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The primary radiation damage in pure V and TiVTa concentrated solid-solution alloy (CSA) was studied using a
molecular dynamics method. We have performed displacement cascade simulations to explore the generation and evolution
behavior of irradiation defects. The results demonstrate that the defect accumulation and agglomeration in TiVTa CSA are
significantly suppressed compared to pure V. The peak value of Frenkel pairs during cascade collisions in TiVTa CSA is
much higher than that in pure V due to the lower formation energy of point defects. Meanwhile, the longer lifetime of
the thermal spike relaxation and slow energy dissipation capability of TiVTa CSA can facilitate the recombination of point
defects. The defect agglomeration rate in TiVTa CSA is much lower due to the lower binding energy of interstitial clusters
and reduced interstitial diffusivity. Furthermore, the occurrence probability of dislocation loops in TiVTa CSA is lower
than that in pure V. The reduction in primary radiation damage may enhance the radiation resistance of TiVTa CSA, and
the improved radiation tolerance is primarily attributed to the relaxation stage and long-term defect evolution rather than
the ballistic stage. These results can provide fundamental insights into irradiation-induced defects evolution in refractory

CSAs.

Keywords: concentrated solid-solution alloy, primary radiation damage, molecular dynamics simulation

PACS: 61.72.J-, 02.70.Ns, 61.82.Bg

1. Introduction

Concentrated solid-solution alloys (CSAs) have been re-
ported to exhibit outstanding properties, such as good me-
chanical properties, radiation tolerance and corrosion resis-
tance, and are expected to be promising candidates to sat-
isfy the critical requirements for extreme service environments
in advanced reactor applications.!'! The body-centered cu-
bic (bcc) CSAs composed of refractory elements, such as
Ti, V, Ta, Nb, Zr, and Hf, have shown good physical prop-
erties due to the characteristics of the constituent elements
and core effects, namely, high entropy, severe lattice distor-
tion, sluggish diffusion and cocktail effects.[®-®! Recently, the
various properties of low-activation TiVTa series refractory
CSAs have been investigated, which have exhibited good ther-

[9- [12-

mal stability, °~'!] mechanical properties''>1% and irradiation

[17.18] 1t has been preliminary demonstrated that the

resistance.
irradiation-induced defect clusters and irradiation hardening
are suppressed in TiVTa CSA.['81 However, the underlying
mechanism of radiation damage in TiVTa CSA is still not
clear, and there is an urgent need for specialized research.
Neutrons or ions can transport part of their energy to
atoms, resulting in the creation of a primary knock-on atom
(PKA) during irradiation. '] Then, cascade collisions are pro-
voked and a large number of Frenkel pairs (FPs) are produced.

These point defects can move through the material and diffuse
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and cluster at different locations, leading to the formation of
extended defects, such as voids, stacking fault tetrahedra or
dislocation loops./?%! In the long-term, the evolution of irradi-
ation defects can result in the long-range irradiation-induced
damage phenomena, such as irradiation swelling, radiation-
induced segregation and precipitation, which can affect the
mechanical properties of materials. Therefore, the generation,
distribution and evolution of defects during displacement cas-
cades play an important role in revealing the mechanism of
irradiation resistance in TiVTa CSA.

Molecular dynamics (MD) is a powerful methodology
that is used to investigate the generation and evolution behav-
ior of irradiation-induced defects in both conventional met-
als and CSAs.!"~28] Multiple studies have shown that CSAs
possess radiation damage resistance, which mainly originate
from the alteration of defect formation energies and migra-
tion dynamics. 2?21 In Ni-based CSAs with face-centered cu-
bic (fce) structures, the suppressed damage accumulation and
evolution caused by a higher defect recombination rate dur-
ing cascade collision simulations were observed compared
to pure Ni, which can be explained by the reduced thermal

[23-25

conductivity and enhanced thermal spike. I Furthermore,

Ni-based CSAs have shown better radiation resistance due
to the reduction of interstitial mobility with increased alloy

262
y.126-29

complexit I Meanwhile, in Mo-based refractory CSAs,
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more principal elements may not result in better radiation
resistance from the perspective of the displacement cascade
process.*") Based on Frenkel pair accumulation simulations,
it is concluded that the clustering behavior of defects in bce
TiVTa and VTaW CSAs can be affected by the chemical fluc-
tuations, leading to small defect clusters or even discrete point
defects.”?! In MoNbTiV-based bcc CSAs, only dislocation
loops were formed after helium ion irradiation, while no voids
or precipitates were observed, thus showing good irradiation
resistance.?! In TiVTa CSA under He ion irradiation, the
irradiation-induced segregation is weak.!!”! In addition, the
suppressed aggregation of irradiation-induced defect clusters
is observed in TiVTa CSA under Ti ion irradiation. Here, dis-
location loops are the main contributors to irradiation-induced
hardening, and the density and size of dislocation loops are
both smaller than those of pure V, showing good resistance to

(18] while the underlying mech-

defect production and growth,
anism has not yet been ascertained. Dislocation loops are usu-
ally observed as a result of the migration and agglomeration of
interstitial atoms or vacancies.?>33] Therefore, the formation
and diffusion of point defects can affect the behavior of pri-
mary damage under radiation. The peculiar point-defect prop-
erties originating from the chemical complexity and lattice dis-
order in TiVTa CSA have been studied recently in our reported

results. 13433

I'Tt is found that defect formation and migration
energies exhibit broad distributions, sluggish defect diffusion
was observed compared to pure V. However, the generation
and evolution behavior of irradiation defects in TiVTa CSA
still remain unclear; a detailed study on the primary radiation
damage is needed to further investigate the irradiation perfor-
mance of TiVTa CSA.

In this work, primary radiation damage simulations in
pure V and TiVTa CSA were performed using the molecu-
lar dynamics method. Displacement cascades were carried out
and the evolution behavior of irradiation-induced defects was
analyzed, including Frenkel pairs, defect clusters and dislo-
cation loops. The remainder of this paper is divided into the
following parts. In Section 2, the computational methods are
described. Section 3 presents and discusses our simulated re-
sults of the generation and evolution behavior of defects in
pure V and TiVTa CSA. Finally, a summary is given in Sec-
tion 4.

2. Methodology

The cascade collision simulations were performed using
the large-scale atomic/molecular massively parallel simulator
(LAMMPS).[36] The Ti—V-Ta interatomic potential 3”! based
on the Finnis—Sinclair formalism was used, which is suitable
for atomistic simulations of defects production and evolution
behavior. PKA energies of 10 keV, 20 keV, and 40 keV were
applied. To guarantee the cascade included in the system,

the box size was set to 150ag x 150ag x 150ag, and the lat-
tice parameter ag for pure V and equi-atomic TiVTa CSA was
3.037 A and 3.214 A, respectively. The simulated configu-
rations were derived by altering the distribution of elements
while keeping the concentration constant. Once the cascade
collision exceeded the boundary of the simulation box, the
simulation results were discarded; 30 simulations were per-
formed for each case. Periodic boundary conditions were em-
ployed along all directions.

The system was initially relaxed to an energy minimiza-
tion using a conjugate gradient method, followed by a 25 ps
relaxation under an isothermal—isobaric ensemble (NPT) at
300 K. An atom near the center of the system was selected
as a PKA. Then, the displacement cascade process was con-
ducted in the microcanonical ensemble (NVE) with a variable
timestep. To ensure full annealing of cascading collisions, all
simulations were carried out with a total of 100 ps. The atomic
position information was output at different moments for anal-
ysis.

The Open Visualization tool and its included tools38#1]
were used to visualize and analyze the evolution behavior
of defects.
ing Wigner—Seitz defect analysis. The cluster analysis tool

The formed Frenkel pairs were identified us-

was used to define the defect clusters, where the cut-off ra-
dius is the second-nearest-neighbor distance and third-nearest-
neighbor distance for vacancy and interstitial clusters, respec-
tively. The formed dislocation loops were analyzed using the
implemented dislocation extraction algorithm (DXA). Struc-
ture analysis was carried out using polyhedral template match-
ing (PTM), with the root-mean-square deviation (RMSD)
equal to 0.2.

To better understand the interstitial clustering behavior,
the binding energies of interstitial clusters of different sizes
were calculated. The binding energy of an interstitial cluster
with 7 interstitials, Eél A2resin - can be calculated using

Eél"iz""’in _ iE;J 7E1£l’i2""i"7 1)
=1
o N
S %Ezw 2)

where E;’ is the formation energy of a single interstitial de-
fect j, and Etf] 420 i the formation energy of an interstitial
cluster with n interstitials.[?>42] Here, Eé‘ A2rin can be calcu-
lated using formula (2), where Ex., and Ey are the energies
of supercells with and without » interstitials, and N is the total
number of atoms.

3. Results and discussion
3.1. Frenkel pairs

First, the generation and recombination behavior of point
defects were studied. The evolution of the number of Frenkel
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Pairs generated during cascade collision simulations with
three different PKA energies is plotted in Fig. 1. After the
introduction of PKA, FPs are generated continuously during
cascade collisions and the number of FPs rises rapidly to the
peak. This process can last approximately 0.3 ps to 2 ps, de-
pending on both the type of simulated material and the PKA
energy. When the number of point defects reaches its peak, it
starts to decrease due to the recombination of vacancies and
interstitials during the relaxation of the thermal spike, and fi-
nally reaches a stable value after about 5 ps to 20 ps. The
relaxation of the thermal spike can be defined as the period
starting from the moment when the maximum number of FPs
is reached and extends to the subsequent stable stage.[?3! Tak-
ing the cascade collision simulations with a PKA of 10 keV
as an example, the peak damage occurs at 0.35 ps and 1 ps
for pure V and TiVTa CSA, respectively. The number of point

defects in pure V is found to reach a steady state after 5 ps,
while it requires approximately 10 ps in TiVTa CSA, suggest-
ing a longer recombination time of point defects in the lat-
ter. The thermal conductivity of pure V is 35 W-m~'.K~! at
room temperature, 3! and it is 20 W-m~!-K~! in TiVTa CSA
tested by our team. The lower thermal conductivity can re-
tard the heat dissipation of the cascade core in TiVTa CSA,
which is believed to account for the longer lifetime of the re-
laxation of the thermal spike and the higher defect recombina-
tion efficiency.!?! Compared with pure V, the number of peak
defects in TiVTa CSA is much higher, which can be explained
by the lower formation energies of the point defects reported
in our previous results.[>*33! Although TiVTa CSA has longer
time for defect recombination, the average number of surviv-
ing defects in TiVTa CSA is still a little higher than that in
pure V.

2 1041(a) 10 keV (b) 20 keV (c) 40
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Fig. 1. The average number of Frenkel pairs versus time for cascade collision simulations with different PKA energies (10 keV, 20 keV, 40 keV)
for pure V (black squares) and TiVTa CSA (blue triangles). The error bars indicate the standard deviation after averaging over all cascades for

each case.
[
[ o
N 2
F1o =) e 1.0 o
2 [ J1ivTa = [ ]TivTa
2 0.8 £ 0.81
g 2
3 i I
= 0.6 I £ 0.6+
g I g
£ 0.4 £ 0.4- I
=] <
— it
© 0.2 2 0.2
8 ’—T—‘ g
g 3
2 0 T T T T 2 0 T T T
& Vv VTi TiTi Other type & v Ti Ta
Dumbbell type Atom Type

Fig. 2. The fraction of different (a) dumbbell-type and (b) atom-type in-
terstitials in the 10 keV cascade collision simulations in TiVTa CSA.
Based on the 10 keV cascade collision simulations, the
statistics of surviving interstitial types in TiVTa CSA are ob-
tained in Fig. 2. It is found that interstitials exist mostly
in the form of VV, VTi and TiTi dumbbells, which agrees
with the results of defect formation energies gained by first-
principles calculations in our previous studies.?**3 In TiVTa
CSA, VV and VTi dumbbells have lower formation energies of
1.50£0.21 eV and 1.83 +0.23 eV, respectively. TiTi dumb-
bell formation energies are a little higher at 2.25 4+0.23 eV.
Dumbbells containing Ta atoms are the most difficult to form
with the highest formation energies. Since V atoms have a
smaller atomic radius than Ti and Ta atoms,**! they are much

more inclined to exhibit as interstitials. Furthermore, Ti atoms
have positive binding energy with V atoms, while Ta atoms are
repulsive to V atoms.?”] Therefore, VV and VTi dumbbells
are the most stable configurations in TiVTa CSA. The forma-
tion energy of point defects can affect the evolution of clusters
and help to understand the behavior of irradiation defects over
a longer time scale.

3.2. Defect clusters

Within a displacement cascade, small vacancies and in-
terstitial clusters can form via defect aggregation. Figure 3
illustrates the number of interstitial and vacancy clusters in
the stable configurations, which are counted and classified
according to the cluster size. It has been demonstrated that
vacancies tend to be more concentrated in pure V, while in-
terstitials generally remain in a single interstitial state. The
clustered fraction of vacancies is much higher than that of
interstitials. Moreover, the occurrence probability of large-
sized vacancy clusters is higher than interstitial clusters. As
shown in Figs. 4(a) and 4(b), the agglomeration rates of va-
cancies and interstitials in TiVTa CSA are both lower than
those of pure V. And there is no significant difference between
the clustered fractions of vacancies and interstitials in TiVTa
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CSA. The PKA energy has little influence on the clustered de-
fects fraction within the range of 10 keV to 40 keV. Moreover,
TiVTa CSA has fewer large-sized defect clusters than pure V.
The number of defect clusters decreases as the cluster size in-
creases.

40

40

20

2 3-10 11-20 21+

1 2 3-1011-20 21+ 1 2 3-10 11-20 21+
60 60
(b) 20 keV Bl TiVTa (e) 20 keV El TiVTa
v v

30 30

2 3-10 11-20 214
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Fig. 3. The average number of different sized (a)—(c) interstitial clus-
ters and (d)—(f) vacancy clusters in pure V and TiVTa CSA after cascade
collision simulations with different PKA energies.

It is indicated that the formation energies of interstitials
and the binding energies of interstitial clusters can help one

to judge the performance of defect evolution behavior.[*?l As
shown in Fig. 4(c), it can be concluded that TiVTa CSA has
the lowest interstitial-cluster binding energies due to compo-
sitional heterogeneity!*°! compared to pure V, which means
fewer clusters can form and survive. Furthermore, there is
much more difference in the diffusion behavior of interstitials
between pure V and TiVTa CSA, the diffusion of interstitials
in TiVTa CSA is severely suppressed.!*! The reduced inter-
stitial diffusivity in TiVTa CSA is believed to contribute to
the suppressed clustering of defects. Due to the severe lat-
tice distortions caused by the random arrangement of multi-
ple constituent elements, the diffusion of interstitials in TiVTa
CSA is hindered and the migration barrier is much higher
than that of pure V.[*>! Meanwhile, interstitials in TiVTa CSA
exhibit three-dimensional diffusion, while interstitials diffuse
one-dimensionally in pure V when the temperature is lower
than 600 K.[*! Tt is concluded that the clustering behavior of
defects in bec TiVTa CSA can be affected by the chemical
fluctuations, leading to small defect clusters or even discrete
point defects. The accumulation of point defects is suppressed
in TiVTa CSA, which can improve the difficulty of the for-
mation of large-sized defect clusters. Although the number
of surviving point defects generated by cascade collisions in
TiVTa CSA is relatively higher than pure V, the defect agglom-
eration rate is much lower. This is due to the lower binding
energy of interstitial clusters and sluggish diffusion of intersti-
tials, leading to fewer defect clusters and better resistance to
defect growth.
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Fig. 4. (a)—(b) Clustered defect fractions of cascade simulations with different PKA energies. (c) The binding energy of interstitial clusters in

pure V and TiVTa CSA.

3.3. Dislocation loops

Dislocation loops are generally irradiation-induced de-
fects in bee metals, which are the dominant contributions to
irradiation hardening in pure V and TiVTa CSA.['8] As shown
in Table 1, the number of different types of dislocation loops
created under different conditions is counted. No dislocation
loops can be observed at the PKA energy of 10 keV, which
is consistent with the few defect clusters. The formation of
dislocation is predominated by the clustering of vacancies or
interstitial atoms. The occurrence probability of large clusters

improves with the increase in PKA energy. When the PKA en-

ergy increases to 20 keV, (1/2)(111) interstitial and vacancy
loops appear in many cases of pure V. Due to the lower defect
agglomeration rate in TiVTa CSA, fewer dislocation loops are
created during cascade collisions than in pure V, and the size
of the dislocation loops is smaller. Compared with pure V, dis-
location loops are more difficult to form in TiVTa CSA. When
the PKA energy equals 40 keV, (1/2)(111) dislocation loops
are found in both pure V and TiVTa CSA. Here, (100) inter-
stitial and vacancy dislocation loops are observed in pure V,
while only (100) vacancy loops can be seen in TiVTa CSA
among all the 40 keV simulations. It is indicated that the re-
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duction in primary radiation damage may contribute to the ir-
radiation resistance in TiVTa CSA. In addition, for pure V,
point defects are more likely to form dislocation loops with
Burgers vectors of (1/2)(111) rather than (100), which is con-
sistent with the calculated formation energies of dislocation
loops,[#®! while the formation preference of dislocation loops
cannot be determined in TiVTa CSA.

Table 1. The counts of different types of dislocation loops in pure V

and TiVTa CSA, statistically based on 30 cascade simulations for each

condition.

Ey (1/2)(111) (100) (1/2)(111) (100)
( k:V) Metal interstitial  interstitial vacancy vacancy
loops loops loops loops
10 v 0 0 0 0
TiVTa 0 0 0 0
20 \Y 4 0 8 0
TiVTa 1 0 0 0
40 v 4 1 10 1
TiVTa 3 0 0 1

After cascade collisions, a few dislocation loops were ob-
served in TiVTa CSA, including (1/2)(111) interstitial dis-
location loops and (100) vacancy dislocation loops. In Fig. 5,
the typical morphologies of peak damage and the surviving de-
fects for 40 keV cascades in TiVTa CSA are displayed: (al)-
(d1) for the (100) vacancy dislocation loop, and (a2)—(d2) for
the (1/2)(111) interstitial dislocation loop, respectively. In
Fig. 5(al), it can be seen that sub-cascades can occur when
the PKA energy is high enough, while in Fig. 5(a2) the cas-
cade core is compact. Figures 5(bl) and 5(b2) show the final
configurations, containing mostly point defects. The discrete
distributions of point defects are demonstrated in Figs. 5(cl)
and 5(c2); isolated defects and small clusters with the sepa-
ration of vacancies from interstitials can be seen intuitively.
Vacancies are distributed in the core of the cascade collision,
while interstitials are scattered around them, which is mainly
caused by the easier diffusion for interstitials than vacancies.
Moreover, figures 5(d1) and 5(d2) illustrate two typical struc-
tures of dislocation loops in TiVTa CSA, namely, the (100) va-
cancy dislocation loop and the (1/2)(111) interstitial disloca-
tion loop, with the latter mainly consisting of V and Ti atoms.
Recently, the microstructure induced by Ti ion irradiation at
room temperature in TiVTa CSA has been investigated.!!8]
No irradiation-induced precipitation was observed, and the el-
emental clustering was insignificant. Moreover, the average
size and density of dislocation loops in TiVTa CSA were both
smaller than in pure V, and loop rafting was only observed in
pure V. It is found that the simulation results of cascade col-
lisions agree with the experimental phenomenon, and the size
and number of defect clusters in TiVTa CSA are much lower
than those in pure V.!"8 It should be noted that the displace-
ment cascades occur within a short period, much shorter than
the experimental time scale. Therefore, the direct compari-
son of dislocation loops between simulations and experiments

is inappropriate. It is necessary to simulate the evolution be-
havior of defects over a longer time scale using other meth-
ods, such as the kinetic Monte Carlo method or the cluster
dynamics method. However, the displacement cascades sim-
ulation results can still qualitatively explain relevant phenom-
ena. The simulation results show that the generated Frenkel
pairs in TiVTa CSA are higher than those in pure V, while
the defect agglomeration rate is much lower, leading to fewer
irradiation-induced clusters or dislocation loops. By analyzing
the difference in the production and evolution of irradiation de-
fects, it is concluded that the improved radiation tolerance in
TiVTa CSA is primarily attributed to the thermalization of the
collisions rather than the ballistic atom collision processes.

»

K °
1/25111>

Fig. 5. Representative snapshots of defect distribution for 40 keV cas-
cades in TiVTa CSA. (al) and (a2) The atom structure when close to the
peak damage state. (bl) and (b2) The final defect configurations. Struc-
ture types are given by PTM. Atoms are colored according to their struc-
tures: hexagonal close-packed (red), fcc (green), and unknown (white);
all bee atoms have been removed. (c1) and (c2) The distribution of FPs;
the red and blue atoms represent interstitials and vacancies, respectively.
(d1) and (d2) The (100) and (1/2)(111) dislocations identified by DXA.

In addition, it has been observed that, in comparison with
pure V, dislocation loops with Burgers vectors of (100) are the
predominant defects after ion irradiation. This is not in contra-
diction with the theoretical simulations of cascade collisions,
where both (100) and (1/2)(111) dislocation loops have been
observed. It is believed that the prevalence of (100) loops in
TiVTa CSA may be ascribed to further defect development or
specific loop reactions, which require further investigation. In
o-Fe, the formation mechanism of (100) dislocation loops has
been studied widely. Riding the supersonic shockwave gener-
ated in the cascade collision, interstitials can be punched out
to form (100) dislocation loops in a few picoseconds.*”] In
future, we can carry out similar cascade collision simulations
with higher PKA energies and larger boxes to study the prob-
able existing mechanism in TiVTa CSA.

4. Conclusion

In the present study, primary radiation damage has been
investigated systemically in pure V and TiVTa CSA via molec-
ular dynamics simulations. Displacement cascade simulations
were carried out to study the generation and evolution behav-
ior of irradiation defects. The following conclusions can be
obtained.
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(i) TiVTa CSA exhibits a substantially long lifetime of
thermal spike relaxation and possesses slow energy dissipation
ability due to low thermal conductivity, which can enhance the
recombination of point defects.

(ii) The defect agglomeration rate in TiVTa CSA is much
lower than that in pure V due to the smaller binding energy
of interstitial clusters and reduced interstitial diffusivity, fewer
defect clusters can form during cascade collisions.

(iii) Compared to pure V, it is more difficult to form dis-
location loops in TiVTa CSA. The reduction in primary ra-
diation damage in cascade simulations may contribute to the
irradiation resistance of TiVTa CSA, and the improved radi-
ation tolerance is primarily attributed to the thermalization of
the collisions and long-term defect evolution rather than the
ballistic atom collision process.
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