CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Molecular dynamics simulations of collision cascades in polycrystalline tungsten

Lixia Liu(XIN£5), Mingxuan Jiang (3% #3iE), Ning Gao(/51 %), Yangchun Chen(F5FH %), Wangyu Hu(5H 2 F), and
Hiugiu Deng(XSHEEK)

Citation:Chin. Phys. B, 2025, 34 (4): 046103. DOI: 10.1088/1674-1056/adb410

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Structural and transport properties of (Mg,Fe)SiO; at high temperature and high

pressure

Shu Huang(#75), Zhiyang Xiang([H] &), Shi He({fii&), Luhan Yin(F % %E), Shihe Zhang(7K i), Chen Chen([%
J=), Kaihua He({a[ 7F#£), and Cheng Lu(/5 J%)
Chin. Phys. B, 2025, 34 (3): 036102. DOI: 10.1088/1674-1056/ada759

Quasi-plastic deformation mechanisms and inverse Hall-Petch relationship in

nanocrystalline boron carbide under compression

Zhen Yue(f52), Jun Li(ZZE), Lisheng Liu(XI37 i), and Hai Mei(HFF)
Chin. Phys. B, 2024, 33 (8): 086105. DOI: 10.1088/1674-1056/ad4989

Properties of radiation defects and threshold energy of displacement in zirconium

hydride obtained by new deep-learning potential

Xi Wang(F %), Meng Tang(/3 #), Ming-Xuan Jiang(:# 1), Yang-Chun Chen([%:PH%), Zhi-Xiao Liu(X]%%%), and
Hui-Qiu Deng( XS #%EK)
Chin. Phys. B, 2024, 33 (7): 076103. DOI: 10.1088/1674-1056/ad362b

Effect of Y element on atomic structure, glass forming ability, and magnetic properties

of FeBC alloy

Jin-Hua Xiao( 4 ¥ &), Da-Wei Ding( ] K fF), Lin Li(Z=#k), Yi-Tao Sun(#)25$H), Mao-zhi Li(Z= %), and Wei-Hua
Wang(7E T24E)
Chin. Phys. B, 2024, 33 (7): 076101. DOI: 10.1088/1674-1056/ad3dd4

Influence of helium on the evolution of irradiation-induced defects in tungsten: An

object kinetic Monte Carlo simulation

Peng-Wei Hou(fE84%), Yu-Hao Li(Z=527), Zhong-Zhu Li(Z= 1 4E), Li-Fang Wang(FE NI 75), Xingyu Gao(fE 34 %25),
Hong-Bo Zhou(JE 7t i), Haifeng Song(A< i 1%), and Guang-Hong Lu( &) %)
Chin. Phys. B, 2021, 30 (8): 086108. DOI: 10.1088/1674-1056/abf7ac


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb410
https://doi.org/10.1088/1674-1056/adb410
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ada759
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ada759
https://doi.org/10.1088/1674-1056/ada759
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4989
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad4989
https://doi.org/10.1088/1674-1056/ad4989
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad362b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad362b
https://doi.org/10.1088/1674-1056/ad362b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad3dd4
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad3dd4
https://doi.org/10.1088/1674-1056/ad3dd4
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf7ac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf7ac
https://doi.org/10.1088/1674-1056/abf7ac

Chin. Phys. B 34, 046103 (2025)

Molecular dynamics simulations of collision cascades in
polycrystalline tungsten

Lixia Lin(XFi#3)', Mingxuan Jiang(# B13)°, Ning Gao(#7)",
Yangchun Chen([4:FH#)2, Wangyu Hu(#225%)>%, and Hiuqiu Deng(XS#%ER)>*

1 School of Physics, Sugian University, Sugian 223800, China

2Collf-:ge of Materials Science and Engineering, Hunan University, Changsha 410082, China
3 School of Physics and Electronics, Hunan University, Changsha 410082, China
4 Institute of Frontier and Interdisciplinarity Science, Shandong University, Qingdao 266237, China

(Received 9 December 2024; revised manuscript received 26 January 2025; accepted manuscript online 8 February 2025)

Using molecular dynamics methods, simulations of collision cascades in polycrystalline tungsten (W) have been con-
ducted in this study, including different primary-knock-on atom (PKA) directions, grain sizes, and PKA energies between
1 keV and 150 keV. The results indicate that a smaller grain size leads to more defects forming in grain boundary regions
during cascade processes. The impact of high-energy PKA may cause a certain degree of distortion of the grain bound-
aries, which has a higher probability in systems with smaller grain sizes and becomes more pronounced as the PKA energy
increases. The direction of PKA can affect the formation and diffusion pathways of defects. When the PKA direction is
perpendicular to the grain boundary, defects preferentially form near the grain boundary regions; by contrast, defects are
more inclined to form in the interior of the grains. These results are of great significance for comprehending the changes in
the performance of polycrystalline W under the high-energy fusion environments and can provide theoretical guidance for
further optimization and application of W-based plasma materials.
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1. Introduction

Tungsten (W) is considered a leading candidate for
plasma-facing materials (PFMs) in high-temperature and high-
load future fusion reactors because of its advantageous char-
acteristics, including a high melting point, chemical stability,
and favorable thermal properties, and so on.'-%! However, the
PFMs in fusion reactors inevitably face intense exposure to
high-energy particles, which can lead to a reduction in the
service performance and a decrease in lifespan, significantly
affecting the safety and stability of the fusion reactor.!’~10]
Therefore, in the absence of fusion neutron sources for exper-
imental irradiation, conducting simulation studies on neutron
irradiation for fusion reactor materials is essential and con-
ducive for enhancing the understanding of the engineering mi-
crostructural evolution in W, and it carries both theoretical im-
portance and practical implications.

Many studies have been conducted to understand the
irradiation damage of W in fusion environments. Using
Large-scale Atomic Molecular Massively Parallel Simulator
(LAMMPS)['!] code, Setyawan et al.['?! performed the simu-
lations of collision cascade at primary-knock-on atom (PKA)
energies of 0.1 keV-100 keV and temperatures between 300 K
and 2050 K in W. Their results showed that the number of
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Frankel pairs is significantly dependent on the PKA energies
in the final state, whereas temperature has a minimal impact.
Liu ef al.!'3] established a comprehensive database of W cas-
cade simulations through molecular dynamics (MD) methods,
analyzing the influence of PKA energies, directions and tem-
peratures. They observed that at low PKA energies, PKA di-
rections and temperatures have statistically minimal effects on
the number of Frenkel pairs and defect clusters; meanwhile,
the PKA direction may affect the probability of forming (100)
dislocation loops and the generation of sub-cascades. Fu et
al. "] simulated collision cascades in W and W-rhenium (W-
Re) alloys at PKA energies between 100 keV and 300 keV,
finding that Re has a negligible effect on Frankel pairs and the
cluster size of defects and inhibits the mobility of interstitial
clusters and dislocation loops compared with pure W systems,
suggesting a pinning effect of Re on dislocation loops. Zhang
et al.!'>) explored cascade simulations of W near grain bound-
aries at various temperatures and discovered that the number
of vacancy defects is independent of temperature. However,
these studies have mainly focused on neutron irradiation dam-
age to single crystals (SC) W and the influence of typical irra-
diation defects on the microstructural evolution of materials.
The mechanical properties of materials can be signifi-
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cantly enhanced and improved when the grain size of poly-
crystals reaches the nanometer (nm) scale, which makes
nanocrystalline (NC) materials attractive for engineering ap-

[16-20] Many studies have been con-

plications in various fields.
ducted on the irradiation damage of NC materials. Levo et
al.l"®! examined the radiation tolerance of NC multicompo-
nent alloys and discovered that alloys can withstand a much
higher dose of irradiation before the nano-crystallinity col-
lapses compared to SC nickel (Ni). Using MD simulations,

U71 analyzed the generation of defects and the pri-

Gao et al.
mary damage state in NC silicon carbide (SiC) with average
grain diameters between 5 nm and 21 nm. The results indi-
cate that the production of defects within gains generally in-
creases with the increase of grain size and the efficiency also
increases. Ma et al.!'! reported significant differences in mi-
crostructural evolution pattern between NC and SC materials,
and NC W demonstrates enhanced resistance to irradiation-
induced swelling under thermal conditions compared with a
SC material. Park er al.'>! conducted radiation damage sim-
ulations for both single- and nano-(poly) crystalline W via the
MD method and observed that the recombination of SIAs and
vacancies occurred more rapidly in the SC structure than in
the NC structure at the maximum damage state. Above studies
illustrate the significant role of polycrystalline structures in in-
fluencing the material properties and the evolution behavior of
defects under irradiation conditions. Therefore, it is essential
to conduct irradiation damage simulations in nanocrystalline
W to qualitatively explore how the grain size, PKA direction
and energy influence the distribution and evolution of defects
during cascade processes. This is of great importance for un-
derstanding the changes in the properties of relevant structural
materials under radiation damage.

In this work, we have established the models of nano-
(poly) crystalline W with different grain sizes and then con-
ducted series of cascades to explore the radiation damage be-
havior and microstructural evolution characteristics of NC W.
Considering the PKA direction, energy, and grain size, we an-
alyzed the formation and distribution of defects, defect clus-
ters, and the microstructural evolution of defects in NC sys-
tems during cascade processes. The findings of this study not
only can enhance the understanding of the microstructural dy-
namics of polycrystalline materials and can provide a valuable
theoretical basis for optimizing and utilizing W-based materi-
als in fusion reactors.

2. Models and methods

The NC W simulation cells were created using the com-
monly used Voronoi cell method, as illustrated in Fig. 1. Ac-
cording to this method, the single crystal model is initially
completed, followed by the rotation of the single crystals using
a given rotation matrix. The translation process was achieved

through the Voronoi method, which is crucial for identifying
the atoms belonging to the grains between pairs of single crys-
tals. In addition, all three dimensions were employed periodic
boundary conditions (PBCs). The positions of the Voronoi
grain centers were determined by a random number method.
The corresponding criteria were closely related to the number
of grains (N) in the simulation cells.

Determination of key parameters: calculate the lengths of the

simulation cell (I,/ I,/ l.) and the number of grains (V)

Determine the center positions of the N grains and the corresponding
rotation matrices

Create single crystal models, then rotate and translate them to the
corresponding centers according to the rotation matrix

Determine the grain to which each atom belongs based on the distance
from the atom to the center of the grain

Judge the distance between the atoms at the grain boundary region and
remove the overlapping atoms.

Complete the construction of polycrystalline simulation cell and output
the corresponding position file

Fig. 1. Flowchart of the algorithm for constructing polycrystalline simulation
cells based on the Voronoi method.

For instance, by giving the three lengths of the simula-
tion cell (/, Iy, and [;), the average size of each grain could
be obtained the first-order approximation using either a cubic
or spherical structure. Consequently, under the condition of a
cubic structure, the average length (D) of each grain can be
determined as follows:

D= L1 /N, (1

while under the approximation of a spherical structure, the ra-
dius length (R) of the spherical grains can be determined, they

R = {/3L1,l. /4. )

Therefore, once the relevant key size parameters of the grains

were denoted as

are determined, the center positions (P,) of each grain can be
obtained using a random number approach. For cubic structure
grains, it can be assumed that the distance between each grain
is not less than 2D, while for spherical structure grains, it can
be assumed that the distance between grains is not less than
twice the diameter 2R. It should be noted that this assumption
is a first-order approximation, and based on this assumption,
an NC W structure with a relatively uniform distribution of
grain positions can be constructed.

After determining the corresponding positions of the
grain centers P,, the location of the perpendicular bisector
plane between each pair of grain centers can be determined
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using the Voronoi method. Ensure that all regions enclosed by
P, satisfy the range R determined by the following equation:

ri € {x7y7Z|d(ri7Pi) < d(rian)a
J={L2,...,n}, j#i 3)

where r; is the position vector, and d(r;, P;) is the distance from
the given position to the grain center. Therefore, based on
the aforementioned equation, it becomes relatively easy to de-
termine the grain to which a given position belongs, thereby
achieving the initial establishment of the NC periodic struc-
ture.

As shown in Fig. 1, the grains are primarily constructed

using rotation matrices. Based on the definition of grain

cos o cos 3 cosy—sinosiny
sin ¢ cos 3 cos Y+ cos asiny
—sinfcosy

R(7,0) =

Using the above algorithm, we established NC W simula-

tion cells, as shown in Fig. 2.

(a)

Fig. 2. Schematic structure of polycrystalline W: (a) the number of
grains is 4 (4 grains) and (b) the number of grains is 12 (12 grains).

For better understanding the influence of grain size on
cascade processes, two NC W systems were constructed in
this study with simulation boxes of the same dimensions but
containing different numbers of grains; that is, the grain size is
different, as shown in Fig. 2. In Fig. 2(a), the number of grains
in the simulation cells is 4 (4 grains), which contains 1993041
atoms, and the average grain size is 20.0 nm. As illustrated
in Fig. 2(b), the simulation cell contains 12 grains (12 grains)
with an average grain size of 13.9 nm and 1989660 atoms.
Once the simulation models were established, to obtain the
corresponding stable structures, molecular statics (MS) sim-
ulations were initially performed for relaxation, followed by
MD simulations with a period of 30 picosecond (ps) for the dy-
namic equilibrium relaxation, which can provide a basis model
for subsequent displacement cascade simulations.

To better compare with the relevant irradiation experi-
ments of Hu et al.!*?! and to establish a systematic database of
W collision cascades with the previous work, 3] in this study,
the cascade simulations of NC W were carried out at a tem-
perature of 363 K, which provides the foundation for the ef-
fective connection and transfer of information between differ-

boundary degrees of freedom, grains can be rotated at arbitrary
angles around three principal axes, enabling free rotation in
three-dimensional space and the construction of correspond-
ing grain boundaries. By employing commonly used rotation
matrices, such as rotating a given angle 0 around the Z-axis,
the corresponding rotation matrix can be obtained as follows:

cos@ —sinf 0
R (6)= | sin@ cos® O |, 4
0 0 1

therefore, when the whole grain can be rotated in three-
dimensional space in three given directions by rotating the an-
gles of «, B, and 7, a three-dimensional (3D) rotation matrix
can be derived as

—cosacosfsiny—sinacosy cosasinf
—sinocos fsiny + cos acosy

sinasinf | . 5

cosf3

sin B siny

ent simulation scales. The PKA energies (Epka) in the range
of 10 keV-150 keV are considered. To adjust the atomic ve-
locities at the target temperature, we utilized a Nose—Hoover
thermostat(®3 on a layer with a thickness of about 3 lattice
units in the outermost part of the box. As indicated by pre-
vious research, 13142428 3 microcanonical ensemble (NVE)
and canonical ensemble (NVT) were applied to the interior
and outermost atoms of the simulation box. Additionally, the
distance between the PKA and the GB plane may affect the
distribution of defects.['3] To ensure that collision cascades
predominantly occurred in the core of the simulation box, the
primary knock-on atom (PKA) is randomly selected within
a distance of approximately five nanometers from the central
grain boundary. The directions of the PKA (Dpka) were ex-
amined in both perpendicular and parallel orientations with re-
spect to the grain boundary. During the collision cascade pro-
cesses, the time step was automatically varied from 1073 ps
to 1077 ps, and the total simulation time for cascades was
modified between 40 ps and 120 ps based on the PKA en-
ergy. Once an atom exceeds the boundaries of the simulation
box, the simulation terminates immediately, and the data from
that case is deemed invalid. Given the differences among in-
dividual cascades, each sample underwent over 20 cascades
to obtain reliable statistical results. Table 1 lists the parame-
ters of the average grain size, simulation box, and PKA energy
for the different systems. Furthermore, according to previous
studies, 2321 we also focused on calculating defects in the
bulk regions within grains in this work, excluding irregular
atomic arrangements in grain boundary regions. The bulk re-
gion (grain interior) was defined as being over 7 A away from
grain boundary, which is considered to be the distance of in-
teractions between the grain boundary and W interstitials, as

indicated by previous work. 3!
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Table 1. Lists the simulation parameters in the 4-grain and 12-grain systems, including Epga, number of atoms in the box (Atoms), size of the

simulation box (Box), simulation time (Time), and the average grain size.

Systems Epka (keV) Atoms Box (A3) Time (ps) Average grain size (nm)
4 grains 10/20/35/50/ 80/100/150 1993041 317.58%x317.58x317.58 40 ~ 120 20.0
12 grains 10/20/35/50/ 80/100/150 1989660 317.58%x317.58x317.58 40 ~ 120 13.9
In this work, the Finnis—Sinclair-type interatomic  clarity, we focus only on the grain boundary regions and de-
[34]

potentials developed by our group were used. They
can precisely predict the basic features and the energies
of radiation-induced defects of W, demonstrating excellent
agreement with experimental data or DFT calculations. 343
The predicted values for the lattice constant of W to be
3.1652 A and the cohesion energy to be 8.9 eV, respectively.
The most stable interstitial configuration of W is (111) W-W
dumbbell with a formation energy of 9.46 eV,3*33! vacancy
formation energy is 3.54 eV,[?*33! and GB energy of £5(130)
symmetric tilt GB for W with a value of 2.34 J/m?.133] This po-
tential predicts correctly the 1/2 (111) interstitial loops are the
most stable in bulk W,3433] which are in good agreement with
DFT calculations or experimental data. Moreover, these po-
tentials have been applied in radiation-damage simulations of
SC W and W containing GB structures.!!?!43% To accurately
simulate the interactions between two atoms at a close dis-
tance during cascade processes, we integrated the pair interac-
tion function of potentials with the Ziegler—Biersack—Littmark
(ZBL) universal function!*”! by a connection function with the
corresponding parameters sourced from Ref. [35]. Addition-
ally, the point defects produced during the cascade processes
were analyzed and identified using the Wigner—Seitz (WS) cell
method. 8! The common neighbor analysis (CNA) method3°!
was employed to analyze the local crystal structures, distin-
guishing between body-centered cubic (BCC) structures in the
internal grain regions, the grain boundary region (identified as
“other” by CNA), and radiation-induced defects. Both meth-
ods were executed using the visualization and data analysis

software OVITO (Open Visualization Tool).[4"]

3. Results and discussion
3.1. Production and distribution of defects

Figure 3 illustrates the defect distributions in the system
containing 12 grains for different PKA directions at Epga =
10 keV during the thermal peak stage and the final stage after
cascades. The cascade quickly arrives at the maximum dam-
age state, usually occurring within 1 ps. When the direction
of PKA is parallel to the grain boundaries (Dpga = P), as de-
picted in Fig. 3(a), most defects do not cross the grain bound-
ary region and remain within the grains at Epga = 10 keV.
Here, atoms are coloured based on their potential energies, and

the corresponding colours are indicated in the colour bar. For

fect atoms. Figure 3(b) presents the morphology of the local
structure in the final stable stage, where the enlarged red atoms
represent defect atoms, as analyzed by CNA methods,**! and
the white atom regions represent grain boundaries. Figure 3(c)
provides a closer view of the defect atoms within the grains of
Fig. 3(b), and the atoms are also coloured by their potential
energies. After cascades, the number of interstitials remain-
ing in the grain interiors is lower than that of vacancies, as
shown in Fig. 3(c), indicating a preference for interstitials to
be absorbed by the grain boundaries, which is consistent with
previous work. 34142 Similarly, figures 3(d) and 3(e) illus-
trate the distribution of defects when the direction of PKA is
oriented perpendicularly to the grain boundaries (Dpga = V).
Figure 3(d) shows the peak defect generation stage. It can be
seen that there is a higher likelihood of defects crossing into
the grain boundary regions when Dpga =V, subsequently al-
lowing for a greater number of defects to be absorbed by the
grain boundaries. The morphologies of the defects in the final
stable stage are depicted in Figs. 3(e) and 3(f).

As illustrated in Figs. 3(a) and 3(d), it can be observed
that, at Epgka = 10 keV, defects are predominantly generated
within the grains, and most defects do not cross into the grain
boundaries for both Dpga =V and Dpga = P. It is partic-
ularly noteworthy that the probability of defects crossing into
the grain boundaries is relatively higher for Dpga =V than for
Dpka = P. In the stable stage, vacancies are generally greater
in the bulk regions of grains than interstitials. This means
that interstitials are preferentially captured by grain bound-
aries during the cascade process, thereby inhibiting their an-
nihilation and recombination with vacancies within the grains.
To further understand the effect of PKA directions, a compari-
son is conducted between the cases of Dpga = P as illustrated
in Figs. 3(a)-3(c) and Dpga =V as illustrated in Figs. 3(d)—
3(e). It can be found that the overall number of defects is
slightly lower in the case of Dpga = V than in Dpgp = P.
This phenomenon may be attributed to a more significant over-
lap region between the grain boundaries and cascade regions
in the case of Dpga =V, facilitating the capture of more de-
fects by the grain boundaries, which is consistent with pre-
vious work.[1530] Ag a result, the number of defects within
the grain interior is slightly lower for Dpga =V as compared
to Dpga = P, and the distribution of defects is influenced by

the extent of overlap between the cascade centers and grain
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boundaries.

Moreover, as illustrated in Fig. 4, we compared the defect
distributions at the thermal peak stage of defect generation and
the final stable stage of residual defects for two different grain
sizes, namely, the systems contain 4 grains and 12 grains, as
an example of Epka = 50 keV and the direction of PKA is
oriented perpendicularly to the grain boundaries. The results
indicate that at Epga = 50 keV, defects in both the 4-grain and
12-grain systems tend to migrate across the neighboring grain
boundaries at the peak defect generation stage. As shown in
Figs. 4(a) and 4(c), since the 12-grain system contains more
grain boundaries than the 4-grain system, a greater number of
defects generated during the thermal spike stage of the cascade

process can cross the grain boundaries in the 12-grain systems,

indicating a greater overlap between the cascades and the grain
boundary regions. Consequently, as illustrated in Figs. 4(b)
and 4(d), a significant number of defects are rapidly absorbed
by the grain boundary regions, resulting in a lower number of
defects remaining in the grain interiors of the 12-grain system
compared to the 4-grain system. It is worth mentioning that
interstitial-type defects in NC systems are also preferentially
captured by grain boundaries, thereby leaving predominantly
vacancy-type defects in the interior of grains, which is consis-

15.36.43] Furthermore, a comparison

tent with previous studies. !
of Figs. 3 and 4 reveals that the probability of defects crossing
into grain boundaries during the thermal peak stage increases

as the PKA energy increases.

®

Interstitial

Dpga=V

¥

Z

Pe
9. 01w

m-6.31

Fig. 3. Defect configurations after cascades in the systems containing 12 grains when the direction of PKA is parallel (Dpgs = P) or perpendicular
(Dpga = V) to the grain boundaries. (a) Dpga = Pat the peak stage, (b) Dpka = P at the final stage; (c) enlarged defects within the grains of panel (b);
(d) Dpga =V at the peak stage; (e) Dpga =V at the final stage; (f) enlarged defects within the grains of panel (e). The atoms are coloured in terms of
their potential energy. The red and enlarged balls in panels (b) and (e) represent defects, and the white atoms are grain boundaries.

(b)

(d)

Fig. 4. Distribution of defect configurations for different grain size systems
with Epga = 50 keV and PKA direction is perpendicular to the grain bound-
aries as an example. (a) Peak stage of the system containing 12 grains; (b) final
stage of the 12-grain system; (c) peak stage of the system containing 4 grains;
(d) final stage of the 4-grain system. The atoms in panels (a) and (c) are
coloured in terms of potential energy. The red and enlarged balls in panels (b)
and (d) represent defects, and the white atoms are grain boundaries.

3.2. Defects and defect clusters

As depicted in Figs. 5(a) and 5(b), the number of sur-
viving defects in the stable stage varies with PKA energies of
10 keV-150 keV for Dpxa = P and Dpga =V, respectively. It
can be observed that both in the 4-grain and 12-grain systems,
the number of vacancies (vac) in the interior bulk of grains
is significantly greater than that of interstitials (int), and the
number of interstitials in the grain interiors can be negligible
at PKA energies below 50 keV, which is in alignment with pre-

3641421 The strong absorption of interstitials in

vious research. |
the grain boundary regions leads to a substantially higher num-
ber of vacancies remaining in the bulk region. As the PKA en-
ergy increases, the total number of defects exhibits a consistent
increasing trend, in line with previous results for SC W.[13.14]
Additionally, the number of grain boundaries impacted by the
cascades in the thermal peak stage and the corresponding num-
ber of defects captured by grain boundary regions also exhibit

significant increases with increasing PKA energy.
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Fig. 5. Surviving defects after cascades with different PKA ener-
gies: (a) the system containing 4 grains and (b) the system containing
12 grains, respectively. Here, vac_p represents the number of vacancy
obtained with the PKA direction parallel to the grain boundaries; vac_v
represents the number of vacancy obtained with the PKA direction per-
pendicular to the grain boundaries; int_p represents the number of inter-
stitial obtained with the PKA direction parallel to the grain boundaries;
and int_v represents the number of interstitial obtained with the PKA
direction perpendicular to the grain boundaries.

Figure 5 reveals that the direction of PKA may influence
the distribution of defects, and more defects remain in the bulk
region at the stable stage for the case of Dpga = P compared to
Dpga = V. This trend can be attributed to the fact that when
Dpka = P, the majority of defects are generated in the inte-
rior of grains without crossing grain boundaries, where defects
do not sufficiently interact with grain boundaries, leading to a
higher number of residual defects in the interior of grains. A
comparison of Figs. 5(a) and 5(b) shows that there are fewer
surviving defects after cascades in the 12-grain system than
in the 4-grain system. Specifically, for a fixed simulation box
size, an increase in the number of grains corresponds to a de-
crease in the number of surviving defects in the interior of
the grains. That is, as the grain size decreases, the number
of surviving defects in the interior of the grains also dimin-
ishes. This phenomenon may be related to the higher number
of grain boundaries present in systems with more grains, facil-
itating a more pronounced and rapid absorption of defects by
grain boundaries, which is in good agreement with the findings
of a previous study conducted by Gao et al.!'”}

Upon comparing the number of defects obtained by the

NC W system illustrated in Fig. 5 with the results obtained

from the SC W system presented in Table 2 of previous
work, 131 it is evident that the number of surviving defects in
the NC system is fewer than that of the SC system in terms
of both vacancies and interstitials. This observation demon-
strates that, during cascading process, grain boundaries effec-
tively capture a considerable number of interstitials and va-
cancies. However, the strong interaction between interstitials
and grain boundaries leads to a preferential absorption of in-
terstitials. Thus, a lower number of interstitials remain in the
bulk (inside the grains) of the NC system compared to the SC
system. At the same time, in the NC system, the number of
interstitials absorbed by the grain boundaries exceeds that of
vacancies, which hinders the annihilation or combination of
many vacancies with interstitials. Consequently, these vacan-
cies persist in the form of point defects or defect clusters in the
interior of grains.

Table 2. Numbers of Frenkel pairs (FPs), the largest vacancy (Syac) and

the average number of vacancy cluster (Ny,c) produced by single crystal

(SC) W and NC W systems at 363 K. The data of SC W were obtained

from the previous study.!!3! Values in parentheses indicate standard de-
viations.

Epka (keV) FPs Svac Nyac
SC SC NC SC NC
10 17(5) 9 10 - -
20 25(8) 9 13 1 2
35 41(12) 13 26 2 2
50 58(15) 23 43 4 3
80 101(31) 133 42 8 3
100 124(39) 107 43 11 4
150 235(113) 549 46 14 5

Based on the above results, we focused only on the sta-
tistical distribution of vacancy clusters in NC systems. Many
previous studies!!+30-3644471 applied a cutoff distance crite-
rion for vacancy clusters defined by the second nearest neigh-
bor (NN2). The results of the radial distribution function g(r)
of vacancy defects obtained from the potentials!**! showed
that the main peak appears at the second nearest neighbor.
Thus, in this work, a vacancy was also classified as part of
a cluster if it was within the NN2 range of another vacancy,
and we considered two or more vacancies as a cluster. Fig-
ures 6 and 7 display the number and size distributions of
vacancy clusters in the 4-grain and 12-grain systems, respec-
tively, under different PKA energies and directions. We find
that most vacancies remain point defect states in all NC sys-
tems, and small-sized clusters (< 10 net defects) dominate all
simulations. In addition, there are more defect clusters when
Dpga = P than when Dpga =V for both the 4-grain and 12-
grain systems, especially in the case of cluster size > 10. As
shown in Fig. 6, the size of vacancy clusters is dominated by
< 10 in the 4-grain system, and the number of vacancy clus-
ters increases with the increase of PKA energy. Comparing
Figs. 6(a) and 6(b), it can be seen that the number and size
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distribution of vacancy clusters are more for Dpga = P than
for Dpga =V, especially in the case of cluster size > 10. In
fact, the size of vacancy clusters exceeding 10 was rarely ob-
served when Dpga = V because of the sufficient interaction
between defects and grain boundaries and most defects cap-
tured by sinks. The largest vacancy cluster obtained from the
4-grain system consists of 34 vacancies, occurring at a PKA
energy of 150 keV when the direction of PKA is parallel to
the grain boundaries. The results of the 12-grain system in
Fig. 7 are similar to those of the 4-grain system. Interestingly,
even though the total number of vacancies in the interior of
grains is lower in the 12-grain system compared to the 4-grain
system, the 12-grain system demonstrates a higher number of
vacancy clusters. This indicates that systems with more grains
are more likely to form vacancy clusters. The relatively large-
size clusters (> 10) are greater in the 12-grain system than in
the 4-grain system, as shown in Fig. 7, and the largest vacancy
cluster obtained from the 12-grain system includes 46 vacan-
cies, occurring at a PKA energy of 150 keV when the direction
of PKA is parallel to the grain boundaries. When the PKA en-
ergy is lower than 50 keV, the difference of the largest vacancy
(Svac) between the NC and SC systems is small, as shown in

Table 2. However, when the PKA energy is larger than 50 keV,

100
" (a) Dpga=P Il 10 keV
5 B 20 keV
% 80 35 keV
= 50 keV
o B 80 keV
> 7100 keV
g 601 B 150 keV
§ 1.0
5 40} 0.8
— 0.6
2 0.4
§ 20 0.2
Z 0 7~10 11~20 21~30 30+
0 1 T 1 1
1 2~6  T~10 11~20 21~30 30+
Cluster size
100
w (b) Bl 10 keV
3 Dpxa=V B 20 keV
% g0k 35 keV
= 50 keV
© B 30 keV
I [ 100 keV
g 60 B 150 keV
2 8
5
5 40} 6
5] 4
9
g 20 2
z
0 2~6 7~10 10+
O 1 1

1 2~6 7~10 104+
Cluster size

Fig. 6. The number and size distribution of vacancy clusters for the sys-
tem containing 4 grains: (a) the direction of PKA is parallel to the grain
boundaries (Dpka = P) and (b) the direction of PKA is perpendicular to
the grain boundaries (Dpga = V). The standard deviation of the mean
is shown by bars.

the largest vacancy in NC systems is much lower than that
in SC systems. For example, the largest vacancy contains 46
vacancies under a PKA energy of 150 keV in NC systems,
which contains 549 vacancies in SC systems.!!3] This means
that a relatively large number of defects aggregate at grain
boundaries in the high energy PKA cascades, which may af-
fect the evolution of defects and the mechanical properties of
the materials. Moreover, numbers of vacancy cluster (Nyac)
produced by SC systems are also greater than in NC systems,
and small-sized vacancy clusters (< 10 net defects) dominate
in NC systems. The comparison between Figs. 6 and 7 re-
veals that, overall, the number of larger-sized vacancy clusters
is higher in the 12-grain system than in the 4-grain system, and
the direction of PKA may affect the size of vacancy clusters.
Specifically, there is a higher possibility of producing larger
vacancy clusters when the direction of PKA is parallel to the

grain boundaries.

100

a — 10 keV
(a) Dpxa=P 20 keV
80 35 keV
50 keV
B 80 keV
© 100 keV
B 150 keV

60+

1.0

40 0.8

0.6

0.4
20

[=}
N}

Number of vacancy clusters
o

. i.‘i il

7~10 11~20 21~30 30+

1 2~6  7~10 11~20 21~30 30+
Cluster size

100
B 10 keV
B 20 keV
SOk 35 keV
50 keV
B 30 keV
100 keV
B 150 keV

(b) Dpxa=V

O = N W s O

Number of vacancy clusters

2~6 7~10 10+

7~10 10+

1 2~6
Cluster size

Fig. 7. The number and size distributions of vacancy clusters in differ-
ent PKA directions for the systems containing 12 grains: (a) Dpga = P
and (b) Dpka =V, respectively. The standard deviation of the mean is
shown by bars.

3.3. Evolution of the grain boundary

Figure 8 shows the defect evolution of NC W during high-
energy PKA cascades. Here, we take the system containing
4 grains at Epga = 100 keV when the direction of PKA is
parallel to the grain boundaries as an example. The initial
configuration after relaxation is depicted in Fig. 8(a), where
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the atoms in the grain boundary regions display an ordered ar-
rangement. The first stage of the collision cascade is depicted
in Fig. 8(b), and the system quickly enters a thermal spike state
within 1 ps, as illustrated in Fig. 8(c). As the cascade pro-
gresses, the system proceeds to the quenching stage, as shown
in Fig. 8(d).
and combine, and defects near the grain boundary regions are

Interstitials and vacancies begin to annihilate

rapidly absorbed by the grain boundary regions, particularly
interstitial-type defects. Finally, a snapshot of the stable stage
configuration is shown in Fig. 8(e), where most interstitial-
type defects are absorbed into grain boundary regions, result-
ing in a higher concentration of vacancy-type defects in the
interior of grains. Due to the significant absorption of a large
number of interstitials and the intense impact from the cas-
cades, grain boundaries undergo a certain degree of distortion,
as represented in Fig. 8(f). Moreover, by comparing the width
of the grain boundary at the stable stage in Fig. 8(e) with that
at the initial stage in Fig. 8(a), it can be seen that the width of
the grain boundary expands following the cascade. This phe-
nomenon suggests that a significant number of defects are ab-
sorbed by the adjacent grain boundary regions, causing some
migration and growth of grain boundaries, which may affect
the performance of materials under actual service conditions.

Pe (eV)
-

—9.2

(f) portion of the distorted
grain boundary

(d) 9.0 ps

(e) 80.0 ps

Fig. 8. Evolution snapshots of grain boundaries in NC W during high-energy
PKA cascades (the system containing 4 grains as an example). (a) The initial
model after relaxation, and a PKA possessing the energy of 100 keV was ori-
ented parallel to the grain boundary to start the cascade. This process can be
divided into the following stages: (b) initial stage, (c) peak stage, (d) quench-
ing, (e) stable stage, and (f) enlarged portion of the distorted grain boundary
region. Atoms are coloured according to their potential energy.

In addition, we find that the grain size has an impact on
the distribution and evolution of defects during cascades. In
the 12-grain system, which has smaller grain sizes, a greater
number of defects formed in the grain boundary regions after
cascades, resulting in a slightly higher distortion of the grain
boundaries compared to the 4-grain system. This may be re-
lated to the lower diffusion barrier for defects near the grain
boundary regions.?*! With a higher density of grain bound-
aries, the 12-grain system absorbs more defects, resulting in
the greater distortion of grain boundaries than in the 4-grain
system. Furthermore, the PKA direction may have an effect on

the formation and diffusion pathways of defects. Defects tend
to form near the grain boundary regions when the direction
of PKA is oriented perpendicularly to the grain boundaries,
whereas they have a higher probability of remaining in the in-
terior of the grains when the direction of PKA is parallel to
the grain boundaries. The PKA energy also significantly influ-
ences the formation and evolution of defects. Higher PKA en-
ergies result in an increased in defect formation coupled with
accelerated defect diffusion rates, providing sufficient condi-
tions to overcome the binding forces present within the crystal
structure.

It is worth noting that, in this work, the interstitial disloca-
tion loops and C15 clusters were hardly visible in NC systems,
whereas the nucleation of interstitial loops and C15 clusters is
easily observed in the SC W cascades, especially in high en-
ergy PKA.[13] This may be related to the complex stress fields
and defect environments of NC materials, where the defect
generation pattern may be more favorable to the formation of
point defects than dislocation loops. Sinks present in the form
of grain boundaries in NC materials have a significant effect on
the mechanism of radiation-induced defects motion, influenc-
ing their dynamic behavior, and may change the microstruc-
ture and mechanical properties of materials.

4. Conclusion

This study systematically investigated the influence of
grain size, the direction, and energy of PKA during the cas-
cade process in NC W systems via MD simulations. We have
analyzed the generation and distribution of defects, number,
and type of defects/defect clusters, and the microstructure evo-
lution of grain boundaries. These results can provide informa-
tion for understanding the changes in the properties of the rel-
evant structural materials under radiation damage. The main
findings of this study can be summarized as follows.

(1) Vacancies dominating the defects in the interior of
grains, and the number of defects increases as PKA energy
increased.

(ii) As the number of grains increases, corresponding to a
decrease in grain size, fewer defects are observed in the interi-
ors of grains during the stable state, indicating greater absorp-
tion by the grain boundaries.

(iii) The PKA direction has an effect on the formation and
diffusion pathways of defects. When PKA is perpendicular to
the grain boundary, an increased number of defects is more
likely to be absorbed by the grain boundaries, whereas a par-
allel incidence of PKA results in more defects forming in the
interior of grains.

(iv) The impact of high energy PKA may induce notice-
able distortion and even migration of grain boundaries.
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