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A B S T R A C T

The deformation behavior of ⟨110⟩-oriented twinned Au nanowires (NWs) with multiple longitudinal coher-
ent twin boundaries (CTBs) under tension is studied using in� situ experiments and molecular dynamics
(MD) simulations. The twinned NWs show higher yield strength than the single-crystalline NWs with similar
diameter. Postmortem observations using electron microscopy and MD simulations show that the presence
of CTBs transitions the governing mechanism from twinning-mediated deformation in single-crystalline
NWs to strongly localized deformation. MD simulations reveal that the intersection of deposited partial dislo-
cations at the CTB with the free surfaces plays an important role in the transmission of the dislocation, lead-
ing to the formation of full dislocations instead of partial dislocations and twinning in the case of single-
crystalline NWs. The repeated activation of full dislocation slip leading to localized deformation is further-
more dependent on the relative orientation of surface facets to the activated Burgers vectors. The results of
this work enhance the understanding of deformation mechanisms of twinned nano-objects and suggest
design strategies for mechanical systems at the nanoscale.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Metallic nanowires (NWs) are regarded as promising building blocks
for flexible and stretchable electronic devices due to their high conduc-
tivity and optical transmittance [1�3] and often display superior
mechanical properties compared to their bulk counterparts [4�10].
NWs show extremely high yield strengths close to their theoretical
value, since the plasticity of these defect-free samples requires the
nucleation of dislocations at the free surfaces [6,8,11]. The deformation
mechanisms of face-centered cubic (FCC) single crystalline NWs
(SCNWs) have been extensively studied in experiments [11�13] and
molecular dynamics (MD) simulations [12�26] under different loading
conditions. Pseudoelasticity and shape memory effects resulting from
phase transformation or deformation twinning [14�17] and slip by full
dislocations [13,18,19] were observed in MD simulations of FCC SCNWs
under uniaxial deformation conditions. These simulations show
orientation and loading direction dependence of the operative deforma-
tion mechanisms in FCC SCNWs which can be explained and predicted
by the generalized stacking fault energies and considering the Schmid
factors for leading and trailing partial dislocations [8,12,13,23]. SCNWs
under complex loading conditions, such as torsion [21,22,26] or bending
[20,24,25], were also studied using MD simulations. Under bending
loads, ⟨110⟩-oriented SCNWs showed the formation of geometrically
necessary wedge-shaped twins in the tensile part of the SCNW and full
dislocations in the compressive part, and - depending on the bending
direction - pesudoelasticity after load removal [24].

Similarly to NWs, nanotwinned metals have also lately attracted
increasing interest because they combine high strength with high duc-
tility, two properties which are commonly regarded as mutually exclu-
sive [27�29]. The interactions between gliding dislocations and twins
at twin boundaries increase the strength and ductility of nanocrystalline
materials [27�29]. Particularly for bulk FCC metals the mechanisms of
dislocation-coherent twin boundary (CTB) interactions have been stud-
ied in detail [30�34]. There, MD simulations suggest that the interac-
tions between perfect screw as well as non-screw dislocations and CTBs
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Fig. 1. a TEM dark-field image of MTNW before tensile test. p and t denote parent and
twinned grains, respectively. The inset shows the corresponding selected area diffrac-
tion pattern of the MTNW. b Atomistic model of the MTNW along ½112� viewing direc-
tion. Only outer-layer atoms and atoms that make up the CTB are shown here. Outer-
layer atoms are half transparent. c�e Cross-sections of the simulated NWs in this
work. Atoms are colored according to CNA, where green and red colors represent
atoms in FCC- and HCP-structure, respectively; white atoms are outer-layer atoms. f
Schematic illustration of the double Thompson tetrahedron showing the slip system in
BTNWs. Red plane is the CTB, blue planes are the slip planes (c) and (c0), grey planes
are the slip planes (d) and (d0) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).
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are controlled by the energy barriers for the formation of partial disloca-
tions from the reactive sites at the CTB [30,31].

Modern materials synthesis techniques have enabled the fabrica-
tion of twinned NWs (TNWs) with different arrangements of CTBs
[35�45]. Experimental studies on the mechanical properties of
⟨110⟩-oriented five-fold Ag TNWs with longitudinal CTBs were
reported in [35�38]. The in� situ experiments show that the pre-
existing CTBs give rise to pronounced strain-hardening by impeding
the transmission of the surface nucleated dislocations. [46,47]. The
MD simulations on five-fold TNWs show that the existence of CTBs
leads to higher yield strength and more brittle plastic deformation
compared with single crystalline counterparts [48�50]. ⟨111⟩-ori-
ented NWs with varying densities of twin boundaries perpendicular
to the wire axis were obtained by chemical synthesis [39�43]. Simi-
lar to five-fold TNWs, these ⟨111⟩-oriented TNWs show higher
strength than twin-free counterparts with equivalent diameters and
orientations according to the results of in�situ experiments and MD
simulations [43,51,52]. With decreasing CTB spacing, the ⟨111⟩-ori-
ented TNWs show increasing yield strength [51,52] and a ductile-to-
brittle transition [43]. The deformation behavior of NWs with other
planar defects such as grain boundaries (GBs) [53�55] and incoher-
ent twin boundaries (ITBs) [56] were also studied using MD simula-
tions. The MD simulation results suggest that dislocations prefer to
nucleate from triple junctions of GBs and kink-steps of ITBs due to
the stress concentration of these internal defects.

Recently, the deformation behavior of ⟨110⟩-oriented Au NWs
with a single longitudinal CTB under tension, although without load
measurements, was studied [44]. Storage of full dislocations was
observed in the deformed TNWs via transmission electron micros-
copy (TEM). A proposed scenario is that the trailing partial disloca-
tions may nucleate and combine with the leading partial dislocations
to form full dislocations [44]. Although the dislocation reactions at
CTB are well established in bulk FCC metals [30�34], the mechanism
of dislocation-CTB interactions in confined dimensions where the
CTB is bounded by free surfaces, forming effectively a triple junction,
is still not yet well understood. More importantly, no strengthening
effect was reported in the experiments, although the presence of the
CTB is believed to hinder the propagation of the leading partial dislo-
cations [44]. Microcompression experiments on ⟨110⟩-oriented single
crystalline and twinned bi-crystalline micro-pillars with a longitudi-
nal CTB show similarly no significant strengthening effect of CTBs
[57�59]. In these micro-scale studies, several scenarios have been
proposed to explain such behavior according to the pre-existing dis-
location sources and orientation of the CTBs. However, the influence
of the longitudinal CTB on strength of defect-free NWs is still not
understood. Whether the longitudinal CTB is able to strengthen
⟨110⟩-oriented NW by impeding the motion of dislocations is an
essential question to be answered.

In this work, quantitative in�situ tensile tests were performed on
⟨110⟩-oriented Au multi-twinned NWs (MTNWs) in a scanning elec-
tron microscope (SEM). The experimental results are compared with
previous experiments on ⟨110⟩-oriented SCNWs [12] and corrobo-
rated by MD simulations to investigate the origins of the strengthen-
ing effect of CTBs. The deformation behaviors of ⟨110⟩-oriented bi-
crystalline twinned NWs (BTNWs) and experimentally-inspired
MTNWs with longitudinal CTBs under tension are investigated by
performing MD simulations. The mechanisms of dislocation-CTB
interactions at different applied stress and strain states are analyzed
in detail and elucidated.

2. Methods

2.1. Experimental procedure

⟨110⟩ oriented Au NWs containing axial twin boundaries were
grown on carbon coated tungsten substrates via physical vapor
deposition under molecular beam epitaxy settings, following the
identical growth procedures reported in [12,60]. A Kleindiek nano-
manipulation system and a Pt-based gas injection system (GIS) with
electron beam induced deposition (EBID) was utilized to transfer the
Au NWs. A MTNW with a diameter of 49 nm and a length greater
than 40 mm was harvested from the substrate and transferred to a
TEM half grid in a cantilevered geometry following the procedure of
Murphy et al. [61]. During the affixation to the half grid, the MTNW
was cut in half ( » 20 mm), leading to two MTNWs that share the
identical twin structure (same locations of TBs and orientations of
twins). The divided MTNWs were characterized by TEM (JEOL 2010F)
with an acceleration voltage of 200 keV observed along the ½101�
zone axis (see Fig. 1a). The TEM characterization confirmed that the
identical twin structure of the MTNWs contained a multiplicity of
ð111Þ twin planes along the whole wire length. TEM diffraction pat-
terns along ½101� zone axes show a characteristic FCC twin pattern
(inset of Fig. 1a), as corroborated by the angle measurement of 15.8B

between the ð111Þt in the twin (t) orientation and the ð020Þp plane in
the parent (p) orientation. No pre-existing dislocations were
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Fig. 2. a Engineering stress-strain curves of in�situ tensile tests on SCNWs [12] and MTNWs with different diameters as indicated in the legend. Engineering stress-strain curves of
the simulated NWs with b pristine and c rough surfaces generated by randomly removing 33% of atoms from the two outermost layers (L2R0.33, d=24.5 nm, l=107.3 nm, T=300 K,
_� ¼2 £ 108 s�1). d Summary of the yield strengths of the experimentally tested and simulated NWs. The yield strength values for the SCNWs include data from [12,74].
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observed, as confirmed by both diffraction-contrast and high-resolu-
tion TEM of several NWs (see Figs. S1-2 in the Supplementary Mate-
rial). We used these experimentally observed multi-twinned NWs to
inform the MTNW simulation case study. The in�situ tensile testing
system consisted of a nanopositioning stage (SmarAct GmbH), a lin-
ear piezoelectric actuator (Physik Instrumente) and a microelectro-
mechanical systems (MEMS)-based capacitive load cell (FemtoTools),
which all were installed in a SEM. The half grid with the MTNWs was
mounted to the actuator side, and the final fixation for gripping of
the specimen was achieved after alignment of the load cell and the
MTNW using the nanopositioning stage described in [62]. A nominal
strain rate of 5 £ 10�4 s�1 was applied during the tensile test while
simultaneous imaging was performed in a SEM. The SEM images
were used for digital image correlation (DIC) to determine the speci-
men tensile strain. TEM analysis was also performed after the in�situ
tensile tests. The details of the procedure (Fig. S3) and additional
TEMmicrographs of as-transferred MTNWs (Figs. S1�2) can be found
in the Supplementary Material.

2.2. Simulation set-up

MD simulations were performed on [110]-oriented NWs, as
shown in Fig. 1b�e. The SCNW with a hexagonal-shaped cross-sec-
tion (Fig. 1c) was constructed based on experimental cross-sections
of Au SCNWs [60]. The BTNW with a symmetric hexagonal-shaped
cross-section (Fig. 1d) was built based on the cross-section of the
hexagonal-shaped SCNW. The parent grain p has the same crystallo-
graphic orientation as the SCNW, and the twinned grain t is mirror
symmetric to p with the CTB being the mirror plane. The MTNW was
constructed based on the size of each twin segment determined in
the experimental sample (Fig. 1b,e). Periodic boundary conditions
(PBC) were applied along the wire axis. Pristine, rough and grooved
surfaces were modeled in all wires, see Fig. S4 in the Supplementary
Material. Rough wires were created by randomly removing a certain
percentage of atoms from the outer layers. In the following, we will
use LhRx as shorthand for wires in which a fraction of x atoms has
been removed from the h outermost layers. E.g., L2R0.33 indicates
that one-third of atoms in the two outermost layers were randomly
removed. Grooved surfaces were created by removing a single row of
atoms along the ½101� orientation on a ð111Þ facet in a p grain. The
lengths of the grooves in SCNW and TNWs are 15.3 nm and 13.3 nm,
respectively. The diameter d of the tested wires was 24.5 nm (scaled
down by a factor of two from the experimental sample) and the
aspect ratio (length to diameter ratio l/d) was 4.4. NWs with different
diameters (d=11.3 nm, 17.4 nm, 32.0 nm and 40.0 nm) and aspect
ratios (d=11.3 nm and l/d=4.4, 8.8, 17.9, 35.2 and 70.5) were also sim-
ulated. All simulated NWs in this work are summarized in Table 1 in
the Supplementary Material.

The atomic interactions were modeled by an embedded-atom-
method (EAM) potential for Au by Foiles [63]. Additional simulations
were also performed using Cu [64] and Ag [65] EAM potentials. All
pristine wires were relaxed using the FIRE algorithm [66]. The wires
with rough surfaces were equilibrated at 600 K for 10 ps and then
quenched by FIRE to an equilibrium configuration. After energy mini-
mization, all wires were equilibrated for 200 ps at 300 K using the
Nos�e-Hoover thermostat together with the Nos�e-Hoover barostat
[67] applied along the periodic axis to relax possible stresses. The sur-
face states after equilibration at 300 K of the wires with surface
roughness or grooves are shown in Fig. S4 in the Supplementary
Material. The heights of the resulting surface steps are with 1�2
interatomic distances comparable to the ones observed by high-reso-
lution TEM on the experimentally tested NWs, see Fig. S2 in the Sup-
plementary Material.

Tensile deformation was applied by homogeneously straining the
wires and the simulation box along the wire axis at a constant strain
rate (_� ¼2 £ 108 s�1) at 300 K, where the temperature Twas controlled
with a Nos�e-Hoover thermostat. Different strain rates ( _� ¼5 £ 107 s�1;
6 £ 108 s�1 and 1 £ 109 s�1) were also tested. The simulations were



Fig. 3. a SEM (upper) and TEM (lower) images of tensile tested MTNWs showing
kinked geometry. b TEM image of fractured end of the MTNW. c Snapshot from MD
simulations showing the fractured end of the MTNW (d=24.5 nm, l=107.3 nm) with
L2R0.33 rough surfaces (generated by randomly removing 33% of atoms from the two
outermost layers) displaying a jagged surface viewed along ½112� direction. Only
outer-layer atoms and atoms that make up the CTB and defects (in black) are shown.
Outer-layer atoms are half transparent.
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carried out using the MD software package IMD [68]. To identify the
defect structures and dislocations, common neighbor analysis (CNA)
[69], coordination number and the dislocation extraction algorithm
(DXA) [70] as implemented in the atomistic visualization software
OVITO [71] were used. The dislocation density was calculated by divid-
ing the total dislocation line length from the DXA output by the initial
volume of the NW. The double Thompson tetrahedron notation [72] is
employed to describe the dislocation-CTB reactions, see Fig. 1f. All infor-
mation needed to reproduce the simulation results and the relevant
datasets of the stress-strain response and evolution of dislocation den-
sity can be found at [73].

3. Results

Building on previous in�situ experiments and MD simulations on
SCNWs [12], the aim of this work is to investigate the influence of
CTBs on the strength and deformation behavior of NWs.

We first compare the tensile response of MTNWs with previously
reported tensile behavior of defect-scarce Au NWs that were grown in
identical conditions. For Au SCNWs, two different behaviors have been
reported [12,75]. One type shows no significant load drop after yield
and fractures after some amount of plasticity without softening. The
other category of response shows a large load drop following incipient
plasticity, with a subsequent flow regime at a reduced stress. Generally,
the latter is ascribed to propagation of a dominant twin along the NW.
Despite the large difference in plasticity of SCNWs, the incipient yield-
ing mechanism is shared and hinges on the nucleation of the leading
partial dislocation. Selected stress-strain curves of tensile tested SCNWs
from Sedlmayr et al. [12] are replotted in Fig. 2a for comparison. Elastic
loading of MTNWs follows that of SCNWs although with yield at a
higher stress, followed by constant flow stress at the level of the yield
stress. Thus, MTNWs maintained high flow stresses (»1.8 GPa) during
plastic deformation with final failure occurring at total strains of
approximately 5%. We note that this is a remarkable amount of strain
that is sustained at very high stresses � in contrast to the quasi-brittle
behavior associated with rapid plastic localization. The yield strengths
were measured to be 1.81 GPa and 1.84 GPa, significantly higher than
the reported mean yield strength of Au SCNWs in tension (1.01 GPa)
[74] and outside their scatter band, see Fig. 2d. This suggests a pro-
nounced strengthening effect due to the presence of axial twin bound-
aries. No dominant deformation twin segments were observed in
postmortem TEM micrographs (Fig. 3a); the only remaining residual
contrast is attributed to localized bend contours resulting from kink for-
mation. The fractured end shows a relatively flat morphology along the
TEM view (Fig. 3b), in contrast to the cone-shaped fracture tip ends of
SCNWs (see Fig. S5 in the Supplementary Material). Compared to
SCNWs the MTNWs thus show much more strongly spatially localized
deformation.

Exemplary stress-strain responses of simulated tensile tests are
shown in Fig. 2b for pristine and in Fig. 2c for NWs with a roughness
according to the removal of 33% of atoms in the two outermost layers
(L2R0.33). The wires with pristine surfaces show only small increases
in yield strength when CTBs are present, from 2.01 to 2.06 GPa for
the BTNW and to 2.09 GPa for the MTNW, see also Tab. 2 in the Sup-
plementary Material. Introducing surface roughness decreases the
yield strengths of the wires to levels comparable to the experiments,
see Fig. 2a,c and Fig. 2d. For the SCNWs, the different rough surface
states led to a reduction of the yield strength on average by about
23% or 0.4�0.51 GPa, and the introduction of a surface groove
reduced the SCNW yield stress by 0.54 GPa, see Tab. 2 in the Supple-
mentary Material. Surface roughness also decreased the yield
strength of the TNWs, however to a somewhat lesser degree, see
Fig. 2d and Table 2 in the Supplementary Material. When comparing
the yield strengths of wires with the same surface state, rough BTNW
and MTNW show on average an increase in strength compared to the
corresponding SCNW by 3% and 10%, see Fig. 2d. Fig. 2c shows as
example the stress-strain curves of NWs with surfaces prepared
according to the L2R0.33 procedure, where the BTNW and MTNW
show a 5% and 15% increase in yield strength, respectively, compared
to the SCNW. After the yield point, the wires with pristine surfaces
show a more abrupt stress drop than the wires with rough surfaces.
The yield strength of the simulated NWs and the experimentally
tested SCNWs [74] andMTNWs are summarized in Fig. 2d. A standard
t-test on the two experimental data sets (N=27 for SCNW, N=2 for
MTNW) calculates t=2.587 and p=0.015. Therefore, adopting the
p < 0.05 standard, the difference in the distributions is statistically
significant. Clearly, the MTNWs show higher yield strengths than
SCNWs in both experiments and MD simulations with any kind of
surface defects. The yield strengths of all simulated NWs are in addi-
tion listed in Table 2 in the Supplementary Material.

Deformed configurations at identical strains are shown in
Fig. 4a�f for NWs with pristine and the L2R0.33 surface states. As
additional example, the corresponding configurations for NWs pre-
pared with L4R0.33 surfaces are shown in the Supplementary Mate-
rial, Fig. S6. The deformation behavior of SCNWs is dominated by
deformation twinning, with plastic deformation spread throughout
the wires, see, e.g., Fig. 4a,d and S6a. In contrast, TNWs do not show
twinning and their deformation is more strongly localized compared
to the corresponding SCNWs, see. e.g., Fig. 4b,c and S6b,c. Twinned
NWs furthermore show surface steps on the ð111Þ and ð111Þ surface
facets that have heights of a full Burgers vector projected on the sur-
face facet normals. Few surface steps are observed on ð111Þ and
(001) surface facets except in the region of necking. The bottom view
of the BTNWs shows furthermore an interesting symmetric slip pat-
tern (Fig. 4b,e, S6b).



Fig. 4. a-f Configurations at 27.1% strain for the different simulated NWs viewed along ½111� (left) and ½112� (right). L2R0.33 indicates rough surfaces generated by randomly remov-
ing 33% of atoms from the two outermost layers. Atoms are colored according to their coordination number.
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The trend towards stronger localized deformation in TNWs is
even more pronounced for rough TNWs, especially for MTNWs, see
Fig. 4 and Fig. S6. Rough MTNWs show furthermore the lowest frac-
ture strains of all tested coresponding NWs, see also Fig. 2c. The frac-
tured end of the MTNW with L2R0.33 surface state shows a flat
morphology when viewed along ½112� direction (Fig. 3c), in agree-
ment with experimental observations, Fig. 3b. The same is true for
the MTNW with L4R0.33 rough surfaces, see Fig. S6c in the Supple-
mentary Material.

The stress-strain curves of NWs of different sizes (Fig. S7), aspect
ratios (Fig. S8), and with different applied strain rates (Fig. S9) as well
as simulated with different potentials (Fig. S10) can be found in the
Supplementary Material. The results of these additional simulations
show that the main observations above, namely that CTBs influence
the deformation behavior leading to more localized failure and that
they can increase the yield strength of NWs, are insensitive to these
simulation parameters and the used potentials.

4. Discussion

4.1. Deformation twinning in SCNWs

The deformation behavior under tension of the ⟨110⟩-oriented
FCC SCNWs shown in Fig. 2b,c, Fig. 4a,d and S6 in the Supplementary
Material agree well with previous work [8,11�13,15�17,23], provid-
ing an important baseline for ascertaining the influence of CTBs.

The occurrence of deformation twinning can be explained by the
different resolved shear stresses on leading and trailing partial dislo-
cations [13,23]. Under tension, the Schmid factors for the leading and
trailing partial dislocations on the primary slip systems in [110]-
oriented NWs are 0.471 and 0.236, respectively. In turn, the leading
partial dislocation experiences two times the resolved shear stress
of that of the trailing partial dislocation. Therefore, the successive
nucleation of a trailing partial dislocation is not favorable. Instead,
the self-stimulated nucleation of leading partial dislocations on adja-
cent slip planes leads to the growth of deformation twins in these
SCNWs [12,13]. Consequently, the same NW under compression
shows full dislocation nucleation [8,13,24]. In general, the difference
in unstable stacking fault energy, intrinsic stacking fault energy and
unstable twinning energy, as well as the change of surface energy in
twinned segments need to be taken into account to explain and pre-
dict size-dependent twinning in FCC metallic SCNWs [8,17,19,76].

4.2. Interactions between dislocations and coherent twin boundaries

The TNWs show more strongly localized deformation behavior
compared with the SCNWs in experiments and MD simulations, and
surface steps left behind by full dislocation slip are observed in the
MD simulations. Slip by full dislocation as in the MD simulations of
TNWs was also observed in experiments in the presence of a CTB
[44]. In order to obtain a better understanding of the deformation
mechanisms in TNWs, dislocation nucleation and dislocation-CTB
interactions were analyzed in detail.

The slip systems in p and t exhibit mirror symmetry and share a
CTB plane (Fig. 1f). Among the slip systems of a [110]-oriented NW,
the applied tensile loading along the wire axis only provides resolved
shear stresses on (c) and (d) planes ((c0) and (d0) planes). These two
slip planes (c) and (d) ((c0) and (d0)) in one grain are conjugated and
intersect along one line of atoms in the ½111� direction on (001) surfa-
ces. The symmetry of the slip systems explains the observation of
symmetric slip step patterns on the ð111Þ surface facets in the
BTNWs.

Fig. 5 shows the nucleation of the first leading partial dislocation
Cd and its interaction with the CTB in the pristine TNWs. The first
leading partial dislocation always nucleated from the corner of the
two {111} surface facets in the studied NW geometries with pristine
and rough surface states. This locus of nucleation corresponds to the
region of highest resolved shear stress on the primary slip systems



Fig. 5. Dislocation nucleation and dislocation-CTB interactions of the pristine a BTNW (d=24.5 nm, l=107.3 nm) and b MTNW (d=24.5 nm, l=107.3 nm) during the simulated tensile
test (T=300 K, _� ¼ 2 £ 108 s�1). Red half transparent lines indicate the CTBs along the wire axis, red arrows show the direction of dislocation line and the Greek/Roman letters
denote the Burgers vector in double Thompson tetrahedron notation. Only outer-layer atoms are shown, that are colored according to their coordination number.
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before dislocation emission, see Fig. S11 in the Supplementary Mate-
rial. For grooved NWs, the first leading partial dislocation Cd nucle-
ated from the groove instead of the corner, but the dislocation
propagated in a similar way as in pristine and rough wires, see Fig.
S14 in the Supplementary Material. A surface step with an offset of
one partial Burgers vector, which can serve as nucleation site for sub-
sequent dislocations, was left behind on each surface facet after the
propagation of the leading partial dislocation. After depositing on the
CTB, the leading partial dislocation interacted with the CTB by form-
ing a stair-rod dislocation g 0d. Simultaneously, at the triple junction
where the CTB is bounded by two {111} surface facets, a new leading
partial dislocation D0g 0 was stimulated in t on the symmetric slip
plane. This reaction can be represented as follows:

Cd!D0g 0 þ g 0d: ð1Þ
After the above interaction, the stair-rod dislocation g 0d dissoci-

ated into two trailing partial dislocations dB in p and g 0B0 in t starting
at the intersection of the twin boundary with the surfaces:

g 0dþ dB!g 0B0; ð2Þ
which then swept through their respective grains. Eventually, both
the leading and trailing partial dislocations escaped at the free
surfaces.

Another leading partial dislocation gD on the conjugated slip
plane (c) can be stimulated from the surface step on the (001) surface
facet left by the first leading partial dislocation Cd. It then interacted
with the CTB following similar mechanisms as described in Eq. (1)
and (2).

These events repeatedly happened on the same and nearby
atomic planes during the deformation processes and lead to a
strongly localized deformation behavior in the TNWs. It is important
to note, that the observed mechanisms of dislocation nucleation and
dislocation-CTB interactions do not change with the surface state
(see Fig. S12�14 in the Supplementary Material), sample size (see
Fig. S7 in the Supplementary Material), aspect ratio (see Fig. S8 in the
Supplementary Material), strain rate (see Fig. S9 in the Supplemen-
tary Material) or used potential (see Fig. S10 in the Supplementary
Material). The mechanisms observed here, namely, the transmission
of leading partial dislocation and the unzipping of stair-rod disloca-
tion by nucleation of two trailing partial dislocations at the



Fig. 6. Schematic illustration of formation and annihilation of surface steps on a ð111Þ
and ð111Þ; b ð111Þ and (001) surface facets after displacing atoms corresponding to
slip by dislocations as observed during tensile tests of TNWs. Atoms are colored
according to their coordination number.
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intersection of CTB and NW free surfaces, therefore seem to be gen-
eral and provide an explanation for the observation of full dislocation
slip in experiments on Au BTNW [44].

4.3. Formation and annihilation of surface steps

In the deformed TNWs, most surface steps left by dislocation slip
are observed on the ð111Þ and ð111Þ surface facets. Few are observed
on the ð111Þ and (001) surface facets with the exception of the region
of necking. This phenomenon can be explained by the relative orien-
tation between the surface facet normal vectors and the Burgers vec-
tors of the dislocations. Fig. 6 shows examples of the configurations
containing ð111Þ; ð111Þ; (001) and ð111Þ surface facets after displac-
ing atoms corresponding to slip by selected dislocations.
Fig. 7. a-c Stress and dislocation density as function of strain in the pristine NWs (d=24.5 nm
level when the first dislocation is nucleated. Snapshots of the NWs along [110] viewing dir
drop. Each snapshot d-i corresponds to a point labeled in a-c. Only outer-layer atoms and at
half transparent. Atoms are colored according to their coordination number.
Slip by a leading partial dislocation Cd produces surface steps with
a height of one partial Burgers vector projected on the surface facet
normal on the ð111Þ and ð111Þ surface facets (Fig. 6a(i, ii)). The inter-
action of the leading partial dislocation with the CTB following the
mechanisms described by Eqs. (1) and (2) leads to the stimulation of
a trailing partial dislocation dB. Slip by this trailing partial dislocation
removes the surface step on the ð111Þ surface facet, and increases the
surface step on the ð111Þ surface facet to a height of one full Burgers
vector projected on the surface facet normal (Fig. 6a(ii, iii)).

The (001) surface facet shows a different behavior compared to
the other surface facets (Fig. 6b), since two activated conjugated slip
planes intersect along one line of atoms in the ½111� direction on the
(001) surface facet. Slip by a leading partial dislocation Cd produces
surface steps with a height of one partial Burgers vector projected on
the surface facet normal on the (001) and ð111Þ surface facets, see
Fig. 6b(i, ii). Another leading partial dislocation gD on the conjugated
slip plane (c) can be stimulated from the surface step on the (001)
surface facet, see Fig. 6b(ii). Slip by the leading partial dislocation gD
leads to the step on the (001) surface facet becoming shallower and
produces another surface step with a height of one partial Burgers
vector projected on the surface facet normal on the ð111Þ surface
facet, see Fig. 6b(iii). The interaction of these two leading partial dis-
locations with the CTB via the mechanisms discussed above leads to
the stimulation of two trailing partial dislocations dB and Bg . Slip by
the trailing partial dislocations increases each surface step on the
ð111Þ surface facet to a height of one perfect Burgers vector projected
on the surface facet normal, and annihilates the surface step on the
(001) surface facet (Fig. 6b(iii, iv, v)).

Taken as a whole, the formation and annihilation of surface steps
on NW surface facets due to the slip of dislocations fully reconciles
the surface-orientation-dependent localization observed in TNWs.

4.4. Strengthening by coherent twin boundaries

The observations from the experiments clearly show that the
⟨110⟩-oriented MTNWs have significantly higher strengths than
, l=107.3 nm, T=300 K, _� ¼2 £ 108 s�1). Grey dashed lines indicate the stress and strain
ection d, f, h after the nucleation of first dislocation and e, g, i before the initial stress
oms belonging to HCP structure are shown here. Atoms belonging to HCP structure are



Fig. 8. a-c Stress and dislocation density as function of strain in the NWs with L2R0.33 rough surfaces generated by randomly removing 33% of atoms from the two outermost layers
(d=24.5 nm, l=107.3 nm, T=300 K, _� ¼ 2 £ 108 s�1). Grey dashed lines indicate the stress and strain level when the first dislocation is nucleated. Snapshots of the NWs along [110]
viewing direction d, f, h after the nucleation of first dislocation and e, g, i before the initial stress drop. Each snapshot d-i corresponds to a point labeled in a-c. Color coding is the
same as in Fig. 7.
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SCNWs of same orientation and similar diameter. In the simulations,
NWs with pristine surfaces, however, do not show a strong increase
in strength by the presence of CTBs (maximally about 4%). Rough
NWs, however, show a more pronounced strengthening by CTBs
than pristine NWs, in particular for MTNWs, which show on average
an increase in yield strength by around 10% (see Table 2 in the Sup-
plementary Material), and up to 15% in the example shown in Fig. 2c.

To understand this apparently combined effect of CTBs and surface
roughness in the simulations, it is important to note that yielding of
NWs is not caused by the nucleation of the first (partial) dislocation, but
by significant slip of dislocations, either of the initially nucleated one, or
of other dislocations. Other dislocations are most often nucleated from
sites where the primary dislocation intersected the surface or CTBs, see
also [12]. This is clearly evidenced in Figs. 7 and 8, which show the evo-
lution of dislocation density as well as snapshots corresponding to the
nucleation of the first partial dislocation and yielding.

Introducing surface roughness or surface grooves lowers the
stress to nucleate dislocations, as they cause local stress concentra-
tions [77,78]. The quantitative reduction in critical nucleation stress
obviously depends on the exact surface morphology. On average, the
different surface states reduce the nucleation stress for the first dislo-
cation in SCNW by 28%, or from 0.45 - 0.72 GPa, see Tab. 3 in the Sup-
plementary Material. For the same surface state (L2R0.33), however,
the reduction in nucleation stress is nearly not influenced by the
presence of CTBs (by 37% in SCNW, 39% in BTNW and 38% in MTNW),
see also Figs. 7 and 8. Note that in all our simulations surface rough-
ness or grooves only influence the nucleation stress, but not the type
of defect nucleated or the observed dislocation mechanisms, see Figs.
S12-S15 in the Supplementary Material. The type of nucleated defect
(here leading partial dislocation or twinning dislocation) is mostly
dominated by the resolved shear stress as well as the stacking fault
and twin boundary energy.

By lowering the nucleation stress also the resolved shear stress
the dislocation is experiencing during a possible interaction with an
obstacle is lowered. I.e., when the stress to nucleate a dislocation, e.
g., from a pristine surface is higher or comparable to the stress neces-
sary to pass a CTB, the CTB will appear nearly ”transparent” to dislo-
cations, and axial CTBs will not appear to provide any strengthening.
Only if the stress to nucleate dislocations is lower than the critical
stress for dislocations to pass CTBs, the hardening effect of CTBs
becomes obvious. Reducing the stress level in NWs to experimental
levels by artificially modifying the surface thus allows to study this
hardening effect of CTBs. The simulations are thus in agreement with
the experiments and provide an explanation behind the mechanisms
for the observed higher yield stress of ⟨110⟩-oriented Au NWs with
axial CTBs.

4.5. The role of surface roughness in atomistic simulations of nano-
objects

In the present study the artificially introduced surface roughness
was mainly used as a means to lower the stress level that dislocations
are experiencing in a nano-object to more realistic levels, thereby
uncovering effects that are not observed at higher stresses. It is, how-
ever, important to point out that the roughness in the simulations is
comparable to the experimental one, see Fig. S2 in the Supplemen-
tary Material.

Furthermore, surface roughness does not only influence the mag-
nitude of the dislocation nucleation stress, but also its distribution. In
pristine NWs all geometrically comparable nucleation sites (e.g., cor-
ners between {111} surface facets) have identical configuration and
therefore require similar stresses to nucleate dislocations. Conse-
quently, the dislocation densities in such pristine wires increases rap-
idly after the stress to nucleate the first dislocation is reached, as can
be seen in Fig. 7. In contrast, the nucleation stresses in a rough wire
will follow a broader distribution and after the first dislocation with
the lowest nucleation barrier has been emitted, the stress needs to
increase to nucleate further dislocations. This is shown to be the case
for the NWs with L2R0.33 surface state in Fig. 8, where compared to
the pristine NWs fewer dislocations are nucleated after the first
nucleation event, and the increase in dislocation density and conse-
quently the stress drop in the rough NWs is less abrupt compared to
the case of pristine NWs.

Under typical experimental conditions, even for nano-objects
with perfect surfaces, thermal activation will lead to a reduction of
the nucleation stress for dislocations and, through its stochastic
nature, to scatter or broadening of the distribution of observed nucle-
ation stresses. Artificially introducing surface roughness might thus
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also be used to mimic some specific aspects of thermal activation,
namely lowering the nucleation stress and a broader distribution of
critical stresses. This is important as due to the limitations of MD
time scales, simulations at high strain rates can not correctly repro-
duce the thermally activated nucleation of dislocations in nano-
objects [11]. However, as in the present study, care should be taken
to ensure that artificially introduced surface roughness does not alter
the nature of nucleated dislocations or the subsequent dislocation
processes.

4.6. Transferability of identified mechanisms

Atomistic simulations are severely limited in the size of the sam-
ples as well as the time span that can be simulated. Besides the afore-
mentioned problems in directly simulating thermally activated
events due to the high strain rates, other effects due to the system
size need to be considered. The commonly observed trend in decreas-
ing yield strength with increasing wire diameter in atomistic simula-
tions that is attributed to surface stress effects [8,12,79,80] was also
found in our simulations, see Fig. S7 in the Supplementary Material.
Similarly, the reported trend in increasingly brittle fracture with
increasing wire length in atomistic simulations since the longer wire
can store more elastic energy, which in turn drives more localized
dislocation activities [81], was also observed in our simulations as
well, see Fig. S8 in the Supplementary Material. These effects did,
however, not influence the identified mechanisms in dislocation-CTB
interactions and their effect on the overall plastic response and fail-
ure of NWs. The described interaction mechanisms were also
observed in simulations with potentials describing Cu and Ag, see
Fig. S10 in the Supplementary Material. It therefore seems plausible,
that even though the strain rates, sizes and surface states in the simu-
lations are far from representative for typical experimental condi-
tions, the mechanisms of dislocation-CTB interactions, namely, the
transmission of leading partial dislocations and the unzipping of
stair-rod dislocations by the nucleation of two trailing partial disloca-
tions at the triple junction where the CTB is bounded by free surfaces,
as well as their effect of localizing the plastic deformation in TNWs
are also relevant in experimental conditions.

5. Conclusions

In this study, we performed in�situ experiments and MD simula-
tions of tensile tests on ⟨110⟩-oriented multi-twined nanowires
(MTNWs) with coherent twin boundaries (CTBs) parallel to the wire
axis. Both, in experiments and simulations, the MTNWs show higher
yield stress and enhanced localized deformation compared to single
crystalline nanowires (SCNWs). The MD simulations suggest that
the mechanisms of dislocation-CTB interactions, namely, the trans-
mission of leading partial dislocations and the unzipping of stair-
rod dislocations by nucleation of two trailing partial dislocations at
the triple junction where the CTB is bounded by free surfaces, pro-
vides an explanation for the observation of full dislocation slip. This
shows that the intersection of the CTB with free surfaces critically
influences the dislocation-CTB interaction and can lead to mecha-
nisms which can not take place in the same way in bulk materials,
when CTBs are bounded by grain or interphase boundaries. Slip by
full dislocations is repeatedly activated on the same and adjacent
atomic planes and therefore leads to a pronounced localization in
TNWs. In order to observe the strengthening effect of CTBs, the
stress for dislocation nucleation needs to be lower than the stress
necessary to activate the identified mechanism of dislocation trans-
mission through the CTB. This is likely the case of experimentally
synthesized NWs, even those with nominally high surface quality,
and can be achieved in atomistic simulations by artificially introduc-
ing surface roughness. With surface roughness, the simulations
show comparable levels of yield stresses and strengthening to the
experiments. The simulations furthermore show the importance of
the relative orientation between surface facets and the Burgers vec-
tor of the activated slip systems, which determines the nature of the
occurring surface steps, their potential for nucleating dislocations
and subsequently the localization of plastic deformation. Besides
providing new mechanistic insights into the strengthening role of
CTBs, the results suggests strategies to optimize load-carrying
nano-objects, e.g. in nanomechanical systems, by controlling the
location of CTBs and surface facets.
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