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Ti35 alloy (Ti-6wt.%Ta) has greatly promising applications in nuclear industries due to its excellent overall
performance. Nevertheless, atomistic mechanisms of its defect clustering evolution due to long-term exposure to
irradiation remain scarcely understood by far. Here we investigate the heavy irradiation damage in Ti35 alloy
with a dose of up to 4.0 canonical displacement per atom (cDPA) using atomistic simulations of Frenkel pair
accumulation. Results show that defect clustering becomes remarkable before 0.04 cDPA and thereafter tends to
be relatively stable, and the fraction is not directly dependent on the irradiation dose. Interstitials exhibit a
stronger ability than vacancies to form clusters and especially the Nj,>5 clusters may cause the formation of 1/
3<1 210> dislocation loops. Compared to the matrix, Ni,<5 interstitial-type defects show a depletion of Ta

atoms, while Nj,>5 clusters are Ta-rich. This study provides an important insight into the understanding of the
irradiation damage behaviors for Ti35 alloy.

Titanium (Ti) alloys, because of their superior mechanical proper-
ties, corrosion resistance, and low neutron-induced activity, have
attracted tremendous attention in the nuclear industries in recent de-
cades [1-6]. Among the variety of Ti-based materials, the a-type Ti35
alloy (Ti-6wt.% Ta) has been proven to possess excellent long-term
corrosion resistance in a nitric acid solution containing fluoride ions
(akin to the corrosive environment of the next-generation molten salt
reactors [7]) and successfully applied in a spent nuclear fuel reproc-
essing facility in China [8-11]. On the other hand, motivated by the
demand for developing new materials for advanced nuclear reactors, it
has also been highly expected to adopt Ti35 alloy as the in-core struc-
tural material [9]. In these nuclear applications, one problem for the
Ti35 alloy that has to be faced is serious irradiation damage [1-6].
Nevertheless, to the best of our knowledge, current research on Ti35
alloy has focused on examining its corrosive and mechanical charac-
teristics, and the irradiation effects of Ti35 alloy have rarely been
studied [12], especially the physical reasoning behind the defect clus-
tering evolution on the atomic scale due to long-term irradiation.
Therefore, understanding the irradiation damage behaviors early is of
fundamental importance for developing irradiation-resistant Ti35 alloy

for nuclear applications.

From the present reality perspective, classical molecular dynamics
(MD) is still the most appropriate method to study the mobility of de-
fects, clustering evolution, and their interactions, compared to experi-
mental measurements with various limitations [13-16]. In particular,
the Frenkel pair accumulation (FPA) method based on MD technology,
proposed by Christensen et al. [17] and Derlet et al. [18], provides a
feasible path for simulating a material irradiated to a dose as high as
several displacements per atom (DPA). In this method, randomly
distributed Frenkel pairs (FPs) produced by a displacement cascade are
artificially inserted into their matrix periodically, followed by static and
thermodynamic relaxations between adjacent insertions, in which we
can observe long-term irradiation-induced damage. For example,
Maxwell et al. [19] reasonably stated the mechanisms of experimentally
observed anisotropic growth of Zr based on the method. Hence, the FPA
method is adopted herein to investigate the defect clustering evolution
in an irradiated Ti35 alloy, and the effect of Ta on defect clustering is
focused on.

FPA simulations were implemented based on the parallel MD code
LAMMPS [20], and subsequent visualizations were rendered with
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OVITO software [21]. For the simulations, a single crystal hcp-Ti35
cubic box with the size of 73.7 x 102.1 x 120.3 A3 (containing 50,
000 atoms (N;q)) was created along [ 12 101, [ 1010], and [0001]
crystallographic orientations, in which 830 Ta atoms, corresponding to a
concentration of 1.7 at.%, are randomly distributed. The Ti-Ti, Ti-Ta,
and Ta-Ta interactions were described by the embedded atom method
(EAM) potential developed by Zhou et al. [22]. Each calculation was run
by imposing periodic boundary conditions. After a conjugate gradient
(CG) minimization, the single crystal was thermally relaxed with the
Nose-Hoover isobaric-isothermal ensemble (NPT) under zero pressure at
300 K for 20 ps. Subsequently, the FPA procedure was initiated as fol-
lows: 1) Nges atoms were randomly chosen and removed, and then the
same number of atoms were inserted at different random sites in the
system; 2) Then the damaged system was subjected to a CG minimiza-
tion to release the stress (i.e., iteratively adjusting atom coordinates and
pushing the highly overlapped atoms (large energies and forces) off of
each other) and then re-equilibrated with NVT ensemble at 300 K; 3)
Steps 1) and 2) were repeated until reaching the desired irradiation
dose. Herein, the Ng,s was determined as 20 in each loop, corresponding
to an increment of 4 x 10~ # canonical DPA (cDPA, a DPA literal meaning
defined in Ref. [18]). The relaxation time of each loop varied from 67.5
to 562.5 ps with a time step of 0.005 ps. Eventually, the irradiation dose
of 4.0 cDPA (i.e., 10,000 x Ngef/Niora) Was received by executing 10,000
loops, and the average dose rate was regulated as 5.525 x 10° cDPA-s ™1,
the same order of magnitude as the previous studies [19,23]. The
Wigner-Seitz cell method [16,23] was employed to detect the FPs dur-
ing irradiation, and the cluster analysis with a cutoff radius of 3.1 A (i.e.,
0.2 A larger than the distance of nearest-neighbor atoms predicted by
the EAM potential [22]) was further applied to identify defect clusters.

Fig. 1 displays the snapshots of the defect distributions in the
simulation box after 0.04, 0.173, 2.0, and 4.0 cDPA, respectively. These

Fig. 1. Defect distributions obtained after different irradiation doses in the
simulation box. (a) 0.04 cDPA. (b) 0.173 cDPA. (c) 2.0 cDPA. (d) 4.0 cDPA.
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four doses are selected because they correspond to the ascent, vicinity of
initial saturation site, dose midpoint, and final state in the profile of the
surviving FPs related to irradiation dose in the system [18,24], respec-
tively, which facilitates vivid clarification of the defect evolution. At the
dose of 0.04 cDPA, very few vacancies form clusters because they have
been away from each other, while most of the interstitials show signif-
icant clustering. This may be because the migration energy of in-
terstitials is usually significantly lower than that of vacancies [25,26],
which causes a rapid migration and aggregation of interstitials while a
relative difficulty for vacancies to migrate at 300 K within the MD time
scale. After 0.173 cDPA, small vacancy clusters show an increase, while
interstitial clustering behavior further intensifies and causes the
continuous aggregation of dispersed small clusters into large clusters.
Especially, most of the large interstitial clusters seem to prefer to arrange
along the xz-crystallographic plane and adsorb several Ta atoms. At 2.0
cDPA, a very noticeable phenomenon is that most of the interstitials are
further clustered and zonally distributed on the same crystallographic
planes, which may be due to the formation of interstitial-type disloca-
tion that is like the observation in hcp-Zr by Maxwell et al. [19]. The
large interstitial clusters always remain in the plane configuration
before reaching 4.0 cDPA, highlighting the stabilization of the defect
configuration. Despite a significant increase in dose, the vacancies are
still scattered all over the box and only form small clusters rather than
large clusters (see Fig. 1(d)), like the situation at 0.173 cDPA. These
suggest that the continued increase in dose after 2.0 cDPA does not
result in a fundamental change in the distribution of defects but only
induces the reorganization of local crystal defects. During the whole
process, more and more Ta atoms are displaced from their lattice sites
and captured into interstitial clusters, which may play a role in pinning
the clusters and suppressing their growth [27].

The clustering fractions related to the cluster size at different doses
are shown in Fig. 2 to highlight the defect clustering behaviors. The
clustering fraction of interstitials or vacancies at a certain irradiation
dose is counted according to the following equation [28].

5
== 1
ox Nirs 1)

where Ng( denotes the number of X (i.e., interstitial or vacancy) in the ith
X cluster, and n represents the total number of X clusters. When Ny, > 3
or Nij: > 4, it is simply identified as a vacancy or interstitial cluster,
respectively [28]. Both interstitials and vacancies show a fast-clustering
rate before 0.04 cDPA and thereafter seem to have a relatively stable
clustering. For the case of interstitial clustering, an almost constant
proportion of zero occurs for the N = 5 clusters over the course of the
process, while the proportions of Ny, = 4 and N, > 5 clusters mainly
fluctuate around 10% and 80%, respectively, independent of irradiation
doses. In addition, the proportion of interstitials not in any clusters only
accounts for approximately 10% on most occasions. These indicate that
it is easy for interstitials to aggregate after irradiation. Noticeably, the
proportions between different types of interstitial clusters seem to
exhibit the behavior of transformation periodically during irradiation,
which is mainly manifested as an increase or decrease in the reverse of
the proportions of low-order (e.g., Nips = 4 or Nips < 4) and high-order (i.
e., Nipe > 5) clusters, shown along the guidance arrows in Fig. 2(a). This
reverse behavior may be explained simply as follows. On one hand, since
the low-order clusters are often prone to become the nucleation sites of
prism-plane dislocation loops in hcp crystals that give them relatively
low formation energy [29,30], they tend to glide back and forth along
the [12710] direction and then aggregate quickly or be trapped by
other large clusters, causing a decline in the proportion of low-order
clusters while an increase in the proportion of high-order clusters. On
the other hand, a supersaturated large cluster may be decomposed into
several small clusters (e.g., Nipy = 4 clusters) or isolated interstitials
under local deformation stress during its migration, which can again
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Fig. 2. Fractions of point defects in clusters of different sizes as a function of dose.

clusters is marked out by dotted arrows.

cause the increase of the proportion of low-order clusters while the
decrease of the proportion of high-order clusters. For the case of vacancy
clustering, the proportions of Nyg. = 3, Nygc = 4, and Ny, > 4 clusters,
from an overall perspective, almost remain stable around 8%, 4%, and
4%, respectively, all of which are far below that (approximately 84%) of
vacancies not in any clusters. The very low proportion of vacancy
clusters (especially N,q > 3 clusters) indicates that the formation of
large clusters is very difficult in this study due to the high migration
energy of vacancies at 300 K [27,30] and a lack of quick defect
annealing like that during collision cascades [16,25]. Consequently, this
makes the vacancies not in any clusters have the highest proportion,
which may have an important impact on vacancy clustering and evo-
lution at high doses. A combination of the FPA algorithm and collision
cascade simulations may be required to further clarify it in the future
work. Taken together, the clustering fraction of interstitials is signifi-
cantly higher than that of vacancies. Interstitials have a greater proba-
bility of forming large clusters, while it is very difficult for vacancies to
accumulate into voids under current conditions. Many experimental
observations have demonstrated that the failure of metals is dominated
by irradiation hardening and embrittlement below 0.4T,, (where Ty,
denotes the melting temperature) [31], which results from the genera-
tion of interstitial-type dislocations or dislocation loops and their in-
teractions [32,33]. The phenomenon observed in this work that the
interstitial-type dislocations are more prone to form can also confirm
the experimental conclusions. In addition, in a sense, an increase in
irradiation dose does not seem to trigger irregular changes in the pro-
portions of different types of interstitial or vacancy clusters.

To acquire a better intuition of the evolution of different types of
clusters, the snapshots of the distributions of interstitial and vacancy
clusters with different sizes in the simulation box after 0.04, 0.173, 2.0,
and 4.0 cDPA are presented in Fig. 3 and A1, respectively. At 0.04 cDPA,
only four Nj, = 4 clusters form, even inexistent for N,y = 5 clusters,
while most of the interstitials aggregate into Nj,; > 5 clusters, which are
distributed in various areas of the box. Several complex interstitial
clusters have emerged. A handful of interstitials not in any clusters are
retained, whereas most of the vacancies don’t cluster, highlighting that
interstitials are more likely to form clusters (especially Nj,; > 5 clusters)
than vacancies at 300 K. At 0.173 cDPA, the Nj;; > 5 clusters exhibit a
decline in number density while an increase in size, which may be

(a) Interstitial. (b) Vacancy. Transformation periodically in Nj,; < 4 or N, > 5

attributed to the aggregation between clusters and their capture of
surrounding interstitials. Apart from Ny, > 5 clusters, there is no sig-
nificant change for other interstitial clusters. We can observe that most
of the N, > 5 clusters have the same arrangement as that of parallel
crowdions with their axis along the [ 12 10] direction, and the complex
clusters tend to form the dislocation loops with a Burgers vector of b =
1/3<1 210> as this type of dislocation is energetically favorable in hcp
crystals. Meanwhile, vacancies in number and their clustering are
increased, but the number of clusters is still relatively low. At 2.0 cDPA,
either interstitials or vacancies, their low-order clusters increase in
number, and the high-order clusters have a significant enlargement in
size. Further analysis reveals that the region around the flat and large
clusters in Fig. 3(c4) mainly generates a 1/3<1 210> interstitial-type
dislocations loop (with a length of 134.7 A) aligned in bands parallel
with the ("1010) plane due to the continuous glide and aggregation of
low-order clusters along the [ 12710] direction, highly consistent with
the experimental observations in other Ti alloys [2]. Especially, the
dislocations could trap their nearby defects and then keep growing at
higher doses. The emergence of an extra interstitial plane near the cell
boundary also may be because the growth of a dislocation penetrates the
boundary and it feels own forces. Further studies may need to clarify this
point. At 4.0 cDPA, apart from the further growth of the flat
interstitial-type defects in Fig. 3(d4), other interstitial clusters have no
noteworthy difference in number and size relative to those at 2.0 cDPA,
suggesting that the scale of interstitial clustering has already been close
to its saturation. Furthermore, there is still a continuous increase in the
number of vacancy clusters, as well as their sizes, because of the further
trapping of clusters on nearby vacancies. This indicates that vacancy
clustering has not reached its saturation point after irradiation of 4.0
cDPA dose.

In Fig. 3, the distributions of Ta atoms in different interstitial clusters
also can be observed. With the increase of irradiation dose, the number
of Ta atoms in clusters, especially in Ny, > 5 clusters, has a slightly
increasing trend. However, compared to Ti atoms, the content of Ta
atoms in the clusters appears to be much lower. In addition, the segre-
gation of Ta also does not occur in the clusters. To further understand the
effect of Ta on clustering, the fractions of Ta atoms in interstitial clusters
of different sizes versus irradiation doses are shown in Fig. 4. The Ta
concentration in interstitial clusters at a certain irradiation dose can be



H. Huang et al.

Nint >3

|
|

/)

<t g .. -
I
= )
— =
(a1 —__ (b .
< |- g - 1.. -
\Y § o |
= .

0.04 cDPA

0.173 cDPA

Vacuum 211 (2023) 111952

|

2.0 cDPA

4.0 cDPA

Fig. 3. Distributions of interstitial clusters of different sizes after different irradiation doses in the simulation box. (a) 0.04 cDPA. (b) 0.173 cDPA. (c) 2.0 cDPA. (d)

4.0 cDPA.

obtained as follows

; (NTa {N:ﬂt)

n
2 Niw
i=0

O1a =

~
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where Nj,, refers to the number of interstitials in the ith cluster, and
Nrq |N§m is the number of Ta atoms in the ith cluster. Like that in Fig. 2(a),
the fraction of Ta atoms presents a rapid increase before 0.2 cDPA, and
thereafter tends to stabilize in the form of fluctuations. After 0.2 cDPA,
the fractions of Ta atoms in Nj, = 4 and Ny > 5 clusters mainly fluctuate

around 0.5% and 4.5%, respectively, and approximately 0.5% of Ta
defects not in any clusters. Due to almost no Ni,; = 5 clusters, the fraction
of Ta atoms in such clusters remains zero. Compared to the Ta concen-
tration of raw alloy, the Nj,; < 5 interstitial-type defects show a deple-
tion of Ta almost throughout the irradiation process, while the Nj;s > 5
clusters are Ta-rich. Granberg et al. [27] investigated the response of
several FeCr alloys with different Cr contents (varying from 2.5 to 20 at.
%) to massively overlapping cascades and found that different from the
medium (only Cr-rich in single interstitials) and high (Cr-depleted in all
sizes of interstitial clusters) Cr-containing alloys, not only low-order
clusters but high-order clusters have an excess of Cr in the low
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Fig. 4. Fractions of Ta atoms in interstitial clusters of different sizes. The
dashed line denotes the Ta concentration in the raw Ti35 alloy.

Cr-containing (<5 at.%) alloys. Considering that Ti35 alloy also has the
characteristic of low solute content, the difference in Ta concentration
between interstitial clusters of different sizes may be explained by
referring to the low Cr-containing (<5 at.%) alloys irradiated [27]. For
the depletion of Ta in low-order clusters, this may be because, in the
clusters, the average binding energy of Ti-Ti is higher than that of Ti-Ta
and Ta-Ta (the highest for Fe—Cr in the low Cr-containing alloys in the
same situation [27]), which makes the clustering almost completely
dominated by Ti interstitials. The excess of Ta in high-order clusters
could be caused by a dislocation among them (see Fig. 3(d4)). As the
dislocations are usually mobile [27,32,34], they can constantly capture
nearby Ta atoms during their movement and thus may have a higher Ta
concentration than that of the raw alloy.

In summary, the FPA simulations based on the MD method were
performed to study the defect clustering evolution in the Ti35 alloy
exposure to an irradiation dose of 4.0 cDPA. Both interstitials and va-
cancies show a fast-clustering rate before 0.04 cDPA, and thereafter the
clustering, especially for vacancies, tends to be relatively stable. The Ny,
> 5 clusters have the largest proportion of interstitials, reaching
approximately 80% on most occasions. Only a proportion of approxi-
mately 10% belongs to the interstitials not in any clusters. In contrast,
the vacancies not in any clusters have a proportion of approximately
84%, far beyond that of all vacancy clusters. This highlights that in-
terstitials are more likely to form clusters (especially Nj, > 5 clusters)
than vacancies at 300 K. Generally, the Nj,: > 5 clusters prefer to arrange
along [ 12710] direction and some complex clusters among them even
evolve into the 1/3<1” 210> dislocation loops, particularly pronounced
after 2.0 cDPA. At 4.0 cDPA, the scale of interstitial clustering has
already approached saturation, while vacancy clustering is still on its
way. In addition, the fractions of Ta atoms in interstitial clusters of
different sizes show a stabilization in the form of fluctuations after 0.2

Vacuum 211 (2023) 111952

cDPA. Compared to the raw alloy, the Ny, < 5 interstitial-type defects
show a depletion of Ta (approximately 1.0% in total) almost throughout
the irradiation process, while the Nj,; > 5 clusters are Ta-rich (approx-
imately 4.5%), attributed to the high binding energy of Ti-Ti and the
mobile dislocations of capturing Ta respectively. More research is still
needed for complete understanding of the irradiation damage behaviors
for the alloy in the future. All these results can provide a reliable theo-
retical basis and reference for the assessment of the irradiation tolerance
of Ti35 alloy in nuclear applications.
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Appendix A. Description of the distributions of different vacancy clusters
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