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a b s t r a c t 

The stability of small vacancy clusters including divacancy, trivacancy and tetravacancy has been stud- 

ied in body-centered cubic high-entropy alloy Nb 0.75 ZrTiV 0.5 in structures of random solid solution and 

short-range order by first-principles calculations and molecular dynamics simulations. Different from con- 

ventional body-centered cubic metals, the tightly bound configurations have a lower structural stability 

and are not preferred energetically in the studied high-entropy alloy. Instability of vacancy configurations 

leads to vacancy-atom exchanges that favor less compact configurations. The formation energy of small 

vacancy clusters is much smaller than its constituent elements of Nb and V due to the large structural 

adjustment induced by severe local lattice distortion. The difference in local lattice distortion and elemen- 

tal arrangement in the vacancy neighborhood leads to significant site-to-site variation in vacancy cluster 

energy and configuration. The formation energy has a strong correlation with the local energy state of 

the vacancy configuration and the extent of structural relaxation. Compared to random solid solution, 

the structure of short-range order has a higher stability for the most compact cluster configurations and 

tends to have higher vacancy cluster formation energy. According to classical molecular dynamics simu- 

lations of cluster diffusion at high temperature, the studied high-entropy alloy has a higher probability 

of cluster dissociation compared to Nb and V. The unconventional energetics of small vacancy clusters is 

expected to have a profound impact on their generation, diffusion, dissociation, coalescence, as well as 

the defect microstructure evolution during irradiation. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

High-entropy alloys (HEAs) have exhibited great radiation re- 

istance and are considered as promising structural materials for 

dvanced nuclear reactors [1–6] . Compared to commercial reac- 

ors, advanced reactors usually require a higher operating tem- 

erature [7–9] . This triggers the interest in the development 

f radiation-tolerant body-centered cubic (BCC) refractory HEAs, 

hich intrinsically have a more suitable high-temperature per- 

ormance [10,11] . Although the radiation damage studies of HEAs 

nitiate from the scientific research of face-centered cubic (FCC) 
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ulti-principal element alloys (MPEAs) and HEAs [1] , with the 

apid development of refractory HEAs, there has been growing 

ttention to their radiation response in recent years [12] . Re- 

ults from ion irradiation experiments and radiation defect simu- 

ations suggest that BCC HEAs also have promising radiation resis- 

ance including lower irradiation hardening [13,14] , reduced void 

welling [15] and higher defect recombination probability [16,17] . 

nderstanding the kinetic evolution of radiation defects from de- 

ect generation to long-term defect growth requires a comprehen- 

ive understanding of the characteristics of various types of defects 

hat take part in the process. In this work, the stability and en- 

rgetics of small vacancy clusters were studied by first-principles 

nd molecular dynamics (MD) simulations to illustrate their dis- 

inct behavior compared to conventional metals. 

The superior radiation response of HEAs stems from their 

nique structural and chemical properties. The local lattice dis- 
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Table 1 

Number of vacancy configurations simulated in the 

RSS and SRO structure. 

Configuration RSS structure SRO structure 

v 1 95 95 

v 2 (2) 60 60 

v 2 (1) 20 / 

v 2 (3) 20 / 

v 3 (112) 60 60 

v 3 (124) 20 / 

v 3 (223) 20 / 

v 4 (111122) 60 60 

v 4 (111223) 30 / 

v 4 (111224) 30 / 
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ortion and chemical disorder can greatly reduce the energy dis- 

ipation by increased electron and phonon scattering, leading 

o enhanced defect recombination during the displacement cas- 

ade [1,6] . The chemical disorder and chemical complexity also re- 

ult in slower mobility of point defects and defect clusters. The 

luggish diffusion of defects can increase the annihilation proba- 

ility between vacancy and interstitial [18,19] , reduce the defect 

lustering and growth [20] , and mitigate the elemental segregation 

t defect sinks [3] . In addition, the defect diffusion can be tuned 

ithin the compositional space of HEAs to tailor the defect behav- 

or [4,21,22] . 

In BCC HEAs, the most prominent structural difference is the 

ore severe local lattice distortion induced by atomic size mis- 

atch. Compared to the FCC NiCoFeCrMn alloy family, the local 

attice distortion is generally ∼2–4 times larger [23,24] . Combined 

ith the difference in chemical properties, the BCC HEAs can ex- 

ibit different def ect behavior from that of the FCC counterparts. 

or instance, point defects have larger formation and migration 

nergy distributions and experience structural instability during 

tatic relaxation, which is not common in FCC HEAs [15,16] . Con- 

rary to sluggish diffusion, the wide distribution of vacancy migra- 

ion energy can lead to preferential migration through low-barrier 

ites, promoting vacancy diffusion [15] . In addition, based on the 

imulation of defect accumulation, isolated point defects and small 

efect clusters are preferred at both room and high temperature in 

TaW and VTaTi [25] . In contrast, large defects were observed from 

he interatomic potential of average atom model, suggesting that 

he energy inhomogeneity of defects including both point defects 

nd defect clusters has a significant impact on defect clustering. 

Small vacancy clusters are an essential building block for large 

acancy microstructure formation and play a significant role in de- 

ect generation, annihilation and evolution. Compared to small in- 

erstitial clusters, small vacancy clusters are less stable and can 

mit vacancies at reactor temperature, which can then be absorbed 

y various types of defect sinks including voids. In BCC metals, di- 

acancy and trivacancy are mostly mobile and can migrate over 

ong distances, whereas larger clusters tend to have reduced mo- 

ility [26,27] . Since the migration of tetravacancy requires dissoci- 

tion, it is generally considered as the first possible stable nucleus 

or vacancy clustering [28] . Currently, a systematic first-principles 

alculation of small vacancy clusters is lacking in both FCC and BCC 

EAs. It is of great scientific interest to explore how the local lat- 

ice distortion impacts their stability and clustering tendency un- 

er irradiation. 

In this work, NbZrTi-based HEA Nb 0.75 ZrTiV 0.5 was studied due 

o the promising mechanical performance of this group of mate- 

ials [11,29,30] . The NbZrTiV alloy has been shown to have good 

uctility and tensile properties [31–34] , as well as other favorable 

roperties for nuclear applications [35] . Two different elemental 

rdering structures were investigated: random solid solution (RSS) 

nd short-range order (SRO), as both could be present in HEAs [36–

8] . The SRO structure has been shown to have a large influence 

n the defect diffusion [39,40] and can also be promoted during 

he period of irradiation [41] . Small vacancy clusters of divacancy, 

rivacancy and tetravacancy were simulated at different positions 

ith the first-principles method. The energies and stable cluster 

onfigurations were analyzed. The classical MD simulations were 

lso performed to study the impact of the energetics of small va- 

ancy clusters on their diffusion behavior at high temperature. 

. Method 

First-principles calculations were performed with the Vi- 

nna ab initio simulation package (VASP) based on the den- 

ity functional theory (DFT) and the projector augmented wave 

PAW) method [42] . The generalized gradient approximation (GGA) 
62 
ith the Perdew–Burke–Ernzerhof (PBE) exchange-correlation 

arametrization was used in the calculations [43] . Nb 0.75 ZrTiV 0.5 

Nb 30 Zr 39 Ti 39 V 20 ), pure Nb and pure V were simulated within a 

28-atom supercell of 4 × 4 × 4 BCC lattice. The RSS structure 

nd SRO structure were studied in Nb 0.75 ZrTiV 0.5 . The RSS structure 

as created by the special quasi-random structure (SQS) method 

y assuring the quasi-random appearance probabilities of each el- 

ment in the first nearest neighbor (1 NN) and 2 NN with the Al- 

oy Theoretic Automated Toolkit [44–46] . The SRO structure was 

btained by the DFT + Monte Carlo method at a temperature of 

00 K. The atom positions were swapped according to the ac- 

eptance criterion of Metropolis-Hastings sampling to generate a 

RO structure that is energetically more stable than the RSS struc- 

ure [15,47] . Gamma-centered k -point meshes of 2 × 2 × 2 and 

 × 3 × 3 were used for Nb 0 . 75 ZrTiV 0 . 5 and pure metals, respec- 

ively. The use of coarse k -point sampling in HEA is a compromise 

etween the accuracy of a single calculation and the large number 

f cases required for sampling the variations induced by the com- 

lexity of chemical environment. The cutoff energy of the plane- 

ave basis was 400 eV. The force criterion for ionic steps was set 

o 0.01 eV/ ̊A and the energy criterion for electronic self-consistency 

tep was set to 10 −4 eV. 

Different structures of monovacancy, divacancy, trivacancy and 

etravacancy were simulated within a fixed volume. The monova- 

ancy was sampled at 25 lattice sites for Nb, Zr and Ti vacancy and 

ll 20 lattice sites for V vacancy. For vacancy clusters, there exists 

ifferent configurations, as shown in Fig. 1 . The cluster notation 

s based on the pair separation distances among different vacancy 

ites in unit of nearest neighbor [48] . For instance, v 3 (112) is the

ost compact trivacancy configuration in which vacancies are sep- 

rated by distances of 1 NN, 1 NN and 2 NN. The number of simu-

ated cases for each configuration is listed in Table 1 . The most en- 

rgetically favorable configurations in pure Nb and V, which corre- 

pond to v 2 (2), v 3 (112) and v 4 (111122), were simulated in both RSS 

nd SRO structure. In addition, metastable vacancy cluster configu- 

ations based on the energy of pure Nb and V were also simulated 

ncluding v 2 (1), v 2 (3), v 3 (124), v 3 (223), v 4 (111223) and v 4 (111224).

n total, 690 different configurations of monovacancy and vacancy 

luster were simulated. 

The formation energy of monovacancy or vacancy clusters ( E f v n ) 

as calculated by: 

 

f 
v n 

= E v n + 

4 ∑ 

i =1 

k i μi − E per , (1) 

here E v n is the total energy of the n -vacancy structure, k i is the

umber of element type i removed from the system, μi is the 

hemical potential of element type i , and E per is the total energy 

f the perfect lattice. The elemental chemical potential was calcu- 

ated by the Widom-type substitution approach based on 24 sets 

f structures with atom substitution [18,49] . The binding energy of 



T. Shi, X. Qiu, Y. Zhou et al. Journal of Materials Science & Technology 146 (2023) 61–71 

Fig. 1. Different configurations of divacancy, trivacancy and tetravacancy clusters. V i represents the i th vacancy site in the vacancy cluster. The cluster notation is based on 

the neighboring distances among different pairs of vacancy sites [48] . 
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Fig. 2. Radial distribution function of random solid solution and short-range order 

structure in Nb 0 . 75 ZrTiV 0 . 5 . 
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acancy clusters ( E b v n 
) was determined by: 

 

b 
v n 

= 

4 ∑ 

i =1 

k i E v 1 ,i − E v n − (n − 1) × E per , (2) 

here E v 1 ,i corresponds to the expected system energy with a 

onovacancy of element type i . In this study, the E v 1 ,i was de- 

ermined by the average value of the corresponding cases and it 

as reasoned that during the diffusion of vacancy cluster, its sta- 

ility depends on the energy states of monovacancies around the 

acancy cluster, which can have a wide range of energies. Eq. (2) is 

lso equivalent to: 

 

b 
v n 

= 

4 ∑ 

i =1 

k i E 
f 

v 1 ,i 
− E f v n . (3) 

ere, the calculated binding energy is relative to a set of inde- 

endent monovacancies [48,50,51] . The Wigner–Seitz surface area 

 S WS ) of different vacancy cluster configurations was determined 

y Voronoi tessellation based on an unrelaxed BCC lattice and was 

ormalized by the square of lattice constant ( S WS /a 2 
0 
) for compari- 

on among different materials [52] . 

The classical MD simulations of vacancy cluster diffusion 

ere performed with the LAMMPS code. The embedded atom 

ethod (EAM) potential was employed using the alloy model from 

ef. [53] and the embedding function from Ref. [54] . The potential 

arameters of Nb and V were taken from Ref. [55] and Ref. [25] , re-

pectively, and those of Zr and Ti were taken from Zhou et al. [56] .

he vacancy formation energy was included in the potential fitting 

nd this form of potential has been successfully used to model the 

adiation defect accumulation in BCC MPEA [25] . The vacancy dif- 

usion was simulated for divacancy, trivacancy and tetravacancy in 

ure Nb, pure V, RSS Nb 0 . 75 ZrTiV 0 . 5 and SRO Nb 0 . 75 ZrTiV 0 . 5 . The 

imulation box consisted of a 20 × 20 × 20 BCC supercell with 

eriodic boundary conditions. The SRO structure was constructed 

y the hybrid Monte Carlo and MD method under canonical en- 

emble at 500 K. The SRO tendency of different atom pairs is con- 

istent with the first-principles calculations. The diffusion of differ- 

nt materials was compared at an absolute temperature of 700 K 

nd an homologous temperature (T/T m 

) of 0.32, which corresponds 
63
o 980 K, 583 K and 700 K in Nb, V and Nb 0 . 75 ZrTiV 0 . 5 , respec-

ively. The melting temperature (T m 

) was determined by the solid- 

iquid coexistence method [57] . The most compact vacancy config- 

rations were used as initial structures. The NVT ensemble with 

osé–Hoover thermostat was used with a timestep of 1 fs for a 

otal simulation time of 10 ns. For each type of vacancy cluster, 

0 and 15 cases were simulated at each temperature for the pure 

etals and the HEA structures, respectively. 

. Results 

.1. Structural properties of perfect lattice 

Based on the first-principles calculations, the lattice parameter 

f the RSS structure is 3.334 Å. The radial distribution function of 

he optimized RSS structure is shown in Fig. 2 , where large local 

attice distortion can be observed. We note that although there is 

 large overlap between the 1 NN and 2 NN peak, the studied 

tructure still has different peaks in the radial distribution func- 

ion corresponding to different neighboring shells, unlike liquid 

aving continuum at long range [58,59] . The average atomic dis- 
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Fig. 3. (a) Evolution of 1 NN SRO parameter with Monte Carlo steps. The vertical 

dashed line shows the Monte Carlo step selected for vacancy simulations. (b) Final 

SRO parameters for different neighbor types in the SRO structure. 
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Fig. 4. Formation energy distribution of monovacancy in the RSS structure. 
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lacement compared to the unrelaxed lattice is 0.217 Å, which is 

elatively large among different BCC MPEAs [15,16,23] . For compar- 

son, the average displacement normalized to the lattice constant 

s 6.5%, which is larger than 2.8% from VTaCrW [16] and 5.1% from 

bZrTi [15] . 

For the SRO structure, the evolution of 1 NN Warren-Cowley 

RO parameters [47,60] with Monte Carlo steps is shown in 

ig. 3 (a). SRO parameters of zero correspond to a perfect RSS struc- 

ure. Negative SRO parameters indicate preferential clustering of 

he corresponding atom pairs, whereas positive SRO parameters 

orrespond to the opposite. The system energy starts to stabilize 

rom ∼600 Monte Carlo steps. The SRO structure used for vacancy 

imulations is selected at ∼1800 Monte Carlo steps. It can be seen 

hat in the selected SRO structure, the most pronounced cluster- 

ng comes from Nb-Nb, followed by Zr-V and Zr-Ti (see Fig. 3 (b)). 

ost atom pairs fluctuate around a SRO parameter of zero with no 

ignificant clustering preference except for Nb-Nb. The lattice pa- 

ameter is 3.336 Å in the SRO structure and the energy per atom is

32 meV lower than the RSS structure. The local lattice distortion 

s comparable to that of RSS structure (see Fig. 2 ). 

.2. Vacancy properties in random solid solution structure 

According to the first-principles calculations, the monovacancy 

n the RSS structure exhibits a wide energy distribution, as shown 

n Fig. 4 . The average formation energies for Nb, Zr, Ti and V are

.95 eV ± 0.57 eV, 0.93 eV ± 0.61 eV, 1.00 eV ± 0.55 eV and 

.23 eV ± 0.49 eV, respectively. The V vacancy has a slightly higher 

ormation energy than the other three elements. The large vari- 

tion in the energy distribution is induced by the difference in 

hemical environment and local lattice distortion in the vacancy 

eighborhood. The relative positions of different types of elements 

round the vacancy can result in different formation energies at 

ifferent sites. In addition, vacancy-atom exchange can occur dur- 

ng structural optimization, which further reduces the vacancy for- 
64 
ation energy at certain sites and increases the energy varia- 

ion [15] . With this large energy variation, vacancies with low for- 

ation energy have a much higher probability to exist at thermal 

quilibrium [61] . Compared to 2.77 eV in pure Nb and 2.07 eV in

ure V, the monovacancy formation energy is much lower in the 

tudied structure. 

Three different divacancy structures were simulated: v 2 (1), 

 2 (2) and v 2 (3), which correspond to divacancies with vacancy dis- 

ances of 1 NN, 2 NN and 3 NN, respectively (see description of 

luster notation in Section 2 ). The v 2 (2) is the most stable configu- 

ation in pure Nb and V with the lowest formation energy [50,62] . 

ig. 5 (a) and (b) show the formation and binding energy of diva- 

ancy in the RSS structure for different final divacancy configura- 

ions. The final configuration can differ from the initial one because 

eighboring atoms can move into the initial vacancy site during 

tatic structural optimization. The corresponding fraction of con- 

guration change is listed in Fig. 5 (c). The fractions of final config- 

rations for each initial configuration are also shown in figures of 

ormation and binding energy by using markers of different sizes. 

t is shown that v 2 (1) is mostly unstable, and it has a high proba-

ility to transform to v 2 (2) and v 2 (3) by one exchange between va-

ancy and 1 NN and to v 2 (4) by two exchanges. The v 2 (2) configu-

ation remains to be v 2 (2) in 48% of the cases. It can barely change

o v 2 (1) but has a 41% probability to relax to v 2 (4). The change to

hese two configurations both involve only one atom replacement 

rom one of the four 1 NN atoms, suggesting a strong preference 

o adopt the v 2 (4) structure from v 2 (2). The v 2 (3) configuration has

 50% probability to be stable and also prefers to form loose va- 

ancy configurations. The formation of v 2 (2) from v 2 (3) requires 

wo vacancy-atom exchanges, which explains the lower probabil- 

ty of this relaxation pathway. Based on these structural changes, 

t can be seen that the occurrence probability of final vacancy con- 

gurations depends on the initial configurations and less compact 

acancy configurations are favored. 

In Nb 0 . 75 ZrTiV 0 . 5 , the divacancy formation energy is much lower 

han Nb and V (see Fig. 5 (a)). Besides the energy preference for 

 2 (2) in some cases, the formation energy of v 2 (4) and beyond 

ends to be lower than more compact configurations. For instance, 

ith an initial configuration of v 2 (2), the formation energies for 

nal configurations of v 2 (2) and v 2 (4) are 2.29 eV ± 0.67 eV 

nd 1.23 eV ± 1.00 eV, respectively. The binding energy also ex- 

ibits the consistent trend, showing higher binding energy for 

oose divacancy structures (see Fig. 5 (b)). A negative binding en- 

rgy indicates that the divacancy is energetically less stable than 

wo monovacancies that are farther apart, whereas a positive 

inding energy implies attractive force for cluster formation. Al- 

hough large energy variation is present due to the variation of 

ocal chemical environment, a positive binding energy was ob- 

erved in v 2 (4) and beyond. In comparison, the binding energy 

f v (2) is on average lower than that of V and Nb and has
2 
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Fig. 5. Divacancy energetics in the RSS structure: (a) divacancy formation energy, (b) divacancy binding energy, (c) fraction of final configurations for different initial config- 

urations. The marker areas in (a) and (b) are proportional to the percentage of cases for each initial configuration. The error bars are shown for more than 3 cases. 

Fig. 6. Trivacancy energetics in the RSS structure: (a) trivacancy formation energy, (b) trivacancy binding energy, (c) fraction of final configurations for different initial 

configurations. The marker areas in (a) and (b) are proportional to the percentage of cases for each initial configuration. The error bars are shown for more than 3 cases. 
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 large portion of its distribution extending into negative re- 

ion, indicating its less likelihood of formation from an energy 

erspective. 

Trivacancy structures of v 3 (112), v 2 (124) and v 2 (223) were sim- 

lated. The v 3 (112) has the lowest formation energy in pure Nb 

nd V. As shown in Fig. 6 , a large fraction of the initial structures

re unstable and stabilize to less compact configurations. The sta- 

le fractions for v 3 (112), v 2 (124) and v 2 (223) are 37%, 5.0% and

0%, respectively (see Fig. 6 (c)). 55% of the structures change to 

oose configurations that have an average distance among vacan- 

ies larger than 3 NN ( v 3 ( > 9)), such as v 2 (145), v 2 (235), v 2 (247),

tc. The possible final configurations are numerous and the dis- 

ance between vacancies can be as far as 8 NN – 13 NN. Con- 

idering the supercell size of 4 × 4 × 4, such situation is close 

o the formation of weakly interacting monovacancies. If we as- 

ume only one vacancy-atom exchange with 1 NN with the same 

robability in all directions, for initial configurations of v 2 (124) 

nd v 2 (223), the unstable fractions of final configurations with 

 3 (≤9) should be 52%. However, the corresponding fraction is 

uch smaller, showing a preference for loose configurations. The 

rivacancy formation energy in Nb 0 . 75 ZrTiV 0 . 5 is much smaller 

han Nb and V (see Fig. 6 (a)). There is a tendency of decreas-

ng formation energy with increasing vacancy distance. The for- 

ation energy is 3.97 eV ± 0.80 eV for the most tightly bound 

nal configuration of v 3 (112) and lowers to 2.50 eV ± 0.79 eV 

or final configurations of v 3 ( > 9). The binding energy is nega- 

ive for a large fraction of v (112) final configurations and grad- 
3 

65 
ally increases to positive energies in less compact configurations 

see Fig. 6 (b)). 

The most stable tetravacancy configuration of v 4 (111122) in Nb 

nd V and two metastable tetravacancy configuration of v 4 (111223) 

nd v 4 (111224) were studied with the corresponding results shown 

n Fig. 7 . There are more possible configurations with the in- 

rease of the number of vacancies. Most cases involve large struc- 

ural adjustment with replacement of vacancy sites from mul- 

iple atoms during the relaxation process. The trend is sim- 

lar with those of divacancy and trivacancy, showing a ten- 

ency of vacancies moving apart and decreasing in formation en- 

rgy with increasing distances among vacancies. The difference 

n energy among compact and loose configurations tends to be 

ore pronounced for tetravacancy. For instance, the most com- 

act v 4 (111122) configuration has mostly negative binding energies, 

hereas tetravacancies with an average vacancy distance equal 

o or larger than 4 NN ( v 4 ( > 15)) have mostly positive binding 

nergies. 

.3. Vacancy properties in short-range order structure 

In the SRO structure, the average monovacancy formation ener- 

ies for Nb, Zr, Ti and V are 1.70 eV ± 0.40 eV, 2.04 eV ± 0.44 eV,

.53 eV ± 0.31 eV and 1.27 eV ± 0.32 eV, respectively (see Fig. 8 ).

ompared to the RSS structure (see Section 3.2 ), the monova- 

ancy formation energy is much higher with a significant reduc- 

ion in low-energy states that lie below ∼1.0 eV. No noticeable 
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Fig. 7. Tetravacancy energetics in the RSS structure: (a) tetravacancy formation energy, (b) tetravacancy binding energy, (c) fraction of final configurations for different initial 

configurations. The marker areas in (a) and (b) are proportional to the percentage of cases for each initial configuration. The error bars are shown for more than 3 cases. 

c

e

c

b

d

f

3

t

s

w

a

s

i

v
T

c

t

N

b

S

4

R

3

l  

s

3

R

2

f

n

t

hange was observed in the vacancy formation energy of V. How- 

ver, the monovacancy formation energies of Nb, Zr and Ti in- 

rease significantly. The SRO structure is energetically more sta- 

le than the RSS structure. Therefore, the energy reduction in- 

uced by vacancy structural relaxation is smaller accordingly. The 

ractions of structures that undergo vacancy-atom exchange are 

9% and 16% in the RSS and SRO structure, respectively, implying 

he higher stability of initial vacancy configurations in the SRO 

tructure. 

Vacancy cluster configurations of v 2 (2), v 3 (112) and v 4 (111122) 

ere studied in the SRO structure and the corresponding results 

re presented in Figs. 9–11 , respectively. Compared to the RSS 

tructure (see Section 3.2 ), these configurations are more stable 

n the SRO structure. The stable fractions of v 2 (2), v 3 (112) and 

 4 (111122) configurations are 83.3%, 70.0% and 51.7%, respectively. 

he rest of the configurations can still undergo vacancy-atom ex- 
Fig. 8. Formation energy distribution of monovacancy in the SRO structure. 
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66 
hanges and stabilize to less compact configurations. The forma- 

ion energies of vacancy clusters are lower than those of pure 

b and V but higher than those of RSS structure. For the tightly 

ound final configurations of v 2 (2), v 3 (112) and v 4 (111,122), the 

RO structure has average formation energies of 3.19 eV ± 0.60 eV, 

.95 eV ± 0.59 eV and 6.71 eV ± 0.62 eV, respectively, and the 

SS structure has average formation energies of 2.29 eV ± 0.67 eV, 

.97 eV ± 0.80 eV and 6.26 eV ± 0.73 eV, respectively. For the 

oose final configurations of v 2 (4), v 3 ( > 9) and v 4 ( > 15), the SRO

tructure has average formation energies of 2.59 eV ± 0.43 eV, 

.87 eV ± 0.64 eV and 5.79 eV ± 0.54 eV, respectively, and the 

SS structure has average formation energies of 1.23 eV ± 1.00 eV, 

.50 eV ± 0.71 eV and 3.54 eV ± 0.79 eV, respectively. It is also 

ound that for vacancy clusters with high formation energy, the 

eighboring environment tends to be enriched in Nb, whereas 

he opposite is true for cases with low formation energy. The 

inding energy also increases with increasing vacancy distances 

n the SRO structure. One difference from RSS structure is that 

he compact configurations have on average small positive bind- 

ng energies in the SRO structure. However, the less compact con- 

gurations still have higher binding energies, indicating the role 

f spontaneous vacancy-atom exchange in lowering the system 

nergy. 

.4. Diffusion at high temperature with classical MD simulations 

The impact of vacancy cluster binding energy on the diffu- 

ion stability was studied for V, Nb, RSS Nb 0 . 75 ZrTiV 0 . 5 and SRO 

b 0 . 75 ZrTiV 0 . 5 by classical MD simulations. In the studied HEA, 

he instability of compact cluster configurations was also seen 

uring static structural optimization and there is a general trend of 

ecreasing formation energy with increasing distances among va- 
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Fig. 9. Divacancy energetics in the SRO structure: (a) divacancy formation energy, (b) divacancy binding energy, (c) fraction of final configurations from the same initial 

configuration. The marker areas in (a) and (b) are proportional to the percentage of cases. The error bars are shown for more than 3 cases. 

Fig. 10. Trivacancy energetics in the SRO structure: (a) trivacancy formation energy, (b) trivacancy binding energy, (c) fraction of final configurations from the same initial 

configuration. The marker areas in (a) and (b) are proportional to the percentage of cases. The error bars are shown for more than 3 cases. 
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ancies in the cluster, which is consistent with the first-principles 

esults. Due to the difference in melting temperature among 

ifferent materials, the diffusion simulations were performed 

oth at the same absolute temperature of 700 K and the same 

omologous temperature (T/T m 

) of 0.32 (700 K for Nb 0 . 75 ZrTiV 0 . 5 ). 

he time fraction of cluster dissociation and the average cluster 

ize during a 10-ns diffusion period were determined, as presented 

n Fig. 12 . A cluster was considered to be dissociated when the 

istance among vacancies was larger than a cutoff distance of 6 Å. 

he average cluster size was calculated based on the maximum 

luster size at each moment. At 700 K, vacancy clusters in Nb 

arely dissociate due to the higher binding energy and the higher 

elting temperature. Although V has a lower melting temperature 

T T m 

: 1810 K) than Nb 0 . 75 ZrTiV 0 . 5 (T m 

: 2200 K), the later still has

 higher probability of dissociation. Accordingly, the studied HEA 

as the lowest average cluster size among the studied materials. 

t the same homologous temperature of 0.32, V has an extremely 

ow probability of dissociation due to the lower temperature. 

lthough the corresponding absolute temperature in Nb is higher, 

t is still more stable than the studied HEA. The most prominent 

ifference between pure metals and the studied HEA was observed 

n the case of tetravacancy. It is known that small vacancy clusters 

re generally unstable at high temperature. The cluster binding 

nergies in Nb and V increase with the cluster size (see Figs. 5–7 ),

esulting in increasing cluster stability. For V at 700 K and Nb at 

80 K, the thermal driving force is sufficient to lead to a relatively 

igh dissociation probability for divacancy and trivacancy but 
67 
ot for tetravacancy within the time frame of the simulation. In 

ontrast, due to the low binding energy of the studied HEA for 

ll three types of vacancy clusters including tetravacancy, the 

issociation probability remains high. 

Based on MD simulations, the RSS and SRO structure have 

imilar dissociation probability. Although being considered as one 

luster, less compact configurations were more frequently seen in 

oth RSS and SRO structures compared to pure metals, which is 

lso consistent with the results from first-principles calculations. 

here is also another important effect taking place during the dif- 

usion. In the SRO structure, cluster diffusion tends to be localized 

n Nb-depleted and Ti-rich regions based on the analysis of the 

lemental fraction in the 1 NN and 2 NN of vacancy clusters. By 

xamining the cluster diffusion trajectories, it is found that vacancy 

lusters are frequently trapped in such confined SRO region in form 

f loose cluster configurations. For pure metals, once the cluster is 

issociated, it is more likely for vacancies to be distributed farther 

way from each other. There comparisons show that small vacancy 

lusters in Nb 0 . 75 ZrTiV 0 . 5 have lower stability than its constituent 

lements, which affects the nucleation of void embryo. 

. Analysis and discussion 

In many BCC metals, compact vacancy clusters with spherical 

r quasi-spherical shape are generally preferred [52,63,64] . For 

he smallest cluster of v 2 , either v 2 (1) or v 2 (2) configuration can 

e energetically favorable. For instance, W and Mo have a lower 
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Fig. 11. Tetravacancy energetics in the SRO structure: (a) tetravacancy formation energy, (b) tetravacancy binding energy, (c) fraction of final configurations from the same 

initial configuration. The marker areas in (a) and (b) are proportional to the percentage of cases. The error bars are shown for more than 3 cases. 

Fig. 12. (a) The time fraction of vacancy cluster dissociation and (b) average cluster size during 10-ns diffusion at 700 K. (c) The time fraction of vacancy cluster dissociation 

and (d) average cluster size during 10-ns diffusion at a T / T m of 0.32, which corresponds to 980 K, 583 K and 700 K in Nb, V and Nb 0 . 75 ZrTiV 0 . 5 , respectively. 
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Fig. 13. Formation energies of v 1 to v 4 as a function of the normalized Wigner–Seitz vacancy surface area in the (a) RSS structure and (b) SRO structure. The stable and 

unstable initial configurations are marked in light blue and blue, respectively. 
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ormation energy for v 2 (1) , whereas Ta, Nb, V and α-Fe prefer 

 2 (2) configuration [52,62] . But in general, the formation energy 

f vacancy clusters tends to increase with the surface area, as the 

ormation energy is closely related to the energy cost from the 

urface [28] . However, as shown in Fig. 13 , the vacancy formation 

nergy in Nb 0 . 75 ZrTiV 0 . 5 tends to decrease with the normalized 

igner–Seitz surface area. This is largely due to the vacancy-atom 

xchange in the direction of less compact configurations, which 

ave larger surface areas. Such vacancy-atom exchange induced 

y structural instability is more pronounced in the RSS structure 

ue to the higher energy state of the perfect RSS lattice. First, in 

he studied HEA, the severe local lattice distortion allows a higher 

egree of freedom for structural adjustment around the lattice 

ites, resulting in the overall lower formation energy. Second, va- 

ancy sites provide potential pathways for vacancy-atom exchange 

nd anti-sites with lower energy will be preferentially adopted. 

hird, vacancy-atom exchange can lead to either compact or less 

ompact configurations. The decreasing energy with less compact 

onfigurations could be due to the reason that it can effectively 

elieve the internal stress from the initial vacancy configurations 

ith more neighboring atoms taking part in the structural relax- 

tion. Another important observation is that the energy variation 

or the same final vacancy configuration is large owing to the large 

ifference in the local chemical environment. Whether a specific 

onfiguration has a lower or higher formation energy depends 

eavily on the local atomic arrangement. This is intrinsic to HEA 

ue to the chemical disorder and chemical complexity. In Nb and 

, the formation energy does increase with the surface area, but 

he magnitude of increase from the cost of surface energy is small 

ompared to the large formation energy distribution from the HEA, 

mplying the larger role of local energy variation over the surface 

rea in decreasing the system energy. Thus, vacancy configurations 

ill accommodate to the most energetically stable configuration 

round the local region. 

As shown in Fig. 14 (a) and (b), the formation energy evo- 

ution shows a moderate negative correlation with the average 

tomic displacement during the vacancy structural relaxation ( d ) 

n the RSS and SRO structure. The correlation is stronger in the 

SS structure because large displacement induced by one or more 

acancy-atom exchanges occurs more frequently in the RSS struc- 

ure and such site exchange can effectively reduce the system en- 

rgy. At a fixed relaxed distance, the range of formation energy is 

ide, indicating strong site-to-site variation. To further understand 
69 
hese effects, the formation energy of unrelaxed vacancy structure 

 E f 
v n , unrelaxed 

) was determined, which was calculated by using the 

ystem energy of the unrelaxed vacancy structure instead of the 

nergy of the final configuration ( E v n ) in Eq. (1) . In addition, an ex-

lanatory model was used to estimate the formation energy, which 

s defined as: 

 

f 
v n , estimate = E f v n , unrelaxed − k d , (4) 

here k in an adjustable constant to obtain the highest coefficient 

f determination between the estimated formation energy and 

rue formation energy. It can be seen from Fig. 14 (c) that the un- 

elaxed formation energy is initially much larger than the relaxed 

ormation energy in the RSS structure. The energy decreases signif- 

cantly by structural relaxation including vacancy-atom exchanges. 

n comparison, such energy decrease is smaller in the SRO struc- 

ure (see Fig. 14 (d)), where the initial local energy state plays a 

arger role in determining the true formation energy. Eq. (4) shows 

wo important factors that influence the final vacancy energy, 

.e., the initial energy state of the vacancy configuration and the 

xtent of structural adjustment. Here, the structural adjustment is 

eflected by a single parameter of average atomic displacement. 

xactly speaking, the atomic relaxation near the vacancy should 

ave a higher impact and the actual physical process involves 

he redistribution of ionic charge and electron density, which is 

learly more convoluted. Nevertheless, as presented in Fig. 14 (c) 

nd (d), the proposed model can explain the formation energy 

volution with reasonable accuracy. The unrelaxed formation 

nergy correlates positively with the true formation energy with 

 larger fluctuation, but a better linearity can be achieved by 

aking into account the atomic displacement in the estimated 

ormation energy. For instance, sites with high unrelaxed forma- 

ion energies and large relaxation distances can lead to lower 

ormation energies; sites with high unrelaxed formation energies 

nd lower extent of relaxation maintain at high-energy states. 

hen comparing the estimated and true formation energy, the 

oefficient of determination is lower in the RSS structure because 

he vacancy-atom exchange also involves anti-site energy, which is 

ot reflected in this explanatory model. When one atom fills into 

 neighbor vacancy site, the energy change is more complicated, 

eading to the larger variation shown in Fig. 14 (c). 

BCC MPEAs and HEAs exhibit severe local lattice distor- 

ion [23,24] . Instability of monovacancy [15] and single intersti- 

ial [16] has been reported in other BCC MPEAs, hinting that the 
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Fig. 14. (a, b) Formation energies of v 1 to v 4 as a function of the average relaxed distance per atom in the vacancy configuration in the RSS and SRO structure. (c, d) 

Estimated vacancy formation energy and unrelaxed vacancy formation energy in the RSS and SRO structure. The dashed lines in (c) and (d) show positions where the 

estimated formation energy is equal to the true formation energy. 
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nstability of small vacancy clusters found in Nb 0 . 75 ZrTiV 0 . 5 could 

e a common property among similar HEAs with large local lat- 

ice distortion. Irradiation experiment on NbZrTi showed that with 

eavy ion irradiation at 675 °C to a peak dose of ∼100 dpa, the

ormation of voids and dislocation loops in NbZrTi was signifi- 

antly suppressed compared to pure Nb [15] . It was explained that 

ow monovacancy formation energy could lead to high equilibrium 

acancy concentration, which promotes thermal vacancy emission 

rom voids and limits the void growth. Here, we showed that 

mall vacancy clusters with compact cluster configurations have 

ow binding energies in BCC MPEA, which could also contribute 

o the delayed growth of irradiation-induced voids. In the con- 

ext of radiation damage, the energetics of monovacancy and small 

acancy clusters has a large influence on vacancy cluster nucle- 

tion and diffusion, as well as the kinetic evolution of irradiation- 

nduced voids [65] . During the displacement cascade induced by 

eutron or ion irradiation, a depleted zone with a high density of 

acancies is formed in the center with interstitials located at the 

eriphery due to replacement collisions. In this process, the stabil- 

ty of small vacancy clusters can affect the vacancy clustering frac- 

ion and the cluster size distribution [66,67] . More isolated vacan- 

ies and smaller vacancy clusters are expected due to the smaller 

inding energy of tightly bound configurations. 

In the process of diffusion, as less compact configurations are 

avorable and different local regions have different pref erences for 

table cluster configurations, small vacancy clusters will have a 

ower probability of maintaining the same configuration by change 

f configurations and dissociation into smaller clusters or monova- 
70
ancies, as evidenced from the MD simulations of vacancy clus- 

er diffusion. In addition, cluster diffusion tends to be localized 

n the SRO structure, showing the impact of the spatial distribu- 

ion of SRO and the potential energy inhomogeneity on cluster dif- 

usion. In conventional BCC metals, v 3 (112) can migrate without 

issociation, which plays an important role in vacancy-cluster for- 

ation [48,63] . For other vacancy clusters, the migration usually 

nvolves transient dissociation into metastable configurations dur- 

ng vacancy jumps, such as temporary dissociation of v 4 (111122) 

nto v 1 and v 3 [48] . In the studied HEA, the behavior of diffusion,

issociation and coalescence of small vacancy clusters is expected 

o change due to the position- and configuration-dependent clus- 

er stability. Future studies of vacancy clusters of larger sizes are 

eeded to have a complete understanding of the binding energy 

volution and their influence on void nucleation. 

. Conclusions 

In BCC HEA Nb 0 . 75 ZrTiV 0 . 5 , the severe local lattice distortion and 

he variation in local chemical environment lead to a wide distri- 

ution of formation energy in monovacancy, divacancy, trivacancy 

nd tetravacancy. The formation energies of small vacancy clusters 

re lower than those of pure Nb and V due to the higher extent 

f vacancy structural relaxation. Compared to the structure of ran- 

om solid solution, the structure of short-range order has higher 

acancy formation energies due to the lower energy state of the 

atter. During static structural optimization, the vacancy configura- 

ions can experience instability with vacancy-atom exchanges and 
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here is a tendency for tightly bound vacancy clusters to trans- 

orm to less compact configurations. The less compact configura- 

ions have lower formation energies and higher binding energies, 

ndicating that they are favored energetically. This is different from 

onventional BCC metals where minimization of surface area is 

enerally preferred. The local vacancy formation energy of mono- 

acancy and small vacancy clusters is dependent on the initial en- 

rgy state of the vacancy structure and the magnitude of structural 

djustment. The energetics of small vacancy clusters can signifi- 

antly affect their diffusion process in which small vacancy clus- 

ers have a higher probability of dissociation compared to Nb and 

. The distinct energy properties are expected to impact both the 

adiation defect generation and long-term evolution. 
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