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ABSTRACT 

 

The intrinsic defect formation in the MoNbTaVW HEA is investigated using 

atomic scale modelling, the goal being to assess its response to radiation damage 

in its possible use as plasma facing material for fusion reactors. When interstitial 

defects were modelled, a strong preference to form split interstitial defects 

containing vanadium was observed, even forming when other interstitial elements 

were initially placed into the structure. Vacancies and Frenkel pair formation are 

also modelled and discussed. The distinct behaviour of defects in this HEA has 

implications for this system as well as related HEAs and their use in nuclear 

components. 

 

Keywords: High entropy alloy; defect behaviour; atomistic modelling; radiation damage; 

defect formation 

 

 

First wall plasma facing materials for fusion reactors are subjected to some of the most extreme 

temperatures and conditions of any engineered component. Ideal candidates must possess high 

melting temperatures [1], high thermal conductivity [2], low sputtering erosion rates [3], and 

ideally small tritium retention [3]. The leading contender material for plasma facing 

components is tungsten (W) which provides the necessary properties but only for limited 

exposures. Its poor fracture toughness, high brittle-to-ductile transition temperature (DBTT) 

[4] and the potential to form an active dust [5], imposes limitations to its operating window in 

proposed fusion reactor designs. As such, alternatives are being sought.  

 

HEAs are being considered for nuclear applications due to their combination of desirable 

properties [6] which can include high strength-to-weight ratio [7], fracture toughness and 

tensile strength [8], corrosion resistance [9], potential low thermal neutron capture cross section 

[10], and radiation resistance [11]. Importantly, their properties can be tailored due to their 

considerable compositional flexibility [12]. HEAs also have potential benefits related to 

radiation damage tolerance and the retention of adequate mechanical properties [11] garnering 

particular interest of their role for nuclear applications. 

 

One of the main consequences of high energy radiation is the formation of defects within a 

crystalline lattice. The damage can be categorised by two regimes: the initial defects created as 

a result of the radiation event (e.g. a cascade) and, after recombination and annihilation of many 

defects, the residual defect population that remains. It is this residual defect population that 

impacts the long-term behaviour of the material as they alter properties mediated by phonons 

(e.g. thermal properties), mechanical properties and transport mechanisms. In this study, we 

investigate the intrinsic defect formation in the equiatomic BCC MoNbTaVW model alloy to 
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begin to assess the radiation damage response of this and similar HEAs. In particular, we 

highlight a novel mechanism in interstitial defects that may alter the radiation tolerance of 

HEAs. 

 

The particular HEA composition is chosen for: 

- the presence of tungsten which provides the benefits of high strength at high 

temperatures [11]. 

- the use of vanadium, which Yin et al. determined to improve the strength of this due to 

its large misfit volume in crystalline structures [13]. 

- Xia A et al. demonstrated the thermal stability of this composition up to 1500ºC which 

is ~400ºC higher than pure tungsten’s recrystallisation temperature [14].  

 

This investigation employed density functional theory (DFT), using the Vienna Ab initio 

Simulation Package (VASP) [15] [16]. Simulations were performed under constant pressure, 

allowing the cell volume and shape to relax as well as the atomic positions. Methfessel-Paxton 

smearing with a smearing width of 0.1 eV. Cut-off energy of plane waves were 500 eV and a 

4×4×4 k-point mesh was used providing an accuracy better than 0.01 eV in the system’s total 

energy. The cut-off energy for electronic minimization was set to 10-4 eV and geometry 

optimization cut-off value for minimization was set to 10-3 eV/Å. generalised gradient 

approximation (GGA) exchange correlation was used as determined by Perdew Burke and 

Ernzerhof [17]. The pseudopotential library provided with VASP 5.4.4 was used. 

 

Special quasi-random structures (SQS) [18] were used to produce ten 3×3×3 BCC supercells 

of MoNbTaVW containing 54 sites to which the alloy’s elements were assigned (Figure 1 

shows an example structure).1.5 times the lattice constant was used to determine pair 

correlation functions, so up to and including the 3rd nearest neighbour. Triplet correlation 

functions were not considered.  Larger systems should be considered in future work to assess 

the impact of elastic finite size effects [19], as assessed previously by Burr et al., however, due 

to computational constraints and the number of calculations required to attain suitable statistics 

for this work, the 3×3×3 was deemed sufficient. The smallest supercell that allows true 

equiatomic concentrations to be considered is the 5×5×5 supercell containing 250 atoms, a size 

of supercell not reasonable for the number of calculations required in this investigation. Past 

work has assessed non-equiatomic systems and shown the impact in these alloy systems is 

small [20]. In the perfect system, 11 of each element was included in the system apart from Ta 

that had 10 atoms present (totalling the 54 lattice sites in the system).  

 

  

 

 

 

 

 

 

 Figure 1 Special quasi-random structure (SQS) supercell of near equiatomic MoNbTaVW 

SQS cells with the perfect structure were simulated, and the lattice positions of the elements 

and lattice parameter of the cell was allowed to relax. The average lattice parameter at 0 K was 
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computed to be 3.19 ± 0.01 Å. Byggmaster et al. calculated the MoNbTaVW lattice parameter 

at 3.195 ± 0.001 Å [21] with an empirical potential. Experiments performed by Senkov et al. 

reported a value 3.187 Å [22].  

 

The enthalpy of formation of the HEA with respect to the individual metallic components was 

computed to be -0.04 eV per atom (averaging over the 10 SQS structures produced) 

highlighting the stability of the alloy [12]. Larger supercells containing 128 atoms were briefly 

considered and formation energies were within 0.01 eV (averaged over 10 systems) of those 

computed with the smaller cell, highlighting the suitability of the smaller supercell. 

 

Vacancy calculations were performed by removing a single atom to create a new 53-atom 

supercell. This method was repeated to produce 54 unique supercells. Similarly, isolated 

interstitials were considered in the HEA structure. Each perfect 54-atom supercell has a single 

atom added into predefined locations as interstitials to form a 55-atom supercell. Ten different 

cells were generated per element considered totalling 50 interstitial simulations. 

 
The vacancy formation energy (𝐸𝑉𝑎𝑐) is given by [23] : 

 

𝐸𝑉𝑎𝑐 = 𝐸𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒 + 𝐸𝑀𝑒𝑡𝑎𝑙 − 𝐸𝑃𝑒𝑟𝑓𝑒𝑐𝑡   Eq (1) 

 

where a system containing a vacancy (𝐸𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒) was created forming its individual metal 

(𝐸𝑀𝑒𝑡𝑎𝑙) from a perfect supercell (𝐸𝑃𝑒𝑟𝑓𝑒𝑐𝑡). The relaxed structures showed simple vacancy 

defects formed in each case (no evidence of split vacancies or extensive restructuring). Table 

1 reports the vacancy formation energies computed for each species forming a unit of its metal 

(in each case energies were generated for the perfect BCC metal). For comparison, the table 

provides the vacancy formation energies of each type in the pure metals from literature. The 

standard error was calculated by taking the mean of the errors associated with each vacancy 

formation energy for each element.  

 

Table 1 Vacancy formation energy of pure elements with previous FP-LMTO experimental 

and DFT experimental values. Supercells size for simulated DFT of N=54 and FP-LMTO 

N=27 with BCC metals. 

Element  Average Vacancy 

Formation Energy (eV) 

Vacancy in monoatomic 

metal (eV) 

Mo 3.67 ± 0.25 2.61 [24], 3.13 [25] 

Nb 3.33 ± 0.23 2.31 [26], 2.92 [25] 

Ta 3.54 ± 0.34 3.49 [25]  

V 3.43 ± 0.15 3.06  [25] 

W 3.48 ± 0.29 2.95 [27], 3.27 [25] 

[24] Einstein crystal method 

 [25] DFT calculations using the LDA exchange correlation 

[26] DFT calculations using VASP with the GGA of Perdew and Wang (PW91) 
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[27] DFT calculations using VASP with the GGA-PBE exchange correlation 

 

The vacancy formation energy of the system can be assessed with respect to forming a unit of 

HEA instead of the individual metal, more akin to a Schottky formation energy (i.e. a unit of 

material is removed instead of a single atom leaving a stoichiometric defective system). A 

value of 3.48 ± 0.27 eV was computed which compares very closely to the scaled average of 

the values in Table 1 (3.49 eV), which is to be expected given the low reaction energy between 

the constituent species reported earlier (-0.04 eV per atom). 

 

The predicted vacancy formation energies in this HEA are higher than those reported in the 

individual metal systems when compared to previously published work including that of 

Korhonen et al. [25], indicating a deviation in the expected behaviour, potentially resulting 

from a change in bonding in the system, possibly associated with intermetallic compounds. The 

Schottky and vacancy formation energy calculated in this high entropy alloy is larger than the 

vacancy formation energy calculated for W using similar methods [27] and as such one may 

expect some improvements in high temperature behaviour and lower intrinsic defect 

populations [28].  

 

Significant relaxation and restructuring of interstitial defects was observed when inserting 

elements in as a simple tetrahedral or octahedral interstitial. 74 % of the resulting relaxed 

structures are split-interstitials, where two interstitial species share a single lattice site. More 

intriguingly, 70.3 % of the split interstitials were vanadium-vanadium split interstitials. Further 

inspection of the relaxed interstitial structures shows a distinct behaviour: 91.8 % of the relaxed 

interstitials involved a vanadium, either as part of a split-interstitial or crowdion [31] cluster, 

or as an isolated vanadium interstitial. 

 

Figure 2 illustrates a typical simulation that highlights how a Ta atom added to an octahedral 

site displaces an adjacent vanadium atom out of its lattice site to form a split interstitial. As can 

be seen, the atom identified as Ta moves onto a site previously occupied by a vanadium which 

forms a split-interstitial with another vanadium.  

 

                                     
Figure 2 – Relaxation forming a split interstitial made of two vanadium atoms after a 

tantalum atom was placed as an interstitial defect. 

 

This barrierless restructuring of interstitial defects highlights a key, distinct behaviour 

difference between these HEAs and single metal systems (and systems with a dominant 

element) that will impact the defect population by increasing the barrierless recombination 

volume of defects, thus reducing residual defects. Other mechanisms in HEAs may compete 

with this process, such as local trapping of defects in deep energy wells, but if ubiquitous in 
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HEAs, the mechanism may be able to be enhanced or amplified to further improve radiation 

damage by careful selection of constituent species. 

 

By considering the vacancy and interstitial defects together, the Frenkel formation energy can 

be computed. Accommodation mechanisms for the additional atoms were compared in Figure 

3. The Frenkel formation energy averaged for each defect that formed, and the frequency of 

each defect as a percentage of those observed is reported. As can be expected, the V-V split 

interstitial that was observed to form more frequently is also predicted to be most favourable 

with an average of 7.34 ± 0.42 eV. 

 
Figure 3 – (Top) Frequency of defects observed after system optimization with an interstitial 

species. (Bottom) Average defect formation energy of every observed interstitial defect after 

relaxation. The standard error has been calculated for each defect type observed. Defects 

only observed once have no error bar associated with them. 

 

In a similar manner to the computation of the vacancy formation energies, the anti-Schottky or 

interstitial formation energy can be computed (taking a unit of HEA and accommodating it 

interstititally). The anti-Schottky energy is computed to be 3.79 ± 0.23 eV, similar to that but 

larger than the computed Schottky energy (3.48 ± 0.27 eV). 

 

To conclude, the intrinsic defect behaviour in the MoNbTaVW HEA has been assessed and 

distinct differences are observed when compared to simple metals such as tungsten. The key 

findings are as follows: 

- The most favoured intrinsic defect is predicted to be the vacancy/Schottky defect with 

a formation energy of 3.48 ± 0.27 eV per atom. The predicted concentration of 

vacancies under equilibrium conditions could be expected to be lower than that of W, 

which has a lower vacancy formation energy [27]. The distribution in energies within 

the HEA compared to a single element system is not expected to impact the overall 
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defect population considerably. The anti-Schottky energy (forming interstitials) has a 

similar energy: 3.79 ± 0.23 eV.  

- Frenkel pair formation is predicted to proceed with formation energies >7 eV. 

- When interstitial defects were considered, a clear preference for the formation of split 

interstitial defects was observed, consistent with other atomic scale studies of BCC 

systems [29]. 

- Vanadium was the most common and most favourable interstitial defect species after 

relaxation, forming split interstitial defects, regularly forming when other interstitial 

defects were originally placed into the structure. Vanadium is the metal with the 

smallest atomic radius in the composition considered, which may explain the 

observations (causing less steric disturbance). It will be of value for future work to 

understand whether the ease of formation of interstitials in HEAs can be linked to 

something as simple as metallic radius. Vanadium is described as a great strengthening 

addition to HEAs by Yin et al. [13]. The preferential formation of vanadium split 

interstitials over any of the other species may provide a mechanism for the observed 

strengthening in the material. Further work building from this result will be carried out 

assessing the defect’s impact on mechanical properties of the material and the alteration 

to dislocation behaviour. 

- Interstitials have been observed to displace and migrate with no energy barrier beyond 

their nearest neighbour position. This highlights that the recombination volume of 

interstitials is expected to be larger compared to a single element system (or alloy 

dominated by one element). As such, Frenkel pairs and radiation damage caused by a 

cascade or thermal spike within the material are expected to annihilate more frequently, 

leaving a lower residual defect population within the HEA, improving the material’s 

response to radiation. Further work is required to assess the role of initial interstitial 

species on the final defect species population – a task that will require larger numbers 

of calculations, potentially aided by the use of more computationally efficient empirical 

potentials. 
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