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damage in TiVTaNDb high-entropy alloys
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Molecular dynamics simulations were carried out to study the effect of chemical short-range order (CSRO) on the
primary radiation damage in TiVTaNb high-entropy alloys (HEAs). We have performed displacement cascade simulations
to explore the CSRO effect on the generation and evolution behaviors of irradiation defects. The results demonstrate that
CSRO can suppress the formation of Frenkel pairs in TiVTaNb HEAs, with the suppression effect becoming more pro-
nounced as the degree of CSRO increases. CSRO can change the types of interstitial defects generated during cascade
collisions. Specifically, as the degree of CSRO increases, the proportion of Ti-related interstitials shows a marked en-
hancement, primarily evidenced by a significant rise in Ti—Ti dumbbells accompanied by a corresponding decrease in Ti—V
dumbbells. CSRO exhibits negligible influence on defect clustering and the nucleation and evolution of dislocation loops.
Regardless of CSRO conditions, TiVTaNb HEAs preserve exceptional radiation tolerance throughout the cascade dam-
age process, suggesting that the intrinsic properties of this multi-principal element system dominate its radiation response.
These findings provide fundamental insights into the CSRO effect on defect formation and evolution behaviors in HEAs,
which may provide new design strategies for high-entropy alloys.
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1. Introduction

As the demand for more efficient and safer nuclear
energy systems grows, the development of robust reactor
cladding materials becomes critical. High-entropy alloys
(HEAs) have been reported to exhibit exceptional radiation re-
sistance, mechanical strength, and corrosion durability, offer-
ing a compelling alternative to conventional reactor cladding
materials.['=3! In particular, body-centered cubic (bcc) HEAs
composed of refractory elements exhibit excellent physical
properties, attributed to their unique constituent characteris-
tics and core effects, including high entropy, severe lattice
distortion, sluggish diffusion, and the cocktail effect.[*% Re-
cent studies on TiVTaND refractory HEAs have demonstrated
good thermal stability, mechanical properties, and irradia-

tion resistance.[’"!!

' In our previous experiment, nanometer-
scale triangular Ti-rich precipitates were observed in TiVTaNb
HEAs after Ti ion irradiation at 550 °C up to 10 dpa, while
the formation mechanisms and influencing factors governing
irradiation-induced precipitation still remain unclear.

The atomic-scale formation and evolution of irradiation
defects are critical to understanding the mesoscale irradiation
damage and macroscale mechanical performance degradation.
The primary radiation damage and peculiar point defect prop-
erties originating from the multi-principal element effects in
TiVTa medium-entropy alloys (MEAs) and TiVTaNb HEAs
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have been studied in our reported results. It demonstrated
that defect formation and migration energies exhibit broad
distributions, sluggish defect diffusion was observed in TiV-
TaNb HEAs.!'>=14 Furthermore, the reduction in primary ra-
diation damage was observed due to the enhanced recombi-
nation of point defects and the lower binding energies of de-
fect clustering in TiVTa MEAs compared to pure V.['>! How-
ever, the influence of chemical short-range order (CSRO), an
intrinsic feature in HEAs, on irradiation defect behavior re-
mains unexplored. Despite the high chemical complexity in
HEAs, local regions at the microscale may exhibit preferen-
tial atomic arrangements due to the differences in atomic size,
electronegativity, and chemical bonding, leading to the for-
mation of CSRO. The existence of CSRO has been experi-
mentally confirmed, Chen er al.l'®! directly observed CSRO
in VCoNi MEAs using atomic-resolution transmission elec-
tron microscopy and chemical mapping, providing evidence
of CSRO through electron diffraction and detailed information
on its size, elemental composition, site occupancy, and three-
dimensional configuration. CSRO is an intrinsic microstruc-
tural feature of HEAs, typically confined to sub-nanometer
scales within the first and second nearest-neighbor atomic lay-
ers. It plays a crucial role in mechanical properties such
as strengthening, strain hardening, and plasticity.!!” Studies
suggest that tailoring CSRO may be key to further enhanc-
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ing the performance of high-entropy alloys, as it can mod-

[18 19]

ulate stacking fault energy,''® promote work hardening,!

influence corrosion resistance, 20211 and improve irradiation

22.23] During irradiation, CSRO affects the forma-

resistance. !
tion and migration of point defects, defect clustering, and dis-
location motion.?* The local ordering induced by CSRO di-
rectly alters lattice distortions, thereby influencing the behav-
ior of irradiation-induced defects. Additionally, CSRO regions
may act as defect trapping centers, impacting the formation of
defect clusters.!?!

Chemical short-range order significantly influences the
formation and evolution of irradiation defects in HEAs,
closely related to defect dynamics during atomic cascade col-

[22] combined ion irra-

lisions under irradiation. Zhang et al.
diation experiments and cascade collision simulations to in-
vestigate the effect of CSRO on irradiation damage in CrCoNi
MEAs. They found that CSRO suppresses defect cluster for-
mation, particularly reducing defect number density. While
CSRO minimally affects the formation energy of irradiation-
induced point defects, it significantly alters their diffusion be-
havior, localizing the migration of vacancies and interstitials.
CSRO hinders interstitial motion more than vacancy migra-
tion, narrowing the diffusion gap between them and enhancing
point defect recombination efficiency. Liu ef al.?*! employed
Monte Carlo and molecular dynamics simulations to study
CSRO formation and its impact on irradiation defects in Cr-
FeNi MEAs. They confirmed the presence of CSRO, charac-
terized by Cr-rich clusters and Ni—Fe short-range order, where
Cr segregation provides nucleation sites for dislocation loops.
CSRO increases the migration energy of point defects, sup-
pressing dislocation loop growth. Thus, CSRO promotes dis-
location loop nucleation while inhibiting their growth. Xing et
al.?%) explored the effect of CSRO on elemental diffusion in
CrCoNi and MoNbTa MEAs, demonstrating that CSRO sup-
presses vacancy-mediated diffusion in both systems. Refrac-
tory HEAs exhibit greater lattice distortion, leading to sig-
nificantly different irradiation defect behaviors compared to

27.281 Dye to the com-

face-centered cubic structured HEAs. !
positional diversity of HEAs, the influence of CSRO on irra-
diation damage behavior may vary across different materials.
Given the limited research on refractory HEAs, it is essential
to investigate TiVTaNb HEAs in this context.

In this paper, the effect of chemical short-range order on
the primary radiation damage in TiVTaNb HEAs was studied
by using the molecular dynamics (MD) method. Displacement
cascade simulations were carried out in TiVTaNb HEAs with
and without CSRO, and the evolution behaviors of irradiation
defects were analyzed. We will organize the remainder of the
paper as follows. Section 2 describes the computational meth-
ods. In Section 3, the results of the generation and evolution
behavior of defects are presented and discussed. Finally, a
summary is given in Section 4. These findings can provide

fundamental insights into the irradiation defect dynamics in
TiVTaNb HEAs.

2. Methodology

Atomistic simulations were performed to study the effect
of chemical short-range order on the primary radiation damage
in TiVTaNb HEAs by using the large-scale atomic/molecular
massively parallel simulator (LAMMPS).[?°! The simulations
employed a Finnis—Sinclair formalism-based interatomic po-
tential, specifically developed for defects production and evo-
lution studies in Ti-V-Ta-Nb HEAs.[3%!

The hybrid Monte Carlo/Molecular Dynamics (MC/MD)
method was employed to construct CSRO models in equi-
atomic TiVTaNb HEAs within an 80ag x 80aqy x 80ag simu-
lation box, where the lattice parameter ag equals 3.23 A. The
configurations with CSRO can be generated by performing
MC swaps between different type atoms, and the Metropolis
criterion was used to determine the acceptance of new configu-
ration. The initial random solid solution (RSS) model was per-
formed 100-MC swaps for each pair atoms, followed by up to
100-MD relaxations per iteration at 300 K. The MD timestep
was set to 1 fs, and 30 million steps were carried out in total.

The Warren—Cowley parameter (WCP) 3!l was calculated
to quantify CSRO within the first-nearest neighbor shell:

Zmn
Xn Zm ’

WCP,, = 1 —

where Z,,, denotes the coordination number of n-type atoms
around m-type atoms, Z,, represents the total coordination
number of around m-type atoms, and ¥, is the atomic fraction
of n-type atoms. Positive WCP,,, values indicate depletion
of mn-type pairs relative to random distribution, while nega-
tive values suggest preferential clustering. A zero value corre-
sponds to a random atomic distribution.

In the cascade collision simulations, we systematically in-
vestigated the initial irradiation response of three distinct TiV-
TaNb configurations: a random solid solution (RSS) model
and two CSRO models with varying degrees of chemical or-
dering. All simulation parameters, except for the initial atomic
configurations, were maintained identical across these mod-
els. Cascade collision simulations were performed at 300 K
with primary knock-on atom (PKA) energies of 5 keV, 10 keV,
20 keV, and 40 keV along the (135) direction under peri-
odic boundary conditions. For each condition, 30 independent
simulations were conducted, and cases involving boundary-
crossing atoms were excluded from analysis. Prior to intro-
ducing PKA, the system underwent static relaxation followed
by dynamic relaxation for 25 ps in the isothermal-isobaric en-
semble with a timestep of 0.001 ps. After sufficient relax-
ation, the PKA was introduced at the box center, and cascade
simulations were performed in the microcanonical ensemble
using adaptive time steps: 5000 steps at 10~ ps, 10* steps at
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5% 10~% ps, 9500 steps at 0.001 ps, and 8500 steps at 0.01 ps,
totaling 100 ps to ensure adequate cascade annealing. Atomic
positions and energies were recorded every 500 steps to ana-
lyze defect evolution.

The Open Visualization Tool and its included tools3%33!
were used to visualize and analyze the evolution of defects.
The formed Frenkel pairs were identified by using the Wigner—
Seitz defect analysis, the number of Frenkel pairs Npp as a
function of time was monitored for RSS and CSRO mod-
els. The defect recombination rate was calculated as (Npeak —
Nend)/Npeak % 100, where Npeax and Nepq are the peak num-
ber and the surviving number of FPs. Then we calculated the
agglomeration rates of vacancies and interstitials. Defect clus-
ters were identified using cluster analysis with cut-off radius
corresponding to the second- and third-nearest-neighbor dis-
tances for vacancy and interstitial clusters, respectively. Struc-
ture analysis was performed by using the polyhedral template
matching, and the dislocation loops are analyzed by the imple-
mented dislocation extraction algorithm.

3. Results and discussion
3.1. Chemical short-range order in TiVTaNb HEAs

Hybrid MC/MD simulations were carried out to construct

configurations with CSRO in TiVTaNb HEAs. As shown

RSS model

Low CSRO model

in Fig. 1(a), by comparing the configurations between RSS
model and high CSRO model, we can clearly observe the ag-
gregation of Ti elements and V-Ta atomic pairs. Figure 1(b)
shows the average potential energy evolution along simulation,
the energy of supercell exhibits an initial rapid decrease, fol-
lowed by a gradual decline to reach a steady state, indicat-
ing the formation of energetically stable configuration. Fig-
ure 1(c) shows the extent of CSRO for different atomic pairs
corresponding to different configurations, which are calcu-
lated for the first neighbor shell. The initial atomic configura-
tion exhibits a fully random distribution, with all WCP values
for atomic pairs being zero. For configurations with CSRO,
atomic pairs exhibit formation preferences, albeit to varying
degrees. For high CSRO model, we observe negative values
of WCP for Ti-Ti (—0.61), V-Ta (—0.35), V-V (—0.34), and
Ti-Nb (—0.23), indicating that these pairs are relatively fa-
vored. On the contrary, the pairs of Ti—V (0.44), Ti—Ta (0.40),
and V-Nb (0.25) are less likely to form, while Ta—Ta pairs
(—0.06), Ta—Nb pairs (0.00), and Nb—Nb pairs (—0.02) are
randomly distributed within the supercell. In order to evalu-
ate the effect of CSRO degree on irradiation damage behavior,
we selected two CSRO configurations for subsequent cascade
collision simulations.

High CSRO model

e (b)

S —635 =

~

= —6.36 1

)

= —6.371

%

g 6387 Low CSRO

o —_ 4

= 6.39 High CSRO
E —6.40

3

2 64l T
c 0 5 10 15 20 25 30

Time (ns)

TiNb

—=—RSS
—e— Low CSRO
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Fig. 1. Atomic configurations, potential energy, and Warren—Cowley parameters of the TiVTaNb HEAs during hybrid MC/MD simulations.
Representative configurations of (a) RSS and high CSRO TiVTaNb HEAs. (b) Variation of potential energy with iterations. (c) Warren—Cowley

parameters for the RSS, low CSRO, and high CSRO configurations.

3.2. Frenkel pairs

The production and evolution behaviors of defects are of
primary interest during cascade simulations. First, by per-
forming Wigner—Seitz analyze, we obtained the evolution of
the average number of generated Frenkel pairs during cas-
cade collision simulations with three different PKA energies
for RSS, low and high CSRO TiVTaNb HEAs, as shown

in Figs. 2(a)-2(c).

Frenkel pairs and defect recombination rate are displayed in

And the average number of survived

Table 1. As exemplified by the 10-keV cascade collision sim-
ulations, the introduction of PKA induces rapid generation of
Frenkel pairs within the system. The defect population reaches
its maximum concentration (thermal spike) at approximately

0.75 ps. Comparative analysis across the three simulated PKA
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energies reveals that the random solid solution configuration
consistently demonstrates the highest peak defects, followed
by the low CSRO configuration, while the high CSRO con-
figuration exhibits the lowest defects at peak. With increas-
ing simulation time, extensive defect recombination led to a
significant reduction in Frenkel pairs population, ultimately
reaching a stable state at 30 ps with a limited number of sur-
viving defects. Across all three PKA energies investigated, the
RSS configuration consistently exhibited the highest stable de-
fect concentration, followed by the low CSRO structure, while
the high CSRO configuration maintained the lowest defect re-
tention. Notably, both peak defect concentration and surviving
defect population showed identical ranking patterns among the
three configurations (RSS > low CSRO > high CSRO), while
their defect recombination rates demonstrated no statistically
significant differences. Such a trend was found to be unaf-

observed in CrCoNi medium-entropy alloys.*?! Furthermore,
our comparative analysis reveals that under identical PKA en-
ergies, TiVTaNb HEAs exhibit a significantly higher popula-
tion of surviving defects than CrCoN:i alloys. In a word, CSRO
can suppress the formation of Frenkel pairs. The formation
and diffusion behavior of point defects govern the generation
of Frenkel pairs during cascade collisions. The formation of
CSRO alters the local chemical environment of atoms, thereby
influencing both the formation and diffusion of point defects.
Based on the results shown in Figs. 2(a)-2(c) and Table 1,
the difference in the number of surviving Frenkel pairs is pri-
marily attributed to the disparity in peak Frenkel pair counts.
We speculate that the distinct nearest-neighbor atomic envi-
ronments make it more difficult for point defects to form in
the CSRO configuration compared to the RSS configuration,
ultimately resulting in fewer Frenkel defect pairs in the for-

fected by the PKA energy. Notably, this trend is consistently  mer.
10%
—— 5 keV RSS " —— 10 keV RSS " —— 20 keV RSS

& 5 keV low CSRO = 10 keV low CSRO = 20 keV low CSRO
= — 5 keV high CSRO 3 —+ 10 keV high CSRO % 1044~ 20 keV high CSRO
21034 (a) < (b) S
e A2 10° 4 i
g g S 100
& & = 3
[ "6 o
° 1074 o 1024 °
7} L Q 2 |
2 o) < 10
£ £ g
] =} i
Z. 4 4

10 T T T T 10 T T T T 10t T T T T
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X <
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= (d) I 10 keV high CSRO & I 10 keV High CSRO ) .
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Atom type

Dumbbell type

Dumbbell type

Fig. 2. (a)—(c) Average number of Frenkel pairs versus time for cascade collision simulations with different PKA energies (5 keV, 10 keV,
20 keV) for RSS (blue squares), low (red circles), and high CSRO (green triangles) TiVTaNb HEAs. (d)—(e) Fraction of interstitials of a
given type in the case of 10-keV cascade simulations. (f) Formation energies of different dumbbells in RSS TiVTaNb HEA calculated by

first-principal method in our previous study.!'?!

Table 1. Average number of survived Frenkel pairs and defect recom-
bination rate for cascade collision simulations in TiVTaNb HEAs.

PKA energy Model Survived Frenkel pairs Recombination rate (%)

RSS 21.2+3.8 95.2+1.0

5 keV low CSRO 19.1+4.1 95.2+0.9
high CSRO 17.943.9 95.0+1.3

RSS 37.4+6.6 96.4+0.9

10 keV low CSRO 33.1£6.0 96.6£1.0
high CSRO 31.2+5.5 95.7+1.4

RSS 76.5£16.7 97.3£1.0

20 keV low CSRO 63.2£13.1 97.7+0.7
high CSRO 58.5+14.5 97.3+0.9

Figures 2(d)-2(f) show the CSRO effect on the type dis-

tribution of interstitials formed during cascade simulation in
TiVTaNb HEAs. Across all three configurations, the stable in-
terstitial defects generated by cascade collisions are predomi-
nantly composed of Ti and V, albeit with varying relative con-
centrations. These interstitials consistently adopt dumbbell
configurations, with V-V, Ti-V, and Ti-Ti dumbbells being
the most prevalent, though their proportions differ among the
configurations. Notably, increasing chemical short-range or-
der leads to a systematic redistribution of both elemental com-

position and dumbbell types: (i) the fractional concentration
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of Ti interstitials rises while V decreases, with Ta and Nb re-
maining nearly invariant; (i) among dumbbell configurations,
V=V dumbbells show relatively minimal change, whereas Ti—
V fractions decline and Ti-Ti formations increase proportion-
ally. This evolution suggests that CSRO enhances Ti—Ti bond-
ing stability at the expense of mixed Ti—V coordination in
the defect structures. In contrast, the populations of other
interstitial configurations remain relatively stable, suggesting
that CSRO preferentially influences Ti-related defect struc-
tures while having minimal impact on other atomic species.
This phenomenon can be easily understood by the formation
energies of interstitials calculated in our previous study,'?! as
shown in Fig. 2(e). In TiVTaNb HEAs, the formation energies
of V=V, Ti-V, and Ti-Ti dumbbells are the lowest, followed by
V-Ta and V-Nb dumbbells. Ti—Ta and Ti-Nb dumbbells are
relatively high, while Ta—Ta, Ta—Nb, and Nb—Nb dumbbells
have the highest formation energies. The neighboring atomic
environment may determine whether a stable dumbbell can be
formed at this position. In the low and high CSRO models,
atomic pairs exhibit formation preferences, especially for the
preference of Ti—Ti and disfavoring of Ti—V, which is consis-
tent with the distribution of formed interstitials during cascade

collisions.

3.3. Defect clusters

The defect clustering behavior in TiVTaNb HEAs with
different configurations following cascade collision simula-

tions was presented in Fig. 3 and Table 2.

Table 2. Clustered defect fraction for cascade simulations in TiVTaNb
HEAs.

PKA energy Model Clustered vacancy Clustered
fraction interstitial fraction

SkeV RSS 0.36+0.17 0.11+0.07
low CSRO 0.43+0.13 0.14+0.08

high CSRO 0.35+0.16 0.15+0.09

10 keV RSS 0.43+0.14 0.15+0.08
low CSRO 0.3840.11 0.16+0.08

high CSRO 0.43+0.16 0.18+0.01

20 keV RSS 0.40+0.20 0.07+0.15
low CSRO 0.47+0.12 0.17+0.07

high CSRO 0.45+0.10 0.20+£0.07

The results demonstrate that both the PKA energy and the
degree of CSRO exhibit negligible influence on defect cluster-
ing in TiVTaNb HEAs. Variations in PKA energy and initial
configurations lead to only minor fluctuations in defect cluster-
ing rates, all within the margin of error. Notably, the vacancy
agglomeration rate consistently exceeds the interstitial ag-
glomeration rate across all conditions. This observation sug-
gests that CSRO primarily affects the defect formation stage
and the distribution of defect types, with minimal impact on
clustering behavior. Furthermore, comparative analysis with
previous cascade collision simulation results of pure vanadium
(V) and TiVTa MEAs using the RSS model reveals significant
differences. For instance, at a primary knock-on atom energy
of 10 keV, the interstitial agglomeration rate is 0.47£0.13 for
pure V, 0.2540.14 for the TiVTa MEAs, and further reduced to
0.15£0.08 in TiVTaNb HEAs, demonstrating the lowest value

z 20 % 30
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Z & 207
g g
8 10_ g
g g
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S S 10
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2 2
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=)
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Fig. 3. The number of different size vacancy and interstitial clusters for cascade simulations with different PKA energies (5 keV, 10 keV, 20 keV) for

RSS, low and high CSRO TiVTaNb HEAs.
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among the studied systems. Similarly, for vacancy cluster-
ing, the rates are 0.7840.10 for pure V, 0.32+0.16 for TiVTa
MEAs, and 0.43+0.14 for TiVTaNb HEAs. These results in-
dicate that TiVTaNb HEAs possess both the lowest interstitial
agglomeration rate and relatively low vacancy agglomeration
rate, highlighting the suppressing effect of multi-principal el-
ement characteristics on primary radiation damage. The re-
duced interstitial agglomeration rate can be attributed to two
key factors: retarded interstitial diffusion and lower binding
energy. Previous studies have shown that in the temperature
range of 500 K-1000 K, TiVTaNb HEA exhibits the low-
est interstitial diffusion coefficient compared to V and TiVTa
MEAs.[12] Additionally, both interstitial clusters and disloca-
tion loops in TiVTaNb HEA demonstrate the lowest binding

energies among these materials. 34!

3.4. Dislocation loops

Following the investigation of the effects of CSRO on
Frenkel pairs formation and defect clustering behavior in TiV-
TaNb HEAs during cascade collisions, we further analyzed the
influence of CSRO on dislocation loops formation. In cascade
collision simulations with PKA energy up to 20 keV, no dis-
location loops were observed in any of the cases. In contrast,
pure vanadium already exhibited 1/2(111) interstitial and va-
cancy dislocation loops at 20 keV, primarily due to the forma-
tion of fewer point defects and lower defect clustering rates in
TiVTaNb HEAs compared to pure vanadium. ! Our analysis
revealed that in cascade simulations with PKA energy up to
40 keV, there were no significant differences in the size, num-

ber, or occurrence probability of dislocation loops between
random and CSRO configurations of TiVTaNb HEAs, indicat-
ing that CSRO has minimal impact on these characteristics of
dislocation loops formation. Therefore, this section focuses on
the 40 keV simulations of high CSRO TiVTaNb HEA as a rep-
resentative case. As shown in Fig. 4, we observed the forma-
tion of different types of dislocation loops. Figures 4(a)—4(e)
and 4(f)—4(j) illustrate the formation processes of (100) and
1/2(111) vacancy-type dislocation loops, respectively. No-
tably, no interstitial-type dislocation loops were detected in
any of the simulation cases. Among 30 independent simu-
lations, only three cases exhibited dislocation loop formation,
suggesting that dislocation loop nucleation is particularly chal-
lenging in TiVTaNb HEAs. This phenomenon was consis-
tently observed in both the RSS model and low CSRO con-
figurations.

At higher PKA energies, the formation of interstitial dis-
location loops becomes possible. We speculate that CSRO
may influence the relative proportions of different atomic
species within interstitial dislocation loops in TiVTaNb HEAs.
Future studies could employ additional simulation methods,
such as kinetic Monte Carlo or cluster dynamics, to further
investigate the influence of CSRO on long-term irradiation
damage behavior. Furthermore, recent studies show that local
chemical short-range ordering can be tunable, for example via
heat treatment, this provides a fascinating avenue for the de-
velopment of irradiation-resistant HEAs better suited for nu-

clear applications.

v

e

(a) 0.05 ps

(b) 0.5 ps

(d) 10 ps

(f) 0.05 ps (h) 2.

ps

(i) 10 ps

Fig. 4. Representative snapshots of defect distribution for 40-keV cascade collision simulations in high CSRO TiVTaNb HEAs. Panels (a)—(e)
and (f)-(j) show the formation processes of 1/2(111) and (100) dislocation loop, respectively. Red and blue circles represent interstitials and

vacancies.

4. Conclusion

In the present study, the primary radiation damage has
been investigated systemically for TiVTaNb HEAs by molec-
ular dynamics simulations. Displacement cascade simulations
were carried out to study the production and evolution behav-
iors of irradiation defects. On the basis of the results presented

here and accounting for our previously published data, the fol-

lowing conclusions were obtained.

(i) CSRO can suppress the formation of Frenkel pairs in
TiVTaNb HEAs, with the suppression effect becoming more
pronounced as the degree of CSRO increases.

(ii) CSRO alters the types of interstitial defects generated
during cascade collisions in TiVTaNb HEAs. Specifically, as
the degree of CSRO increases, the proportion of Ti-related in-
terstitials shows a marked enhancement, primarily evidenced
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by a significant rise in Ti—Ti dumbbells accompanied by a cor-
responding decrease in Ti—V dumbbells.

(iii) CSRO exhibits negligible influence on defect cluster-
ing in TiVTaNb HEAs. Compared to pure V, both vacancies
and interstitials exhibit lower agglomeration rates, with inter-
stitial clustering being significantly suppressed relative to pure
V and TiVTa MEAs due to the reduced diffusivity and binding
energy with interstitial cluster.

(iv) CSRO has minimal effects on the nucleation and evo-
lution of dislocation loops in cascade collisions with PKA en-
ergy up to 40 keV. More importantly, TiVTaNb HEAs pre-
serves its exceptional radiation tolerance throughout the cas-
cade damage process regardless of CSRO conditions, suggest-
ing that the intrinsic properties of this multi-principal element
system dominate its radiation response.
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