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Abstract—The effect of irradiation by low-energy helium ions with a fluence of 2 × 1017 cm–2 and an energy 
of 40 keV on the structure and phase state of V–Nb–Ta–Ti solid solutions is studied to obtain data on the 
radiation resistance of multicomponent solid solutions promising for use as structural materials of new gen- 
eration reactors. It is established by scanning electron microscopy and X-ray diffraction analysis that the syn- 
thesized binary, ternary, and quaternary V–Nb–Ta–Ti alloys are equiatomic single-phase solid solutions with 
a uniform element distribution over the surface and compressive microstresses and macrostresses. It is shown 
that irradiation of the V–Nb–Ta–Ti alloys by helium ions leads to neither the decay of a solid solution nor 
violation of the uniform equiatomic distribution of elements over the surface. Irradiation by helium ions does 
not significantly change the level of microstresses and macrostresses in the VNb and VNbTa systems, while  
in the VNbTaTi alloy the compressive-stress level increases, which can be related to the segregation of ele- 
ments to grain boundaries and the accumulation of helium-vacancy clusters. 
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INTRODUCTION 

In recent times, nuclear power is the most efficient 
source of electricity [1]. As technology advances, so 
does the need to enhance the efficiency of nuclear 
reactors. The development of new generation-IV 
nuclear reactors requires materials that exhibit high 
mechanical properties at elevated temperatures and a 
high resistance to radiation exposure during interac- 
tion with nuclear-reaction products [2]. 

Available austenitic steels are inapplicable as new 
reactor materials because of their strong radiation 
swelling; the use of ferritic/martensitic steels faces 
unsolved problems related to creep resistance and 
embrittlement at irradiation temperatures above 
550С [3–5]. Therefore, the issue of developing new 
radiation-resistant materials is relevant for the world’s 
research teams. 

High-entropy alloys (HEAs) based on a single- 
phase solid solution and a large number of basic ele- 
ments in equimolar or almost equimolar ratios are 
promising for the creation of radiation-resistant mate- 

rials for nuclear power engineering [6]. HEAs include 
alloys consisting of five or more elements with a con- 
centration of 5–30 at %. It is commonly believed that 
maximization of the configurational entropy of HEAs 
facilitates the formation of a single-phase disordered 
solid solution instead of the precipitation of complex 
intermetallic phases; as a result, the alloy has a simple 
structure with properties better than those of conven- 
tional alloys [7–9]. Numerous studies have shown that 
HEAs have a high elastic limit, fatigue strength, and 
thermal, corrosion, creep, and radiation resistances 
[7, 10] attributed to their four main features: high 
entropy, higher crystal-lattice strain than in conven- 
tional metals and alloys, multielement composition, 
and slow diffusion [10]. A high degree of chemical dis- 
order and lattice distortion in HEAs increase electron 
and phonon scattering, which leads to a decrease in 
thermal and electrical conductivity. This results in 
slower energy dissipation during the collision cascade 
and an increase in the thermal-spike duration, which 
enhances the recombination between vacancies and 
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interstitials [11–13]. In addition, the energies of for- 
mation and migration of vacancies and interstitial 
atoms have a wider distribution, which also enhances 
the recombination of defects [14–16]. Due to their 
complex composition, impurity-defect clusters 
formed during the interaction of point defects move 
along a chaotic trajectory differing from directed 
motion in simple metals. This leads to an increase in 
the number of interstitial clusters in the region 
enriched with vacancies, which increases the recombi- 
nation of defects [17, 18]. 

Most studies on HEAs have been aimed at investi- 
gating multicomponent solid solutions with a face- 
centered cubic (fcc) structure. Therefore, to better 
understand defect formation and radiation resistance in 
HEAs, it is important to study HEAs with a body-cen- 
tered cubic (bcc) structure, in particular, under helium- 
ion irradiation. High-dose (more than 5 × 1016 cm–2) 
low-energy irradiation by helium ions increases com- 
pressive stresses due to the formation and accumula- 
tion of radiation defects, in particular, helium- 
vacancy clusters. The implantation of gas atoms and 
formation of radiation defects (interstitial atoms and 
vacancies) leads to a change in the lattice parameter 
and the formation of a disordered structure at the sur- 
face, which causes transverse stresses in the implanted 
region. During further irradiation, blisters (bubble- 
shaped surface defects) form and grow, thereby creat- 
ing a gap in the metal, which leads to a change in the 
physical and chemical surface properties and loss of 
the structural integrity of the material ultimately wors- 
ening its characteristics [19, 20]. 

The aim of this work is to study the structure and 
phase state of binary, ternary, and quaternary systems 
of concentrated V–Nb–Ta–Ti solid solutions irradi- 
ated by low-energy helium ions. 

 
EXPERIMENTAL 

Binary, ternary, and quaternary solid solutions 
based on the V–Nb–Ta–Ti system were synthesized at 
the Beijing Institute of Technology from high-purity 
(>99.9%) metal powders by arc melting with subsequent 
homogenization and annealing at a temperature of 
1150C for 24 and 72 h with intermediate cold rolling. 

The samples were irradiated on a DC-60 heavy ion 
accelerator at the Astana branch of the Institute of 
Nuclear Physics (Kazakhstan). Since a great number 
of neutrons are released during the operation of a nuclear 
reactor, causing nuclear reactions in the material with the 
formation of inert gases, He2+ ions with an energy of 
40 keV and an integral f luence of 2 × 1017 cm–2 were 
chosen for irradiation. 

Changes in the structure and phase composition 
after irradiation were evaluated by X-ray diffraction 
analysis on a Rigaku Ultima IV diffractometer in a 
parallel beam geometry using copper radiation ( = 
0.15418 nm). To study only the helium-implanted sur- 
face layer, the samples were shot at a fixed small (1) 
angle of incidence of X-rays [21]. In this geometry, the 
X-ray penetration depths for V and the VNb, VNbTa, 
and VNbTaTi alloys were 284, 146, 72, and 62 nm, 
respectively [21]. To eliminate the influence of alloy 
texture, shooting was performed under continuous 
rotation of the sample at a rate of 30 rpm. The effect of 
irradiation on the sample structure was studied by 
changes in the macrostresses (the sin2 method) and the 
microstresses (the Halder–Wagner method) [22, 23]. 

The element distribution in the surface layer and its 
morphology were examined by scanning electron 
microscopy (SEM) and energy-dispersive X-ray spec- 
troscopy (EDS) on a ZEISS LEO 1455 VP scanning 
electron microscope. 

The energy loss in the samples under irradiation by 
helium ions was calculated in the SRIM 2013 program 
using the Kinchin–Pease model [24]. The threshold 
displacement energies for elements V, Nb, Ta, and Ti 
were taken to be 40, 78, 91, and 30 eV, respectively 
[24]. According to the distribution profiles of 
implanted He2+ ions and the results of radiation-dam- 
age simulation (measured by the number of atomic 
displacements per atom (dpa) in the crystal lattice of a 
material), the maximum path of helium ions was 
325 nm with the maximum damage at a depth of 160– 
170 nm for vanadium and 120–140 nm for the 
VNbTaTi alloy (Fig. 1). The highest damaging dose 
(5.5 dpa) was found for pure vanadium. The VNb and 
VNbTa samples exhibit a higher peak concentration of 
implanted He2+ ions (23%) as compared with other 
samples, but the damaging dose is much lower than in 
V and VNb: 4.4 and 3.8 dpa for VNb and VNbTa, 
respectively. 

 
RESULTS AND DISCUSSION 

The EDS data on the elemental composition of the 
initial samples are given in Table 1. It can be seen that 
the samples of the binary, ternary, and quaternary sys- 
tems are characterized by an equiatomic element ratio 
(within an error of 5–6%). SEM analysis of the sample 
surface revealed the uniform structure of the V, VNb, 
VNbTa, and VNbTaTi samples (Fig. 2). Examination 
of the element distribution in these samples (Fig. 2) 
showed that it is uniform over the surface (Fig. 3). 
Minor deviations from the uniformity of the element 
distribution are probably due to insufficient homoge- 
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Table 1. Elemental composition of the initial V–Nb–Ta–Ti 
system 
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assumption (Fig. 4). The general view of X-ray diffrac- 
tion patterns of the unirradiated samples (narrow 
intense diffraction peaks) points to a high degree of 
alloy crystallinity and coarse grains; a slight asymme- 
try of the diffraction lines in more complex systems is 
related to the possible structural inhomogeneity 
caused by local inhomogeneity of the alloy elements 
with different atomic radii of elements, which is typi- 
cal of high-entropy multicomponent alloys. As can be 
seen in Fig. 4, all the samples are single-phase solid 
solutions with a bcc lattice. The lattice parameter of 
the V, VNb, VNbTa, and VNbTaTi samples increases 
with the composition complexity and amounts to 
0.3027, 0.3177, 0.3227, and 0.3234 nm, respectively. 
An increase in the lattice parameter is associated with 
an increase in the atomic radius of elements in the 

Fig. 1. Depth distribution profiles of (a) He2+ ions and 
(b) a damaging dose in the V (dash-and-dot line), VNb 
(dashed line), VNbTa (dotted line), and VNbTaTi (solid 
line) samples irradiated by helium ions with an energy of 
40 keV. 

 

nization of the samples and the grain structure of the 
materials. 

According to published data, the equiatomic com- 
position of multicomponent solid solutions can be 
indicative of the formation of single-phase solid solu- 

composition. 

Let us consider the behavior of the synthesized 
samples after irradiation by helium ions with an energy 
of 40 keV and a f luence of 2 × 1017 cm–2. 

The X-ray diffraction patterns of the V, VNb, 
VNbTa, and VNbTaTi samples irradiated by helium 
ions show that the phase composition does not change 
(decomposition of the solid solutions was not 
detected), but there is a more pronounced asymmetry 
of the peaks and their shift toward smaller reflection 

 
 

 
 

Fig. 2. Surface morphology of the initial (a) V, (b) VNb, (c) VNbTa, and (d) VNbTaTi samples. 

(a) 10 m (b) 10 m (c) 10 m (d) 10 m 

D
am

ag
in

g
 d

o
se

, d
p

a
 

H
e2

+
 co

n
ce

n
tr

at
io

n
, a

t 
%

  
Sample 

Element content, at % 

V Nb Ta Ti 

V 100 – – – 

VNb 49.5 50.5 – – 

VNbTa 33.9 34.2 31.9 – 

VNbTaTi 23.6 26.1 25.9 24.5 

 



STRUCTURAL AND PHASE CHANGES 211 

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES    Vol. 17    No. 1    2023 

 

 

(110) (200) (211) (220) (310) 

1 

 
2 

3 

4 1 

2 3 

 

(a) 

 
 
 

52 2 
51 
50 
49 
48 1 
47

0 1 2 3 4 5 6 7 8 9 10 
Distance, m 

(b) 

3500 

3000 

2500 

2000 

1500 

1000 

500 

0 

 

 
40 60 80 100 120 

2, deg 
 

 
37 
36 
35 
34 
33 
32 
31 
30 
29

0 200 400 600 800 1000 1200 1400 1600 1800 
Distance, m 

(c) 
 

 

28 
24 
20 
16

0 2 4 6 8  10 12 14 16 18 20 22 24 
Distance, m 

Fig. 4. X-ray diffraction patterns of the initial V (solid 
line), VNb (dotted line), VNbTa (dash-and-dot line), and 
VNbTaTi (dashed line) samples. 
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Fig. 3. Distribution profiles of (1) V, (2) Nb, (3) Ta, and 
(4) Ti in the initial (a) VNb, (b) VNbTa, and (c) VNbTaTi 
samples. The measurements were performed along the 
white lines marked in the images of the samples. 

Fig. 5. X-ray diffraction patterns of the V (solid line), VNb 
(dotted line), VNbTa (dash-and-dot line), and VNbTaTi 
(dashed line) samples irradiated by He2+ ions with an 
energy of 40 keV. 
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patterns. This indicates the radiation-induced crystal- 
lattice strain in the surface region (Fig. 5). 

After irradiation, we revealed neither surface 
changes associated with radiation erosion, nor the sur- 
face segregation of elements and violation of uniform 
distribution (Figs. 6, 7). The equiatomic ratio of the 
elements was not violated either (Table 2). 

To quantitatively estimate the radiation damage, 
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Fig. 6. Surface morphology of (a) the V, (b) VNb, (c) VNbTa, and (d) VNbTaTi samples irradiated by He2+ ions with an energy 
of 40 keV. 
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Figure 8 shows the sin2 dependences of the interpla- 
nar spacings in V and the VNb, VNbTa, and VNbTaTi 
solid solutions. Macrostresses were determined using 
the (110) orientation. To find voltage values, the 
obtained dependences were approximated by a linear 
function (v = B – Ax). Figure 9 presents the stress val- 
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stresses dominate. The Nb and Ta additions in the 
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stress level, which is related to the large atomic radii of 
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found, which is indicative of the good radiation resis- 
tance of these alloys in the VNbTaTi system. The 
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element distribution are obstacles for the motion of 
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13, 31]. Thus, it can be assumed that the properties of 
the VNbTaTi-based equiatomic multicomponent solid 
solutions depend not only on the number of elements 
included in the alloy, but also, to a greater extent, on 
the characteristics of the constituent elements; this 
assumption, however, requires further investigations. 

 
CONCLUSIONS 

The single-phase equiatomic binary, ternary, and 
quaternary V–Nb–Ta–Ti solid solutions with a bcc 
lattice were obtained by arc melting with subsequent 
homogenization. Before irradiation, compressive 
stresses were found in the initial materials. The Nb 
and Ta additions to the alloy were shown to increase 
the compressive-stress level, while the Ti addition 
reduced it. 

The phase composition and structure of the surface 
layer of the binary, ternary, and quaternary V–Nb– 
Ta–Ti-based solid solutions are resistant to irradiation 
by helium ions with an energy of 40 keV and a f luence 
of 2 × 1017 cm–2. Irradiation increases significantly the 
compressive-stress level in the VNbTaTi multicompo- 
nent solid solution, which is due to the accumulation 
of a great number of implanted helium ions and a 
decrease in microstresses as a result of Ti and V segre- 
gation to the grain boundaries. In the VNb and VNbTa 
alloys, no significant changes in the microstresses and 
macrostresses were found, which implies the best radi- 
ation resistance of these alloys. 
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