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Abstract 

Refractory high-entropy alloys (RHEAs) with high melting points and low neutron absorption cross-

section are sought for generation-IV fission and fusion reactors. A high throughput computational 

screening tool, Alloy Search and Predict (ASAP), was used to identify promising RHEA candidates 

from over 1 million four-element equimolar combinations. The selected VNbCrMo RHEA was 

further studied by CALPHAD to predict phase formation, which was compared to an experimentally 

produced ingot aged at 1200 °C. The VNbCrMo RHEA was found to constitute a majority bcc 

phase, with a 6% area fraction of C15-Laves formed at interdendritic regions, in contrast to the 

predictions of single-phase. The prediction of the yield strength by a model based upon edge 

dislocation mechanisms indicated 2.1 GPa at room temperature and 850 MPa at 1000 °C for the 

equimolar single bcc phase. The hardness of the alloy with C15-Laves was 748 HV (yield strength 

~2.4 GPa). Finally, the macroscopic neutron absorption cross-section was modelled for a wide 

range of energies. Displacements per atom per year and activation calculations, up to 1000 years 

after 2 years of continuous operation, in typical fusion and fission reactor scenarios were also 

performed using the inventory code FISPACT-II. This work gives new insight into the phase stability 
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and performance of the VNbCrMo RHEA, which is compared with a similar design concept alloy, 

to assess the potential of novel RHEAs for use in advanced nuclear applications.  
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Introduction 

High-temperature materials are critical to a wide array of advanced applications, including: gas 

turbines, rockets, hypersonics, and nuclear generation-IV fission and fusion reactors [1,2,3,4]. 

Extensive worldwide efforts are being made to devise new and ever improved materials that 

underpin increased reactor/engine performance and efficiency. High entropy alloys (HEAs, or 

multiple-principal element alloys MPEAs, or complex concentrated alloys CCAs) are a nascent 

materials class that have picked up extensive academic and industrial interest, particularly over the 

last ~10 years [5]. HEAs were first defined as alloys with at least five metallic elements and with 

each element between 5 % and 35 % atomic concentrations, but the restrictions of the composition-

based definition were somewhat loosened and it is often found ternary or quaternary equimolar 

alloys referred to as HEAs [6]. Some HEAs are demonstrating exceptional properties like 

exceptional strength and ductility [7], lightweight in combination with high strength [8], and also 

remarkable irradiation damage tolerance [9]. A sub-class of HEAs that are seeing ever-increasing 

interest are refractory high-entropy alloys (RHEAs), as highlighted in Fig. 1a showing the rate of 

HEA and RHEA publications in recent years. However, a major challenge remains in how to 

efficiently screen the vast composition space of HEAs to find viable alloys and further how to quickly 

evaluate and optimise their properties.  

In order to predict the formation of solid solutions in HEAs, King et al. [10] presented new empirical 

criteria based on two parameters and which improves the previous criteria from Yang et al. [11], 

which did not consider the enthalpies of formation of intermetallics and solid solutions. Firstly, King 

et al. maintain the widely used condition where the radius mismatch between elements is limited 

to values of 𝛿 < 6.6% (see Eq. 1). Then, the other parameter that was introduced considers the 



ratio between the change in Gibbs free energy of formation of the disordered solid solution, ∆𝐺!!, 

and the intermetallic or segregated binary constitutes, ∆𝐺"#$. This empirical parameter, Φ (see Eq. 

2), predicts a stable solid solution at the melting temperature of the system for values of Φ ≥ 1.  

Figure 1: (a) Historical evolution of articles about HEAs & RHEAs. (b) Parameters to predict the single-phase solid-

solution formability from a previous thermodynamic assessment (Image adapted from ref. [12]). The shaded area 

indicates the possible formation of solid-solution alloys at high temperatures. The microscopic thermal neutron absorption 

cross-section is additionally indicated by the colour scale. 

The Alloy Search and Predict (ASAP) [10] code was used as a screening tool to calculate the 

parameters 𝛿 and Φ for quaternary equiatomic mixtures. This calculation was performed with 72 

elements from the periodic table (see Fig.1a), resulting in 1,028,790 combinations [12]. Fig. 1b is 

shown by the shaded area that only a small number of equimolar quaternary alloys have the 

possibility to form single-phase solid solutions at high temperatures based on the criteria of ref. 

[10]. Within this small group of alloys, we set some requirements to select an alloy to further study 

experimentally. The first condition is to possess a low value of microscopic thermal neutron 

absorption cross-section in order to enable nuclear applications. The second condition is to use 

elements with melting temperatures below 2700 °C, or differences between the melting points of 

the elements below 1000 °C. We have set this condition to minimise macrosegregation effects 

produced by electric arc melting. The equimolar composition meeting the above requirements is 

the VNbCrMo alloy (see the selected elements on the periodic table of Fig. 2a). As shown in Fig. 1b, 

the VNbCrMo alloy is within the group of single-phase solid-solution formability with the values of 

𝛿 = 4.83 % and Φ = 1.39. The microscopic thermal neutron absorption cross-section of the 



VNbCrMo alloy is 2.94 barns. This value makes it very attractive for nuclear applications, for 

example when compared to the VNbTiZr alloy (3.13 barns) or 316 stainless steel (3.04 barns) [10]. 

On the other hand, while the 4 elements of this alloy are attractive for their low neutron absorption 

cross-section, the Nb and Mo present a problem due to their high activation under neutron 

irradiation in fusion reactor environments [13]. Therefore, this alloy has limited application for fusion 

reactors from a long-lived hazardous radioactive waste point of view [14]. Finally, concerning 

producing an alloy without significant problems by electric arc melting, Fig. 2b shows that the four 

elements of the VNbCrMo alloy have melting points with smaller differences than 1000 °C and at 

the same time they do not reach melting temperatures as high as Ta. 

Figure 2: (a) Periodic table highlighting the elements used for the RHEA in the present work and the 72 elements 

considered by ASAP modelling. (b) Price and melting temperature (Tm) of bcc metals (data from Knowles et al. [15]). 

Additionally, the high Cr content will promote protective oxide scale formation, suggesting potential 

applications in hot, oxidising environments [16]. An example of this was the improved corrosion 

resistance in dry air at high temperatures when V was replaced by Cr in the VNbTiZr alloy [17]. 

Materials and methods 

Web of Science was used as a search engine to explore the publications trend of HEAs and 

refractory HEAs. The period 2004 to 2021 was analysed, considering English language journals 

and proceedings papers. The Alloy Search and Predict code (ASAP) [10] was used for screening 

potential alloys with single-phase stability at high temperatures (Fig. 1b). Among this group of 

possible alloys, the VNbCrMo alloy was chosen due to its low thermal microscopic neutron cross-



section. Phase equilibrium calculation was performed by Calphad method with ThermocalcTM. The 

phase equilibrium of the VNbCrMo alloy was predicted between 500 and 2750 °C using the 

TCHEA5 database. 

A 7 g ingot of the equimolar VNbCrMo alloy was produced by electric arc melting with a tungsten 

electrode and a water-cooled copper crucible under an argon atmosphere. The chamber was 

evacuated, Ar-backfilled and a Ti lump melted as a remaining gas getter. The ingot was prepared 

by elemental metals with purity ≥ 99.9 % and the obtained composition is given in Table I. The as-

cast ingot, wrapped in Mo foil and encapsulated in a silica glass evacuated and backfilled with Ar 

gas, was heat treated at 1200 °C for 100 h and water quenched. The surface for Electron 

Backscatter Diffraction (EBSD) scans was prepared by grinding and polishing with SiC papers and 

colloidal silica. Scanning Electron Microscopy (SEM), operated at 20 kV, was performed in a Jeol 

7000F with Oxford Inca Energy-dispersive X-ray spectroscopy (EDS) and crystal EBSD. A 

misorientation angle threshold of 10° was used to indicate grain boundaries in EBSD maps. The 

alloy chemical composition was obtained as the average of four widely spaced EDS areas larger 

than 1 mm2 along a central slice of the heat-treated ingot. The phase compositions were made by 

averaging six points of EDS measurements. The dispersions of the EDS chemical average 

compositions are indicated in the reported results. X-ray diffraction (XRD) pattern was taken on a 

Proto AXRD benchtop diffractometer (Cu K𝛼 radiation) with a step size of 0.015° and sample holder 

spinning. The background was subtracted in the presented XRD spectrum. Hardness was 

measured by Vickers indentation using a 1000 g load in a Mitutoyo HM-124. The results are the 

average and standard deviation from five indentations along the ingot.  

Table 1. VNbCrMo alloy composition nominal, and measured by SEM-EDS area scans. 

Composition (at %) V Nb  Cr  Mo 

Nominal 25.0 25.0  25.0  25.0 

Measured 26.1 ± 0.3 25.4 ± 0.3  24.2 ± 0.4  24.4 ± 0.4 



The modelling of the macroscopic neutron absorption cross-section of the alloys was calculated as 

a mixture of isotopes by summing the individual macroscopic cross-sections of the constituent 

elements in the material. The methodology used in the neutronic modelling couples OpenMC 

(version 0.12.0-dev) neutronic transport code with a bespoke python script to calculate the 

macroscopic neutron absorption cross-section for each alloy. The OpenMC code was used with 

the ENDF-B-VII.1 nuclear data library for neutrons at a fixed room temperature of 20 °C (294 K) to 

compute the individual macroscopic neutron absorption cross-sections. 

The inventory code FISPACT-II [18] was used, in combination with the TENDL-2021 [19] nuclear 

data library, to predict neutron activation of the VNbCrMo and VNbTiZr alloys, as well as stainless 

steel (SS) 316 for comparison. Activation calculations for each material were performed with 

neutron spectra equivalent to exposure in (1) the first-wall of the DEMOnstration (DEMO-FW) 

fusion power plant [20], (2) a fast-breeder reactor (FBR) core assembly, and (3) an averaged fuel 

assembly of a pressurised water reactor (PWR), as taken from [21]. 

Additionally, the displacements per atom (dpa) per year were calculated with FISPACT-II, using 

the Norgett-Robinson-Torrens (NRT) method [22]. Here, the total displacement rate is estimated 

as the concentration-weighted sum of the displacement rates (calculated using  KERMA, Kinetic 

Energy Released per unit MAss, displacement cross sections) of individual elements making up 

the initial (before irradiation) compositions of the materials. 

Results and discussion 

In order to predict the thermodynamic stability of single-phase solid solution in HEAs we apply the 

criteria of King et al. [10], mentioned previously in the introduction (𝛿 < 6.6% and Φ ≥ 1). The two 

required parameters are calculated as follows, 
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Where 𝐶% is the atomic percentage of the 𝑖th component 𝑟% is the atomic radius of element 𝑖 and 𝑟̅ 

is the atomic radius average of the system. 

Φ = ∆-""
.|∆-#$%|

 (2) 

Where ∆𝐺!! and |∆𝐺"#$| are the change in Gibbs free energy of formation for the solid-solution and 

the maximum magnitude of a potential binary intermetallic compound (scaled to the number of 

elements in the solid-solution), respectively. To obtain |∆𝐺"#$|, all the possible binaries of the 

system must be considered. The ASAP code [10] was used as a screening tool to calculate the 

parameters of Equations (1) and (2). Fig. 1b shows a shaded area where only a small number of 

equimolar quaternary alloys have the possibility to form as a single-phase solid solution at high 

temperatures. The VNbCrMo alloy is within this group with values of 𝛿 = 4.83 % and Φ = 1.39.  

The phase equilibrium modelling for the VNbCrMo alloy is presented in Fig. 3. In accordance with 

ASAP, Thermocalc indicates a single-phase solid solution under the solidification temperature (Tm 

≈	2000 °C). The modelling also shows a wide temperature range of a single bcc phase from Tm up 

to 1265 °C, where it begins a two-phase bcc field. This second bcc phase rapidly increases its 

molar fraction around 1200 °C and reaches approximately 50 % at 500 °C. 

Figure 3: VNbCrMo alloy (a) Phase equilibrium predicted by Thermocalc TCHEA5. b) XRD in the heat-treated alloy 

The XRD spectrum of the VNbCrMo alloy with the thermal treatment at 1200 °C for 100 h is shown 

in Fig. 3b. This technique indicated the presence of two phases: a bcc and a C15-Laves. The 

intensities of the phase peaks in the XRD spectra indicate a low volume fraction of the C15-Laves 



phase, although the amount of phases is estimated further below by EBSD. Fig. 4a shows SEM 

micrographs of the treated alloy. A dendritic microstructure and a minority fraction of a second 

phase located in the interdendritic zones were found. The EDS composition mapping does not 

reflect appreciable differences in the elements of the majority (bcc) phase, but the second 

interdendritic phase has higher Cr and Nb content and reduced Mo and V (Fig. 4b). Table 2 shows 

the average composition of both phases. The bcc phase has higher Mo and lower Cr contents, 

although it is close to equimolar composition. The EBSD indexation confirmed a majority of the bcc 

phase and also the presence of a C15-Laves phase located at interdendritic zones (Fig. 4c). A 

volume fraction of 6 % area of the C15-Laves phase was obtained from this measurement. These 

experimental results do not agree with the dual-bcc phase equilibrium obtained by Thermocalc 

modelling at 1200 °C (Fig. 3a).  

Figure 4: VNbCrMo aged alloy (a) Secondary electrons micrographs in SEM at low and higher magnifications (inset 

showing the area analysed by the following techniques). (b) EDS composition maps. (c) phase identification and phase 

orientation maps by EBSD. 



Table 2. Chemical phase compositions (at %) by EDS in the aged VNbCrMo alloy. 

Phase Morphology/Location V Nb Cr Mo 

Matrix BCC Dendrites 24.3 ± 1.0 25.7 ± 0.4 19.5 ± 1.2 30.5 ± 1.8 

Laves C15 Interdendritic zone 16.8 ± 0.4 30.9 ± 0.2 47.1 ± 0.9 5.2 ± 0.8 

 

Fig. 4c also shows the EBSD phase orientation map. Each interdendritic region where the Laves 

phase was formed, has a big number of finer grain sizes (sub-micron). This small grain size could 

be beneficial to increase the strengthening by Hall-Petch effect. Some authors indicated a reduction 

of ductility by increasing the volume fraction of Laves phase in HEAs but this effect was observed 

with higher values than in the present alloy [23,24].  

A hardness of 7.34 ± 0.07 GPa was measured in the heat-treated alloy. According to Tabor’s 

empirical relation: 𝜎0 ≈ 3𝜎12, where 𝜎0 is the hardness and 𝜎12 the yield stress (YS), is possible to 

estimate an approximate value of 2.45 GPa yield stress. Recently, a theory supported by 

experiments in bcc RHEAs indicates that strength is controlled by edge dislocations. The strength-

controlled mechanism was adopted by Maresca & Curtin to obtain an analytic theory that depends 

only on elastic moduli and misfit volumes for bcc HEAs [25]. The analytic theory can be easily 

applied to estimate the yield strength versus temperature and here we applied the code and data 

provided in the ref. [25] to calculate the yield stress of the VNbCrMo alloy from room temperature 

(RT) up to high temperatures. The applied parameters used in the model were the following: Taylor 

Factor of 3.067, non-dimensional parameter contained in the line tension calculation 𝛼=1/12 and 

strain rate of 1x10-4 s-1. The result is shown in Fig. 5 and is compared with the YS at RT estimated 

from hardness by Tabor’s relation. Additionally, the non-equiatomic composition measured in the 

bcc phase was modelled (see values in Table 2). It can be seen that the reduction of Cr and 

increase of Mo with respect to the equiatomic composition generate a slight drop in the yield stress. 

In other words, the formation of the C15-Laves phase reduces the yield strength of the bcc phase. 



On the other hand, the 6 % volume fraction of sub-micron grain sizes of Laves phase at 

interdendritic zones is likely to generate a greater strengthening effect on yield stress than the 

modelled drop of the bcc phase. From Fig. 5 it can be seen that at room temperature the hardness 

measured in the VNbCrMo alloy reflects higher yield stress values than those predicted by the 

model for equimolar and non-equimolar single-phase bcc alloys. This indicates that the laves phase 

has a strengthening effect on the bcc phase. However, this speculation is valid as long as Tabor’s 

relation is satisfied for this alloy and if the yield stress modelling is accurate. While future testing of 

the yield strength in the VNbCrMo alloy is required, based on the modelling of Fig. 5, it is possible 

to point out that this alloy has a promising high strength (above 2.1 GPa at RT and 850 MPa at 

1000 °C). 

Figure 5: Hardness at RT, and yield stress (YS) for VNbCrMo and VNbTiZr [12] alloys. The ratio between vertical axes 

of both graphs maintains the Tabor's relation (𝜎& ≈ 3𝜎'(). a) Hardness by Vickers indentation. b) Modelling of YS vs 

temperature for single-phase bcc alloys with equimolar compositions and the non-equimolar composition measured in 

the bcc phase by EDS (see Table 2). Modelling code from ref. [25]. 

Since the key design factor in the selection of the VNbCrMo HEA for nuclear applications was its 

low thermal neutron absorption cross-section, it is necessary to discuss in this framework its 

behaviour with respect to other HEAs. The VNbTiZr HEA was identified as a potential candidate 

for fusion application due to its low microscopic thermal neutron absorption cross-section [12], and 

as mentioned in the introduction, it has a 7 % higher value than the VNbCrMo alloy. However, the 



property that best represents the neutron transparency is the macroscopic neutron absorption 

cross-section. This property in addition takes into account the alloy’s density, and for the VNbCrMo 

and VNbTiZr comparison, a lower value is obtained for the latter alloy. Fig. 6 shows this property 

for a wide range of energies for both HEAs and a stainless steel. From the modelling, it is observed 

that the VNbCrMo alloy has a slightly higher resonance than the VNbTiZr alloy, and although the 

neutron absorptions are similar, the latter alloy is slightly better. 

From a wider point of view, the VNbTiZr alloy has a much higher neutron absorption cross-section 

than Zr-base alloys, and in reference [26] it is mentioned that the higher yield strength of this HEA 

could be high enough to allow a reduction in the structural fraction application which result in a low 

total neutron absorption like the Zr-base alloys. Therefore, with this same concept of analysis, 

considering the higher yield strength of the VNbCrMo alloy with respect to VNbTiZr (Fig. 5b), the 

VNbCrMo alloy will require much thinner sections than the VNbTiZr alloy to withstand the same 

load. Finally, due to their similar neutron absorptions, the VNbCrMo alloy will result in considerably 

higher neutron transparency. 

 
Figure 6: Macroscopic neutron absorption cross-section for different energies modelled by ENDF-B-VII.1 nuclear data 

library at a fixed room temperature of 294 K (Reaction: MT=101 (n, disappear)) for VNbCrMo, NbZrTiV and 316 stainless 

steel. 



Additional factors not taken into account in the design of the VNbCrMo alloy but which are key for 

analysing the potential applications of nuclear materials are the radiological, transmutation, and 

damage responses under reactor environments. With this aim, FISPACT-II was used to predict the 

expected behaviour of the RHEA in some hypothetical nuclear reactor scenarios: fusion DEMO-

FW, an FBR, and a PWR.  

 

Figure 7: Activity evolution in VNbCrMo, VNbTiZr and SS316 following 2 full-power year (fpy) irradiations under three 

scenarios: the first wall (FW) of DEMO fusion reactor, a fast-breeder reactor (FBR), and pressurized water-cooled reactor 

(PWR). a) Total decay response. Nuclide contributions in the FW of DEMO for: b) VNbCrMo and c) VNbTiZr alloys. Only 

dominant nuclides with activity above 12 MBq/kg after 10 years of decay were plotted individually. All other nuclides are 

summarised in the respective “other” curve. 

Fig. 7a shows the total activity 1000 years after 2 full-power year (fpy) irradiations in DEMO-FW, 

FBR and PWR environments for VNbCrMo, VNbTiZr and SS316 alloys. It should be noted that 

because of the elements used in the three alloys, none of them can be expected to meet the low-

level radioactive waste (LLW) requirements of future fusion reactors, a target UK fusion 

programmes aim to meet (12 MBq/kg after 100 years) [27,28].  We are comparing both RHEAs 

with the SS316 alloy because it is a widely used structural material, however, this SS316 was never 

intended to be used as FW in a fusion reactor, and we do not suggest that this is a limitation to its 

potential fission applications. Analysing the VNbCrMo alloy for DEMO-FW, Fig. 7b, shows that the 



most concerning nuclides (the ones that dominate at long decay times) are created by nuclear 

reactions on Nb (93mNb, 91Nb, 94Nb) and Mo (93Mo and 99Tc). The VNbTiZr alloy, Fig.7c,  has a high 

activity contribution from the same three Nb nuclides, but is predicted to have a slighter lower total 

activity at long-decay times due to the absence of Mo in its composition. If a RHEA is desired for 

fusion, it would be advisable, and may even be required from a regulatory perspective due to the 

ALARP (as low as reasonable practible) principle, to avoid or reduce the content of Nb and Mo to 

minimise the level of radioactive waste. As well as subsitution of these elements, one possible 

approach to reducing the activity of a RHEA is by isotopic adjustment of those elments [29]. These 

results highlight the demanding challenges of designing alloys for nuclear applications with 

sufficient mechanical and structural performance while at the same time minimising the cost of 

waste disposal and decommissioning after end-of-life [30,31]. 

In order to compare the structural damage dose that would be experienced by the alloys, FISPACT-

II was also used to model NRT-dpa/year in the alloys in the same nuclear reactor scenarios 

mentioned previously. Fig. 8 shows the dpa/year estimated by the concentration-weighted sum of 

the dpa rates of the constituents for the initial compositions of the RHEA and SS316. The alloys 

have the similar orders of dpa/year rates, although VNbTiZr is the alloy with slightly higher damage 

of the three. 

 

Figure 8: Displacements per atom (dpa) per year for the nominal composition of VNbCrMo, VNbTiZr and SS316 alloys 

under FW-DEMO, PWR and FBR scenarios.  



In view of future work, exploration at higher ageing temperatures would be useful to prove the 

existence of a single-phase equilibrium field in the VNbCrMo alloy. Specifically for use of the alloy 

in nuclear applications, the radiation damage resistance will be an essential topic of future 

investigation and validation. Regarding mechanical properties, strength and ductility up to high 

temperatures and the ductile-to-brittle temperature transition, are needed in order to demonstrate 

the suitability of these novel low neutron absorption cross-section RHEA.  

Conclusion 

The VNbCrMo RHEA was computationally selected from a group of quaternary equimolar alloys 

predicted to be a single-phase at high temperatures by the ASAP code. The additional 

characteristics for selecting this RHEA were the low microscopic thermal neutron cross-section 

(2.94 barns) and the similarity of melting temperatures between the elements, which at the same 

time do not exceed 2700 °C. These characteristics are critical for neutron efficiency in nuclear 

applications and to reduce the macrosegregation by electric arc melting production. 

Equilibrium phase modelling for the VNbCrMo was performed using Thermocalc that predicted a 

single-phase bcc solid-solution from the solidus temperature (2000 °C) down to 1265 °C, below 

which a two-phase bcc miscibility gap is predicted. In contrast, the experimental techniques (XRD 

and EBSD) on the VNbCrMo alloy treated at 1200 °C showed a majority bcc phase, but with a low 

percentage of C15-Laves (~6 % area). The Laves phase was formed at the interdendritic zones, 

with fine grain sizes (sub-micron). 

The VNbCrMo alloy shows a hardness of 7.34 GPa, which indicate high yield stress at room 

temperature (about 2.45 GPa). A yield strength modelling based on edge dislocation mechanism 

predicts 2.1 GPa at room temperature and 850 MPa at 1000 °C for a single bcc phase alloy with 

equimolar composition. 

Finally, the macroscopic neutron absorption cross-section was modelled for a wide range of 

energies and together with the yield strength predictions, the alloy was compared with a similar 



design concept RHEA (VNbTiZr), and with a structural SS316 to assess the potential for advanced 

nuclear applications. Activation of the RHEAs is expected to be a problem if it is desired that the 

alloys should be disposable as low-level waste (LLW) within 100 years post operation. This is 

predominantly due to the inclusion of Nb and Mo, leading to the production of long-lived 

radioisotopes of those elements. The displacements per atom (dpa) per year predictions do not 

suggest any major limitations to the use of these RHEAs, however, experimental studies are 

required to develop an understanding of their radiation tolerances. 
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