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h i g h l i g h t s
� Stacking Fault Tetrahedra (SFT) formation proceeds by cascades, containing typically a vacancy cluster and interstitials.
� Applied tension leads to the destruction of the SFT, in contrast to a recently reported case of a SFT which soften the NW.
� After the initial dislocation activity, strength is controlled by a few surviving dislocations.
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a b s t r a c t

In this work we study, by means of molecular dynamics simulation, the change in the mechanical
properties of a gold nanowire with pre-existing radiation damage. The gold nanowire is used as a simple
model for a nanofoam, made of connected nanowires. Radiation damage by keV ions leads to the for-
mation of a stacking fault tetrahedron (SFT), and this defect leads to a reduced plastic threshold, as
expected, when the nanowire is subjected to tension. We quantify dislocation and twin density during
the deformation, and find that the early activation of the SFT as a dislocation source leads to reduced
dislocation densities compared to the case without radiation damage. In addition, we observed a total
destruction of the SFT, as opposed to a recent simulation study where it was postulated that SFTs might
act as self-generating dislocation sources. The flow stress at large deformation is also found to be slightly
larger for the irradiated case, in agreement with recent experiments.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Studies of materials under irradiation are needed in fields that
go from medicine to astrophysics. Radiation damage includes the
formation of point, line and volumetric defects: clusters of va-
cancies or interstitials, dislocation loops, stacking faults, twins, and
stacking fault tetrahedra (SFTs) [1e3]. A single high energy recoil
can form SFTs according to simulations [4,5], but they can also be
formed by quenching [6], or high strain-rate deformation [7], since
they can evolve from a vacancy cluster in many fcc metals [8]. SFTs
. Guti�errez).
significantly change the mechanical properties of a material, of-
fering a strong obstacle to dislocation motion [9,5], and there are
several recent efforts to reduce their density after irradiation
[10e12]. For instance, current research has shown how a SFT is fully
absorbed by screw dislocation [13,14].

The irradiation of nanostructures display distinct characteristics,
compared to bulk samples [4]. Recently, it was shown that nano-
foams can be radiation-resistant, due to their large surface-to-
volume ratio which leads to surface defect sinks [15]. However, it
was also shown thatmore energetic irradiation at higher dose leads
to the formation of SFTs in Au nanofoams, despite the nanometer
scale of the foam filaments [16]. Something similar happens in Ag
nanofoams [17]. Experimental Au foams in those studies had
interconnected nanowires with a diameter around 30 nm and a
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length around 60 nm. Simulations of nanofoams at those scales
would require tremendous computational power, and atomistic
simulations are typically carried out with foams with filament di-
ameters one order of magnitude below those experimental values
[18]. In order to understand possible effects from the much larger
wire diameter, simulations have also been carried out for single
nanowires under irradiation [15,16]. Aiming to study the effect of
radiation damage in the mechanical properties of foams, recently
Zepeda-Ruiz et al. [10] created a perfect SFT, with a side of 5.5 nm,
and carved a cylindrical nanowire around it, with 10 nm diameter
and 20 nm length. This nanowire was compressed along its axis,
resulting in the SFT acting as a dislocation source and reducing the
elastic limit, because the surface sources activate at much higher
stress. Detailed analysis of dislocation reactions was carried out,
showing that the SFT was nearly re-generated, therefore making
possible a Frank-Read-like dislocation source. However, a recent
simulation [19] of a cross-array of two nanowires with a 10 nm
diameter had a lower plastic threshold than a single nanowire, even
with an SFT as source, because the junction itself facilitates dislo-
cation nucleation. On the other hand, nanoindentation experiments
[19] showed irradiation lead to nanofoam hardening, and this was
explained as regular hardening due to dislocationeobstacle
interaction.

Irradiation of nanostructures has been shown to affect me-
chanical properties [20e22]. Other properties such as the sputter-
ing yield may also be affected [23]. Irradiation of nanowires in
particular has been shown to be strongly size-dependent. For
instance, Kiener et al. [24] studied Cu nanopillars with 80e1500 nm
diameter. Below 400 nm diameter, there was size-dependent
strength under compression from a nanoindenter, explained by
dislocation source limitation. Pillars were irradiated by 1.1 MeV H
irradiation up to 0.8 dpa, generating dislocations and other defects,
including 0.5e3 nm SFTs, which then lead to strength controlled by
the activation stress of the sources introduced by irradiation.

Regarding simulations, there is a long tradition of atomistic
simulations of the mechanical properties of NWs but most simu-
lations have been carried out for perfect single-crystal samples
[25]. Amongst the few exceptions it can be mentioned the work by
Farkas on polycrystalline NW, and the recent work by Srolovitz and
co-workers on polycrystalline and nanotwinned NWs [26]. Espi-
nosa and co-workers [27] simulated NWs with dislocation sources
using dislocation dynamics, but atomistic simulation of NWs with
pre-existing dislocation sources other than GBs is lacking. Yu et al.
[28] recently studied the coupling effects of stress and ion irradi-
ation on the mechanical behaviors of copper nanowires, with
D ¼ 12 nm and 1e10 keV PKA from the surface of the NW. They
found that the elastic limit decreases with PKA energy, and after 7%
strain, there are only few defect clusters left inside the NW, with no
partials and no twins evident in the snapshots they provided. The
work by Zepeda-Ruiz et al. [10] is also an important step to un-
derstand Au Nws with radiation damage.

Here we present a molecular dynamics simulation study about
the effects of a pre-existing radiation damage on the mechanical
properties of gold nanowire, and offer an alternative, significantly
different scenario for the mechanical response of a radiation-
damaged NW. For this purpose, we first generate, by means of a
20 keV collision cascade, a large defective region in the sample,
which after 0.1 ns since the beginning of the bombardment trans-
form into a SFT and other point defects. Then, we perform a tensile
test for both the pristine and irradiated gold nanowire, providing an
atomic level description, such as the dislocation and twin density
during the deformation. The paper is organized as follows: in
Section 2 we explain the methodology. The results are presented in
Section 3, and finally, in Section 4 we draw some concluding
remarks.
2. Computational methodology

The molecular dynamics simulations on Au NW were performed
using LAMMPS [29], with an embedded atom method (EAM) po-
tential [30] modified with the Ziegler, Biersack and Littmark (ZBL)
[31] for radiation damage simulations. With the aim of mimicking
the radiation conditions in the recent paper by Fu et al. [16], a pri-
mary knock-on atom (PKA) of 20 keV is simulated at the center of a
Au nanowire with a diameter of 25 nm and length of about 50 nm,
close to experimental sizes, comprising 1.5 millions atoms. The z axis
runs along the [001] direction, where periodic boundary conditions
were applied. Several different PKAs were run in the pristine cylin-
der, and although this high energy cascade leads to melting of a
relatively large volume, the top/bottom boundaries were unaffected.
Also, we found many events which produced a SFT from a single
recoil. The defects that resulted from the irradiation were analyzed
during the cascade and after the nanowires returned to nearly 300 K,
using OVITO [32], with adaptive common neighbor analysis [33], and
bond-angle analysis (BAA) [34] to identify defects, as well as the
diagnostic tools provided by LPMD package [35].

The final defective configurationwas relaxed for ~0.2 ns, and we
take the wire down to 10 K. Only a few point defects remain
alongside the SFT, which has a final side length of about ~4 nm. This
size is within the typical size-range of radiation induced SFTs [36].
Then, we apply uniaxial tension to both perfect and defective wires,
at strain rates of 108 s�1.

3. Results

In the following we first describe the results of the radiation
damage, and then the tensile test in the unirradiated and the
irradiated Au NW.

3.1. Irradiation-induced stacking fault tetrahedra formation

Cascade evolution in bulk materials has been extensively stud-
ied [37]. However, much less is known of cascades in nano-
structures [38]. In our simulations, the NW size is well within the
nanoscale, but large enough to easily contain a typical collision
cascade of 20 keV. Fig. 1 shows snapshots of the cascade evolution.
Fig.1(a) displays themaximum extent of the cascade, with amolten
core and a few straight collision sequences leaving a trail of defects
behind. In Fig. 1(b) can be seen how few stacking faults bound by
partial dislocations are generated around the central zone, due to
the large stress in the cascade [39]. SFs can grow and reach the NW
surface, and are a typical deformation mode for NWs under stress
[25]. As the cascade cools down in Fig. 1(c), the SF are re-absorbed,
and in Fig. 1(d) only one SFT and some point defect remains.

At the end of our simulations (~0.2 ns after the PKA started), an
SFT was often formed, together with a number of point defects, and
vacancy and interstitial loops. One such case is shown in Fig. 2. We
compare: (a) adaptive CNA [33], and (b) bond-angle analysis [34].
Both analysis show that one corner of this tetrahedron is incom-
plete, similar to what was observed in Cu [4].

Fig. 3 shows atoms with displacement greater than a0/2 with
respect to their original position, viewed along ½110�. The SFT can be
observed as a triangular shape in the center of the cluster of dis-
placed atoms. There are two clear replacement collision sequences
observed, center-left, and top-right of the figure. The final number
of displaced atoms can be used to estimate dpa (displacements per
atom) for this single irradiation, giving dpa z0.005, as expected an
extremely small irradiation dose compared to typical conditions in
a nuclear reactor. Wigner-Seitz analysis carried out with OVITO [32]
results in 220 Frenkel pairs of individual vacancies and interstitials
at the end of the cascade.



Fig. 1. Snapshots of the cascade evolution, for different times after the PKA started. Local crystalline structure is shown by the different colors (red: hcp atoms, white: bcc, blue: no
structure, including atoms in partial dislocations), and all fcc atoms were deleted. (a) 0.5 ps; (b) 5 ps; (c) 30 ps; (d) 215 ps. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Stacking fault tetrahedron (SFT), created by a single collision cascade, ~0.2 ns after the PKA started. (a) shows CNA analysis as in Fig. 1. (b) bond-angle analysis [34] filtering, to
show only hcp atoms.

Fig. 3. Atoms in the final configuration, which are displaced more than a0=
ffiffiffi

2
p

with
respect to their original position, viewed along ½110�. Local crystalline structure is
shown by the different colors (green: fcc; red: twin boundaries; blue: stacking faults,
brown: unidentified atoms.). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3.2. Tensile test

Fig. 4 shows the activation of surface sources in the perfect NW,
as observed before [25]. Multiple sources are activated nearly
simultaneously, resulting in closely spaced SFs in {111} planes, and
the subsequent formation of nano-twins. Surface steps resulting
from SFs reaching the surface can be observed. There is profuse
intersection of SFs. At ~10% the hardening of the NW can be asso-
ciated to a dislocation outburst. The activation of surface sources
leads to a large stress release. The outline of the NW in Fig. 1(d) can
be seen to be fairly cylindrical, without the typical shear localiza-
tion observed in experiments [40].

The deformation of the irradiated NW is significatively different.
Fig. 5 displays a sequence of snapshots corresponding to the
emission of dislocations and twins at different strains. At the
beginning, the SFT is surrounded by point defects. Then, the SFT
disappears during elongation of the NW, withmultiple SFs shearing
the SFT, in a process similar to the one used to explain defect-free
channels in radiation damage of Cu [9]. The final configuration of
the NW includes {111} surface terraces due to slip traces, and looks
similar to experimental configurations of nanowires under tension
[40], unlike the case of the unirradiated NW.

We quantify the structure defects by use of the Crystal Analysis
Tool [33], as shown in Fig. 6, for atoms in intrinsic SFs and in twins.
Extrinsic SFs can be neglected with respect to intrinsic SFs in the
simulated cases. Partial dislocations bound SFs which propagate
across the NW. In the perfect NW, a large SF density is produced by



Fig. 4. Cross-section of the unirradiated sample under 108 s�1 uniaxial deformation at ε¼10.09,10.15,10.18 and 10.35%. Red, green and blue indicate stacking faults, twin boundaries
and regular f.c.c. atoms respectively. In (a) dislocations are nucleated at the surface; in (b) they propagate across the NW; in (c) and (d) the whole NW is cross-crossed by planar
defects. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Nanowire with pre-existing radiation damage. The figure shows the initial SFT surrounded by point defects at ε¼0 and shows the emission of partial dislocations and twins
from the SFT for ε¼5,6,7.6,9.8,16%, removing all f.c.c. atoms. The last snapshot shows the whole sample for ε¼16%. Red, green and blue indicate stacking faults, twin boundaries and
another atoms respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface sources, accompanied by twin formation. According to
Orowan's equation, plastic relaxation is proportional to the product
of dislocation density and dislocation velocity. For the case of pre-
existing sources, dislocations are nucleated at a lower stress, and
they can move more freely to relax the material. For the case of a
perfect NW, multiple surface sources lead to numerous dislocation
junctions which typically hinder dislocation motion. A similar sit-
uation has been explored for high strain rate loading of bulk fcc
metals [41]. We note that there is a large nanotwin density, which
can vary significantly. NW with pre-existing nanotwins can be
made experimentally, and have been shown to display interesting
mechanical properties [12]. Stress-strain curves can also be seen in
Fig. 6, and the elastic limit for the perfect nanowire is reached at a
strain of about 10%. The sudden activation of multiple surface
sources leads to a catastrophic stress decrease, down to a flow
stress of about 1 GPa at large strain, together with the associated
immense increase in stacking faults and twins. Similar results have
been reported, but rarely including detailed dislocation analysis.
The curve for the defective NW shows a significantly reduced
elastic limit, of about 2 GPa and ~3% of strain. Dislocation emission
from the SFT leads to this lower plastic yield, as in Ref. [10]. How-
ever, the SFT capability as a dislocation source is limited and it does
not behave as a Frank-Read type source, unlike what was observed
under compression for a smaller NW [10]. This early emission leads
to relaxation of the sample without requiring the huge dislocation
density observed in the perfect NW: dislocations can move further
because less junctions are formed. This reduction in dislocation
density also leads to a significant reduction in twin formation. SF
density is 4 times lower, but the flow stress between 12 and 16%
strain is higher than the flow stress in the perfect NW, which does
not have any point defects or defect clusters. We have carried out
simulations for other NW with a radiation-induced SFT and we
observe similar qualitative behavior, and the final flow stress can be
even 20e30% larger than for the perfect NW. This hardening can
also be observed in the NW under compression, as it can be seen in
the inset of Fig. 6. We note that in this case the SFT does not
disappear [10] as in the tension case.



Fig. 6. Stress-strain curves (solid lines, left vertical axis) and defects (dashed lines,
right vertical axis) for unirradiated NW (blue) and irradiated NW (black) (iSF: intrinsic
stacking faults; TB: twin boundaries). Inset shows stressestrain curves for the same
NW under compression, also displaying hardening at large strains. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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4. Concluding remarks

Regarding the SFT formation, the results of our simulations
indicate that a SFT can form directly within a 25 nm Au nanowire,
due to a 20 keV recoil. This is similar to what has been shown for
bulk cascades [4,5], and there is no need for multiple cascades and
vacancy diffusion, as in lower energy cascades of few keVs [16]. The
formation proceeds nearly in the same way described for bulk
cascades. In this case we carry out detailed structural analysis
during the cascade evolution and show, after the ballistic phase of
the cascade, the formation of SFs bounded by partial dislocations,
which sometimes reach the surface of the NW. However, this SFs
mostly recover, but contribute to the final SFT which appears
clearly as the cascade-induced thermal spike cools down. This final
SFT contains typically a vacancy cluster, but also a number of in-
terstitials. This differs from some scenarios where SFTs are formed
by vacancy migration and clustering and assumed completely
hollow [10], and also from other scenarios where SFTs can be
deprived of vacancies at their core [42].

Summarizing our results of the tensile test, we find that a
nanowire (NW) with a Stacking Fault Tetrahedra (SFT) and point
defects resulting from radiation damage has a lower elastic limit
than a perfect NW, as expected. Applied tension of such defective
nanowire leads to the destruction of the SFT. This is different from
the recently reported case of a SFT which soften the NW but re-
generates under compression [10]. The SFT in this study is
smaller, it is contained in a much larger nanowire, and we focus on
deformation under tension, and up to larger strains. The final
configuration of our simulated NW resembles experimental results
[40], with slip traces deforming significantly the outer surface of
the NW. After the initial dislocation activity, strength is controlled
by a few surviving dislocations, while the initial radiation defects
have been mostly eliminated.

For nanofoams, it has been proposed that NW junctions play a
crucial role in lowering of the plastic yield, irrespective of radiation
damage [19]. Experiments in the same study showed that 1 dpa
dose lead to a hardening increase of 15%. Here we have a dose
below 0.5 dpa and find a 10% hardening increase, due to the
interaction of dislocations with defects, despite the fact that the
original SFT was mostly destroyed under tension. A similar hard-
ening effect is found under compression.

A direct connection between the properties of NWs and realistic
nanofoams which include grain boundaries, growth twins and
other defects is challenging, but our results show the complex
scenariowhichmight arise for defective NWs, and point to the need
for more simulations and experiments which might clarify the role
of defects in the mechanical properties of nanostructures.
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