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Abstract 

The aim of this work is to study the effect of irradiation with low-energy Kr
14+

 ions with an 

energy of 280 keV on radiation swelling and a decrease in the strength characteristics of high-

entropy alloys based on the Ti-Ta-Nb-V system. The prospects of these studies are due to the 

possibility of obtaining new data on the radiation resistance of high-entropy alloys, which have 

great potential for use as structural materials for new generation reactors. The choice of this type 

of irradiation and a dose of 5х10
15 

Kr/cm
2
 made it possible to simulate the effect of radiation 

swelling arising at a displacement per atom of 30-50 dpa in a small surface layer no more than 

100-150 nm thick. During the studies carried out, it was found that the formed medium- and 

high-entropy alloys TaNbV and TiTaNbV have increased resistance to swelling and deformation 

of the crystal structure. At the same time, alloys of the NbV and TaNbV type have the highest 

degree of resistance to softening, while the TiTaNbV alloy has a lower resistance to swelling, 

since the addition of titanium leads to a decrease in the density and hardness of the alloy.  

Keywords: high-entropy alloys, substitution solid solution, radiation damage, swelling, radiation 

resistance, hardness 

 

Introduction 

 

One of the promising areas of research in modern materials science is the study of properties and 

methods of obtaining high-entropy alloys based on refractory elements [1-3]. The interest in 

these types of alloys, as well as the methods for their preparation, is due to significant 

differences in mechanical and strength characteristics compared to traditional alloys and metals. 

At the same time, researchers are of particular interest to alloys based on refractory metals in 

combination with light V, Ti, Cr and heavy metals Nb, Ta, W [4-8]. Such combinations make it 

possible to vary the density of alloys by adding light elements, while maintaining or increasing 

strength characteristics due to heavy refractory elements. As a rule, the structure of high-entropy 

alloys is characterized by substitutional solid solutions with a strongly deformed crystal lattice, 

the deformation of which is caused by differences in the atomic radii of the components [9,10]. 

The formation of such structures leads to an increase in the strength properties of alloys due to 

their high resistance to external influences. The most promising application of these alloys is 

nuclear power, in particular, the use as heat-resistant structural materials that will be used 

directly in the core of a nuclear reactor. According to a number of studies and earlier tests, these 

alloys can serve as an alternative to the currently used steels and ceramics [11-15]. 

However, in spite of all the above perspectives, there remains one important issue related to the 

radiation resistance of high-entropy alloys, as well as to the processes of radiation swelling at 

high radiation doses [16-18]. At the same time, it is of interest to study the radiation resistance 

and mechanisms of radiation damage not only when irradiated with heavy ions comparable in 

mass and energy with uranium fission fragments, but also the processes of radiation swelling and 

a decrease in the strength and mechanical properties of the near-surface layer of alloys at large 

values of atomic displacements induced radiation damage. As a rule, a thin near-surface layer 
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with a thickness of up to several hundred nanometers is most susceptible to embrittlement during 

large-dose irradiation, and is also exposed to various external influences during operation. In the 

case of high irradiation doses, which are characterized by atomic displacements of 20-50 dpa, the 

processes of mixing and subsequent swelling and deformation are initiated in the structure of the 

surface layer [19,20]. According to the generally accepted theory, the structure of high-entropy 

alloys has a high resistance to deformation, while the more complex the alloy composition, the 

higher the degree of resistance to deformation and swelling [21-25]. It is also worth noting that 

the high melting points and thermal conductivity of high-entropy alloys make these materials one 

of the promising classes of candidate materials for nuclear power and rocket engineering. 

Based on the above, the aim of this work is to study the resistance to swelling and deformation 

caused by irradiation with low-energy Kr
14+

 ions with an energy of 280 keV and a dose of 5х10
15 

Kr/cm
2
. The choice of these irradiation conditions is associated with the possibility of modeling 

radiation damage processes at dpa = 30-50 (according to the results of SRIM Pro 2013 

calculations) at a depth of 150-170 nm. High-entropy alloys based on the Ti-Ta-Nb-V system 

were selected as objects of research. As samples for comparison, a sample of pure vanadium and 

alloys NbV, TaNbV, prepared by a similar technology for obtaining alloys, were selected. 

Radiation resistance was assessed using X-ray diffraction and Vickers hardness methods. The 

interest in these types of alloys, as well as in the study of their radiation resistance, is due to the 

interest in their practical application as structural materials due to their high heat resistance and 

refractory properties.  

  

Experimental part 

Samples of V, NbV, TaNbV, TiTaNbV were manufactured at the Beijing Technological 

University by arc melting and casting in a copper cell, followed by vacuum annealing at a 

temperature of 1150°C for 24 h, cold rolling to reduce the thickness by 85%, and final annealing 

at a temperature of 1150°С for 72 hours. 

The samples were irradiated at a DC-60 heavy ion accelerator located in Nur-Sultan, Kazakhstan. 

Low-energy Kr
14+

 ions with an energy of 280 keV (20 keV/charge) were chosen as the type of 

ions. The irradiation fluence was 5x10
15

 Kr/cm
2
. In order to avoid overheating, the targets during 

irradiation were placed on a water-cooled target holder. The calculation of energy losses was 

carried out in the SRIM Pro 2013 program code [26]. Figure 1 shows the results of modeling the 

displacements per atom and the concentration of implanted krypton in the samples under study. 

The maximum travel depth for krypton ions is 100-150 nm, with the maximum damage at a 

depth of 60-70 nm. According to the calculated data, the magnitude of the displacements at the 

maximum is from 30 to 50 dpa. The concentration of implanted krypton ions in the maximum 

damage was no less than 1 at. %.  
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Figure 1. Profiles of radiation damage (a) and implanted krypton atoms (b) in depth for the 

samples under study, obtained using the SRIM Pro 2013 program code 

 

The assessment of structural changes as a result of irradiation was carried out using the X-ray 

diffraction method, implemented using a D8 Advance ECO X-ray diffractometer. Bruker. 

Diffraction patterns were recorded in the Bragg-Brentano geometry, in the angular range 2θ=30-

110º, with a step of 0.05º using radiation with a wavelength of 1.54179 Å. Structural changes 

were determined using the DiffracEVA v.4.2 program code, which is based on a full-profile 

analysis method.  

The phase composition was determined based on the analysis of the areas of diffraction peaks 

and their total contribution to the general diffraction pattern using the full-profile analysis 

method. 

The irradiation effect on the change in structural properties was determined by the changes in 

interplanar distances, reflecting the deformation and distortion processes occurring in the 

structure. The deformation processes were changed along two main diffraction lines (110) and 

(200), reflecting the shift in the orientation of the texture. 

The degree of swelling as a result of the radiation damage accumulation was determined based 

on the data of the change in the crystal lattice volume.   

The strength properties and resistance of the investigated alloys to swelling and softening of the 

near-surface layer were determined using Vickers hardness test method. A diamond pyramid was 

used as an indenter; the pressure force on the indenter during testing was 1000 N. An estimate of 

the difference in the change in hardness before and after irradiation of the samples under study 

made it possible to estimate the degree of softening and the degree of resistance of the surface 

layer to swelling. The softening value reflects the change in the hardness of the near-surface 

layer exposed to irradiation, as well as a decrease in damage and crack resistance. 

 

Results and discussion 

 

Figure 2 shows X-ray diffraction patterns before and after irradiation. The general view of the 

presented diffraction patterns (narrow and intense diffraction peaks) indicates a high crystallinity 

degree of the alloys, however, the shape of the diffraction lines (their asymmetry) is related to 

the possible both with the heterogeneity of the structure of the solid solution and for strongly 

deformed crystal lattices, which is characteristic of high-entropy alloys and is associated with the 

difference in the atomic radii of the selected elements.  

For the sample of pure vanadium selected for comparison, in the initial state, the preferred 

orientation (200) is observed, as well as the body-centered type of the crystal lattice (PDF-00-

023-1058). After irradiation, a change in the preferred orientation to reorientation of grains along 

the (110) direction was revealed. At the same time, the shape of the diffraction lines after 

irradiation has a strongly pronounced asymmetry and a shift in the position of the diffraction line 

to the region of small angles is observed, which indicates the deformation of the vanadium lattice 

caused by irradiation.  

The samples of NbV alloys are also characterized by the body-centered structure of the NbV 

substitutional solid solution phase (PDF-03-065-4353) with the Im-3m(229) spatial system, with 

a preferred orientation (200). In this case, the asymmetric shape of reflections (211) and (310) 

indicates both the heterogeneity of the structure of the solid solution and a strong deformation of 

the structure in these directions associated with the substitutional solution. For irradiated samples 

of NbV alloys, there is no favorable orientation. In this case, both lines (211) and (310) are 

divided into two peaks. This is due to the formation of a deformed region upon irradiation with 

krypton ions. The diffraction line corresponding to this reflection is shifted to the region of 

smaller angles.  
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Figure 2. X-ray diffraction patterns of the samples under study before and after irradiation ("up" 

and "down" arrows denote the results of texture orientation changes that are estimated by reflex 

intensity changes): a) V alloys; b) NbV alloys; c) TaNbV alloys; d) TiTaNbV alloys 

 

The addition of tantalum to the alloy leads to the formation of a substitutional solid solution 

structure of the TaNbV (PDF-01-071-9947) type with a body-centered crystal lattice and without 

a preferred orientation. For the irradiated TaNbV sample, in contrast to other samples, the 

preferred orientation does not change as a result of irradiation. At the same time, in the case of 

an irradiated sample, the width of the diffraction lines becomes slightly larger than for the 

sample in the initial state. It should also be noted that, in the case of this sample, the shift 

towards small angles of diffraction reflections is not as pronounced as in the case of samples V 

and NbV alloys. This behavior indicates an increase in the resistance to radiation swelling and 

deformation of the medium-entropy TaNbV alloy upon irradiation.  

The addition of titanium to the TaNbV alloy leads to the formation of the TiTaNbV (PDF-01-

071-9947) substitutional solid solution phase, with the crystal lattice parameter a=3.2002 Å, 

while for the TaNbV alloy the crystal lattice parameter in the initial state was a=3.2205 Å. This 

difference is primarily due to the difference in the atomic radii of titanium and tantalum. In this 

case, for the TiTaNbV alloy sample, as well as for TaNbV, in contrast to other samples, 

irradiation does not lead to the appearance of a reorientation effect, and the main changes in X-

ray diffraction patterns are associated only with a change in the intensity and width of diffraction 

lines before and after irradiation.  

Figure 3 shows the assessment results of the change in the crystal lattice deformation and the 

swelling of the crystal lattice volume as a result of irradiation with Kr
14+

 ions. As can be seen 

from the data presented, pure vanadium has the highest degree of swelling and deformation of 

the crystal lattice. The addition of new components to the alloy composition and an increase in 

their number leads, as can be seen from the data in Figure 3, to an increase in stability, both to 

deformation and to swelling of the crystal lattice. This behavior of changes in structural 

parameters is primarily associated with the dislocation structure of the alloys, which significantly 

increases with an increase in the components in the alloy composition. Most likely, an increase 

in the components in high-entropy alloys leads to an increase in the dislocation density due to the 

formation of additional sinks of radiation defects, as well as to potential barriers leading to a 

change in the rate and energy of migration of radiation defects. At the same time, as can be seen 

from the data in Figure 3b, the increase in swelling resistance for NbV and TaNbV alloys in 

comparison with a pure alloy of pure vanadium is 2.5-4 times, while for a four-component alloy, 

the resistance value exceeds more than 20 times. A significant decrease in radiation swelling was 



also observed for medium- and high-entropy systems based on Ni (NiCoFe and NiCoFeCrMn) 

[19]. 
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Figure 3. a) Changes in deformation and swelling of the crystal lattice volume of V, NbV, 

TaNbV, TiTaNbV samples irradiated with Kr
14+

 ions with an energy of 280 keV; b) Diagram of 

the change in the swelling resistance value of the alloys crystal lattice volume with respect to V 

 

Figure 4 shows the assessment results of the deformation of interplanar distances for the two 

main (most intense) diffraction lines (110) and (200), the change in which reflects the 

reorientation of grains as a result of irradiation. As can be seen from the data presented, for all 

studied samples, the trends of changes for both diffraction lines are of the same nature, with a 

difference only in the magnitude of the deformation. Thus, the (110) line is characterized by 

deformation processes associated with the compression of interplanar distances, while the (200) 

line is characterized by tensile deformations. At the same time, an increase in the components in 

the composition of the alloys leads to a decrease in the deformation of the interplanar distances, 

and in the case of the TiTaNbV alloy, the deformation contributions are minimal, which 

indicates a high distortion resistance of the structure.  
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Figure 4. Changes in the interplanar distances deformation value for the (110) and (200) planes 

of the V, NbV, TaNbV, TiTaNbV samples irradiated with krypton ions 



 

One of the important parameters affecting the applicability of alloys as structural materials are 

strength characteristics, in particular, the values of hardness and degree of softening depending 

on external influences. These characteristics make it possible to assess with high accuracy the 

resistance of materials to external influences, as well as the structural deformations and 

disordering caused by them. Figure 5 shows the results of changes in hardness before and after 

irradiation. As can be seen from the data presented, a change in the components in the 

composition of the initial alloys leads to an increase in hardness by a factor of 10-15 for 

compositions NbV, TaNbV in comparison with a sample of pure vanadium. Such an increase in 

hardness for two and three-component alloys is in good agreement with the theory of high-

entropy alloys, according to which the addition of niobium or tantalum to the composition leads 

to an increase in the strength properties, as well as the density of the alloys. In turn, the addition 

of titanium to the alloy led to a decrease in the hardness values in the initial state. The decrease 

in alloy hardness in the case of titanium addition to the composition is due to the softening 

properties of titanium and lower hardness. Typically, titanium is added to increase the ductility 

of the alloys with small reductions in strength and hardness.  
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Figure 5. a) Diagram of changes in hardness before and after irradiation; b) Dependence of the 

change in the swelling resistance degree and softening after irradiation with 280 keV Kr
14+

 ions 

 

As can be seen from the data presented for irradiated samples, alloys based on NbV and TaNbV 

have the highest resistance to hardness reduction and softening, the stability of which is 5.7 and 

6.7 times higher than that of pure vanadium alloy. At the same time, the TiTaNbV-based alloy 

has stability 2.6 times higher than the pure vanadium-based alloy. This behavior of decreasing 

hardness and softening resistance compared to NbV and TaNbV alloys is due to the softening 

properties of titanium when it is added to high-entropy alloys. It should be noted that the 

TiTaNbV alloy has higher resistance to deformation of the crystal lattice as a result of irradiation. 

The effect of irradiated samples softening is associated with the effect of radiation damage 

accumulation as a result of large displacements (30-50 dpa, depending on the type of alloy), as 

well as the implantation of low-energy Kr
14+

 ions into the structure (0.6-1.0 at.%, according to 

calculations). At the same time, in the case of low-energy Kr
14+

 ions, the contribution from 

elastic and inelastic interactions of incident ions with the crystal lattice is equally probable, 

which causes a large value of atomic displacements. 

 

Conclusion 

As a result of the studies carried out, an increase in the resistance to swelling and deformation of 

the crystal structure in medium- and high-entropy TaNbV and TiTaNbV alloys was established. 



At the same time, alloys of the NbV and TaNbV type have the highest softening resistance 

degree, while the TiTaNbV alloy has a lower resistance to swelling, since the addition of 

titanium leads to a decrease in the density and hardness of the alloy. 

Analyzing the data obtained, it can be concluded that the near-surface layer of medium- and 

high-entropy alloys TaNbV and TiTaNbV have a high degree of resistance to radiation damage 

under high-dose irradiation, as well as resistance to swelling and softening. Further studies will 

be aimed at studying the mechanisms of grain reorientation depending on the radiation dose. 
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