Form Approved

REPORT DOCUMENTATION PAGE OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this collection of
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 07/12/2006 3. REPORT TYPE AND DATES COVERED
Final, 3/1/2005-11/30/2005

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Technical Report on Atomistic and Dislocation Dynamic Modeling of Plasticity in W911NF-05-1-0088
Polycrystalline Metals

6. AUTHOR(S)
Horacio D. Espinosa
Brian Hyde; Ravi Agrawal

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Northwestern University, Department of Mechanical Engineering, #B224, 2145 REPORT NUMBER OSRP Award# 31705
Sheridan Rd., Evanston, IL 60208
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER
U. S. Army Research Office 48377.1-EG-II

P.O. Box 12211
Research Triangle Park, NC 27709-2211

11. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 12 b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

In this effort we have studied in atomic detail the structure / property relationship of geometrically realistic metallic nanowires. It has
been shown that surface roughness can greatly affect defect nucleation as nucleation from the surface dominates. Twin boundaries
were introduced and were found not to be favored as sites for defect nucleation but do lead to deformation hardening as they are
efficient obstacles against dislocation propagation. The details of heterogeneous dislocation nucleation have been studied in depth
showing the initial state of local stress determining the strength of the defect is very complex having many sometimes competing
components.

Three point bending tests performed by simulated nanoindentation experiments yield qualitative results very similar to recent atomic
force microscopy investigations. Preliminary results subject to complex states of bending stress show the possible roles pressure may
play in dislocation nucleation as well as propagation. Region of high hydrostatic stress appear to prohibit dislocation nucleation and
propagation. Currently we are refining our simulation methods to include accurate force measurements from our simulated
nanoindenter for direct comparison with current experimental efforts.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Nanowires, dislocations, lattice defects, surface defects, molecular dynamics, plasticity. 34

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OR REPORT ON THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 298 (Rev.2-89)

Prescribed by ANSI Std. 239-18
298-102




Technical Report on Atomistic and Dislocation
Dvnamic Modeling of Plasticity in Polycrystalline

Metals

Professor Horacio Espinosa — Priniciple Investigator
Northwestern University



(2) Table of Contents

Table Of FIQUIES ........veieee e 4
Statement of the Problem Studied...........cccccvvvviiiviviiiiiieiiiiieeenee, 5
Background and Motivation.............ccccovveiiieiiie e 5
Computational Setup and Methods..........ccccccoevieiiiiiee e, 6
Single Crystal Tensile TeStS.....ccccocvveiiiie i 7
(@ T=T 1=V Lo T 1 TP PR RTRRPRTS 7
(@ =1 o1 =T T 5 ) USSR 9
The Effects of TEMPEIALUIE .........ooviiieiiee e e 10
1 L L L (=TT 12
TWIN BOUNAAIIES......coo i 13
7 1] oTo Lo OO 15
SUITACE DETECTS.....uuuieiiiiiiiiiiiii bbb e b reresrrrereeeeees 17
A Surface Step MOEL.........c..ooiiieee e 17
Realistic SUrface DEefeCtS ........euvvveveieiiiiiiiieeeeieeeeeeeeeeeeeeeeee e 18
BeNAING ..ot 22
Summary of Important ResultS............cccoeiveiiiiec e, 27
Future Work and DIFreCtION .........ccevvvvieiiiiiiiiieeeeeieeeeeeeeeeeeeeee e 28
R =T Lot I 1) AR 29



(3) Table of Figures

Figure 1: Top - Virtual cylindrical Au wires with two common occurring orientations.... 8
Figure 2: A) Tensile stress vs. strain curves for [111] oriented WIres. .........ccccocvvvrveeennnn. 9
Figure 3. A) Tensile stress vs. strain curves for [110] oriented wires. B) Snapshot of 5nm

[110] wire taken immediately after yielding. Exagerrated atoms are in stacking fault

ENVITONIMENT. ..ottt ettt b bbb e s et e bbb benbeenes 10
Figure 4 A) Tensile yield stress as a function of increasing temerpature. B) Tensile stress
vs. strain for 2K and 300K tEMPEratures. .........c.cceiieieeresie s e e 11
Figure 5 Tensile stress versus strain for three order of magnitude of strain rates. ........... 12

Figure 6 A) TEM image of primary twin boundary oriented perpenticualr to wire axis
[111]. B) Corresponding virtual sample; cylindrical with prmary twin boundary
] 110111 TSRS OR PSR 14
Figure 7 A twin boundary present in center of [111] oreirnted nanowires. Lighter atoms
are of higher energy. Dislocations are nucleated from surfaces defected by twin
DOUNGAY. ..o ettt sttt st b et nbe et nnes 14
Figure 8 Snapshot of nanowire taken just after the onset of yield. Only atoms in local
stacking fault or dislocation environments are shown. Dislocation loop emanating
from the boundary is seen but was not observed to be favored over further surface
A ]0Tod (=T LA o SO PP SRR 15
Figure 9 TEM image of gold nanowire exhibiting "bamboo" structure. This structure is
created by the formation of periodic twin boundaries perpendicular to the wire axis.
................................................................................................................................... 16
Figure 10 Axial stress as a function of strain for three twin boundary spacings in 5nm
diamter "bamboo™ StrUCTUIEd WITES .........ceiiiieieiieie e 16
Figure 11 A) Simulated gold nanwire with 1/2 [110] translation producing surface step.
B) Tensile stress versus strain for 5nm diamter wires with and without surface step.

................................................................................................................................... 18
Figure 12 Image taken from side of 5nm virtual nanowire showing {111} planes and
facets. Numbers indicated the successive removal of highest energy atoms........... 19
Figure 13 Schematic representation of [111] oriented nanowires showing slip plane and
tensile direction [111] and angle DEtWEEN. .........coviiiiiiiii e 20
Figure 14 Schematic showing rotation of stress tensor from intial coordinate system to
SHP PlANE NOIMAL ..o e 20
Figure 15 - Axial stress versus strain for the four unique surface defects seen in Figure
SO S S UTPRPRUSPSRSRPN 21
Figure 16 - A) Schematic model of the wire and indenter. B) Actual model of the wire,
showing the location of origin of the coordinate SyStem. .........cccocevveiiiiniieeiennne 22

Figure 17 - Deformation pattern of the wire at different time steps. The longitudinal stress
(Syy) has beebn plotted here. The values shown are the time and deformation at

Center At that TIME. ..o 23
Figure 18 - Force applied by the indenter as the deformation increases. Force values
shown here are calculated using the shear stress values plotted in Figure 3. ........... 24

Figure 19 - A) Overall image of nanowire under deformation from 3 point bend test. B)
Enlarged image of area cirlced in part A with atoms marked which are in stacking
fault 1ocal eNVIFONMENT. ..o 26



(4) Statement of the Problem Studied

Metallic nanowires have become the subject of an extensive effort in recent years
by the scientific community as whole. Experimental efforts have proven successful at
producing large numbers of wires of varying compositions with excellent control over
atomic structure. Meanwhile owing to the current difficulties with manipulation and
handling of these structures, computational efforts have taken the charge exploring
multiple novel aspects of structure and mechanical properties including single crystal
orientations, helical structures, and single atom chains. Our goal is to study the
mechanical behavior of mass producible, template synthesized wires at realistic sizes,
geometries, and structures. Moreover we wish to understand how defects which are
always present to some degree in real wires affect material properties. These motivations
arise from the many possibilities arising for the use in microelectromechanical systems
(MEMS) and microelectronics.

Background and Motivation

Nanowires are primarily formed by two distinct processes. A top down process in
which ion-beam, scanning probe lithography, or electron beam is used to thin the
nanowire from the bulk material is the most flexible method with regard to wire shape.!
Nanowires formed in this manner typically are very small in size and often undergo
various reorganizations once removed from the bulk in response to the high surface to
volume ratio. High surface to volume ratios, and resulting high surface energies, have
been shown to drive the reorientation of Au thin films from (100) to (111) when film
thickness were less than eight atomic layers.? It has been demonstrated in Au
nanobridges, cut from (100) thin films with orientation axes [001] and thicknesses
smaller than 2nm, that reconstruction occurs into hexagonal prism shapes with [110] axes
and {111} lateral surfaces.® This later was investigated specifically using atomistic
simulations showing that Au nanowires with similar configuration and cross sectional
areas less than 1.83 x 1.83 nm spontaneously reorganized into body-centered tetragonal
(BCT) structures.*> Sizes larger than these reported in either case did not exhibit any
transformation.

Experimental nanowires fabricated in this way are driven to minimize their
surface energy and have been observed in high resolution transmission microscopy
(HRTEM) to have helical or coaxially oriented structures when further reduced below 1.5
nm widths.® These “weird” structures have also been investigated through atomistic
simulation.” While these structures do not have optimal packing at their cores, they do
have optimal surface structures.**

Mechanical testing of metallic nanowires is extremely limited owing to the unique
challenges presented by nanomanipulation. Nanowires of short length (typically 1-5 nm)
are easily formed between metals utilizing slow retraction of the contact point utilizing
scanning tunneling microscopy (STM)**** or atomic force microscopy (AFM).** These
fabrication techniques generally result in single crystal structures which demonstrate



quantized plastic behavior™>*® and asymmetric yield strengths.***® During elongation of

both Au nanocontacts and nanobridges it has been shown that wires transition from
nanometer scales to the atomic scale via necking where they begin to fail by ideal atomic
separation.**1%%

Processing methods able to produce large numbers of nearly single crystal Au
nanowires with high aspect ratios (length to width) utilize electrochemical replication of
cylindrical pores in nonconductive porous membranes, also known as the template
synthetic method.””* It has been found that single crystal Au wires grow epitaxially
primarily along the [111] direction with fewer than 10% showing [110], [100], and [112]
orientations.?” Primarily these wires exhibit characteristic defects such as stacking faults,
twin boundaries, and a variety of surface defects or surface steps.*

Giving the current difficulties with manipulating nanowires on the dimensional scale of a
few to tens of nanometers, there has been no experimental mechanical testing of these
structures performed to the best of our knowledge.

To this point the majority of simulations have been performed in order to
investigate the unique or smallest structures created by nanocontacts or top down
processing, including single atom chains, helical or shell-like structures. The simulations
which have been performed have been mostly aligned along [100] and have been
rectangular in shape in order to investigate the effect of the higher energy ** surfaces.”
Some vyield tests of [110] and [111] wires have been simulated at sizes smaller than
6nm.**  These wires are generally defect free and always maintain simplified
rectangular or rhombohedral geometries. In this work we address the considerations that
must be made in order to understand nanowires typical of the bottom-up or template
synthetic method. Moreover we wish to present the role common occurring defects such
as surface roughness or steps and twin boundaries have on the yield stress and elastic
properties.

This work also serves as support to guide our understanding for our current
experimental efforts currently in progress. We have developed a novel MEMS device for
the mechanical testing of nanostructures. These simulations allow for a near 1:1 size
scale comparison with simulated nanostructures and real experimental

Computational Setup and Methods

All molecular dynamic (MD) simulations in this study were performed using the
parallelized code LAMMPS®* with potentials of the embedded atom method (EAM).*
Molecular dynamics can be seen as a simulation of a system that evolves over a period of
time where its particles move along their physical trajectories as determined by the
equations of motion. Temperature is then accounted for by scaling the velocities of the
atoms as prescribed by statistical mechanics. In the EAM framework the total energy of
the system is composed of two terms. The first term describes a pair potential
representing the attractive and repulsive electrostatic interaction between two atoms, i.e. a
Morse potential. The second embedding energy term is based on the Hohenber-Kohn
theorem which states that the energy contribution of an atom on its surrounding
neighbors is a function of the local electron density due to all the surrounding atoms.*



This approach becomes particularly important when defects such as vacancy clusters, free
surfaces, grain boundaries or dislocation cores are introduced in the material. The EAM
potential for this study was determined empirically by fitting to the sublimation energy,
equilibrium lattice constant, elastic constants, and vacancy formation energy for pure
bulk Au.*” Molecular statics algorithms were also employed within the same EAM
framework to find zero temperature minimum energy configurations.®

Wires were initially created by placing atoms in positions representative of the
bulk configuration in a cubic block with prescribed crystallographic orientations.
Cylindrical wires were then cut from these blocks such that the initial length was set to be
three times the diameter. Single crystal samples were created from 5 to 17.5nm in
diameter for both [111] and [110] axial orientations. Periodicity is maintained in the
direction of the wire axis at all times in order to avoid end effects while the radial
directions were left to be free surfaces. Molecular statics energy minimization was then
employed to find the equilibrium configuration for all wire sizes and orientations.

Figure 1A shows a [111] axially oriented virtual sample shown after relaxation.
Tensile surface stresses cause the wires to contract along its length with respect to the
bulk. Compressive stresses in the wire core balance the tensile surface stresses when the
wire is in equilibrium.”> Figure 1B shows a plot of equilibrium axial strain versus
diameter for both orientations of wire sizes 5nm — 17.5nm. Wires oriented [110] show
the greatest amount of strain with a 5nm wire achieving equilibrium at nearly 1% axial
compression while [111] oriented wires of the same diameter achieve approximately half
the value for the same size. Both orientations begin to have very little “intrinsic” uniaxial
strain as sizes approach 20nm. The equilibrium structure was tested for assurance that a
local minimum was not found by the energy minimization by annealing the nanowires
using molecular dynamics. Temperature was gradually raised from 2K to 600K in 400ps
held for another 400ps, and then linearly lowered back down to 2K in 400ps. The time
constant for integration of the equations of motion is held as 2 x 10™s for all simulations
in this study. No change in structure was observed between nanowires after the
annealing process or after energy minimization.

Single Crystal Tensile Tests

Orientation [111]

Starting with the equilibrium configurations obtained from the energy
minimization, we performed a constant number of atoms, constant volume, and constant
temperature (NVT) simulation for uniaxial yield tests of nanowires up to 10% strain.
Tensile tests were performed at a simulated temperature of 2K and were carried out for
10° time steps for a total of 2ns employing a Nose-Hoover thermostat.®***° This equates
to a strain rate of 5 x 10" s™*. Although still high when compared with experiments, this is
well below the amorphization point, and is expected to contribute slightly to higher yield
stresses.*** To apply traction we introduce displacements on all atoms varying linearly
from the center to ends of the sample in the tensile direction to avoid inducing a shock
wave. For the calculation of stress we employ the virial stress method.***
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Figure 1: Top - Virtual cylindrical Au wires with two common occurring orientations.
Bottom - Equilibrium axial strain as a function of diameter after relaxation due to surface stresses.

Figure 2A shows tensile stress-strain curves for wires of representative diameters
between 5nm and 17.5nm, in [111] axial orientation. The Young’s modulus can be fit
from data using initial elastic response of the wire up to the yield point. This nonlinear
elastic fit for the Young’s modulus refers to the zero strain limit of the tangent modulus.*
In the case of [111] wires the modulus does not change appreciably over the diameters
studied. For this orientation the Young’s modulus is calculated to be slightly above the
predicted continuum theory of 116.2 GPa at all sizes studied and does exhibit some
nonlinear elasticity as predicted by the potential when separations become large.*

Uniaxial testing revealed that yield occurs through the sudden nucleation and
propagation of multiple leading partial <112> dislocations on the {111} planes
originating from the surfaces. In this case these are the {112} surfaces of the nanowire
owing to the presence of atomically sharp and high energy protrusions of the {111}
planes. Figure 2B shows a snapshot of a 5nm [111] wire just after the initial release of
the leading {111}<112> partial dislocations (~6% strain) through the visualization of
stacking faults. This analysis employs the use of the centrosymmetry parameter which is
a measure of the departure from pure elastic distortions in a symmetric lattice.*’ Atoms
with stacking fault coordination have been exaggerated such that the defects may be more
easily visualized. A few stacking faults soon disappear as the trailing partials are emitted
on the same slip plane and create a perfect {111}<110> translation. This is due to the
interaction of the partials within the wire, and is not generally favored owing to the fact
that the uniaxial Schmidt factor is smaller for the trailing partial at this orientation.
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Figure 2: A) Tensile stress vs. strain curves for [111] oriented wires.
B) Snapshot of 5nm [111] wire taken immediately after yielding.
Exagerrated atoms are in stacking fault environment.

Orientation [110]

Figure 3A shows tensile stress-strain curves for wires of representative diameters
between 5nm and 17.5nm, in [110] axial orientation. Whereas wires oriented [111]
experience and elastic stiffening of the Young’s modulus, an elastic softening or lowering
of the Young’s modulus by 4.5% traversing 5nm to 17.5nm occurs. Again, both
orientations do exhibit some nonlinear elasticity as predicted by the atomic potential
when separations become large therefore the modulus is incorrectly calculated if this is
not taken into account. Nanowires oriented [110] initially are above the theoretical value
of 80.9 GPa but drop slightly below this value as thickness increases above 12.5nm.

The first large drop in load carrying capacity in the [110] wire occurs in the rapid
emission of leading {111}<112> partial dislocations. Initially there are 2 partials emitted
from the high energy {100} surface of the wire which rapidly travel to the opposite side.
One of these partials upon reaching the opposite surface triggers the release of a third
{111}<112> partial from the defected surface. One trailing partial is seen to be emitted,
but once again it is not without the interaction of another defect, in this case a stacking
fault. Figure 3B shows a snap shot of a [110] Au nanowire at 8% strain after the initial
stress drop has occurred. From this figure the primary mechanism of plasticity for [110]



wires is clearly illustrated. Leading partials are consistently emitted on adjacent {111}
planes causing necking and the creation of twin boundaries.
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Figure 3. A) Tensile stress vs. strain curves for [110] oriented wires. B) Snapshot of 5nm [110] wire
taken immediately after yielding. Exagerrated atoms are in stacking fault environment.

The Effects of Temperature

In order to understand the effects of temperature on the yielding behavior, tensile
tests were performed at simulated temperatures ranging from 2K to 600K. Five
nanometer diameter wires were equilibrated using a constant number, pressure,
temperature thermodynamic ensemble, or NPT, at each temperature investigated. This
computational setup was used such that the entire sample may find its equilibrium
configuration, including equilibrium atomic spacing, at the desired temperature. These
equilibrated structures were then used as before for uniaxial tensile tests in the NVT
ensemble.
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Figure 4A shows a plot of the yield stress versus temperature for the 5nm
diameter wires. The yield stress was seen to decrease significantly with increasing
temperature with a 45% decrease at 300 K° and 55% decrease at 600 K°. The decrease in
critical yield stress is not due to a change in the mechanism. As for all cases the wires
yield as previously explained; (111) <112> type partial dislocations generated from the
free surfaces.
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Figure 4 A) Tensile yield stress as a function of increasing temerpature. B) Tensile stress vs. strain
for 2K and 300K temperatures.

Figure 4B shows the generated stress — strain curves for the 2K and 300K cases.
From this plot one can see that there is a not only a significant effect in the onset of yield,
but also a significant difference in the drop in load carrying capacity between the two
cases. However note that the flow stress after yield becomes quite consistent between the
two cases. These things will be discussed further in a later section.
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Strain Rate

Molecular dynamics for all of its many virtues has the distinct drawback of only
being able to access very short time scales. This leads to very high strain rates in order to
apply a reasonable amount of deformation within the limits of current computational
resources. This leads to overdriving of the system such that the materials may reach

unrealistically high levels of stress and strain before activation of deformation
mechanisms can occur.
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Figure 5 Tensile stress versus strain for three order of magnitude of strain rates.

To check how sensitive our simulations were to strain rates accessible to
molecular dynamics we studied three orders of magnitude of strain rate. One order
higher and one order lower than that of what we used for this our study. Figure 5 shows
plots of the tensile stress versus strain for the 5Snm diameter nanowire at three strain rates
10° s, 10" s*, and 10® s*. For these strain rates we observe almost no difference in
initial stress levels at the yield point with the faster rates edging subtly higher. However,
the resulting flow stress behaves quite differently. At the highest strain rate the system is
being overdriven such that nucleation is occurring simultaneously with propagation
throughout the length of the wires. Likewise many more dislocations have been emitted
at the onset of yield with very little time for equilibration before more dislocations are
emitted from the surfaces. Often trailing partials are emitted almost instantly after the
leading owing to the rapid loading of the system.

For the two slower rates, qualitatively the process proceeds in the same way. It
appears that the only difference between the two slower cases has to do with the
statistical nature of the nucleation. Emission occurs at different random points on the
free surface resulting in different interactions during loading. Phenomenologically these
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processes are the same eventually resulting in very similar overall flow behavior. This
adds merit to our choice of 10’s™ such that we are able to access much longer times
without the loss of meaningful information.

Twin Boundaries

The most frequent structural defect other than general surface roughness or other surface
defects is the presence of twin boundaries. In deposited Au nanowires of [111]
orientation twin boundaries appearing perpendicular to the growth axis of the type

(111)[115] and are considered the primary twin; see Figure 6A. No twinning or stacking

faults have been observed in nanowires grown along the [110] orientation.* Virtual
samples were created with identical dimensions used previously for the study of perfect

wires with one primary (111)[112] twin located at the center of the wire; Figure 6B. As

in the case of the surface step, periodicity causes another twin boundary to exist at the
ends of the wire. This results in the “bamboolike” crystalline structure that has been
reported to be controlled by careful manipulation of the electrodeposition parameters.*®
The effects of this configuration will be addressed specifically in the next section.

Uniaxial tensile tests were performed using the same parameters as discussed
previously for comparison and tensile stress-strain curves were produced from the data.
Performing the nonlinear elastic fit to the stress-strain response up to the onset of yield
revealed no significant change in Young’s modulus for all sizes tested as compared with
wires without the twin defect. Tensile yield strength however was affected by the
presence of the twin boundary. The stress required for the nucleation of the dislocations
was observed to be 18-22% less than that of the perfect wire with corresponding
diameter, with the smaller diameters being slightly more affected.

The twin boundaries themselves were not sources for the nucleation of the
dislocations, but rather the surface disturbed near the boundary. Figure 7 helps give a
closer view of what the surface and boundary looks like. Boundary atoms or mirror plane
of the twin boundary have been exaggerated for easy recognition. The atoms near the
boundary that are also exaggerated are the first atoms to begin to have non-zero
centrosymmetry during the tensile test and do so before any nucleation event occurs.
This is due to the fact that the atoms above are in a state of high tensile stress resulting
from the {111} faceting observed in this orientation.”® This role of the {111} facets is
characteristic of all the nucleation events in [111] nanowires however the presence of the
twin has slightly changed the local stress state causing heterogeneous nucleation rather
than the eventual nucleation from thermal fluctuations. The six-fold symmetry of the
orientation causes the faceting, however only 3 of the 6 facets appearing are sites for
nucleation owing to the orientation of the twin. This can be seen by the slightly different
local environment of the facet located at the top of the Figure 7 as compared with the
bottom facet which is almost homogenous with the other facets in the region of the twin.
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Figure 6 A) TEM image of primary twin boundary oriented perpenticualr to wire axis [111]. B)
Corresponding virtual sample; cylindrical with prmary twin boundary shown.
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Figure 7 A twin boundary present in center of [111] oreirnted nanowires. Lighter atoms are of
higher energy. Dislocations are nucleated from surfaces defected by twin boundary.

At higher levels of strain we observe that the twin boundaries do begin to emit
embryonic dislocation loops, however these dislocations are never seen to be emitted as
the surfaces emit first relieving the associated stress; see Figure 8. The twin boundaries
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appear to be very effective obstacles against the propagation of the dislocations and
dislocations begin to pile-up are the boundaries. This does lead to some observed
hardening suggesting that twins may not be altogether unfavorable especially in the
presence of surface roughness.

A A

l L N\

L L
L
i »

A = Twin Boundaries \
B = Embryonic Dislocation Loop
C= Stacking faults

Figure 8 Snapshot of nanowire taken just after the onset of yield. Only atoms in local stacking fault
or dislocation environments are shown. Dislocation loop emanating from the boundary is seen but
was not observed to be favored over further surface nucleation.

Bamboo

From our initial investigation of the effects of twin boundaries present in the
[111] oriented nanowires, we have found a number of interesting effects. First, the twin
boundary itself is not a dislocation sources, but rather it is the disturbance which it causes
in the otherwise “perfect” surface from which they emit. Secondly we have seen some
evidence of hardening from the stress — strain relationship as well owing to the fact that
the twin boundaries are efficient obstacles to the propagation of the dislocations.
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100nm

Figure 9 TEM image of gold nanowire exhibiting ""bamboo structure. This structure is created by
the formation of periodic twin boundaries perpendicular to the wire axis.

Figure 9 is a TEM image taken from the work of Wu and coworkers showing a
typical “bamboo” structured wire*’. These it has been shown that these structures can be
controlled by careful manipulation of the deposition parameters. Furthermore in the
interest of nanoelectronics twin boundaries are known not to significantly affect
conductance. This makes this unique structure interesting since it could be an avenue of
strengthening for application that might experience load.
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Figure 10 Axial stress as a function of strain for three twin boundary spacings in 5nm diamter
""bamboo’* structured wires
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To investigate the effect of these periodic twin boundaries we created three 5nm
wires in which we varied the spacing between the twin boundaries. These samples were
created such that the periodicity created the bamboo structure. Wires were created with
up to 5 physical twin boundaries present before utilizing periodicity but showed no
difference in results.

As seen in Figure 10, initially and elastically these three cases respond almost
identically. Yielding also occurs nearly at the same stress level. The dislocations are of
the same character and type as discussed for the twin in the previous section with
nucleation still only occurring at the free surfaces. However the response after the onset
of initial yielding appears to be quite different. Most obvious is the difference in the
initial drop in stress level. This owes to the fact that dislocations propagate further with
larger spacing relieving more stress.

Secondly and more importantly we begin to see a large increase in the hardening
rate as the twin spacing decreases. Again this is due to the fact that the twin boundaries
are obstacles to the propagation of dislocations and as such are pinned forcing the stress
to increase to a higher level to either generate the trailing partial and alleviate the
stacking fault, or nucleate elsewhere along the surface. This as such again leads to more
networking and pinning of dislocations. This shows that hardening can be improved in
this manner.

Surface Defects

A Surface Step Model

Although very near to single crystal in structure, real nanowires fabricated via
deposition techniques are never truly defect free owing in part to the fact that the surface
of the pores of the template are never atomically flat. As a first step understanding the
role of surface defects we have created virtual nanowires with a step character. For this
we have chosen the axial orientation [111] and applied a simple translation of magnitude
and direction <110> along the (111) plane aligned perpendicular to the wire axis; see
Figure 11A. This was done such the translation is equivalent to a perfect dislocation of
the fcc lattice and therefore does not introduce a stacking fault. Energy minimization was
then implemented to allow the defects to equilibrate to their lowest energy configuration.
Molecular dynamics was also employed in the annealing scheme previously discussed
and no change in structure was observed when compared with the results of the molecular
static relaxation.

Tensile tests up to 10% strain were performed under the same boundary
conditions and strain rate implemented for defect free single crystal wires.  Tensile
stress-strain curves were generated for sizes between 5 and 10nm. First a comparison
with perfect wires was made to check the influence on Young’s modulus of the step
defect. The 5nm diameter nanowires experienced a 4% decrease in modulus, whereas in
the 10nm thickness the effect was smaller with only a 2.5% decrease.

Yield stress and stress-strain response of the defected wires however showed a
much more significant impact. Figure 11B shows representative tensile stress-strain
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curves of the 5nm wires with and without the presence of a surface step. At 5nm
thickness the tensile yield stress shows a significant decrease of approximately 30% with
the step defect. The effect of the step as the diameter of the wire increases also increases.
At 7.5nm the decrease is 38% and at 10nm the effect is more pronounced showing a 50%
decrease in yield stress.
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Figure 11 A) Simulated gold nanwire with 1/2 [110] translation producing surface step. B) Tensile
stress versus strain for 5nm diamter wires with and without surface step.

Upon inspection of the responsible deformation mechanisms we find that the
nanowires with the translational step also yield by the nucleation and propagation of
{111}<112> type partial dislocations. In this case however we do not see the large
number of dislocations nucleated along the surfaces of the wires as we did in the perfect
wires. The steps being of higher energy and stress become the sites for dislocation
nucleation. For the periodic lengths tested we observe 2 partial {111}<112> type
dislocations emitted, one from the step places in the middle of the sample, and one from
the corresponding step created from the periodic image.

Realistic Surface Defects
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In an effort to study more realistic defects in the surface morphology of metallic
nanowires we have generated virtual nanowires with surface defects created by an
energetic criterion. Using 5nm diameter [111] axially oriented nanowires we have
selectively removed the highest energy atom(s) within a small region. The impetus of
this was to simulate the way in which atoms would be selectively removed in natural
methods such as chemical etching or particle bombardment where high energetics
facilitate removal.

Figure 12 shows an edge view of the [111] oriented wires with facets of the {111}
planes clearly visible. The highest energy atom by far is the single atom located at the
top of the {111} facets. This is marked as 1 in the figure and its removal becomes our
first defect case D1. After removal of the first atom the system was allowed to
equilibrate for 400ps allowing time for the new structure reach its lowest energy
configuration. This was done iteratively for each case such that the next atom(s) were
chosen from the new equilibrated structure. Subsequently there are two atoms of nearly
identical energy labeled with a 2, two more labeled with a 3 and one labeled with a 4.
The additional removal of each of these represents our four defect configurations referred
to as cases D1-D4.

Figure 12 Image taken from side of 5nm virtual nanowire showing {111} planes and facets. Numbers
indicated the successive removal of highest energy atoms.

After the selective removal of atoms each wire with its unique surface defect
configuration was then tensile tested as discussed in the previous sections. Tensile tests
showed a decrease in yield stress for all cases tested, albeit in the case of D1 the drop was
nearly insignificant. Likewise for all cases the surface defect acted as a nucleation site
for dislocation emission except for the D1 case which was not a favored location. The
dislocations emitted were of the same character as in the other cases for this orientation,
namely {111}<112>. Figure 13 shows the crystallographic orientation of the wire, the
slip plane which yield occurs upon, and the plane normal direction.
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Figure 13 Schematic representation of [111] oriented nanowires showing slip plane and tensile
direction [111] and angle between.

In order to better predict how the nature of a defect may affect yielding we have
analyzed the various components of the stress using the virial method. Starting from the
point in which we selectively remove the atoms to create the defect we take a
representative volume defined by the cut-off of the atomic potential. We then construct
the stress tensor representative of this volume’s elements (atoms). This information we
have available at any instance of time during the simulation.

In order for this information to be meaningful we first rotate our stress tensor such
that 2 of diagonal elements are lie within the plane and one aligned with the plane
normal. From our initial coordinate system this is a rotation of 70.5° about the z-axis
such that the diagonal element originally defined by the tensile direction becomes the
direction perpendicular to the slip plane. Correspondingly the remaining diagonal is
rotated into the direction of slip within the plane. Figure 14 shows a schematic of the
original stress components and the subsequent orientations after rotation denoted with a
prime. This then creates the off diagonal component S’y, meaningful such as it
equivalent to the shear stress in the slip plane.
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S
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v

Figure 14 Schematic showing rotation of stress tensor from intial coordinate system to slip plane
normal.
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With all of the components of stress oriented with respect to the slip plane and the
direction of slip we have analyzed the state of stress both during equilibrium and under
loading. Table 1 summarizes the results of these calculations from the transformed stress
tensor’s shear and pressure components. From this we noted the initial condition of shear
stress in the volume as well as at yield, and also the initial and yield pressures. Taking
the difference between the shear stress level at which yield occurs and the initial level of
shear stress present with the defect one should be able to make some predictions as to
how much the defect will affect yield.

Table 1 - Resolved shear stresses and pressure both intial and at yield. These stresses are resolved

from a representive volume around the introduced defect. All values are in units of GPa.

Case Sy’ (€ yield) Sy’ (e=0) Suy yietd) = Sxy’e=0 | Sy’ e=z0) | P(€=0) | P (€ yiew) Oyield
D1 -1.73 0 -1.73 1.17 0.7732 2.74 6.65
D2 -1.35 0.09 -1.44 1.68 1.045 3.01 54
D3 -1.8 0.176 -1.976 2.16 1.294 3.18 6.2
D4 -1.36 0.098 -1.458 1.83 1.137 3.07 4.7

the defect can be seen such that

This difference follows a trend for our four cases studied (five given the perfect
case) except for the anomaly which occurs with defect case D3. Generally the strength of

Stress / Strain Relations with Defects

Axial Stress (GPa)
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Figure 15 - Axial stress versus strain for the four unique surface defects seen in Figure 12.




Bending

As part of our ongoing effort to completely understand the elastic and plastic behavior of
metallic nanowires we have begun to investigate how they respond to a bending state of
stress. For this study we have implemented to cases. First, a pure bending case with one
end fixed. Second, a three point bending case with both ends fixed and the force applied
in the center. This latter case represents a complex state of stress with both bending and
tensile stresses. These forces are applied with a simulated nanoindenter implemented in
LAMMPS and modified by our group.

A gold nanowire of 2.5nm diameter and approximately 25.0nm length (aspect
ratio 1:10) is modeled using LAMMPS. The axis of the wire is oriented along [111]
crystallographic direction, which is aligned with y-axis of the coordinate system. The
indenter is cylindrical in shape and extends infinitely along the z-axis. The cylinder is
moved in x-direction at a specified speed to deform the wire. The following figure shows
a schematic drawing of the model and the actual model. Origin of the coordinate system
coincides with the center of the wire, as shown in the actual model. Note that in the
actual model, the indenter is not physically but mathematically modeled to generate a
force field to deform the wire.

/7

Figure 16 - A) Schematic model of the wire and indenter. B) Actual model of the wire, showing the
location of origin of the coordinate system.

To clamp the two ends of the wire, four layers of atoms on each side have been set to
have a zero force throughout the MD simulation. The radius of the indenter used for
deforming the wire is same as the radius of the wire, i.e. around 12.0nm. The indenter
repels all atoms if touches, so it can be used to push into a block of material or as an
obstacle in a flow. For each time step, the coordinates of atoms lying close to the indenter
are checked and all the atoms whose center lie within the periphery of the indenter see a
force from the indenter based on following equation:
F(r)=-k (R-r) forr<R
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where K is the specified force constant, r is the distance from the atom to the center of the
indenter, and R is the radius of the indenter. The force is repulsive and F(r) = 0 for r > R.
The center of the indenter moves during the simulation, based on its initial position and
the specified velocity.

The orientation of atoms along the axis of deformation i.e. x-axis is <1-10>, and the
orientation along the z-axis (going into the plane of paper) is <11-2>. The indenter moves
at a speed of 0.0625 Angstroms/ps along —x direction. The time step set for the
simulation is 2fs, which means that the indenter moves a distance of 25.0fm (~6x107
times the lattice constant) in each time step. The following figure shows the
corresponding deformation patterns at different time steps. It can be observed that wire
sees some plastic deformation at t = 360ps, which corresponds to a deformation of around
22.5 Angstroms at the center of the wire.

e
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Figure 17 - Deformation pattern of the wire at different time steps. The longitudinal stress (Syy) has
been plotted here. The values shown are the time and deformation at center at that time.

H
~ N
oS
> 5

»

Strain rates are calculated based on beam theory of continuum mechanics. In the model
described above, there are two deforming mechanisms involved. The bending of the wire,
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which is more prominent at the ends than at the center and the tension induced in the wire
at large deformations. The maximum strain rate due to the bending can be approximated
by the following expression:
(de/dt)bending = 6dV/L?,
where d is the diameter of the wire, v is the speed of the indenter and L is the free-
standing length of the wire. On the contrary, the maximum strain rate due to tension does
not depend on the diameter but the deformation at the center. It can be expressed as:
(de/dt)ension = 48V/L?,
where & is the deformation at the center of the wire.
Note that the strain rate due to tension is not a constant for a given speed of the indenter
but increases as the deformation increases. Moreover, the different layers of atoms along
the axis of wire see different strain rates due to bending but a constant strain rate due to
tension at any given point of time. The strain rates calculated using these formulas are of
the order of 10°s™ for bending and around 10’s™ for tensile load.
The stress values at the center of the wire, as these planes are more or less perpendicular
to the y-axis, have been used to calculate the normal force on the wire. We can calculate
the force by multiplying these values with the cross-sectional area of the wire. As a
result, the following P-delta curve is obtained:

Force as a function of displacement
9.00 -
*
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7.00 -
_. 6.00 - 4
Z
< 500 |
o
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*
1.00 -
0.00 ; ; ; ‘ ‘ ‘ |
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Displacement at center (Angstroms)

Figure 18 - Force applied by the indenter as the deformation increases. Force values shown here are
calculated using the shear stress values plotted in Figure 3.

A given load is related to the deformation for the case of bending by following
expression:

P = (192E1)(d/L?)
,where E is the Young’s modulus, | (=pi*r*r/4) is the moment of inertia, d is the
deformation and L is the length of the wire. Using this expression, we can calculate
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Young’s modulus for the nanowire at different deformations. Ideally, P-delta curve
should be non-linear and the value of Young’s modulus should be constant for a given
material in the low deformation elastic regime. However, if we calculate Young’s
modulus using the above stated values, the value for E does not turn out to be a constant?
This might be due to the reason that the force values calculated above correspond to the
shear stress only at the center of the wire. These force values are not actually the total
force applied by the indenter on the wire.

Table 2 — Young’s Modulus calculated from the applied load using the deformation at a given point
of time. Deformation (d) is in Angstroms, Load (P) in nanonewtons and Young’ Modulus in GPa.

d (A) P (nN) E (GPa)
0.00 0.00 -
7.50 1.57 45.47

15.00 4.31 62.46
22.50 6.00 57.98
30.00 8.45 61.22

The wire sees nucleation of defects at 360ps which corresponds to a deformation of 22.5
Angstroms at the center of the wire. The nucleation occurs at three regions as shown in
the figure below. However, to precisely capture the location where it starts first, it is
required to write the stress data more frequently at many time steps. It has been observed
that stacking faults are developed in the high stress region due to bending. However, the
stacking faults are unable to flow through the other side of the wire due to compressive
stresses on the other side. Figure 19 shows the nucleating defects in three highly stressed
regions of the wires. The top has been zoomed to focus on the stacking fault created in
that region. Due to the circular cross section of the wire, we can also observe some skew
ness in the alignment of atoms along z-axis.

A similar model for a thicker wire of 5nm diameter was also built and analyzed. Figure
20 shows the deformation profile of the wire when it starts thinning in the center, due to
high tensile forces. The picture qualitatively matches with the experimental results
obtained by Wu et. al. However, we observed that the atoms in the deformed region show
some amorphous behavior. This can be attributed to the high strain rates which have been
used for these cases. Some more analysis need to be done with appropriate strain rates of
no more than 10° s™, so that the actual nucleation of defects and the onset of plasticity
can be observed and characterized well.
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Figure 19 - A) Overall image of nanowire under deformation from 3 point bend test showing

longitudinal stress. B) Enlarged image of area cirlced in part A with atoms marked which are in
stacking fault local environment. C) Atoms in the stacking fault environment

Figure 20 - Image of nanowire (5 nm diameter) under deformation from 3 point bend test. The
plastic deformation at the ends of the wire and in the center can be observed.
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(5) Summary of Important Results

In this effort we have studied in atomic detail the structure / property relationship
of geometrically realistic metallic nanowires. Using cylindrical model wires we have
looked at not only atomically “perfect” wires of various diameters, but we have also
introduced and studied the effects of a number of structural defects commonly found in
electrodeposited wires. Furthermore we have also looked at the effects of strain rate and
temperature on the yield behavior during tensile loading.

Defect free nanowires behave similarly to that of less realistic structures reported
recently in the literature. Decreasing wire diameter drives higher equilibrium strain with
no applied load. This leads to an increase in yield strength that parallels the initial
strained condition of wires as it opposes the tensile stress during loading. Yield
mechanisms are consistent such that leading partial <112> dislocations travel on the
{111} planes are always generated at the surface of the wires. Wires exhibit a
catastrophic initial drop in load carrying capacity characterized by the simultaneous
nucleation of multiple dislocations.

This high number of simultaneously generated dislocations is affected by a
number of things. Stress can be localized by the presence of defects. In the case of
surface steps or surface roughness it is equivalent to the pair (due to periodicity) or a
point defect respectively. Likewise in the case of a twin boundary we have learned that
the boundary itself is not a source for dislocation nucleation but rather it merely disturbs
the surface such that it creates symmetric nucleation sites near the boundary. In this latter
case we have multiple sites of equal strength and in the absence of high thermal
fluctuations, each tend to nucleate nearly at the same time.

Taking into account the effects of temperature a picture begins to emerge where
the simulation results reported to date are not entirely realistic. Real metallic nanowires
will have many sources for the nucleation of dislocations owing to the surface roughness
alone as well as the obvious affects of higher temperatures. Typically atomistic
simulations are performed at 2K° (or similar) which provide very little random thermal
fluctuations in the material. In the case of a perfectly symmetric nanowire, all of the
nucleation sites are of equal strength, and thus in the absence of fluctuations and the
presence of the high over driven strain rate, many dislocations are nucleated
simultaneously. When a defect is present there is a local stress concentration such that
yield occurs much sooner. This is further demonstrated by the twin boundary in which
multiple dislocations are emitted, but only from the few symmetric sources that are of
equal strength and are thereby over driven and nucleated simultaneously. Likewise this is
demonstrated in the presence of higher temperatures where the increased thermal
velocities increase the likelihood of the local stress concentration exceeding the critical
level resulting in yield.

Many of the crystalline features of metallic nanowires such as whether they
contain a single crystal orientation or polycrystalline, as well as twin boundaries can be
controlled by careful manipulation of the deposition variables. However real nanowires
are unlikely to ever be atomically smooth on the surfaces and therefore will always
contain dislocation sources of varying strength. It seems important to note that when it
comes to atomistic simulation of these structures that the onset of plasticity may not be a
realistic indicator of the strength of the material. In fact it appears that the average flow
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stress may be more of a consistent indicator as this seems to be fairly consistent after the
onset of initial. This is reasonable as at this point the surface has been disturbed typically
in multiple somewhat random locations resulting in the creation of multiple surface
defects usually of different intensities.

Our in depth analysis of the local stress environment in the vicinity of the defect
also has begun to shed light on the details governing defect nucleation. From our recent
calculations we have shown that not only does the nucleation depend on how the defect
biases the shear stress, but also how the defect affects the local stress on the slip plane
affecting yield.

Our work thus far addressing bending stress is showing some interesting results.
We are able to see multiple mechanisms of yielding occurring due to the complex stress
state applied. Also we have observed how the compressed regions of the wires do not
emit dislocations and in fact these regions do not allow dislocations to exist (up to strains
tested). This observation leaves multiple questions yet to be answered on the exact role
of pressure in dislocation processes.

Future Work and Direction

We have tested wires in a realistic cylindrical geometry and have found that like
the rectangular approximations done by others they suffer from a perfectly symmetric
constraint with respect to the loading direction. Regarding the nucleation of dislocations
in single crystal type metallic nanowires we have shown the importance of including
defects, in particular surface defects, in the model. Form this work we have observed
both in the bending tests as well as in our defect studies the role of hydrostatic stress in
dislocation mechanisms. For this we are performing many more calculations to better
understand precisely what these roles are. To this end we may then make suggestions
such that these devices may be improved by systematically avoiding or removing certain
defects.

The three point and pure bending tests are quite new results and need further
refinement. Currently efforts are underway to quantify the forces acting on the indenter
such that we may be able to compare our model on a 1:1 basis with current atomic force
microscopy experiments. Currently the error in experimental measurement of these
forces lacks fine resolution. Our procedures and potential appear to be quite accurate for
most situations and this will offer us a powerful tool to probe many systems. This
quantification can then be compared with local atomic forces, energies, and stresses for a
complete descriptive picture of the material.
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