination prob- 

bility of point defects should be higher than pure metals due 

o the closer mobility between the vacancy and interstitial atom. 

hen the point defect recombination is higher, there are less sur- 

iving defects that can further agglomerate into large defect mi- 

rostructures, such as voids and dislocation loops. This has been 

onsidered as one of the important mechanisms for the enhanced 

adiation resistance of HEAs [20,26] . The same mechanism applies 

o NbZrTi because of the lower average vacancy migration en- 

rgy (see Table 2 ) and lower interstitial diffusion coefficient (see 

ig. 7 ), i.e, higher vacancy mobility and lower interstitial mobil- 

ty. However, with lower vacancy and interstitial formation energy, 

ore vacancies and interstitial atoms are created during the ther- 

al spike period. The relevant importance of these two competing 
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. Discussions 

Based on first-principles calculations, NbZrTi exhibits distinctive 

oint defect properties from pure Nb. The average vacancy forma- 

ion energy is 0.95 eV ± 0.34 eV compared to 2.77 eV in Nb. The 

verage interstitial formation energy is 1.92 eV ± 0.34 eV, whereas 

he interstitial formation energies in Nb are 4.38 eV – 5.12 eV for 

ifferent interstitial configurations. In NbZrTi, the interstitial for- 

ation energy has a strong dependence on the dumbbell atom 

ypes, which can be clearly seen from Fig. 6 (a). The dependence on 

he dumbbell orientation is insignificant relative to the site-to-site 

ariation. For example, for a final configuration of < 110 > dumbbell 

nd < 111 > dumbbell, the average energies are 1.83 ± 0.37 eV and 

.07 ± 0.49 eV, respectively. The difference could also be attributed 

o the preferential formation of < 110 > dumbbell of the most sta- 

le Ti-Ti pair. According to the KMC-equivalent method computed 

t 10 0 0 K (see Table 2 ), the average vacancy migration energy is

0.35 eV in NbZrTi, which is lower than 0.45 eV from pure Nb. 

ased on AIMD simulations, the interstitial diffusion coefficient in 

bZrTi is 38% of that in Nb at 1200 K. In summary, NbZrTi has

uch lower vacancy and interstitial formation energies, higher va- 

ancy mobility and lower interstitial mobility. 

The instability of defect structures was observed in both va- 

ancy and interstitial configurations. In the vacancy structures, it 

as manifested by the spontaneous replacement of the vacancy 

ite by a neighbouring atom, whereas in the interstitial structures, 

t was manifested by the large relaxation distance of the intersti- 

ial atom away from the initial interstitial site (see Table 4 ). This 

an be attributed to the severe lattice distortion of NbZrTi that 

eads to an irregular energy landscape (see Fig. 5 (d)) and the re- 

ulting suppression of migration barriers at local sites. The lower 

acancy formation and interstitial formation energies can also be 

xplained by the large degree of relaxation resulting from such 

n irregular energy landscape. The BCC VTaCrW, which has only 

nterstitial instability, has a local lattice distortion parameter �d

f 0.087 Å [23] , which is smaller than 0.171 Å from NbZrTi. It is

lso reported that BCC MEA VTaTi and VTaW have lower intersti- 

ial formation energies due to the large local relaxation based on 

lassical molecular static simulations [33] . For comparison, the �d

alues of VTaTi and VTaW were calculated by first-principles cal- 

ulations and were found to be 0.132 Å and 0.061 Å, respectively, 

hich are also smaller than that of NbZrTi. By comparing differ- 

nt BCC MPEAs, there seems to be a trend that with the increase 

f lattice distortion, the structural instability extends from intersti- 

ial structures to vacancy structures and leads to the decrease of 

he corresponding defect formation energy. NbZrTi-based MPEAs, 

uch as NbZrTiTaHf and NbZrTiHf, all have similar or even larger 

d values, ranging from 0.16 Å– 0.20 Å [61] . Thus, it is worth ex- 

loring further whether these alloys have similar low point defect 

ormation energies and large extent of defect structural relaxation. 

As explained previously, it was proposed that the point defect 

ecombination in MPEAs is higher than pure elements under ir- 

adiation due to the closer mobility between vacancies and inter- 

titials [20] . This was largely attributed to the slower diffusion of 

nterstitial atoms and the overlap between vacancy and interstitial 

igration energy distributions. Here, due to the extremely large 

istribution of vacancy migration energy and also the skewed dis- 

ribution profile towards low energy (see Fig. 5 (a)), the vacancy 

igration can occur much more easily because the probability of 

igration through a low migration barrier is high. Therefore, the 

igher vacancy mobility can further enhance the point defect re- 

ombination under irradiation. It is noted that higher mobility of 

acancy can also promote the clustering of vacancies by increas- 

ng the vacancy arrival rate at void embryos [55] . Considering also 

he other distinct point defect properties, the overall impact on ir- 

adiation resistance could differ significantly from FCC MPEAs and 
12 
eeds to be further evaluated with MD simulations and irradiation 

xperiments. 

Regarding the diffusion capabilities of different elements, Nb, 

r and Ti have similar vacancy migration energies (see Table 2 ), 

nd the relative energy difference cannot be clearly distinguished. 

n the other hand, interstitial diffusion through Ti is much faster 

han Zr and Ti (see Fig. 8 ) due to the preferential binding of in-

erstitials with Ti atom. The reduction of Ti content in NbZrTi and 

he creation of low-energy SRO structure based on the lattice MC 

ethod are both effective in decreasing the Ti and total diffu- 

ion coefficients. A slower diffusion coefficient is usually associated 

ith more trapping around certain lattice sites or within certain 

ocal regions, leading to a lower probability of long-range diffusion. 

hen there is a strong short-range clustering tendency of atom 

airs in NbZrTi, the diffusion of interstitials is preferred in regions 

here Zr and Ti are enriched, which limits the long-range intersti- 

ial diffusion. The existence of SRO structure has been confirmed 

xperimentally and has shown great impact on the mechanical and 

adiation properties of MPEAs [99–101] . In this work, a SQS model 

ith no SRO was used to calculate the defect properties, but the 

ctual local ordering tendency in BCC MPEAs could complicate the 

efect properties, which needs additional investigation [102] . 

The obtained first-principles results are useful for the valida- 

ion of interatomic potentials. A systematic comparison of point 

efect properties of NbZrTi, including vacancy formation energy, 

acancy migration energy and interstitial formation energy, was 

emonstrated with an EAM potential with potential parameters 

aken from Ref. [103,104] (see Section 3 of Supplementary Mate- 

ials for the detailed analysis). Although a quantitative agreement 

as not fully reached, several conclusions or implications can be 

rawn from such comparison. First, accurate defect energies from 

ure metal elements need to be guaranteed. For instance, the un- 

erestimation of interstitial formation energy of pure Nb leads to 

he underestimation of Nb-containing interstitial formation ener- 

ies in NbZrTi. Second, the EAM potential with a relatively sim- 

le formalism is able to capture some important characteristics of 

bZrTi, including lower vacancy and interstitial formation energy, 

nstable initial vacancy and interstitial structures, as well as wide 

nergy distribution in vacancy migration energy. Third, the cur- 

ently used EAM potential underestimates the lattice distortion and 

verestimates the defect formation energies. This seems aligned 

ith our conjecture that the decrease of defect formation energies 

s correlated with the increase of lattice distortion. A good agree- 

ent on lattice distortion relies on an accurate description of cross 

nteractions among principal elements. 

According to the ion irradiation experiment at 675 ◦C, we 

howed that the concept of MPEAs can greatly modify the point 

efect properties and lead to a different response to the irradiation 

emperature. Compared to void swelling in Nb at both an absolute 

emperature of 675 ◦C and a homologous temperature of 0.48 [93] , 

egligible radiation-induced defects were observed in NbZrTi un- 

er the same condition. The reduction in swelling at high temper- 

ture is aligned with the high equilibrium vacancy concentration 

riginating from the low vacancy formation energy. The increase 

f the point defect recombination also plays an important role in 

he reduction of radiation-induced defects. The characteristics of 

adiation-induced defects at a range of temperatures and simula- 

ions of defect cluster behaviours need to be studied in the future 

o fully understand the irradiation response of NbZrTi. 

. Conclusions 

First-principles calculations were performed to assess the va- 

ancy and interstitial formation energies and their migration be- 

aviours in body-centered cubic medium-entropy alloy NbZrTi. 

ue to the irregular energy landscape induced by the large lo- 
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al lattice distortion, unusual structural instability was observed 

n both vacancy and interstitial structures. Compared to pure Nb, 

bZrTi exhibits much lower vacancy and interstitial formation en- 

rgies, higher vacancy mobility and lower interstitial mobility. Be- 

ause of the wide energy distribution and the preferential vacancy 

igration through low-energy sites, the equivalent vacancy migra- 

ion energy is lower than pure Nb. The slower interstitial diffusion 

nd the chemically-biased diffusion among constituent elements 

re highly related to the stability of different interstitial configura- 

ions. The atomic composition and chemical short-range order can 

nfluence the elemental and total interstitial diffusion behaviour. 

he obtained first-principle results are useful for the benchmark of 

lassical interatomic potential for defect studies. The ion irradia- 

ion experiment at 675 ◦C with 3-MeV Fe ions at a total dose of

100 dpa showed reduced void swelling in NbZrTi, which is con- 

istent with the high equilibrium vacancy concentration induced 

y the low vacancy formation energy and enhanced point defect 

ecombination induced by the closer mobility between vacancies 

nd interstitials. 
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