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In this paper, we report a formation mechanism of 1/2(111) interstitial dislocation loops via the collapse
of C15 clusters in bulk tungsten. The interstitial atoms formed C15 clusters in only a few picoseconds within
a displacement cascade, and the transformation from C15 clusters to (111) interstitial loops was observed in
both classical molecular dynamics and accelerated molecular dynamics simulations. This transformation was
further confirmed under compressive stress, and it was determined to be accelerated once the (111) loops reacted
with the C15 clusters. Three possible transformation processes were proposed, namely the C15 cluster directly
transforming to (111) loops/clusters, a partial transformation to a (111) cluster with high mobility, thus leaving a
shrunken C15 cluster behind, and a partially transformed (111) cluster but pinned by the adjacent shrunken C15
cluster. The formation mechanism provides an essential reference for predicting the evolution of microstructures

in tungsten-based materials under irradiation.
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I. INTRODUCTION

Point defects and defect clusters are formed in crystalline
materials under irradiation by high-energy neutrons or ions,
as indicated by various experiments and molecular dynamics
(MD) simulations [1-7]. The observation of self-interstitial
atom (SIA) clustering in metals via transmission electron mi-
croscopy (TEM) techniques reveals that the clusters are only
nanometer-sized planar loops [4,8—10]. Several experiments
have identified that these loops have a 1/2(111) or (100)
Burgers vector in body-centered-cubic (bcc) metals [11-15],
with the exception being iron (Fe), where the (100) loops
dominate at high temperatures [11,12]. A large proportion
of radiation-induced SIAs and small SIA clusters are glissile
and highly mobile [16-21], whereas they are notable com-
ponents of radiation damage and play a significant role in
material deterioration in terms of, for example, irradiation-
induced swelling, embrittlement, hardening, and irradiation
creep [22-27].

The SIA clusters formed in tungsten (W) can be presented
as dislocation loops, whereas they typically contain only a
few tens of SIAs, and the loop Burgers vectors are domi-
nated by 1/2(111) types (>75%) [13]. In recent decades, it
has generally been accepted that these (111) interstitial loops
in W were directly produced by cascade collapse [13,25].
However, due to the limitation of resolution, only the larger
loops (diameter >4 nm) tended to be the focus of the TEM
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analyses to maintain a consistency in terms of loop nature
and Burgers vector analyses [13,14]. In fact, in the radiation
damage characterization of W and W alloys implanted with 2
MeV W+ ions, the diameter of the dislocation loops in W usu-
ally did not exceed 20 nm, with the most frequent size being
<6 nm [14]. Yi et al. [13] used in situ electron microscopy and
electron/heavy ion to study the dynamic behavior of loops,
and they observed the various effects of elastic interaction
among loops, including cooperative movements of two loops,
which moved jointly in the same direction and eventually
dragged together to form a string, and they also found that
some loops may be pinned. Hu et al. [27] reported that, for
the W samples irradiated in the High Flux Isotope Reactor
(HFIR), dislocation loops and voids are the major factors
contributing to the irradiation hardening at low dose levels.
To date, it has been proven to be difficult for experiments to
conduct direct observation of the formation processes of (111)
interstitial loops, to understand the properties of the pinned
loops, and to characterize the structure and nature of small-
sized loops/SIA clusters in W. Thus, it is crucial to understand
how interstitial dislocation loops are formed in irradiated W,
and to explore the properties and configuration of pinned and
small-sized loops/SIA clusters using simulations, since these
are fundamental and important problems with clear practical
consequences regarding the material properties, given that
they affect the cluster mobility and kinetics of the microstruc-
ture [28,29], the dislocation-obstacle strength [30,31], and
therefore the hardening, swelling, or growth of the materials
[24,32]. In the present study, we report a formation mecha-
nism of (111) interstitial loops via the collapse of C15 clus-
ters, as well as exploring the nucleation and stability of C15.

©2021 American Physical Society
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A primary C15 cluster exhibits a three-dimensional (3D)
morphology, corresponding to 12 SIAs, which is placed at
the edges of a truncated tetrahedron and surrounded by 10
vacancies, giving a total of only two additional atoms in
the bcc lattice. In fact, numerous efforts have been made
to better understand the C15 clusters in Fe [33-38], which
presents an energetically favorable configuration according to
the density functional theory (DFT) and empirical potential
calculations [34], with their structural properties and dynam-
ical stability already widely reported [35-38]. Marinica et al.
[34] discussed systematically the mobility, nucleation, and
growth mechanisms of C15 clusters in Fe. Byggmadstar et al.
[38] found that when growing C15 clusters in Fe eventually
collapse, (111) loops are the predominant product, at least
at low temperatures. Chartier et al. [39] reported that both
1/2(111) and (100) loops can directly nucleate from C15
clusters in Fe, which was also confirmed by Zhang et al. [36].
However, until now there has been little information about
C15 clusters in bcc W, and although the formation energy of
these clusters in W, as calculated by DFT, may be higher than
that of (111) clusters [34,40], the nucleation of C15 clusters in
the primary damage state has been observed with a predom-
inantly small size less than 2 nm, which remains immobile
after the cascades but can transform into (111) loops/clusters
during further evolutions. This may present one of the possible
states of the pinned loops and small-sized clusters observed in
previous experiments [13,14].

Classical MD allows for performing accurate displacement
cascade simulations with picosecond timescales and for ob-
taining the dynamic evolution processes of atomic structures
[5-7]. However, because of the timescale limitation in MD
simulations, it is challenge to explore the diffusion processes
with a high-energy barrier, which may occur at a timescale
up to seconds or minutes. Unlike single SIAs or loops, it is
impossible to simulate the diffusion of C15 clusters in W
using classical MD due to its high-energy barrier, and thus
it is essential to use accelerated molecular dynamics (AMD)
to explore its diffusion processes. In fact, AMD has also been
adopted to investigate the diffusion of (100) dislocation loops
as well as vacancy and He-vacancy clusters in Fe [41,42].
Here, the combination of classical MD and AMD simulations
provides an opportunity to explore the formation mechanism
of 1/2(111) interstitial dislocation loops in W.

In this study, we propose a formation mechanism of
1/2(111) interstitial dislocation loops via the collapse of C15
clusters during displacement cascade processes. Here, it is
observed that interstitial atoms are able to form nanosized
C15 clusters with a 3D morphology in only a few picosec-
onds. These clusters are highly stable and can collapse into
(111) clusters/loops at high temperatures in classical MD and
AMD simulations. This transformation mechanism was also
confirmed when the compressive stress field was applied, and
the transformation is accelerated once the (111) loops react
with the C15 clusters. Here, three possible transformation
processes were observed: C15 clusters (i) directly collapse
into the (111) interstitial dislocation loops, (ii) partially col-
lapse into the (111) interstitial dislocation loops with high
mobility, thus leaving shrunken C15 clusters behind, and (iii)
partially collapse into the (111) interstitial dislocation loops
but pinned by an adjacent shrunken C15 cluster. All of these

results indicate that the (111) dislocation loops can be trans-
formed from the C15 clusters within a few picoseconds, that
is, the formation of (111) dislocation loops may be induced by
different processes in addition to the direct formation within
W cascades.

II. SIMULATION METHODS AND MODEL

A. Displacement cascades with molecular dynamics simulations

The MD simulations were performed using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
code [43]. The Finnis-Sinclair-type interatomic potential of W
developed by Chen et al. [44] was used for the present simula-
tions, and the properties of the potential have been evaluated
by Liu et al. [45,46]. This potential well reproduces the forma-
tion and migration energies of simple defects, and it correctly
predicts the relative stability of radiation-induced dislocation
loops with the Burgers vectors of 1/2(111) and (100) in W
(the 1/2(111) loops are the most stable) [46]. It is also found
that the potential is suitable for cascade simulations and the
evolution of defects [45]. Here, in order to appropriately sim-
ulate the interaction of two atoms at a short distance for the
cascade procedure, the Ziegler-Biersack-Littmark universal
function [47] was combined with the pair interaction functions
through a connection function as provided in Ref. [48]. The
primary knock-on atom (PKA) recoil energies (Epka) of 20,
50, and 80 keV at 363 K were considered within 60ay x
60ay x 60ag, 100ag x 100ag x 100ay and 120ay x 120ay x
120a, simulation boxes, containing 432 000-3 456 000 atoms,
with ao the lattice constant with a value of 0.31652 nm.
To avoid the channeling effect of a specific direction [49],
the PKA directions were set to (135), (235), (122), (133),
and (111), and periodic boundary conditions (PBCs) were
used in all three dimensions. Before initiating the cascade,
the system was equilibrated for 20 ps. Meanwhile, the time
step was set to 1073 ps for the relaxing processes, whereas
it was automatically adapted to between 1073 and 107 ps in
the displacement cascade processes, with the total time for
the cascade simulation varying from 30 to 60 ps, depend-
ing on the Epgas. With the same routine of previous studies
[1,6,7,48,49], we divided the simulation box into two parts:
the interior region and the boundary region, and we applied
different ensembles in the cascade processes. A Nose-Hoover
[50] thermostat was applied on the outermost boundary of
the box with a thickness of six atomic layers (referred to as
boundary atoms) to regulate the atomic velocities based on the
target temperature. The microcanonical ensemble (NVE) and
canonical ensemble (NVT) were applied for the interior and
boundary atoms of the simulation box, respectively. Once the
displacing atoms reached the boundary layers or crossed them,
the simulation would be terminated and the result would be
excluded from the statistics. The point defects, such as inter-
stitials and vacancies, were analyzed using the Wigner-Seitz
cell method [1], whereas the dislocation loops were identi-
fied using the open visualization tool (OVITO) [51] and the
dislocation extraction algorithm (DXA) [52]. Meanwhile, a
system containing 108 040 atoms with a size of approximately
9.49 x 21.01 x 9.49 nm?> was used to investigate the behavior
of the C15 clusters under the stress field, with the PBCs
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FIG. 1. Snapshots of the cascade process. A primary knocked-on atom with a kinetic energy of 50 keV at time zero moved along the (235)
direction to initiate the cascade, with a sequence of (a) initial stage, (b) thermal spike, (c) C15 cluster nucleation, (d) formation, (e) enlarged
I interstitial clusters in stabilization, and (f) the final stage. In (a), (b), (¢), and (f), only the defects are shown. The red particles represent
the interstitial atoms and the blue particles are the vacancies. The snapshots of (c) and (d) were taken as side views along the (001) direction
of the cubic system, with all position atoms partially exhibited for an enhanced view of the C15 cluster.

applied only along the X and Z directions, but a fixed boundary
condition applied in the stress load Y direction, as suggested
by previous studies [53-58]. Based on the convergence test
for the yield stress, the strain rates were set to —0.001/ps
and 0.001/ps to implement a uniaxial compression test and
a tensile test, respectively.

B. Long-time evolution of the C15 cluster with accelerated
molecular dynamics simulations

In this work, the self-adaptive accelerated molecular dy-
namics (SAAMD) method [41] was applied for long-time
evolution of the C15 cluster formed in bec tungsten. Chen’s
W-W potential [44] was also used for this purpose. The details
determining the parameters used in SAAMD were provided in
Refs. [41,42,59]. The boost potential could be obtained from
the state of the atom on its harmonic vibration around its stable
atomic position, as explained in Ref. [59], taking the following
format:

Voias({r1, - -+ rvg 1i1)

2
:Eb([) 1_ [E({rl,...,rNAv})i|
q(t)
xH[q(t) —&({r1.....rnn )], (N

where E, and g are parameters as a function of simulation
time ¢. £ is the total displacement of atoms in active volume
(AV) within the system. Here, the AV was set within the
one lattice constant from the outer part of the C15 cluster.
Thus, the total number of atoms in AV was limited around
230-270 and the parameters, Ag and AE},, were around 0.2 A
and 2.5-3.5 eV in SAAMD. The maximum displacement
(Dmax) in SAAMD was set around 4.5 A based on pretesting
calculations; this is large enough to ensure that the state will
overcome the dividing surface to reach a lower-energy state.
In SAAMD simulations, the simulation temperature was from

300 to 900 K. The displacement vector of each atom was
calculated to demonstrate the phase transformation process
for a C15 cluster. For each temperature simulation, 10 cases
were simulations in which the random seed was changed to
determine the initial temperature of the system in order to
obtain the statistical results presented in the following section.

III. RESULTS AND DISCUSSION
A. The formation of C15 clusters in tungsten cascades

The displacement cascades in pure bcc W were performed
via MD simulations at 363 K. An Epga of 20, 50, and
80 keV was considered within the simulation boxes contain-
ing 432 000-3 456 000 atoms, with the initial PKA directions
starting at (135), (235), (122), (133), and (111) from the bot-
tom left of the simulation box. Figure 1 shows the nucleation
process of a C15 interstitial cluster during a displacement
cascade process with Epga = 50keV. In the majority of the
images, only a part of the simulation cell is shown for clarity.
Figure 1(a) illustrates the initial procedure, whereas Fig. 1(b)
shows the thermal spike. The primary C15 cluster with two net
interstitial atoms (/5"'°) was rapidly generated in the cascade
procedures, as shown in Fig. 1(c). Meanwhile, a small C15
cluster with four net interstitials (I{"') was completely formed
[Fig. 1(d)] through 12ClS capturing the moving interstitials in
the thermal spike at approximately 7 ps after the collision and
stabilization. Figure 1(e) shows the detailed structure of I<13,
which exhibits a typical size of C15 clusters in W cascade
processes, corresponding to 24 SIAs located at the edges
of a truncated tetrahedron and surrounded by 20 vacancies,
making a total of only four additional atoms in the bcc lattice,
much like with C15 clusters in Fe [34]. Figures 1(c)-1(e)
show the visible C15 cluster structures within the marked
circles, whereas Fig. 1(f) shows a snapshot at a time of
40 ps. Here, when the simulation time was extended to 2 ns at
363 K, no significant change occurred in the C15 interstitial
cluster. The above results indicated the direct formation of
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an individual C15 interstitial cluster during the displacement
cascades in bcc W. The nucleation of C15 clusters in W
began immediately after the thermal spike at approximately
4 ps following the primary collision, whereas a complete in-
dividual I{'5 cluster ultimately formed at approximately 7 ps.
This is similar to previous work, where Chartier et al. [39]
observed the C15 cluster appear in the very early stage of the
microstructure evolution of irradiated Fe, prior to any loop.
Once the individual C15 cluster has nucleated in W, it will
remain highly stable and immobile at 30-1900 K, even when
the simulation time is extended to 2 ns in classical MD.

Note that we observed the formation of C15 clusters in
all the simulation PKA energies. Only two of the 20 cases
involved an individual C15 cluster formed with an Epga of
20 keV, whereas this formation occurred in nine cases with
an Epga of 50 keV and 14 with an Epga of 80 keV. It was
found that the C15 clusters following the cascades were pre-
dominantly small in size (two to four SIAs). Moreover, the
formation of C15 clusters was confirmed in almost all of the
cascade simulations with a high-energy PKA of 100-300 keV
and an energy step of 50 keV.

The dependence of C15 cluster formation on the inter-
atomic potential was also tested using AT [60], JW [61], and
MV4-S [62] potentials with Epga = 5S0keV at room tem-
perature (300 K). Here, C15 clusters were observed in the
displacement cascade processes produced by all the poten-
tials, and they were predominately small in size. The cascade
simulations with high PKA energy returned similar results.
Furthermore, the formation energies of the (111), (100), and
C15 clusters were calculated according to the potentials, as
shown in Fig. 2, and then compared with the DFT results
[40]. Clearly, the smaller-size C15 clusters were energetically
more favorable in W, as predicted by all the potentials. In
terms of the DFT at small sizes (<20 SIA), the formation
energy of the C15 cluster was higher than that of the (111)
clusters and lower than that of the (100) clusters. The C15
cluster predicted by the AT and JW potentials exhibited higher
formation energy than did the (111) and (100) clusters at
all sizes, with the formation energy difference between the
C15 and the loops increasing sharply with the increase in
the size of the cluster. Moreover, for the Chen and MV4-S
potentials, small-sized C15 clusters (<20 SIA) were found
to be energetically more favorable than the (111) clusters,
whereas the relative stabilities were reversed beyond a com-
paratively large size of approximately 20-40 SIAs. Although
the formation energy calculated via DFT suggested that the
C15 cluster in the W was not the lowest in terms of energy,
the formation of C15 structures in the cascade processes was
observed in terms of all the potentials, which can be attributed
to the nonequilibrium irradiation-induced processes, where
high temperatures and high pressures could appear locally
at the cascading center [5], providing suitable conditions for
the formation of C15 clusters. The probability of C15 for-
mation was estimated to be approximately 5-45 % across the
20 cascade simulations, as obtained by different interatomic
potentials with Epga = 50keV at 300 K, with the minimum
and maximum values corresponding to the results of the AT
and the Chen/MV4-S potentials, respectively. Therefore, the
nucleation of C15 clusters should be a general phenomenon
in cascades involving W.

B. Transformation of C15 clusters into (111) loops at high
temperature with classical molecular dynamics and accelerated
molecular dynamics

To gain further insight into the C15 clusters formed in
W, we investigated not only the evolution of the C15 cluster
following the cascades, but also the stability of different-sized
C15 clusters. When the high-temperature classical MD relax-
ation was performed for the predominant C15 cluster (14C 13) of
Fig. 1 formed in the cascade processes, the cluster was found
to directly transform into a (111) cluster until the temperature
reached approximately 3000 K after a few hundred picosec-
onds. To confirm this transformation, various different-sized
C15 clusters (1515, Ifls, 11C115, I3C015, and 15)15) were selected as
the models for investigating the properties of the C15 clusters
at high temperatures. Much like with the transformation of
the typical C15 cluster obtained via the cascades, when the
different-sized C15 clusters underwent the high-temperature
relaxation processes from 1000 to 3400 K and when the sim-
ulation time was extended to 2 ns at each temperature, the
IS5, 1515, 1513, and IQY clusters began to transform into (111)
clusters/loops at critical temperature points of approximately
2000, 3000, 3200, and 2800 K in the classical MD. This
indicates that a high temperature is an important factor for
the transformation of C15 clusters into (111) loops/clusters.

Howeyver, for the Ilcl15 cluster, we observed no direct trans-
formation behavior, which may have been because of the
timescale limitation of classical MD simulations. Therefore,
in the present work, AMD simulations were conducted to
provide a longer timescale simulation for investigating the
evolution of C15 clusters. As such, the transformation of /5'®
clusters into (111) loops/clusters could be observed. More-
over, the stability of the C15 clusters was also examined using
the JW potential in high-temperature classical MD. Here, it
was found that with a JW potential, the C15 clusters could
transform into (100) loops at low temperatures before ulti-
mately transforming into (111) loops at comparatively high
temperatures (>1000 K), which may have been because of
the small formation energy difference between the (111) and
(100) dislocation loops of the JW potential, as shown in Fig. 2.
This is similar to the phenomenon in Fe observed by Chartier
et al. [39]. They reported that both 1/2(111) and (100) loops
can directly nucleate from CI15 clusters in Fe, and in the
present work, only the 1/2(111) loops can directly nucleate
from C15 clusters in W. This may be due to the small forma-
tion energy difference between 1/2(111) and (100) loops of
the MO7 potentials in Fe [63], where there is a relatively large
formation energy difference of the Chen potentials in W, indi-
cating that 1/2(111) loops are energetically more favorable in
W, as shown in Fig. 2.

We further validated this transformation from C15 clusters
to (111) clusters/loops in W using the AMD method with
a comparatively longer timescale evolution. Here, the I'?
cluster is taken as an example. Three possible decomposition
mechanisms of C15 clusters were proposed. As shown in
Fig. 3 in relation to Mechanism (I), the ISIS cluster could
directly transform into a 1/2(111) interstitial dislocation loop,
which was consistent with the high-temperature classical MD
simulations. Figure 4 shows the details of the structure and the
atom displacement of Mechanism (I). See the Supplemental

093605-4



FORMATION MECHANISM OF (111) ...

PHYSICAL REVIEW MATERIALS 5, 093605 (2021)

©—C15 Cluster
== < 100> Cluster
=@ <111> Cluster

[DFT]
120 |
<)
>
2
>
o) 90 |
S
(]
c
()]
c
°60-
$
o
E
°30-
(1
o L
0 4

200 |
(@)
>
2
2150 |
(7]
c
.0
®100 |
£
2 O~ C15 Cluster
50 == <100> Cluster,
@ <111> Cluster

0 10 20 30 40 50
Number of atoms
©— C15 Cluster
200k —A— <100> Cluster
@ <111> Cluster
? (0]
2150
Q
c
.9
® 100
£
1
)
('8
50

8 12 16
Number of atoms
L)
MV4-S
200 |
>
2
Q150 |
[}
c
.2
®100 |
£
S ©-C15 Cluster
50 |==h=— <100> Cluster
=@ <111> Cluster
0 Il L L L
0 10 20 30 40 50
Number of atoms
©— C15 Cluster
200 | =& <100> Cluster,
-l <111> Cluster
§ (0]
@150 |
g ¢
c
.9
® 100
£
<)
'S
50
0 )

0 10 20 30 40 50
Number of atoms

0 10 20 30 40 50
Number of atoms

FIG. 2. The formation energy of (111), (100), and C15 clusters calculated via DFT [40] and the interatomic potentials.

Material [64] (Movie-1) for the whole process of Mechanism
(D). First, the boundary atoms in the C15 clusters transformed
into (111) dumbbells, whereas the center atoms in the /5!°
cluster exhibited a trend of migrating along the (110) direction
before the collapse. The transformed (111) dumbbells would
drive other atoms to move along the (111) direction before a
complete 1/2(111) interstitial loop was ultimately formed. As
shown in Fig. 3 in relation to Mechanism (II), the C15 clusters
could be transformed into a small mobile (111) cluster/loop,
leaving a smaller C15 cluster. See the Supplemental Material
[64] (Movie-2) for the whole process of Mechanism (II).
This means that a portion of the atoms in C15 clusters can

transform into (111) clusters, becoming free individual STA
clusters/loops far removed from the C15 clusters. Meanwhile,
the remaining atoms could still retain C15 structures, whereas
the shrunken and immobile C15 cluster could be transformed
into (111) clusters/loops with further evolution, and this is
one possible state of the pinned loops and small-sized clusters
observed in previous experiments [13,14]. As shown in Fig. 3
in relation to Mechanism (III), clearly there existed a stable
configuration of a pinned (111) cluster/loop near a shrunken
C15 cluster. See the Supplemental Material [64] (Movie-3)
for the whole process of Mechanism (III). Much like with
Mechanism (II), several atoms in the C15 clusters transformed
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FIG. 3. Three possible transform mechanisms of C15 clusters. The structure types were analyzed via the common neighbor analysis
method, with only the non-bcc atoms shown. Here, the atoms are colored in terms of their potential energies, with the corresponding colors
shown in the color bar. The green line and the red arrow represent the 1/2(111) dislocation loop and the Burgers vector, respectively.

into (111) clusters/loops successfully but then failed to escape
away from the C15 cluster, largely pinned by the C15 cluster
to form a complicated loop-C15 structure. This phenomenon
was similar to that observed in the following MD simulations
of the interaction between the (111) dislocation loops and the
C15 clusters, where the (111) interstitial loop was found to be
pinned by the C15 clusters and is one possible state of the
pinned loops and small-sized clusters observed in previous
experiments. Moreover, the timescale of SAAMD depends
on the simulation temperatures. In this work, for example, at
around 700 K, the transformation is observed with time up

to around the second timescale. After obtaining enough sta-
tistical results, the related frequency as a function of 1/T can
be obtained. Thus, with the Arrhenius equation, the energy
barrier can be obtained. One example is shown in Fig. 5. The
energy barrier is around 1.97 eV obtained with the fitted slope
of the curve.

According to previous studies [12,36,65], for a loop with
an effective radius R, the formation energy E¢ (per SIA) can
be obtained as follows:

4R
E; =2Q (F,ln—(s +Fs + F) /Rb, )
e

FIG. 4. Structure of (a) IG" clusters starting to transform and (d) after collapsing into a (111) dislocation loop. Here, (b) and (e) show the
defects of the interstitial atoms (red ball) and vacancies (blue ball), whereas (c) and (f) enlarge the displacement of (a) and (b), respectively.
The atoms in (a) and (d) are colored in relation to the DXA analysis, with the bcc atoms shown in blue and the others in black. The orange
lines represent the displacement of the atoms, whereas the green line and the red arrow represent the 1/2(111) dislocation loop and the Burgers
vector, respectively.
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FIG. 5. The energy barrier for the transformation of the CI15
clusters into (111) loops.

where 2 is the atomic volume of the bce atom; e is a constant;
6 and b are the core width and the Burgers vector, respec-
tively; and F, Fs, and F; are the prelogarithmic factors for a
dislocation, the anharmonic core, and the core-traction energy,
respectively.

For a C15 cluster, assuming a spherical, coherent inclusion
in an isotropic matrix [66], the E; can be calculated as follows
[36]:

6Q2 12 Qe&?
E, = 14 + g + 3(Ebcc _ ECIS), (3)

coh coh

where y is the effective interfacial energy, u is the shear mod-
ulus of the matrix, ¢ is the misfit strain, « is a constant given
by the elastic moduli of bulk bcc and C15 phases, and Efoclf and
EE}S are the corresponding cohesive energies. The three terms
in Eq. (3), respectively, indicate the interfacial energy, elastic
strain energy, and cohesive energy of the C15 phase relative
to the bce phase. Clearly, the formation energies of the loops
[Eq. (2)] and C15 clusters [Eq. (3)] were size dependencies. In
terms of the loops, the Er decreased approximately in line with
ln% /R, approaching zero at R — oco. Meanwhile, in terms of
the C15 clusters, the first term decreased in line with 1/R and
tended to be negligible at larger sizes, whereas the strain ¢
and cohesive energies were size-independent, with their total
giving E; at R — oo. Therefore, the loops were more stable
than the C15 clusters at larger sizes, where the transformation
from C15 clusters into loops may be feasible.

The smaller C15 clusters were found to be energetically
more favorable in W, as shown in Fig. 2, which was consistent
with the predominantly small-sized C15 clusters following the
cascades. These small C15 clusters can grow by absorbing
mobile STAs and transform into loops at sizes and times below
those characterized via TEM, thus explaining their absence
in the experiments, which is expected to be explored by the
higher-level characterization in future, such as pulsed laser-
combined scanning tunneling microscopy [67]. In the present
work, both classical MD and AMD allowed for observing
this transformation, and a possible mechanism for (111) in-
terstitial loop formation could thus be proposed, which can
give valuable insight into the physical mechanisms of the
dislocation loop formation.

(@)

initial

.~ _ Hydrostatic pressure (GPa)
(s
S 5274
= 4428
35.82
2736
18.90
1044
1.980
-6.480
1494

-23.40

FIG. 6. The configuration of the (111) cluster far from the C15
cluster at (a) initial distance of 8 A and (b) the ground-state config-
uration after minimization. The bcc atoms are shown in blue and the
others in black, whereas the green lines and the red arrow represent
the 1/2(111) dislocation loop and the Burgers vector, respectively.
(c) The hydrostatic pressure of atoms in the systems. Here, the atoms
are colored in terms of hydrostatic pressure, with the corresponding
colors shown in the color bar.

C. The interaction between C15 clusters and dislocation
loops/vacancy clusters

Following cascade procedures, various typical defect clus-
ters, such as dislocation loops and vacancy clusters, typically
appear in the materials [1,5-7,48] and effect the evolution of
the microstructure of materials [68]. To better understand the
effect of these defect clusters on C15 clusters during their
evolution, we investigated the interaction between typical
radiation-damaged defect clusters (including (111) interstitial
loops and vacancy clusters) and C15 clusters. First, when
the (111) loop and the C15 cluster are located on the same
plane as the Burgers vector of the (111) loop pointing to
the C15 cluster, the approaching behavior of the nonadjacent
1/2(111) dislocation loops and the C15 cluster cannot be
observed in MD at 1000 K, even when the simulation time
is extended to 4 ns. Thus, the distribution of the attendant
hydrostatic pressure was calculated, with the results shown in
Fig. 6. Here, it was clear that a positive hydrostatic pressure
was located inside the loop and the I clusters, and that
a negative hydrostatic pressure surrounded both, which is a
similar situation to the stress distribution of interstitial loops
in Fe [69]. Thus, a strong repulsive interaction exists between
them, which may be why it is almost impossible for loops and
C15 clusters to approach each other before overcoming the
strong repulsive barrier. However, when the loop was tangent
to the C15, that is, the Burgers vector was not along the line
connecting the two defects, the loop could be absorbed by
the CI15 cluster once it had moved within a certain range,
forming a complicated loop-C15 structure. A similar configu-
ration can be obtained after a cascade procedure, with a (111)
interstitial dislocation loop located near the IS5 clusters, as
shown in Fig. 7(a). Here, the adjacent loop will be pinned
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FIG. 7. (a) The configuration of the (111) loop located near the I{" cluster after cascades of 363 K, the C15 atoms are colored with a
larger size. (b) The configuration of a larger (111) loop coalesced by the (111) loop and the C15 cluster at 2000 K. The green lines and the red
arrow represent the 1/2(111) dislocation loops and the Burger vectors of 1/2(111), respectively. The configuration of the vacancy cluster with
60 vacancies located near the Iﬁ)'s cluster of (c) the initial structure and extended to 1 ns at various temperatures of (d) 1000 K, (e) 2700 K,
and (f) 3200 K. For clarity, the configuration presented here is that obtained after quenching. The structure types were analyzed via the
common neighbor analysis method, with only the non-bcc atoms shown. The atoms are colored in terms of their potential energies, with the

corresponding colors shown in the color bar.

by the C15 cluster at low temperatures, with its migration
suppressed even when the simulation time is extended to 2 ns,
forming a complicated loop-C15 structure, which is consistent
with the phenomenon observed during the AMD simulations
related to Mechanism (III) (Fig. 3). Moreover, they tended
to coalesce to a larger loop at a high temperature within a
few hundred picoseconds in the MD, as shown in Fig. 7(b).
Note that the interaction between the dislocation loops and
the C15 will facilitate the transformation of C15 clusters
into (111) dislocation loops/clusters at a lower temperature
(2000 K for I{'5) than without the dislocation loop (3000 K).
These results mean that C15 clusters may affect the defect
cluster mobility and kinetics of the microstructure, which can
provide important knowledge regarding the microstructural
evolution in W.

During the cascade processes, numerous dislocation loops
tended to form close to the C15 clusters. We also examined
various combinations of different-sized loops located close
to different-sized C15 clusters, similar to the configuration
shown in Fig. 7(a). When a comparatively large-sized loop
(with 45 interstitials) appeared close to a small IS or a large
I§”° cluster, the coalescence of a larger loop was observed
for both cases. Meanwhile, the larger the size of the C15
clusters, the easier they could coalesce, which transformed
into a larger (111) interstitial loop at 2000 and 1500 K for this
large-sized loop close to the I{!S and I§)® clusters, respec-
tively. Unlike the large-sized loop and C15 cluster reaction,
where the C15 cluster and loop are generally easily coalesced,
the combination of small-sized loops (with seven interstitials)
and C15 clusters (I{" or I5') will result in the absorption of

the loops and the growth of the C15 clusters, unless the size
of the C15 cluster was so large that the absorption behavior
approached saturation. For example, we found that the com-
paratively large-sized 1> cluster barely absorbed the loops,
which tended to coalesce and transform into a larger loop.

Meanwhile, we also considered the interaction between the
C15 clusters and an adjacent vacancy cluster. The configu-
ration of an ISS cluster adjoining a vacancy cluster with 60
vacancies is shown in Fig. 7(c)-7(f) with the initial structure
shown in Fig. 7(c), whereas Figs. 7(d)-7(f) show the con-
figuration after a 1 ns evolution at 1000, 2700, and 3200 K,
respectively. As shown in Figs. 7(d) and 7(e), the adjacent
vacancy cluster will likely influence the stability of the C15
structures. The size of the C15 cluster shrank with the increase
in temperature, indicating that a portion of the I{° clusters
had been absorbed by the adjacent vacancy clusters. The
residual shrunken C15 clusters (not adjacent to the vacancy
clusters) tended to transform into (111) clusters, as shown in
Fig. 7(f), much like with the direct transformation mechanism
in the high-temperature classical MD and AMD related to
Mechanism (I). If the small C15 cluster (IS5 or I£1%) adjoins
a vacancy cluster, it will likely be completely absorbed by
vacancy clusters at approximately 1000 K.

In addition, the higher-level multiscale simulations, such as
kinetic Monte Carlo, cluster dynamics, or discrete dislocation
dynamics, are necessary and will be important in the future
to better explore the role of C15 in producing microstructures
due to high doses of irradiation, which can simulate not only
a single dislocation and few defects but also collective dis-
location processes. In addition, they can be used to obtain
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important knowledge of the mechanical properties of irradi-
ated materials [70].

D. The effects of compression/tensile stresses on C15 clusters

In fact, the stress field may exist under the radiation dam-
age condition, which would affect the behavior of defects and
the properties of the materials [53-58,71-73]. To confirm the
transformation mechanism obtained via the classical MD and
AMD simulations, the stability of a C15 cluster was simu-
lated under the stress field at room temperature. Here, the
large-sized C15 cluster (I§;°) was considered to explore the
behavior of a C15 cluster and its effect on the material. All
deformation simulations were performed using MD, and the
strain rates were set to —0.001/ps and 0.001/ps along the Y
direction for implementing a uniaxial compression test and
a uniaxial tensile test, respectively. The stress-strain curves
of a W crystal containing a large C15 cluster (Iﬁ)ls) and a
perfect W crystal were obtained. The corresponding resolved
normal stress and strain induced by the applied deformation
were given by [54,72]

F,,
oy = 2, @)
XZ
L—Ly
= , 5
e= 5)

where F, is the total force acting in the Y direction of atoms,
A,; is the XZ cross-section area of the box, L is the instanta-
neous length along the Y-direction, and L is the initial length
in the Y-direction.

As shown in Fig. 8(a), during the compression processes,
although little difference was observed between the stress-
strain curve of the system containing the C15 clusters and
the perfect crystal, the initial C15 clusters clearly transformed
into a 1/2(111) interstitial dislocation loop, with the loop that
can grow along the direction of the Burgers vector with the
increase in strain. Figure 9 presents the details of the structural

evolution of the C15 clusters during the compression stress
test. An initial transformation from partial C15 cluster to
(111) loop occurred at ¢ = —0.084, with the remaining por-
tion also transforming at ¢ = —0.16, which was similar to the
transformation behavior of Mechanism (II) (Fig. 3) obtained
via AMD. During the tensile processes, the atomic structure of
the C15 cluster exhibited no significant change until the mate-
rials fractured, with Fig. 8(b) showing the comparison of the
stress-strain curve for the system containing C15 structures
and the perfect crystal. The system containing C15 clusters

'::..

FIG. 9. Snapshots of the structure of C15 clusters under the
process of compression testing at 300 K: (a) ¢ = 0.0, the initial C15
structure; (b) ¢ = —0.084, the C15 cluster collapsing into dislocation
loops; (¢) ¢ = —0.092, the growth of a portion of the dislocation
loops; (d) ¢ = —0.16, the growth of another portion of the dislo-
cation loops. The bcc atoms are shown in blue and the others in
black. The pink lines, the green lines, and the red arrow represent
(100) dislocation loops, 1/2(111) dislocation loops, and the Burgers
vector, respectively.
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fractured close to the C15 cluster region at ¢ = 0.26, with
a tensile strength of 18.8 GPa, whereas the perfect crystal
system fractured at ¢ = 0.35, with a tensile strength of 26.6
GPa. From this view, it seems that the large C15 clusters may
impede the plastic deformation and result in the brittleness of
the materials. However, under irradiation, the C15 clusters can
quickly transform to loop structures, especially for large-sized
C15 clusters. Thus, the C15 clusters actually have a limited
impact on material deformation.

IV. CONCLUSION

In this paper, the formation mechanism of (111) inter-
stitial loops, and the nucleation and stability of C15 in W,
were investigated. The nucleation of C15 clusters occurs in
only a few picoseconds, and it remains highly stable and
immobile within a displacement cascade, which is a general
phenomenon that is independent of the interatomic potential.
The transformation from C15 clusters to (111) interstitial
loops was observed during high-temperature classical MD
and AMD simulations. Three possible transformation pro-
cesses were observed: C15 clusters (i) directly collapse into
the (111) interstitial dislocation loops, (ii) partially collapse

into the (111) interstitial dislocation loops with high mo-
bility, thus leaving shrunken C15 clusters behind, and (iii)
partially collapse into the (111) interstitial dislocation loops
but pinned by an adjacent shrunken C15 cluster. In addition,
this transformation was further confirmed when a compressive
stress field was applied, and it can be accelerated once the
(111) interstitial loops react with the C15 clusters. Based on
these results, we reported a possible formation mechanism
of 1/2(111) interstitial dislocation loops via the collapse of
C15 clusters in W. This formation mechanism provides impor-
tant knowledge regarding (111) interstitial loop formation, as
well as insights into the engineering microstructural evolution
in W.
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