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By using molecular dynamics simulations, we studied the ion irradiation induced damage in mechanically strained Cu nan-
owires and evaluated the effects of damage on the mechanical properties of nanowires. The stresses in the pre-strained nan-
owires can be released significantly by the dislocation emission from the cascade core when the strain is greater than 1%. In
addition, comparison of the stress-strain relationships between the defect-free nanowire and the irradiated ones indicates that
ion irradiation reduces the yield strength of the Cu nanowires, and both the yield stress and strain decrease with the increase of
irradiation energy. The results are consistent with the microscopic mechanism of damage production by ion irradiation and
provide quantitative information required for accessing the stability of nanomaterials subjected to mechanical loading and irra-
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1 Introduction

Nanowires have been known for their unique physical
properties as compared to bulk materials [1,2], becoming
critical building blocks of nanoelectromechanical systems
(NEMS) [3]. The behaviors of nanomaterials under irradia-
tion have attracted increasing research focus [4-7], for the
nanostructured materials in general might have exceptional
irradiation resistance for their large free surface to volume
ratio [8,9]. In addition, Nanowires are recently reported to
be developed for radiation detection applications [10]. The
effects of particle irradiation on the properties of materials
can be detrimental or beneficial [11].

To design robust materials, it is critical to understand the
way that radiation-induced defects alter the mechanical
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properties on a fundamental level. Kiener et al. [12] recently
performed in sifu strength measurements of nanoscale irra-
diated copper in a transmission electron microscope (TEM)
and showed that the strength of samples with dimension
above ~400 nm is controlled by dislocation-irradiation de-
fect interactions, while size-dependent strength results from
dislocation source limitation for the samples below ~400
nm. By using molecular dynamics and density-functional
theory simulations, Holmstrom et al. [13] studied the radia-
tion hardness of mechanically strained carbon nanotubes
and silicon nanowires and found the radiation hardness of
all these structures decreases with strain. The threshold dis-
placement energy in hexagonal Si nanowires with a
<{111>-oriented axis and with all side facets being <112>
was also recently studied [14]. In addition, defect formation
energies in Cu nanowires have been studied with the classi-
cal MD simulations [15]. It was predicted that the formation
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energy of vacancies is the lowest in the middle of the nan-
owires and the formation energy of adatoms decrease with
decreasing nanowires diameter. Zou et al. [16] have studied
the damage caused by low-energy ion irradiation on copper
nanowires and observed the surface vacancies prefer to re-
main on (100) plane and adatoms on (110) plane. Although
a great deal of research has been focused on the mechanical
behaviors of defect-free nanowires [17-19] and nanowires
with pre-existing defects [20,21], there is very little funda-
mental knowledge of how metal nanowires respond to ion
bombardment with mechanical load coupling effects.

Radiation damage in metals has been extensively studied
by experiments and simulations. However, the microscopic
processes that underline those effects are not entirely under-
stood, limiting the ability to predict the consequences of
irradiation. The response of nanowires to irradiation is not
well understood, because of relatively little experimental
and little theoretical work on these systems [6]. MD simula-
tions are well suited to study the irradiation processes, as
the time scales of the collisions and energy dissipation are
on the order of a few picoseconds. Energetic particle irradi-
ation removes atoms from their lattice sites during a colli-
sion cascade in a few picoseconds. In order to shed light on
the intrinsic mechanisms of pre-strained metal nanowires
under irradiation, we simulated <111>-oriented Cu nan-
owires with a specific strain and an energetic ion irradiation.
The defects produced by irradiation in the nanowires are
analyzed according to the evolution of inside nanostructures.
In addition, the effects of pre-existing strain on the ion irra-
diation induced damage are simulated and discussed. Con-
sequently, we demonstrate that the ion irradiation can re-
lease the pre-existed stress in nanowires dramatically at
certain conditions. At last, comparison between the behav-
iors of defect-free and irradiated nanowires are made to
understand how ion irradiation induced defects influence
the mechanical properties of Cu nanowires

2 Molecular dynamics simulation methods

The circular nanowires with diameters of 12 nm and axial
length of 38.8 nm were cut from perfect bulk crystal. All
nanowires used in the following simulations were <111>
oriented and are periodic in axial direction with total
269224 atoms. The embedded atom method (EAM) poten-
tial developed by Mishin et al. [22] was used to describe the
interatomic interaction between Cu atoms, which has been
recently used in the MD simulation of radiation damage
near grain boundaries in Cu nanomaterials [23]. In the em-
bedded-atom method, the total energy of an atomistic sys-
tem is represented as [22]:

E=%;V(4j>+ZF(IL_7i>, (1)

where V(rﬁ> is a pair potential as function of distance 7,
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between atoms i and j, and F is the embedding energy as a
function of the host electron density p, induced at site i by
all other atoms in the model.

In addition, Ziegler, Biersack and Littmark (ZBL) poten-
tial [24] is adopted to describe the repulsion behavior at
short distance. For the ZBL potential, the potential can be
written as:

1 7z,
Vit = —#45(’?,/“)’ @

4ne, r;

with Z,, Z, as the number of protons in each nucleus, e as
the electron charge and ¢, as the permittivity of vacuum.
The second part ¢(x) is the ZBL universal screening

function, which is represented as:

¢(x)=0.1818¢**" +0.5099¢ ****
+0.2802e 4" +0.02817e "1, 3

in which

,_0.8854a, @

- Zo.23 + Zo.23 ’
1 2
with a, being the Bohr radius, and the coefficients pro-
vided elsewhere [24].
The pairwise portion of EAM interatomic potential was

smoothly splined to the ZBL potential for interatomic dis-
tances less than 0.75 A, with a Fermi-like function:

Vi = (l_fp (V,vj >)VUZBL + fr (;;J.)VfAM, 5)
where
1
P\ )= T (6)
/ (r) 14 )

in which, A, controls how sharp the transition is between
the two potentials, and 7. is essentially the cut off for the

ZBL potentials. Implementation of the ZBL potential for
short-range interatomic interactions enables simulations of
response to ion bombardment and provides a realistic de-
scription of defect properties, melting temperature and dis-
placement characteristics [8,13—15].

After cutting out, the nanowires were first relaxed using
the conjugate gradient method and then equilibrated at 300
K using the Nose-Hoover thermostat for 50 ps to approach
zero stress in axial direction. Then the nanowires were
loaded to the prescribed strain ranging from —4% to 4%, in
which the Cu nanowires are elastically deformed. After the
mechanical deformation, the nanowires were equilibrated
with an additional 50-ps-run with the length fixed. The cas-
cade was initiated by assigning corresponding kinetic ener-
gy to a selected surface atom, as shown in Figure 1. The
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Figure 1 Atomistic model for ion irradiation on <111> Cu nanowires.
The velocities of atoms in the shadow region are scaled for energy dissipa-
tion in the cascade simulation.

incident directions of ions are normal to the free surface of
nanowire in [110] direction. After ion irradiation was in-
troduced, the systems were relaxed using microcanonical
ensemble (NVE), with ten layers of atoms of the nanowires
ends set as the energy dissipation region, where the temper-
ature is fixed at 300 K. Dynamics time step control was
applied to ensure that the displacement during each time
does not exceed 0.05 A. Any atom at a distance of 5 A from
the surface was considered sputtered and was excluded in
the ongoing simulation. The structures of the nanowires
were monitored in the real time, and the simulations were
stopped until no more structural changes occurred in the
nanowires and energy convergence approached. Primary
knock-on atom (PKA) energies of 1-10 keV were used for
simulations.

Electronic energy loss processes during the collision
cascade lead to dilution of displacement production and
local heat generation that may enhance in-cascade relaxa-
tion. These effects are beyond the scope of this work.
However, binary collision approximation calculations indi-
cate that at energies below 10 keV, electronic energy loss is
typically an order of magnitude less than nuclear energy
loss [25].

All the MD simulations presented in this paper were
performed using the large-scale atomic molecular massively
parallel simulator (LAMMPS) [26]. The average stresses in
the atomistic systems were calculated using the virial theo-
rem [27]. The snapshots of the deformation were recorded
and then processed by Atomeye [28].

3 Results and discussion

3.1 Ion irradiation induced damage in nanowires

In presenting the results, we first look at the damage evolu-
tion in the pre-strained Cu nanowires by ion irradiation then
examine the atomic mechanism in details. Initially, the PKA
is not triggered, and the structure of the Cu nanowire is a
perfect crystal without any atoms displaced from the lattice
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sites. Starting from perfect FCC structure, lattice sites near
the surface are molten because of the high energy deposited
into the nanowire, as shown in Figure 2, which shows the
dynamic process of the nanostructures evolution in nan-
owires under a 5-keV radiation. At 0.015 ps, the PKA has
penetrated about 1 nm distance from the surface into the
nanowire, but the small collision cascades are mainly fo-
cused near the surface with several atoms sputtered to the
surface. There is no obvious difference between the strained
nanowires and the free nanowires. At 0.05 ps, according to
the velocity of the PKA, the PKA has penetrated almost half
of the cross section of the nanowire, inducing many colli-
sions in the nanowires. More atoms sputtering and local
melting are observed and the displacements of the strained
nanowires are more obvious. At 0.5 ps, the collision cascade
has spread through almost the entire cross section, with
many atoms driven to free surface from the impact region
due to the high temperature and pressure there. The regular
lattices at the cascade core have transformed into amor-
phous region. The discontinuous displacement of the atoms
at the nanowires surface can be observed in the mechani-
cally strained nanowires, which indicates the dislocation
nucleation and propagation. According to the displacement
distribution of the free nanowire surface, no dislocation is
nucleated. At 50 ps, some of those disturbed atoms recover
to regular lattice sites when the cascade cools down, and
others just reside at free surface and become surface ada-
toms. For the mechanically strained nanowires, the discon-
tinuous distributions of the displacement at the wire surface
demonstrate the movement of the dislocations. In addition,
many vacancies are created in the nanowire, as shown in
Figure 3, because of the sputtered atoms which are emitted
from the free surface to the vacuum. Several isolated vacan-
cies and cluster defects are also observed, meaning that the
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Figure 2 Atomic configuration of Cu nanowires containing a 5 keV
cascade coupling with strains of (a) —4%, (b) 0 and (c) 4%. The atoms are
colored with the current displacement from its original coordinates, and the
figures are projected onto (110) plane. The dark blue indicates the smallest
displacement 0 A and the red for the largest displacement 10 A. The red
circles highlight the adatoms on the nanowires surface. The sputtered at-
oms with displacement over 10 A are not shown here.
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Figure 3 Final equilibrium structures of Cu nanowires after annealing of
the ion collision, with atoms colored by central symmetry parameters
(CSP).

ballistic collision contributes to the defect production.

Figure 3 shows the final equilibrium structures in the
nanowires with pre-strain range from —4% to 4% after a
5-keV ion irradiation. For the nanowires with compressive
pre-strain, only point defects and cluster defects left in the
nanowires after equilibrium. Similarly, only point defects
are observed in nanowire with pre-strain of 1%. But the
situation is different for nanowires with pre-strain equal or
greater than 2%, where stacking faults in {111} planes are
formed across the nanowire section. Several vacancies can
also be observed at the both sides of the stacking faults.
Zhang et al. [29,30] suggested that using energetic beams or
the combination of mechanical torsion and local melting of
nanowires with subsequent solidification can induce twin
boundaries into nanowires. Consequently, it is possible to
tune the mechanical behaviors of nanomaterials by chang-
ing the nanostructure inside with using ion irradiation.
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3.2 Stress release by ion irradiation

To understand the response of mechanically strained nan-
owires to irradiation, we recorded the change of stress in
nanowires along the axial with variation of time. The axial
stresses in nanowires were recorded every 100 steps and the
stress-time curve was filtered with a 100-points fast Fourier
transform (FFT) smoothing to eliminate the thermal noise.
Figure 4(a) shows the evolution of ion irradiation induced
nanostructures in the Cu nanowire with a tensile strain of
4%. At the beginning of the collision, leading dislocations
nucleate at the site where the energetic ion deposited. All of
the dislocations slip in {111} planes are finally absorbed by
the free surface of nanowire. Most of the stacking faults
caused by the partial dislocations were finally eliminated by
a trailing dislocation, but one of the stacking faults re-
mained in the nanowire. Actually, the movement of the dis-
locations in the Cu nanowires is driven by both pre-existed
stress and bombardment of ion. The evolution of axial stress
with time is presented in Figure 4(b). When the Cu nan-
owire is stretched with a strain of 1%, there is no obvious
difference between the stresses before and after ion implan-
tation, because no dislocation is triggered by ion irradiation
thus the stress cannot released by dislocation slip. For the
nanowires with pre-existed strain greater than or equal to
2%, the axial stress is obviously released by the ion implan-
tation in the first 5 ps. In addition, it is interesting to note
that the stress release is more remarkable in nanowires with
higher strain. The damage and axial stress evolution of the
compressed nanowire under ion irradiation are presented in
Figure 5. The evolution of the inside structures of a com-
pressed nanowire is shown as Figure 5(a), which has a
compressive strain of —4% before the ion irradiation. When
the compressive strain is not greater than 1%, only point
defects diffusion is observed but no dislocation emission
from cascade core. Consequently, the axial stresses show no
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Figure 4 (a) 5 keV PKA induced damage evolution in nanowire with pre-existed strain of 4%. The red balls represent atoms in HCP structure. The cylin-
der denotes the initial nanowire surface. (b) Stress change with the time, where the ion collision is triggered at O ps. The evolution of the stress in the first 5

ps is shown in the upper right corner panel.
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Figure 5 (a) 5 keV PKA induced damage evolution in nanowire with pre-existed strain of —4%. The red balls represent atoms in HCP structure. The cylin-
der denotes the initial nanowire surface. (b) Stress change with the time, where the ion collision is triggered at O ps. The evolution of the stress in the first 5

ps is shown in the lower right corner.

remarkably change after ion irradiation, as shown in Figure
5(b). For the nanowires with compressive pre-strain of —2%
to —4%, partial dislocations nucleate at the cascade core and
lead stacking faults, followed with trailing dislocations, as
shown in Figure 5(a). After all the dislocations are absorbed
by the surfaces of nanowires, only point defects and clusters
are left in the nanowires. Finally, the axial compressive
stresses in nanowires are released to almost the same level
(about —1.4 GPa) by Shockley dislocations slip in {111}
planes.

In addition, the residual stresses in the nanowires with
irradiation energy changing from 2 keV to 10 keV are illus-
trated in Figure 6. The red circular represents the residual
stress in nanowire with tensile strain of 4% and the dark
square for the nanowire with compressive strain of —4%.
The residual stresses in nanowire decrease with increase the
PKA energy and approach to 0.5 GPa and —-0.4 GPa, re-
spectively.

3.3 The mechanical behaviors of irradiated nanowires

To understand how ion irradiation induced defects influence
the mechanical properties of Cu nanowires, the stress-strain
responses of the irradiated free nanowires with axial loading
were calculated by using the same method as described
elsewhere [17,18].

Figure 7 shows the ion irradiation induced damage in the
nanowires with different PKA energy. Apparently, 2-keV
ion irradiation results in about 4 vacancies and a self-inter-
stitial atom in the nanowire, which are close to the surface.
More vacancies are observed when the irradiation energy
increase to 5 keV, but no self-interstitial atoms. An ion irra-
diation with energy high up to 10 keV can lead to disloca-
tion loop and dispersed point defects. The comparison of the
tensile behaviors between the free Cu nanowires before and
after ion irradiation is illustrated in Figure 8. It appears that
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Figure 6 Residual stress in nanowires with per-existed strain of 4% and
-4% changes with the energy of ion irradiation.
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Figure 7 Typical residual defects in free nanowires under ion irradiation
with different energies. The atoms are colored according to the coordina-
tion number. The perfect FCC atoms are removed for clarity. The red balls
represent the atoms with coordination number of 11.

the MD simulation results show that the ion irradiation re-
duces the yield strength of the Cu nanowire, and both the
yield stress and yield strain decrease with the increase of the
irradiation energy. Ren et al. [31] have shown that the ion
irradiation can lead to the softening of a 3-nm-diameter
GaN nanowire, meaning that the defects in nanowire cause
a small decrease in the Young’s modulus value, which may
lead to larger softening by higher fluences ((1 ion)/(30 nm?)
~3.3x10" ions/cm?). Simulations on the 12-nm-diameter Cu
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Figure 8 (Color online) Comparison of the tensile behaviors between the
Cu nanowires before and after ion irradiation with the different PKA ener-
gies.

nanowires show that the effects of defects on Young’s
modulus are not apparent, but the yield stress is lowered by
the ion irradiation. The Cu nanowires in this paper has 16
times cross-sectional area of the 3-nm-diameter GaN nan-
owire, so the influence of the defects on the Young’s mod-
ulus of Cu nanowire is not as apparent as that on GaN
nanowire [31], which indicates the size effects of the ion
irradiation on nanowires. In addition, the results show that
the presence of vacancies lowers the yield stress, and a
higher concentration may cause a higher deviation from the
yield point with no vacancies, which was predicted to be a
weak power law relationship [32]. Comparing with the oth-
er cases, the nanowire irradiated by a 10-keV ion shows the
lowest initial yield stress and strain hardening can be ob-
served from the tensile stress-strain curve, which indicates
the plastic deformation mechanism of this nanowire differs
from others.

A dynamic observation of the typical dislocation activi-
ties during the initial yielding deformation of the defect-free
nanowire is shown in Figure 9. The deformation begins with
a dislocation emitting from the surface and then is captured

(a) (b) (c)

Figure 9 (Color online) Initial yielding deformation of the defect-free Cu
nanowires. At the elastic limit (a), a dislocation nucleates at the surface and
emits cross the nanowire section (b), and finally absorbed by the surface
(c). HCP atoms are shown in red in this figure and following figures.
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by surface. The dislocation gliding on the {111} plane leads
to the sharp decline of the tensile stress. While, the ion irra-
diation changes the regular lattices structure of the wire and
results in vacancies and defect clusters. Figure 10 shows the
incipient plastic deformation of the nanowire subjected to a
5-keV irradiation then a tensile loading. Two leading partial
dislocations nucleate simultaneously at the cascade core and
propagate across the nanowire section, indicating the lower
resistance of the nanowire to tensile loading. The irradiation
energy increasing to 10 keV, the defective structure in the
nanowire is different, as shown in Figure 7. The continuous
snapshots of initial yielding deformation of the nanowire are
illustrated in Figure 11. Upon tensile loading of the Cu
nanowire with a 10-keV irradiation, the first leading partial
dislocation is nucleated from the dislocation loop induced
by the irradiation and moves around the nucleation site an-
ticlockwise and forms a stacking fault across the nanowire
section. After, a trailing partial dislocation is emitted from
the same site and moves around the “pin” in counter-clock-
wise direction and finally moves out of the nanowire. The
“pin” effects of the defect cluster on the dislocation may
attribute to the strain hardening behavior. The mechanical
response of a nanomaterial because of irradiation is pre-
dominantly controlled by the evolution of the irradia-
tion-induced nanostructure. This in turn is driven not by the
total number of displaced atoms but the small fraction of
point defects that avoid annihilation by mutual recombina-
tion.

To explore the structural changes in nanowires, which
induced by ion irradiation and stress coupling effects, the
displacement coloring method is employed to observe the
movement of the surface atoms, such as atoms sputtering
and local melting. In addition, the CSP coloring method is
adopted for measure of local lattice disorder. In contrast to

3. .
(c)

Figure 10 (Color online) Incipient tensile plastic deformation of the
nanowire after a 5-keV ion irradiation. The circle indicates the cascade
core. (a) Two leading partial dislocations nucleate at the cascade core at the
elastic limit with stacking faults left behind. (b) Initial leading dislocations
propagate across the nanowire section and more partial dislocations emit
from the surface and glide on the {111} slip planes. (c) Most of the dislo-
cations are absorbed by the surface. (d) Only cluster defects left in the
nanowire after all the dislocation moving out of the nanowire.
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Figure 11 (Color online) Incipient plastic deformation of the nanowire after a 10-keV ion irradiation then subjected to tensile loading. Leading partial (D
nucleates at the elastic limit (a), then propagates from (b) to (c), where leading partial moves around the “pin”. The dislocation is absorbed by surface at (d)
and trailing partial @ nucleates at the cascade core. Approximate circular motion of trailing partial @ can be observed from (e) to (g), and finally moving

out of the nanowire (h), leaving only defect clusters in the nanowire.

the CSP method, the HCP coloring is based not on the dis-
tance between particles but the angles and is stable against
temperature boost, so it is helpful to display the formation
of stacking faults in irradiated nanowires. The coordination
number coloring is another method to show the defect at-
oms in crystals. With this method, the point defects and
dislocation line can be clearly observed. Combing the HCP
coloring and coordination number coloring, it is possible to
characterize the orientation of the dislocation movement.
These types of coloring method are combined together are
useful to collect the detail information of the nanostructures
evolution inside nanowires.

4 Conclusions

The effects of stress and irradiation coupling on the me-
chanical behaviors of pre-strained nanowires were studied
with using MD simulations. The results show that the stress
in stretched or compressed nanowires can be released by ion
irradiation. How much the stress can be released is deter-
mined by both the stress level and the KPA energy. For the
pre-strained nanowire with the absolute strain above 1%, a
5-keV ion irradiation can lead to many dislocations nucleate
at the cascade core, thus the stress is released by the dislo-
cations slip. The compressed nanowires are preferred to
keep vacancies or cluster defects after ion irradiation, while
the stretched nanowires are found to have a stacking fault
left after the ion irradiation. Finally, the defects induced by
ion irradiation in the Cu nanowire cause an apparent de-
crease of the yield stress of the nanowires. The simulation
results suggest a possible way to change the intrinsic struc-
tures of nanowires by using energetic beams to tune the
mechanical properties of nanomaterials, such as to eliminate
the residual stress in the metallic nanosystems. In addition,
nanowires can be developed for radiation detection applica-
tions [10] for their physical properties changed during the
ion irradiation. Properties such as widely tunable mechani-

cal properties and electronic bandgaps [4] of nanowires
promise to provide new approaches for radiation detection.
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