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Effects of radiation damage on the yielding and
fracture of nanowires+

Daniel Vizoso &/ and Rémi Dingreville = *

Since free surfaces act as perfect sinks for radiation-induced defects, nanowires, owing to their high
surface-to-volume ratio, are considered to be radiation tolerant. But the question remains on how this
tolerance translates to their yielding and fracture behavior. Atomistic simulations of irradiated gold nano-
wires reported here show the existence of a size regime where the yield stress is affected by the accumu-
lation of radiation damage. Our analysis also shows that, regardless of the diameter of the nanowire, early
on during tensile loading, much of the radiation-induced defect content initially present in the wire is
rapidly cleaned by the motion of pre-existing dislocations as well as dislocations emitted from the surface
of the wire. This defect removal process resets the crystallographic configuration of the wire which sub-
sequently deforms and fractures via the same mechanisms that occur in pristine, un-irradiated nanowires.
We conclude that the fracture behavior of nanowires in the size and dose regimes tested is unaffected by

rsc.li/nanoscale radiation damage.

1. Introduction

The fracture of nano-sized objects remains hard to predict
using classical continuum fracture theory due to surface
effects and the confinement of deformation mechanisms that
are not present at higher length scales. The fracture of nano-
wires under tension has been explored both computationally
and experimentally across a wide range of states, including

wire shapes and diameters,"® crystalline phases and
orientations,"™®° aspect ratios,'™'" temperatures,”"> and
4,10,13

strain rates. For example, Wang et al.* performed many
molecular dynamics simulation trials for gold (Au) nanowires
of various lengths and cross-sectional areas under tension,
and noted a size dependence on the first yield stress and first
yield strain, as well as a large variance in the position of frac-
ture depending on both the cross-sectional area of the nano-
wires and the strain rate. Ojeda et al’ developed a high-
throughput experimental methodology for examining the frac-
ture of silver (Ag) nanowires under tension and observed size-
dependent probability distributions for fracture strains. Sun
et al.'" performed molecular dynamics simulations of twinned
copper (Cu) nanowires and observed that the failure modes of
the nanowires transitioned between brittle fracture to ductile
fracture, depending on the length of the nanowires as well as
the spacing between twin boundaries that had been inserted
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into the nanowires. Beets et al.'* used a combination of ato-
mistic simulations and experimental characterization to inves-
tigate fracture in nanoporous Au, showing that the strength of
ligaments (which can be approximated as nanowires) depends
on their orientation and morphology. Regarding the fracture
mechanism, they showed the localization of deformation to a
narrow zone of ligaments, where individual ligaments would
fail via a necking mechanism. The fracture process predicted
by their molecular dynamics simulations replicated those
observed experimentally with fairly good accuracy."*
Investigations into how the structural characteristics of
nanowires alter their behaviors have not been limited to just
mechanical properties. Radiation tolerance is another property
that has been observed to exhibit a length-scale
dependence."”*° We recently showed that the mechanisms for
radiation damage accumulation in nanowires depend on their
diameter, with some nanowires exhibiting unique damage
mechanisms that are not observed in structures with different
length scales and others showing little to no defect accumu-
lation at all.'® In addition, we showed that some of these
mechanisms are potentially reversible upon mechanical
loading for specific size regimes.® However, one critical ques-
tion remains: how does radiation damage affect the yielding
and fracture behavior of nanowires? In bulk materials, radi-
ation damage can lead to increased embrittlement and
reduced ductility.”’ However, in the case of nanowires, while
radiation effects can introduce defects and change the struc-
ture of the wire (e.g. phase transformation or roughening of
the surface of the wire due to sputtering, see ref. 19), they may
inhibit or exacerbate certain deformation and fracture mecha-
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nisms. For instance, Jia et al.”* performed molecular dynamics
simulations of the tensile loading of gallium arsenide (GaAs)
nanowires after consecutive ion strikes and observed signifi-
cant changes in the Young’s modulus and yield properties as a
function of total dose and irradiation conditions. One of the
primary reasons for these changes was associated with amor-
phization of the wire under radiation. Several studies have
explored the impact of single radiation damage events on the
Young’s modulus and yield behavior of Cu nanowires, with
their primary focus being an examination of how the energy of
the damage event®*~>° or pre-strain applied before the damage
event occurs®® changes the defect structures produced in the
wire, which in turn alters the mechanical performance of the
wires. In this paper, we go beyond the effect of single ion
strikes and investigate how radiation damage accumulation
due to many consecutive events affects yielding and fracture in
metallic nanowires. We performed a series of molecular
dynamics simulations on Au nanowires of various diameters
under tension with and without the presence of radiation
damage, for damage levels up to a maximum dose of approxi-
mately one displacement per atom (dpa). This survey, both in
terms of size and damage level, enables us to examine how
radiation damage alters the yielding and fracture behavior of
nanowires across a broad range of length scales and radiation
damage states.

2. Methods

We performed a series of molecular dynamics simulations
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).>”*® We used an Embedded Atom
Method (EAM) interatomic potential developed by Foiles
et al.*® to describe the atomic interactions in the Au wires. Our
simulation geometries consisted of cylindrical Au nanowires of
diameters of 3, 7, 10, 14, and 20 nm, with all of the simulated
nanowires having lengths equal to twice their diameters to
keep the aspect ratio constant. We used accelerated multi-
cascade atomistic simulations (consecutive cascades for the
3 nm and 7 nm diameter wires and the reduced-order atomic
cascade (ROAC) model**?! for the bigger wires) to simulate the
accumulation of radiation-induced damage in these wires.
Details of the procedure utilized for simulating radiation
damage accumulation in these nanowires can be found in
Vizoso et al.,'® with a short summary provided in Note 1 of the
electronic supplementary information (ESI).}

For each nanowire size, we chose several damage levels to
serve as the initial defected structures for the fracture simu-
lations. For the 3 and 7 nm diameter nanowires, we chose five
different damage states: the pristine nanowires as well as
structures after 26, 51, 76, and 100 consecutive cascades. For
the larger nanowires (diameters of 10, 14, and 20 nm), we
chose six different damage states: the pristine structures as
well as structures with damage levels of 0.05, 0.25, 0.50, 0.75,
and 0.99 dpa. These damage levels were chosen to sample the
different regimes of defect accumulation mentioned in ref. 19.
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In contrast to small nanowires, wires with diameters of 10 nm
and greater require higher damage levels for their structures to
be changed significantly by radiation damage.

Prior to the application of tensile strain, we equilibrated
each of those nanowire structures at 300 K and zero pressure
for a minimum of 50 ps under an isothermal-isobaric ensem-
ble (NPT). Periodic boundary conditions were maintained
along the primary axis of the nanowire for all molecular
dynamics simulations. We then applied tensile strain using
the fix deform command in LAMMPS along the primary axis of
the nanowire, which corresponded with the [001] FCC direc-
tion of the pristine nanowires. Periodicity was maintained
along the primary axis of the nanowires during the application
of tensile strain. Fig. 1(a) shows a render of a 10 nm diameter
nanowire with the loading direction illustrated with arrows. A
constant engineering strain rate of 1 x 10™* ps™ (1 x 10% s7)
was used for all tension simulations. During the application of
tensile strain, each structure was maintained at a constant
temperature of 300 K under a canonical ensemble (NVT). For
each nanowire diameter and damage level tested, we per-
formed three independent fracture simulations by evolving the
structures under an NVT ensemble maintained at 300 K for an
additional 50 and 100 ps prior to the application of tensile
strain. The tensile strain was applied until fracture was
achieved, which varied across the set of structures tested in
this work. In total, we performed 84 simulations. For each of
these simulations, we measured the stress state of the nano-
wires by summing the z-component of the per-atom stress
tensor computed by LAMMPS over all of the atoms in the
simulations and dividing that sum by the volume of the nano-
wire as measured by the compute surface mesh®** modifier in
OVITO.>® We measured dislocation densities using the DXA**
modifier in OVITO. We measured the Young’s modulus for
each nanowire by computing the slope of the initial linear
portion of the stress versus strain data for each fracture simu-
lation, as illustrated by the triangle in Fig. 1(e).

0.2 0.4 0.6 0.8
Strain (unitless)

Fig. 1 (a) Render of a 10 nm diameter nanowire, with blue arrows indi-
cating the direction of deformation, (b) stress versus strain for a 10 nm
diameter nanowire under tension, (c) dashed vertical line indicating the
yield point, (d) dashed vertical line indicating the fracture point, and (e)
triangle whose slope is equal to the Young's modulus.

This journal is © The Royal Society of Chemistry 2024
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3. Results
3.1. Yield and fracture mechanisms of un-irradiated

nanowires

Fig. 1(b) shows a typical stress-strain response for a 10 nm dia-
meter Au nanowire under tension. Across all pristine, un-irra-
diated nanowires simulated for this work, the stress initially
increased linearly with strain within the elastic regime, after
which, at some size-dependent strain (see Section 2), the wire
undergoes an initial yield event, which involves the emission
of dislocations from the surface, which then proceeded to
glide along (111) planes and form stacking faults across the
wire. Dislocations were emitted from multiple points along the
surface of the nanowire, with the number of dislocations
emitted increasing as the diameter of the nanowire was
increased. These multiple emissions resulted in complex stack-
ing-fault and dislocation structures immediately after the initial
yield, with the number of stacking faults also increasing as the
initial diameter of the nanowire increases. We refer the reader to
Videos 1-5 provided as ESIt for an animated illustration of this
process for unirradiated nanowires with diameters of 3, 7, 10, 14,
and 20 nm, respectively. This initial yielding mechanism
matches the behavior observed by Beets et al.'* for the simu-
lations they performed of the fracture of nanoporous Au using
the same interatomic potential used in this work, as well as the
behavior observed by Park and Zimmerman®® for the simulations
that they performed of Au nanowires with a different interatomic
potential. After this initial yield, these pristine nanowires are
deformed via consecutive discrete events as illustrated by the
series of small stress increases and drops with additional strain
in the stress-strain curves, with each of these drops corres-
ponding to either the emission of dislocations from the surface
or changes to the internal stacking fault and dislocation network
within the wire, resulting in either the formation or removal of
stacking faults, or the formation of nanotwins across the dia-
meter of the wire. This predicted yielding mechanism by our
simulations corresponds to the one observed experimentally by
Lu and coworkers’ in sub-20 nm Au nanowires. Again, the reader
is referred to ESI Videos 1-51 for animated illustrations of these
mechanisms.

Fracture of pristine nanowires occurred via two observed
mechanisms. In a vast majority of the simulations of the un-
irradiated nanowires, fracture occurred via a slip mechanism,
where consecutive yield events would occur along the same
crystallographic plane, typically next to a stacking fault. As
these slip events continue to occur, the wire shears and even-
tually fractures. This mechanism is illustrated in Fig. 2(a-d)
for a 10 nm diameter nanowire, with ESI Videos 2-5t showing
this fracture mechanisms for wires with initial diameters of 7,
10, 14, and 20 nm, respectively. Again, this predicted mecha-
nism corresponds to the experimentally observed fracture
mechanism in Au nanowires by Lu and coworkers,’ as well as
the simulations performed by Sun et al.'" of the ductile frac-
ture of twinned Cu nanowires. In a few of the tension simu-
lations, typically for wires with a small diameter (3 to 7 nm),
the wires yielded via a necking mechanism. This fracture
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Fig. 2 Renders of the tensile deformation of a 10 nm diameter nano-
wire (a—d) and a 3 nm diameter nanowire (e—h), with strains being
marked next to the renders. Atoms are colored according to their struc-
ture type as determined by OVITO: cyan atoms are FCC, red are HCP,
white are disordered. Half of the disordered surface atoms have been
removed for clarity.

mechanism only occurred in structures that had undergone
the formation of a nanotwin across the diameter of the wire,
but not all wires that formed nanotwins fractured via this
mechanism. Fig. 2(e-h) illustrates a 3 nm diameter nanowire
failing via this mechanism, with ESI Video 11 showing the
evolution of this mechanism in time for the 3 nm diameter
nanowire shown in Fig. 2(e-h). In ESI Video 1} and Fig. 2(e-h),
we note that some stacking faults near the necking region are
perpendicular to the primary axis of the nanowire, such that
shearing along a stacking fault plane is no longer possible.
These two fracture processes can be considered as a form of
ductile fracture, with none of the pristine wires fracturing via a
brittle fracture mechanism. This result aligns with the obser-
vations made by Sun et al.'* for the fracture of Cu nanowires
with pre-existing twins as well as initially pristine nanowires,
where the same ductile fracture mechanisms were observed in
all of the nanowire diameters that they tested with lengths
below 130 nm.

3.2. Size dependence of the mechanical properties in un-
irradiated nanowires

The size dependence for various mechanical properties for pris-
tine Au nanowires (with diameters of 3, 7, 10, 14, and 20 nm) is
plotted in Fig. 3 as a function of the inverse diameter of the wire.
Fig. 3(a) shows that the Young’s modulus is inversely pro-
portional to the diameter of the nanowire. We observe the oppo-
site trend for the yield strain and stress as shown in panels (c)
and (d), and no obvious relationship between the strain at frac-
ture and the diameter of the nanowires as seen in panel (b).

The size dependence of the elastic behavior is explained by
the role of residual surface stresses (in the Gibbsian sense)
and the increasing surface-to-volume ratio as the diameter of
the nanowires gets smaller.’>*® Regarding the yield stress, for
nanowires with diameters greater than 3 nm, the maximum

Nanoscale, 2024, 16, 3071-3080 | 3073
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Fig. 3 Size effects for (a) Young's modulus, (b) fracture strain of pristine
nanowires, (c) yield strain, and (d) yield stress under tension versus
inverse nanowire diameter.

stress coincides with the yield stress, while for the case of the
3 nm diameter nanowire, the maximum stress was reached at
some point after the first yield event. Generally speaking, we
observe that the yield stress decreases as the diameter of the
nanowire increases until reaching a plateau that begins at a
diameter of 10 nm. For wires with bigger diameters, increasing
the diameter does not correlate with an additional decrease in
the yield stress or the maximum stress. This size effect is
related to a decrease of surface dislocation density with
decreasing diameter.’”*® Additionally, this effect of surface
dislocation density is accompanied by deformation twinning
which further exacerbates the size dependence of the yield
stress.*>*® Similar size effects on yielding have been observed
experimentally not only in Au nanowires”*! but also in other
metallic nanowires.*?

Regarding the lack of size dependence for the strain at frac-
ture, rather than interpreting the lack of visible correlation
between the observed fractures strains and the nanowire dia-
meters as a lack of correlation altogether, we instead estimate
that the number of simulations performed was insufficient to
capture the mean values of the expected distributions. Indeed,
previous experimental’ and computational® studies have
shown that fracture properties (such as fracture strain or frac-
ture position along the nanowire) do correlate with the dia-
meter of nanowires to some extent with broad distributions
that can obfuscate trends without sufficient data to properly
capture the mean and the variance of these distributions. Size
dependence on the fracture of nanowires has been observed
experimentally®”*® albeit for much bigger diameters in the
sub-micron scale as well as much lower strain rates.

3.3. Size-dependent radiation damage in nanowires

Before discussing how radiation damage potentially changes
the yielding and fracture mechanisms in nanowires discussed
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in the sections above, we briefly review the different size-
dependent mechanisms of damage accumulation in irradiated
nanowires." Fig. 4 shows the defect structures created in irra-
diated nanowires from the three different size regimes for
defect accumulation.®

For very small nanowires with a diameters less than 10 nm,
the primary degradation mechanism under irradiation is sput-
tering, see Fig. 4(a). In this range of small sizes, the tolerance
of nanowires to radiation damage is rather unstable. In this
case, increasing damage results primarily in the formation of
surface craters incurred by consecutive ion strikes and spread
out throughout the surface of the nanowire. In addition to
sputtering, the small nanowires can also experience amorphi-
zation of the entire wire or a region of the wire upon being
struck by consecutive cascades. This amorphization is a direct
consequence of the size of the thermal spike from the ion
strikes relative to the small size of the wire. Further details on
this sputtering mechanism are provided in our previous
work.'® Larger nanowires (i.e. with diameters greater or equal
to 10 nm) also experience some sputtering, but because of the
decrease in the surface to volume ratio with increasing size,
surface roughening and sputtering become less dominant
damage mechanisms. For these larger nanowires, the domi-
nant radiation damage mechanism is the formation and
accumulation of point defects, defect clusters, dislocation
loops, and stacking fault tetrahedras (SFTs) (see panel (c) in
Fig. 4). As the diameters of the nanowires continue to increase,
the evolution of defect densities approach those of bulk
materials. More details on this mechanism are also provided
in our previous work.'® Finally, the last mechanism only exists
for a narrow range of wire diameters around 10 nm for which

©

7 nm
100 Cascades

10 nm
0.99 dpa

0.05 dpa

Fig. 4 Renders of the defect structures produced (a) a 7 nm diameter
nanowire after 100 consecutive cascades, (b) a 10 nm diameter nano-
wire at 0.99 dpa, and (c) a 20 nm diameter nanowire at 0.05 dpa.
Structures are not rendered to scale. Atoms are colored according to
their structure type as determined by OVITO: red are HCP, white are dis-
ordered. Half of the disordered surface atoms and all FCC atoms have
been removed for clarity. Dislocations are colored according to their
type: green are £ (112), magenta are £ (110).

This journal is © The Royal Society of Chemistry 2024
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the wire experiences a FCC-to-HCP phase transformation with
increasing radiation damage. This transformation is initiated
via the formation of radiation-induced stacking-fault lamellas
developing across the wire which subsequently pile up with
increasing radiation damage. This pile-up mechanism is equi-
valent to a gradual phase transformation (see panel (b) in
Fig. 4 as well as our previous work"® for a detailed description
and visualizations of this mechanism).

3.4. Effect of radiation damage on the yield and fracture
behavior of nanowires

Fig. 5 shows the yield stress and fracture strain for the range of
tested nanowire diameters as a function of the total number of
consecutive cascades for the 3 and 7 nm diameter nanowires
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Fig. 5 Yield stresses and fracture strains for nanowires at various
damage levels, with the corresponding diameter for each row being
marked in the top right corner of the yield stress plots.
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and the total dose for the 10, 14, and 20 nm diameter nano-
wires. An equivalent figure for the evolution of the yield strain
and Young’s Modulus for irradiated nanowires of various dia-
meters is provided in Note 2 of the ESLT Across the entire
dataset (Fig. 5(a, ¢, d, e, g and i)), with the exception of some
of the low damage level states of the 3 nm diameter nanowire,
we note that the introduction of radiation damage results in a
reduction in the yield stress compared to the pristine, un-irra-
diated wire. For the 3 nm diameter nanowire (Fig. 5(a)) case
past 25 cascades and for the 7 nm diameter nanowire
(Fig. 5(c)), we observe a trend where increasing the number of
consecutive cascades prior to the application of tension results
in a decrease of the yield stress. As mentioned in ref. 19, the
3-to-7 nm in diameter corresponds to a size regime where sput-
tering is the dominant damage mechanism. In this case, radi-
ation-induced surface roughening facilitates the emission of
dislocations from the surface of the wire, resulting in the
reduced yield stress in this size regime with increasing radi-
ation damage. See ESI Videos 6 and 77 for visualization of this
mechanism in a 3 nm diameter nanowire after 50 consecutive
cascades and a 7 nm diameter nanowire after 100 consecutive
cascades, respectively. For nanowires with diameters of 10 nm
or greater (Fig. 5(e, g and i)), where the effect of sputtering is
expected to be much smaller, there is no clear dose depen-
dence observable for the yield stress and therefore larger wires
are less susceptible to reducing their yield stress with increas-
ing radiation damage. In these cases, the presence of pre-exist-
ing radiation-induced defects in the bulk of the nanowires
reduces the amount of stress necessary to initiate yield.
Further increasing the radiation-induced damage in the wire
does not substantially change the yield since the density of
pre-existing dislocations and point-defect concentration
remains relatively constant with increasing dose.'® Trends for
the first yield strain, which are plotted in Fig. S1 in the ESI,7
are less consistent, with radiation damage generally reducing
the first yield strain with occasional simulations having first
yield strains that were greater than those of the pristine struc-
tures. ESI Videos 8-131 provide visualizations of the yield and
fracture mechanisms for irradiated nanowires with initial dia-
meters of 10, 14, and 20 nm for two different damage states
each.

For the 3, 7, 14, and 20 nm diameter nanowires, no clear
trends emerge between the fracture strain and the diameters
of the nanowires or the damage levels prior to the application
of tensile strain, with most of the data points in Fig. 5(b, d, f,
h and j) showing no change to the fracture strain at all. For the
10 nm diameter nanowire (Fig. 5(f)), there does appear to be a
decreasing trend in fracture strain as dose increases, with the
highest dose point being consistently lower than the other
points.

Through an examination of the fracture processes of the
irradiated nanowires, we found no significant changes to the
fracture mechanisms due to the presence or density of radi-
ation damage. Fig. 6 shows the stress versus strain and dis-
location density versus strain as well as renders of representa-
tive irradiated structures with diameters of 3 nm and 14 nm.

Nanoscale, 2024, 16, 3071-3080 | 3075
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Fig. 6 (a) and (b) Stress versus strain and dislocation density versus strain
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for two irradiated nanowire configurations. The diameter and dose are

marked on each plot. Red lines show the stress, blue lines show the dislocation density. The dashed blue line shows the dislocation density prior to
the application of strain. Above each plot, renders of the tensile deformation of the nanowires at several strain states are provided. Atoms are
colored according to their structure type as determined by OVITO: cyan atoms are FCC, red are HCP, and white are disordered. Half of the dis-

ordered surface atoms have been removed for clarity.

In both simulations rendered for Fig. 6 and animated in ESI
Videos 6 and 11,f respectively, the wires yield via the slip
mechanism, where consecutive slip events occurred along a
specific (111) plane until the wire had fractured.

The nanowire with an initial diameter of 10 nm irradiated
to 0.99 dpa underwent a radiation-induced phase transform-
ation from FCC to HCP,'® as seen in Fig. 4(b). The presence of
the HCP phase, in the form of thick layers of HCP planes
along the (111) direction, drastically changes the mode of
deformation of the wire (including in the elastic regime) until
fracture. Indeed, as illustrated in Fig. 7(a), the Young’s
modulus of the nanowire is substantially larger due to the
presence of the HCP phase at the dose of 0.99 dpa than the
Young’s modulus at lower doses prior to the initiation of the
radiation-induced phase transformation. Subsequently, as
seen in panel (b), under tensile loading, the HCP phase is
stable and does not convert back to FCC. Under these con-
ditions, the phase-transformed nanowire initially yields
through slip events near the boundaries of the thick layers of
HCP planes, resulting in a thinning of the cross section of the
nanowire.”® As the wire is strained more, it experiences a
change to the stacking faults near the thinned point, changing
the yielding mechanism from slip along a (111) plane to a
necking mechanism, which progresses through the rest of the

3076 | Nanoscale, 2024,16, 3071-3080

renders to the fracture of the wire. The yield and fracture
process of the 10 nm diameter nanowire at 0.99 dpa is ani-
mated in ESI Video 9.7

3.5. Deformation and fracture mechanisms in irradiated
nanowires

As was observed in the previous section, little to no correlation
was observed between the yield or fracture parameters and the
dose or the number of consecutive cascades for many of the
irradiated nanowires. To develop an understanding of why
defect types and densities play a limited role in the yielding
and fracture behavior of nanowires under tension, an under-
standing of how those defect densities evolve as the nanowires
are strained is required. Fig. 8 shows representative stress
versus strain and dislocation density versus strain plots for
several nanowires of various diameters and total doses. In
these plots, we observe that the initial stages of the application
of tension result in significant reductions in the dislocation
density. This behavior was observed across the entire regime of
nanowire diameters and dose levels tested. The smaller nano-
wires (diameters of 7 nm and 10 nm in Fig. 8(a) and (b)) see a
complete removal of all dislocations prior to the first yield
event, while larger nanowires (diameters of 14 nm and 20 nm
in Fig. 8(c) and (d)), see a more gradual reduction in dis-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Young's modulus as a function of dpa for the 10 nm diameter Au nanowires and (b) stress versus strain and HCP phase fraction versus
strain for a 10 nm diameter nanowire at 0.99 dpa. The red line shows the stress, and the blue line shows the HCP phase fraction. Above (b), renders
of the tensile deformation of the nanowires at several strain states are provided. Atoms are colored according to their structure type as determined
by OVITO: cyan atoms are FCC, red are HCP, and white are disordered. Half of the disordered surface atoms have been removed for clarity.

1017

10 nm, 0.75 dpa (b) L5

—— Dislocation Density
---  Initial Density
---------- Pristine Density

Stress (MPa)

Dislocation Density (m~2)

2,500 14 nm, 0.05 dpa (c) 20 nm, 0.5 dpa (d) |15
2,000 E
= R L LTI R | L EETE <
= 1,500 z
F =
£ 1,000 E:
& ]
500 A

%02z 04 06 08 1 0 02 04 06 08 1

Strain (unitless) Strain (unitless)

Fig. 8 (a—d) Stress versus strain and dislocation density versus strain for several nanowire configurations. The diameter and dose are marked on
each plot. Red lines show the stress, and blue lines show the dislocation density. The dashed blue line shows the dislocation density prior to the
application of strain. The dotted blue line shows the dislocation density evolution for a pristine, un-irradiated nanowire of the same diameter. (e—h)
Renders of the initial defect structures present in the nanowires from (a—d) as well as renders of the nanowires post defect removal. Stars present in
(a—d) indicate the strain of the post-defect removal structure. Render in (e) corresponds with plot (a), (f) with plot (b), (g) with plot (c), and (h) with
plot (d). Half of the surface atoms as well as the FCC atoms have been removed to expose the interior defect structure. Atoms are colored according
to their structure type: white is disorder, red is HCP. Dislocations are colored according to their type: green are %(112), magenta are %(110). For (g)
and (h), disordered atoms from the bulk of the nanowire have been removed.
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location density, hitting a minimum prior to a strain of 0.2.
This difference in the defect removal rate is likely related to
the size dependence observed in the defect accumulation be-
havior of nanowires noted in ref. 19, where Au nanowires with
diameters below 10 nm saw little to no internal defects form
under irradiation while nanowires with larger diameters did
accumulate dislocations and other defects such as SFTs. We
note nonetheless that our atomistic simulations involve high
strain rates and thus many thermally activated processes, such
as vacancy diffusion along dislocation cores, are excluded from
the simulations. The origin of this defect removal process is
the interaction of pre-existing defects with dislocations moving
through the wire during the deformation process. Indeed,
given the confinement of the radiation-induced defects within
the wire, even if the total number of defects is low, the prob-
ability that these defects interact with the dislocations emitted
from the surface or those emitted during the dissociation of
pre-existing defects such as SFTs into dislocations and stack-
ing faults®* during tensile loading is high. As those dis-
locations rapidly move across the width of the wire, they
promote the annihilation of the pre-existing, radiation-
induced defects. In fact, this mechanism is analogous to the
mechanisms of dislocation-defect cluster interactions®® and
the formation of defect-free channels*®™*® observed in bulk
irradiated materials. In the case of nanowires, the probability
of having defect-dislocation interactions gets higher as the
diameter of the wire gets smaller. Animations of the tensile
loading of irradiated nanowires of various diameters and at
various doses, including the wires shown in Fig. 8, are pro-
vided as ESI Videos 6-13.}

After the initial loading phase where defects are removed,
the nanowires at different dose levels evolve in essentially the
same way due to their defect content, resulting in no observa-
ble correlation between the dose level and the yield and frac-
ture parameters. Dislocation densities after the initial defect
removal period are also similar to the dislocation densities
observed in the pristine nanowire simulations, as indicated by
the solid and dotted blue lines, respectively, in Fig. 8. For the
nanowires that did see a dose dependence in the yield stress
(those being the 3, 7, and 10 nm diameter nanowires in
Fig. 5), it is likely that the source of this dose dependence is
the reduction in nanowire diameter and roughening of the
surface due to sputtering. This effect is known to become less
dominant as the size of the nanowire increases, which can be
seen in the fact that the magnitude of the dose effect on yield
stress does decrease as nanowire diameter increases, and by
the fact that no dose effect is observed for nanowire with dia-
meters greater than 10 nm. In a similar fashion, the concen-
tration or presence of radiation damage was not found to alter
the yielding mechanism of the nanowires across the range of
diameters tested, with the irradiated wires also experiencing
ductile fracture in a similar manner to the pristine nanowires.
Again, animations of the yielding and fracture process for
nanowires of various damage levels and initial diameters are
provided as Videos 1-13, with Note 3 in the ESI{ providing a
short description of each video.
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4. Conclusion

The atomistic simulations of irradiated Au nanowires reported
above showed a size dependence on some of their mechanical
properties. The yield stress decreases with the introduction of
radiation damage regardless of the initial diameter of the
nanowire. Smaller nanowires (diameters of less than 10 nm)
saw additional reduction in the yield stress with increasing
radiation damage, while nanowires with larger initial dia-
meters did not see a further decrease in their yield stress with
additional radiation damage. For all of the tested nanowire
sizes and damage levels without a phase transformed region,
fracture behavior remained the same, both in terms of the frac-
ture mechanisms as well as the fracture strain. We attribute
this lack of radiation damage dependence on the process of
radiation-induced defect removal that occurs early on during
tensile loading, in which pre-existing dislocations and dis-
locations emitted from the surfaces of the nanowires rapidly
sweep the wire and remove radiation-induced defects from the
bulk of the wire. This defect removal process resets for the
most part the crystallographic configuration of the wire, which
effectively deforms and fractures via the same mechanisms as
an un-irradiated nanowire after this removal process.

These conclusions are in contrast with mechanical effects
of radiation damage in classical bulk metals and can be
explained by the difference in the mechanisms emerging in
nanowires that are not present in bulk materials. We expect
that, as the length scale of the nanowires increases beyond the
scales tested for this work, a stronger dose effect may become
observable as the nature of the defects present in the wire
change due to differences in defect accumulation behaviors. It
is also likely that, as was observed for the special case of the
10 nm diameter Au nanowire at a dose of 0.99 dpa, special
combinations of length-scale, material, and dose level may
exist that will significantly alter how radiation damage changes
the mechanical behavior under tension, as was observed by Jia
et al.”* in GaAs nanowires which amorphized under consecu-
tive heavy ion strikes, resulting in substantial changes to the
Young’s modulus and fracture behavior.
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