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a b s t r a c t 

Severe lattice distortions and rough energy landscapes were found in low-density, refractory AlNbTiVCr x 
(x = 0, 0.5, 1) high-entropy alloys (HEAs) via first-principles calculations. The corresponding samples 

were irradiated by 5 MeV Xe ions to fluences of 3.3 × 10 14 ions/cm 

2 at 600 ◦C. Fundamental irradiation 

behaviors were studied using transmission electron microscopy and nanoindentation. No phase decompo- 

sition was found after irradiation as well as void. The irradiation-induced dislocation loop size decreases, 

and the density increases with the increasing Cr content. This finding is attributed to the fact that Cr ag- 

gravates lattice distortion and roughens energy landscapes in the AlNbTiVCr x system, which will interrupt 

the long-distance migration of self-interstitials and delay their accumulation. Nanohardness increments 

exhibit good consistency with the product of dislocation loop size and density. This work provides an 

insight into the combination of atomic simulation and irradiation experiments for better understanding 

of the irradiation behaviors of refractory HEAs, and a possibility to modify defect evolution by regulating 

the compositional complexity. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

High-entropy alloys (HEAs) have drawn tremendous attention in 

ecent years because of their excellent mechanical properties and 

rradiation resistance, which originate from unconventional com- 

ositions and chemical microstructures [1] . Since HEAs are actu- 

lly random solid solutions containing multicomponent in near- 

quiatomic proportions [2] , they present remarkable local lattice 

istortions and chemical disorder, thereby providing possibilities to 

btain exceptional properties, especially the irradiation resistance. 

EAs thus far been explored can be classified into several fami- 

ies, including 3d-transition metal HEAs, refractory metal HEAs and 

ight metal HEAs [1] . The irradiation effects of 3d-transition metal 

EAs have been deeply and systematically studied, and the irra- 

iation resistance of 3d-transition metal HEAs can be effectively 

nhanced through increasing composition complexities [3–6] . The 

eat dissipation rate during cascade collision process and the de- 

ect mobility in the following recovery stage in irradiated HEAs 

ere reduced substantially with the increasing composition com- 
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lexities. As a result, the recombination time for vacancies and in- 

erstitial atoms in HEAs was extended, and the accumulation rate 

f the defect clusters was sluggish [7] . The unique radiation defect 

volution behavior of 3d-transition metal HEAs have stimulated re- 

earchers’ enthusiasm to explore the application of HEAs to the fu- 

ure advanced nuclear reactors. 

However, while advanced nuclear reactor technology has 

rought sufficient energy conversion efficiency and fuel utilization, 

t has also increased the operating temperature and neutron en- 

rgy in reactors, which has driven the demand for materials able to 

perate under high temperature and extreme irradiation conditions 

 8 , 9 ]. 3d-transition metal HEAs have limited high-temperature per- 

ormance due to their intrinsic elements’ attributes. Refractory 

EAs (RHEAs), i.e., HEAs based on refractory elements, are good 

or thermally harsh environment applications. The locally disor- 

ered chemical environment in RHEAs is also expected to cause 

rradiation- and corrosion-resistant properties [10–12] . However, 

HEAs that were initially developed had the disadvantage of high 

ensity of more than 10 0 0 0 kg • m 

−3 . Recently, studies suggested

hat the addition of light element in RHEAs has beneficial effects 

n density and strength [13–15] . For example, the AlNbTiV al- 

oy has low density of 5590 kg • m 

−3 , single body-centered cubic 

BCC) phase structure, and yield strength of 1020 and 685 MPa 

https://doi.org/10.1016/j.jnucmat.2022.153630
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
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t room temperature and 800 ◦C, respectively, outperforming cur- 

ently used Ni-based superalloy [16] . Moreover, the high tempera- 

ure strength of the AlNbTiV can be further improved through the 

ntroduction of Cr without significantly increase in density ( < 5900 

g • m 

−3 ) [17] . This design strategy greatly enhances the flexibility 

f RHEAs for application in advanced nuclear energy systems, es- 

ecially for space nuclear reactors. The high strength (high tem- 

erature) and density ratios enable the low-density RHEAs to sat- 

sfy the requirements of complex service environments. However, 

nowledge about the irradiation resistance of such alloys is lim- 

ted. 

We focused on the microstructure and defect migration behav- 

or of Al-Nb-Ti-V-Cr x (x = 0, 0.5, 1) alloy system at the atomic scale

o achieve a better understanding on fundamental irradiation ef- 

ects of low-density RHEAs. AlNbTiVCr x system with varying con- 

entrations of Cr was selected because (i) it has the remarkable 

igh temperature strength with low density as mentioned above; 

ii) The irradiation effects of Cr in face-centered cubic alloys have 

een widely discussed, it was found that Cr affects the dislocation 

oops as a strengthening mechanism in many aspects [18–20] , e.g. 

r decreases the mobility of small dislocation loops. It is worthy 

o study the role of Cr in irradiated BCC HEAs. First-principles cal- 

ulations were employed to reveal the lattice distortion and defect 

nergy of AlNbTiVCr x alloys. The results showed that Cr aggravates 

he lattice distortion and roughens the energy landscapes. Phase 

tability, structural damage, and mechanical changes of AlNbTiVCr x 
lloys were also characterized after ion irradiation experiments. 

he simulation and experiments results showed a good agreement. 

. Methods 

.1. First-principles calculations 

The chemical disorder of the AlNbTiVCr x (x = 0, 0.5, 1) alloys 

as modelled as special quasirandom structures (SQS) [21] gener- 

ted by the mcsqs code of the ATAT package [22] . Their correlation 

unctions match perfectly with the corresponding ideal random al- 

oys for the first nearest neighbors [23] . Supercells of 128-atom 

ere generated for three alloy compositions in a 4 × 4 × 4 BCC 

attice. Calculations were carried out with the projector augmented 

ave (PAW) method and Perdew–Burke–Ernzerhof (PBE) functional 

24] for exchange-correlation potential implemented in Vienna Ab- 

nitio Simulation Package (VASP) codes [ 25 , 26 ]. The irreducible 

rillouin zone was sampled with a Gamma-centered 3 × 3 × 3 

-mesh for all calculations. The relaxation of the electronic de- 

rees of freedom was achieved when the change in the total en- 

rgy was smaller than 10 −4 eV/cell. The optimized atomic geom- 

try was achieved through minimizing Hellmann–Feynman forces 

cting on each atom until the maximum forces on the ions were 

maller than 0.01 eV/ ̊A. 

The defect formation energy is calculated as follows [ 27 , 28 ]: 

 f = E d − E 0 ± μd , (1) 

here E d and E 0 are the energies of supercells with or without de- 

ect, respectively, and μd is the chemical potential of defect species 

dded to or removed from the perfect lattice to create the defect, 

hich corresponds to the signs of + and –. Chemical potentials 

ere obtained from Widom-type substitution techniques [29] , as 

ollows: 

A − μB = E A → B − E 0 , (2) 

 0 = N A μA + N B μB , (3) 

here E A → B is the total energy of the alloy with one B atom sub- 

tituted by A. N and N are the numbers of A and B atoms in 
A B 

2 
 perfect lattice, respectively. A set of element substitutions was 

onsidered, and the energy differences were calculated. Then, the 

hemical potential of different elements can be solved by the com- 

ination of Eqs. (2) and (3) . 

.2. Experiment procedures 

The alloys with nominal composition of 25%Al-25%Nb-25%Ti- 

5%V, 22%Al-22%Nb-22%Ti-22%V-12%Cr, and 20%Al-20%Nb-20%Ti- 

0%V-20%Cr, further denoted as AlNbTiV, AlNbTiVCr 0.5 , and 

lNbTiVCr, were produced by vacuum-levitation, melting a mix- 

ure of pure metals in a low-pressure, and high-purity argon atmo- 

phere inside a water-cooled copper cavity. The source materials 

ad a purity level higher than 99.9 wt.%. To ensure chemical ho- 

ogeneity, the ingots were flipped over and re-melted at least four 

imes. The structure of the as-fabricated samples was characterized 

y conventional X-ray diffraction (XRD) measurements (Rigaku Ul- 

ima IV with Cu K-alpha radiation) operated at 40 kV voltage, 40 

A current, and 0.02 step size. 

Ion irradiations were performed at the Institute of Modern 

hysics, Chinese Academy of Sciences (CAS). AlNbTiVCr x (x = 0, 

.5, 1) samples were irradiated with 5 MeV Xe ions to fluences of 

.3 × 10 14 ions/cm 

2 at 600 ◦C. The damage profiles were calculated 

y the Stopping and Range of Ions in Matter-2013 (SRIM) software 

n Quick Kinchin–Pease mode with a displacement threshold en- 

rgy of 25, 60, 30, 40, and 40 eV for Al, Nb, Ti, V, and Cr, respec-

ively [30] . The result of the damage caused by above irradiation 

ondition is approximately 1 dpa at the damage peak. 

The microstructural damage and phase stability of irradiation 

pecimens were characterized by cross-section transmission elec- 

ron microscopy (TEM) (FEI Talos F200X operated at 200 kV). TEM 

pecimens from the irradiated samples were prepared using a fo- 

us ion beam (FIB) system with Ga + ions. The ion energy at the 

ain thinning step was 30 keV, and during the later stages of 

hinning, the energy was progressively reduced to 5 and 2 keV to 

emove the ion-induced surface amorphous layer and reduce the 

amage caused by the FIB process. 

The irradiation-induced mechanical change was characterized 

y nanoindentation tests (Nano Indenter G200, Agilent). All the 

ests were performed in continuous stiffness measurement (CSM) 

ith a Berkovich-type indenter [31] . Five indents were made for 

ach depth with 100 μm spacing between two indents to avoid 

ny overlap of their plastic zones. Nanohardness was measured as 

 function of depth from the point of contact of the nanoinden- 

er with the surface to a depth of approximately 1600 nm. The 

ardness data within 120 nm from the sample surface was dis- 

arded due to large data scatter associated with surface roughness. 

 method proposed by Kasada based on the Nix–Gao model was 

pplied to extract the actual hardness data of damaged areas by 

tting curves [ 32 , 33 ]. Nanohardness can be obtained from the fol-

owing: 

 = H 0 

√ 

1 + 

h 

∗

h 

, (4) 

here H 0 is the hardness at infinite depth; h is the indentation 

epth of the indenter, and h ∗ is a characteristic length that de- 

ends on the shape of the indenter tip and the type of material. 

. Results 

.1. Lattice distortion 

In order to better understand the local lattice distortion of the 

lNbTiVCr x (x = 0, 0.5, 1) alloys, the distributions of the first and 

econd nearest neighbor (NN) distances in the three alloy models 

fter a full relaxation are shown in Fig. 1 . Both the 1NN and 2NN
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Fig. 1. Atom structure (a–c) and distribution of the interatomic distances for the (d–f) 1NN and (g–i) 2NN in (a, d, g) AlNbTiV, (b, e, h) AlNbTiVCr 0.5 , and (c, f, i) AlNbTiVCr 

alloys after a full relaxation from first-principles calculation. The rectangle shows the overlap region of 1NN and 2NN. 
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istance extends over a wide range, suggesting that atoms devi- 

te profoundly from their ideal lattice site, leading to a notable 

ocal lattice distortion in this alloy system [34] . Moreover, it was 

ound three characteristics of the NN distribution changed with 

he increase in Cr content, as follows: (i) the integral distribution 

f 1NN shifts to a smaller value; (ii) the 1NN distribution extends 

o a wider range; (iii) the distribution of 1NN and 2NN shows an 

verlap region and increases. The former associates with the small 

tomic size of Cr, and the two other characteristics indicate greater 

ocal lattice distortion introduced by Cr. 

To quantitatively compare the lattice distortion of the three 

tudied alloys, we refer to the calculation of atomic radius mis- 

atch and introduce the parameter δ1NN in term of 1NN distance, 

hich can be obtained from the following: 

1 NN = 

√ 

n ∑ 

i 

1 

n 

(
1 − d i 

1 NN 

d 1 NN 

)2 

, d 1 NN = 

∑ n 
i d i 1 NN 

n 

, (5) 

here n is the total count of 1NN in the studied alloy; d i 
1 NN 

is the

istance of the i th 1NN. The average 1NN distances and δ1 NN are 

isted in Table 1 . The values of δ1 NN increase with the increasing Cr 

ontent, indicating an aggravated lattice distortion effect. The con- 

ribution of each element in AlNbTiVCr to lattice distortion were 
Table 1 

Average 1NN distances and δ1 NN in AlNbTiVCr. 

System d 1 NN ( ̊A) δ1 NN 

AlNbTiV 2.7610 ±0.0847 0.0307 

AlNbTiVCr 0.5 2.7217 ±0.1012 0.0372 

AlNbTiVCr 2.7048 ±0.1163 0.0429 

c

e

e

t

s

f

i

e

3 
urther explored in term of the average displacement and aver- 

ge partial density of states (PDOS) of d orbitals, and the results 

re given in Fig. 2 . The displacement distances do not follow the 

rend of atomic size but have strong correlation with the DOS val- 

es. Large DOS value near the Fermi energy indicates the lattice 

nstability and require large relaxation distance [35] . Thus, Cr and 

 exhibit larger displacement than Nb and Ti to stabilize the lattice 

n AlNbTiVCr. 

.2. Interstitial energetics 

The lattice distortion largely influences the defect energetics. 

he formation energy of interstitials was calculated in the relaxed 

4-atom AlNbTiVCr 0.5 model. Ten octahedral sites with different 

ocal chemical environment and five types of elements were con- 

idered. The total of fifty calculations shows that all the interstitials 

orm dumbbell interstitials along the [111] direction, as shown in 

ig. 3 . 64% interstitials combine with Cr atom to form Cr-X (X = Al,

b, Ti, V, Cr) dumbbells, 32% form the V-X dumbbells, and the rest 

re dumbbells without Cr or V. This factor may also attribute to the 

arge DOS value of Cr and V. Since Cr has the highest peak value 

mong the five elements and V come second. Interstitials prefer to 

ombine with Cr atom to stabilize the lattice and reduce the en- 

rgy of the system. 

The elemental chemical potentials and interstitial formation en- 

rgies in AlNbTiVCr 0.5 are listed in Table 2 . The values of forma- 

ion energy are much lower than those in other HEAs, but con- 

istent with the result that Cr-Cr and V-Cr exhibit the lowest 

ormation energies among the stable interstitial dumbbells stud- 

ed in VTaCrW alloy [35] . The lowest Cr interstitial formation en- 

rgy also agrees with the interstitial structure exhibited in the 
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Fig. 2. (a) Average displacement of each element in AlNbTiVCr; (b) Average partial density of states (PDOS) of d orbitals for Nb, Ti, V and Cr in AlNbTiVCr. 

Fig. 3. Stable interstitial structures after full relaxation. (a) for the Cr-X dumbbells, (b) for the V-X dumbbells, and (c) for the dumbbells without Cr or V. The formation 

probabilities of each type of dumbbell are included. 

Table 2 

Elemental chemical potentials and interstitial formation energies of different el- 

ements in AlNbTiVCr 0.5 . 

Element μ (eV/atom) E f (eV) 

Al −4.37 2.31 ±0.49 

Nb −9.92 2.14 ±0.42 

Ti −7.85 2.22 ±0.48 

V −8.87 1.90 ±0.56 

Cr −9.17 1.46 ±0.47 
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tudied alloy. In concentrated alloys, the chemically biased dif- 

usion is the main mechanism for mass transport under ion ir- 

adiation [ 36 , 37 ]. The calculations show that Cr greatly affects 

he energy landscapes and microstructures of the studied alloys, 

hich will modify energy and mass transport on their irradiation 

esponse. 

.3. Phase stability 

The phase structures of the as-fabricated and irradiated 

lNbTiVCr x (x = 0, 0.5, 1) alloys are presented in Fig. 4 Fig. 4 .(a)

hows the XRD patterns of the three as-fabricated alloys, and all 

he Bragg peaks belong to a single phase with a BCC crystal struc- 

ure. The two strong diffraction peaks possibly due to strong crys- 
4 
allographic texture of the AlNbTiV alloy agree with Stepanov’s 

tudy [17] . The peaks of AlNbTiVCr 0.5 shift to lower 2 θ than 

lNbTiV, indicating a decreased lattice constant, which is consis- 

ent with the small atomic size of Cr. However, different from the 

revious work that Laves phase was formed in the AlNbTiVCr 0.5 

nd AlNbTiVCr alloys [ 17 , 38 ], no second phase was found in this

tudy. The reason can be explained by the rapid cooling rate inside 

 water-cooled copper cavity during the casting process; thus, the 

quilibrium state cannot be achieved. Therefore, the as-fabricated 

amples have much simpler structure than the equilibrium phase 

iagram prediction [17] . The absence of Laves phase in the stud- 

ed alloys is beneficial for reactor application [39] . In addition, the 

ame single-phase structure of the three alloys enables us to focus 

n the effect of Cr content on the irradiation behavior without the 

onfounding effects of the secondary phases. 

Figs. 4 (b–g) show the selected area electron diffraction (SAED) 

attern of irradiated region (b–d) and unirradiated (e–g) region 

f the AlNbTiVCr x alloys at 600 ◦C, taken from the (b, e) [111], 

c, d, f, g) [011] zone axis, respectively. Only diffraction spots 

elonging to the BCC structure are observed, indicating a high 

hase stability against irradiation and high temperature. The phase 

tability of the studied alloys is attribute to the HEAs’ core ef- 

ects, including high-entropy effect and sluggish diffusion effect, 

nterfere with complex-phase formation and slow down phase 



G. Ge, F. Chen, X. Tang et al. Journal of Nuclear Materials 563 (2022) 153630 

Fig. 4. (a) XRD patterns from the as-fabricated AlNbTiVCr x (x = 0, 0.5, 1) alloys. Selected area electron diffraction (SAED) patterns of irradiated region (b–d) and unirradiated 

(e–g) region of the (b, e) AlNbTiV, (c, f) AlNbTiVCr 0.5 , and (d, g) AlNbTiVCr alloys irradiated at 600 ◦C to 1 dpa, taken from the (b, e) [111], (c, d, f, g) [011] zone axis, 

respectively. 

Fig. 5. (a) SRIM-calculated damage profiles and Xe distribution of AlNbTiV and AlNbTiVCr irradiated with 5 MeV Xe ions to fluences of 3.3 × 10 14 ions/cm 

2 ; (b–d) cross- 

sectional TEM images of the (b) AlNbTiV, (c) AlNbTiVCr 0.5 , and (d) AlNbTiVCr alloys irradiated at 600 ◦C. All micrographs were taken under two-beam BF conditions using a 

diffraction vector g = 110. 
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ransformation. In addition, the high intrinsic interatomic stress as- 

ociated with large lattice distortion renders the AlNbTiVCr x alloys 

o easily experience amorphization-recrystallization process under 

rradiation [ 40 , 41 ], which is beneficial to the phase stability against

rradiation. 

.4. Irradiation-induced dislocation loops 

Fig. 5 shows the cross-sectional TEM images of AlNbTiVCr x 
x = 0, 0.5, 1) alloys irradiated by 5 MeV Xe ions to 1 dpa at

00 ◦C. All micrographs were taken under two-beam kinematical 

right-field (BF) conditions using a diffraction vector g = 110, and 

he zone axis is [111], [011], and [011] for AlNbTiV, AlNbTiVCr , 
0.5 

5 
nd AlNbTiVCr, respectively. The SRIM-calculated damage profiles 

nd Xe distribution of AlNbTiV and AlNbTiVCr are also included. 

o void is found in the three alloys. Meanwhile, the distribution 

nd morphology of dislocation defects are varied with the increase 

f Cr content. In AlNbTiV ( Fig. 5 (b)), the dislocation structures 

ostly distribute over the depth of 80 0–140 0 nm, cover the second 

alf of the SRIM predicted radiation damaged profile. Instead, the 

islocation structures in AlNbTiVCr ( Fig. 5 (d)) concentrate on the 

redicted peak damage region. And the defect morphologies are 

ore like "black dots" or tiny dislocation loops with high density. 

he dislocation loop distribution and morphology in AlNbTiVCr 0.5 

 Fig. 5 (c)) are assumed to be the transition state between the two 

lloys. 
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Fig. 6. (a)–(c) Characterization of dislocation in (a) AlNbTiV, (b) AlNbTiVCr 0.5 , and (c) AlNbTiVCr alloys irradiated at 600 ◦C to 1 dpa under DF conditions (g = 110); (d) 

Average size and density of the dislocation loops. 
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Detailed characterization of dislocation in three samples under 

ark-field (DF) conditions is shown in Fig. 6 , the diffraction vector 

nd the zone axis are the same as the previous BF conditions. The 

tatistic average size and density of dislocation are also included. 

t can be seen that the size monotonically decreases, and the den- 

ity monotonically increases with the increasing Cr content. The 

verage loop size in AlNbTiVCr reached 9.34 nm, which is much 

maller than the loop size in 316 steels at the same or close ir- 

adiation temperature [42–44] . The small size and high density of 

oops in AlNbTiVCr suggests that the long-distance travel of self- 

nterstitials are interrupted. Williams [43] reported that the loop 

ize in 1 dpa Ni ion-irradiated 316 stainless steel increased from 

5 nm at 400 ◦C to ∼30 nm at 600 ◦C. In this study, loop size in-

reased from ∼9 nm in AlNbTiVCr to ∼27 nm in AlNbTiV. And the 

oop density in the three studied alloys has similar trend to the 

tainless steels or other HEAs, where the loop density decreases 

ith the increase in irradiation temperature [44–46] . The qualita- 

ively similar evolution of irradiation-induced defects with com- 

ositional complexity and with temperature implies that compo- 

itional complexity significantly changes the defect diffusion kinet- 

cs. 

.5. Irradiation-induced hardening 

Fig. 7 (a–c) shows the depth-dependent hardness values of the 

ristine and irradiated AlNbTiVCr x (x = 0, 0.5, 1) alloys. The 

anohardness data plotted as the square of the hardness ( H 

2 ) ver- 

us the reciprocal of the indentation depth ( 1 /h ) are presented 

n Fig. 7 (d–f). The hardness of pristine samples increases as the 

r content increases, indicating a crucial role of solid solution 

trengthening effect by Cr. The presence of irradiation defect clus- 

ers, such as dislocation loops, increases the hardness by act- 

ng as obstacles to the glide of dislocations. The AlNbTiV and 

lNbTiVCr 0.5 present a certain degree of irradiation-induced hard- 

ning. But the hardness of the irradiated AlNbTiVCr decreases as 

hown in Fig. 7 (c). We speculate that this is due to the soften-

ng caused by 600 °C heating process during irradiation. The high 

ntrinsic interatomic stress associated with large lattice distortion 
6 
n the AlNbTiVCr may be released to some extent after heat treat- 

ent. Since its intrinsic hardness is the highest among the three 

tudied alloys, and is much higher than that of traditional stain- 

ess steel, the decrease of hardness is relatively more significant. 

owever, irradiation-induced hardening still occurred in the irra- 

iated AlNbTiVCr. Because the curve of the irradiated sample in 

ig. 5 (f) has an inflection at a critical indentation depth of ∼300 

m. The inflection point divided the curve into two linear parts. 

he left liner part is the result of the soft substrate effect (SSE) 

 47 , 48 ]. Specifically, the hemispheric influence zone of indenter can 

each 4-10 times the indentation depth, that is, SSE in unirradiated 

egion can contribute to the hardness from increasing the inden- 

ation depth [49] . The right liner part is the result of irradiation- 

nduced hardening. The result showed that the slope change of the 

ilinear of AlNbTiV and AlNbTiVCr 0.5 is modest and comparable. 

hile the AlNbTiVCr has a rapid decline in slope, corresponding 

o a significant hardening effect. 

The contribution of irradiation-induced defects on hardening 

as a strong correlation with the defect size and density, which 

an be interpreted by the dispersed barrier-hardening (DBH) model 

50] , as follows: 

σy = Mαμb 
√ 

Nd , (6) 

here �σy is the increase in yield strength; M is the Taylor fac- 

or (3.06 for equiaxed BCC metals); α is the defect barrier strength 

 ∼0.4 for dislocation loops); μ is the shear modulus; b is the Burg- 

rs vector of gliding dislocations; N and d are the number densities 

nd diameter of defect cluster, respectively. 

The specific hardness data and 

√ 

Nd values of the studied alloys 

re given in Table 3 . The 
√ 

Nd values present the same variation 

rend as �H with the increase in Cr content. The result confirms 

n agreement between macroscopic mechanical properties and mi- 

ro defect statistics bridged by the theoretical model. In summary, 

he AlNbTiVCr exhibited relatively large irradiation-induced hard- 

ning due to the high density of dislocation loops. The reduced 

ardening in the other studied alloys compared with AlNbTiVCr 

lso resembles the hardening transition from low-temperature ir- 
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Fig. 7. Average nanoindentation hardness versus the indentation depth of the pristine and irradiated (a) AlNbTiV, (b) AlNbTiVCr 0.5 , and (c) AlNbTiVCr alloys. Square of the 

hardness ( H 2 ) versus the reciprocal of the indentation depth ( 1 /h ) in (d) AlNbTiV, (e) AlNbTiVCr 0.5 , and (f) AlNbTiVCr alloys. 

Table 3 

Nanohardness of the pristine (H pri ) and irradiated (H irr ) AlNbTiVCr x (x = 0, 0.5, 1) alloys and the square root of the product of dislocation 

loop density and size. 

Sample H pri (GPa) H irr (GPa) �H (GPa) (Nd) 0.5 (10 7 /m) �H/H pri 

AlNbTiV 5.59 6.48 0.89 1.05 16% 

AlNbTiVCr 0.5 6.75 7.71 0.96 1.29 14% 

AlNbTiVCr 7.38 8.91 1.53 1.72 21% 
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adiation to high-temperature irradiation [46] . Note that the hard- 

ning ratio ( �H/H pri ) of AlNbTiVCr 0.5 is the lowest among the three 

lloys; it is lower than the Fe-Ni-Mn-Cr HEA irradiated at 500 ◦C 

o 1 dpa with the value of 18% and approaches to 0.3 dpa with the

alue of 10%–15%. 

. Discussion 

Lattice distortion, which essentially originates from the atomic 

ize mismatch in an alloy, constitutes one of the main features 

istinguishing HEAs from other metallic materials [ 34 , 51 ]. The 

lNbTiV has large lattice distortion. Because its α2 parameter ( = 

.072) is higher than most values of the solid solutions reported 

n a previous analysis of lattice distortion [52] . The first-principles 

alculation and δ1NN parameter present here indicate an aggravated 

attice distortion effect through the introduction of Cr. This finding 

ay attribute to the lattice instability of Cr originates from its high 

OS value, which require large relaxation distance to stabilize the 

attice. This fact will modify the defect energy landscape. Intersti- 
7 
ials prefer to combine with Cr to reduce the energy of the system. 

he introduction of Cr represents the minimum of the energy land- 

capes. The aggravated lattice distortion and roughed energy land- 

capes affects the irradiation response of the AlNbTiVCr x system in 

he following aspects: 

In the early stage of the irradiation, the severe lattice distor- 

ion can effectively decrease the electron mean free path and en- 

ance phonon scattering in the early stage of irradiation [7] . Both 

ontribute to slowing down the dissipation of the deposited heat, 

ccelerating the recombination of defects and disfavoring void for- 

ation [53] . Thus, no void was found in the studied alloys irra- 

iated at 600 °C. In addition, the phase stability against irradiation 

ay also be attributed to the lattice distortion effect as depicted 

n Section 3.3 . 

In the relaxation stage, the diffusion of self-interstitials in a 

ough energy landscape is like traversing rugged terrain, requir- 

ng frequent change in direction to seek the minimum migration 

nergy path [53] . Now the calculation results of dumbbell intersti- 

ial composition and formation energy confirm Cr as the minimum 
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f the rugged energy landscapes. Thus, they interrupted the long- 

istance migration of self-interstitials, and the evolution of dislo- 

ation loops is delayed as the Cr content increases. 

Nuclear materials are generally used in a temperature window 

ange, in which degradation of mechanical properties induced by 

arious deleterious effects is acceptable [ 45 , 54 ]. In the AlNbTiVCr x 
ystem, defect diffusion and dislocation growth are affected by lo- 

al lattice distortion and energy landscapes, which is strongly cor- 

elated with Cr content. AlNbTiVCr 0.5 irradiated at high temper- 

ture did not form voids or precipitates like conventional alloys, 

or did it produce high-density dislocation like AlNbTiVCr. Thus, 

he serious hardening or volume swelling at a certain high irradi- 

tion temperature can be avoided through composition regulating, 

hich substantially extends the potential applications of HEAs in 

dvanced nuclear energy systems. 

. Conclusion 

First-principles calculation and ion irradiation experiments 

ere used to reveal the lattice distortion and defect evolution of 

l-Nb-Ti-V-Cr x (x = 0, 0.5, 1) alloy system to explore the poten- 

ial application of low-density RHEAs in advanced nuclear energy 

ystems. Calculation results shows that Cr plays a crucial role as 

ggravating the lattice distortion and roughening the energy land- 

capes, thereby interrupted the long-distance migration of self- 

nterstitials to delay their accumulation and long-distance migra- 

ion. It is confirmed by the TEM results, which presents as the dis- 

ocation size monotonically decreases, and the density monotoni- 

ally increases with the increasing Cr content in AlNbTiVCr x sys- 

em. 

Overall, the AlNbTiVCr present smaller loop size and 

lNbTiVCr 0.5 exhibited lower irradiation hardening than the 

16L stainless steel and 3d-transition metal HEAs under similar 

rradiation conditions. Compositional complexity exerts a re- 

arkable impact on microstructural evolution in irradiated HEAs 

t elevated temperatures. This work provides an approach for 

etter understanding the irradiation behavior of refractory HEAs 

nd obtaining high-performance HEAs in irradiation tolerance 

fficiently. 
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