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ABSTRACT: Metallic nanomaterials are widely used in micro/
nanodevices. However, the mechanically driven microstructure
evolution in these nanomaterials is not clearly understood, parti-
cularly when large stress and strain gradients are present. Here, we
report the in situ bending experiment of Ni nanowires containing
nanoscale twin lamellae using high-resolution transmission electron
microscopy. We found that the large, localized bending deformation
of Ni nanowires initially resulted in the formation of a low-angle tilt
grain boundary (GB), consisting of randomly distributed dislocations
in a diffuse GB layer. Further bending intensified the local plastic
deformation and thus led to the severe distortion and collapse of local lattice domains in the GB region, thereby
transforming a low-angle GB to a high-angle GB. Atomistic simulations, coupled with in situ atomic-scale imaging,
unravelled the roles of bending-induced strain gradients and associated geometrically necessary dislocations in GB
formation. These results offer a valuable understanding of the mechanically driven microstructure changes in metallic
nanomaterials through GB formation. The work also has implications for refining the grains in bulk nanocrystalline
materials.

Grain Boundary Formation Through Bending
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etallic nanomaterials often serve as load carrying

l\ /I components in micro/nanodevices. The reliability
concerns of these devices call for a fundamental
understanding of the mechanically driven microstructure evolu-
tion and damage in metallic nanomaterials. The past decade has
witnessed dramatic advances in the nanomechanical character-
ization of metallic nanomaterials."~* These studies are mostly
conducted for uniaxial tension of nanowires™® and uniaxial
compression of nanopillars.”® In these experiments, the overall
stress and strain states are uniform throughout the cross sections
of nanowires and nanopillars. As a result, it remains largely
unknown regarding the effects of stress and strain gradients,
resulting from nonuniform loads, on the mechanical behavior of
nanomaterials. The atomic-scale mechanisms underpinning
the nonuniform deformations in metallic nanomaterials remain
elusive to date. On the other hand, since the discovery of
nanocrystalline materials,” considerable effort has been devoted
to studying the processing, structure and mechanical properties
of these materials.'*~'> Mechanically driven grain refinement has
been widely recognized as an effective approach for producing
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metallic nanocrystalline materials,"’""* including for example
various severe plastic deformation (SPD) techniques.'' How-
ever, the atomic-scale mechanisms of grain refinement are not
clearly understood, while extensive research has been conducted
to investigate the grain subdivision mechanisms.'""*~"” There is
a critical lack of direct experimental observation of dynamic
grain boundary (GB) formation at the atomic scale. Such in situ
experiment is essential to understanding and improving the
production of nanocrystalline materials."*~>°

Here we conducted the in situ bending experiment of nan-
otwinned face-centered cubic (fcc) Ni nanowires (NWs) using
high-resolution transmission electron microscopy (HRTEM).
These Ni NWs had the initial diameters of ~40 nm and con-
tained the nanoscale growth twins. The long NWs under axial com-
pression can be easily bent and are prone to form plastic hinges.
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The resulting localized deformation of plastic bending can
effectively facilitate the GB formation, yielding a finite mis-
orientation between adjoining crystals.”' Through a double-tilt
loading stage, our TEM imaging revealed the real-time atomic
processes of GB generation and evolution. We further combined
HRTEM imaging and atomistic simulations to unravel the atom-
istic mechanisms of mechanically driven GB formation. We found
that a low-angle tilt GB formed due to the accumulation of
dislocations in a diffuse GB layer with finite width, in contrast to
the atomically sharp GBs usually obtained from thermal
annealing. With further bending, the localized plastic deforma-
tion was intensified in the GB region, leading to the trans-
formation of a low-angle GB into a high-angle GB through
distortion and collapse of local lattice domains. We also observed
the dynamic GB recovery which reversed the disordered to
ordered domains in the GB region. Our atomistically resolved
results provide valuable insights into the mechanically driven GB
formation.

RESULTS AND DISCUSSION

The nanotwinned Ni NWs used in this work were synthesized by
electrochemical deposition. These NWs had the axial orientation
of <112>, initial length of ~50 ym and diameter of ~40 nm.
Figure 1A shows an overview image of a Ni NW and Figure 1B
shows the selected area electron diffraction (SAED) pattern
of this NW captured along the [110] zone axis. The SAED
pattern consists of two sets of <110> diffraction patterns with a
common <111> diffraction spot, indicating the presence of
{111} twins in the NW. Figure 1C shows an HRTEM image of
nanoscale twin lamellae in the NW, thus confirming the presence
of {111} twins. Our HRTEM observations indicated that the
twin thicknesses varied in the range of 1—14 nm. The {111} TBs
were atomically flat and parallel to the longitudinal section of the
NW. The NWs contained no visible dislocations.

We conducted the in situ bending tests of individual nano-
twinned Ni NWs by using a recently developed loading method
inside TEM.”*~** Figure 2 highlights the most salient defor-
mation characteristics in the bending tests, and the correspond-
ing detailed analysis will be provided in succeeding figures.
The low-magnification TEM images in Figure 2A—D show the
gradually increased bending deformation in the Ni NW. A small,
uniform elastic bend was initially generated throughout the
NW (Figure 2A). According to the classical beam theory, the

maximum bending strain (&,) occurs at the top and bottom
surfaces of a bent beam and can be expressed as £,= r/R>> (where
R denotes the bending radius of curvature of the neutral plane
and r denotes the radius of the NW). We estimated ¢, as ~1.9%
for the bent NW in Figure 2A. Upon further bending, the large
plastic deformation occurred predominantly within alocal region
of the NW, forming a plastic hinge (Figure 2B). Subsequently,
the domain of this plastic hinge expanded (Figure 2C), resulting
in the formation of two high-angle tilt GBs about the out-of-plane
[011] direction (Figure 2D). Each of the two high-angle GBs
produced an abrupt change of the tilt angle of ~20° between a
short middle segment and a long arm of the NW.

Figure 2E—H presents a sequence of HRTEM images showing
the atomic-scale deformation near a (111) TB in the NW. This
TB was initially flat and marked by a long red line in Figure 2E.
It became increasingly curved with increasing bend of the NW
(Figure 2F—H). The fcc lattices on the two sides of the TB
retained mirror symmetry, as indicated by the short red segments
representing the respective inclined {111} planes above and
below the TB. During the formation of high-angle GBs, the local
lattice near the GB region became highly distorted and even
disordered. Figure 2I shows a representative HRTEM image near
a bending-deformation induced tilt GB when the tilt angle
reached ~21.5° between adjoining crystals. In this image, the
lattice became highly disordered in the GB region having a
thickness of ~2 nm. It was previously suggested that GBs could
form via a dislocation or a disclination-dipole mechanism
(see Figure S1—S3 in Supporting Information). However, our
in situ experiments revealed that the GB formed initially through
a dislocation-mediated process and subsequently by lattice dis-
ordering and recovery, as shown in detail below.

To reveal the atomic-scale dynamic processes of GB formation,
Figure 3 shows a sequence of HRTEM images taken around
a ~ 6.8 nm thick twin (corresponding to the green boxed region
in the inset of Figure 3A). Figure 3A presents a typical HRTEM
image when plastic deformation just started in the bent NW.
At this stage, some full dislocations were randomly distributed in
the NW. With increasing bend, the (111) lattice planes parallel to
the longitudinal section of the NW became increasingly curved
(Figure 3B). Meanwhile, an increasing number of dislocations
was accumulated in the NW. In Figure 3C, a low-angle GB
formed with a tilt angle of ~12.1°. Hereafter we term the low-
angle and high-angle GB in terms of the tilt angle smaller than

[111]

Figure 1. Initial microstructure of a nanotwinned Ni NW. (A) TEM image showing the overall morphology of a < 112>-oriented Ni NW.
(B) SAED pattern indicating the presence of {111} twins in the NW. (C) HRTEM image showing several twin boundaries (TBs) in the Ni NW.
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Figure 2. In situ atomic-scale observation of plastic bending deformation in a nanotwinned Ni NW. (A—D) TEM images showing the
characteristic bending processes, including (A) elastic bend throughout the NW, (B) formation of a sharply bent region, namely, a localized
plastic hinge, (C) expansion of the plastic hinge, and (D) formation of two GBs. (E—H) HRTEM images showing the atomic-scale lattice
deformation near a TB with increasing bend of the NW. The long red line represents a TB and the short red lines represent the inclined {111}
slip planes. (I) A representative HRTEM image showing the disordered lattice in a diffuse layer of a symmetrical high-angle GB with the tilt angle
of 21.5°.

Figure 3. In situ HRTEM images showing the formation of a high-angle tilt GB around a thick twin. (A) HRTEM image captured when plastic
bending deformation just started, and several full dislocations were randomly distributed (marked by the symbol of L) in the bent lattice.
This HRTEM image corresponds to the green-boxed region in the inset. (B—C) The increasing load resulted in more full dislocations. (D) A low-
angle GB with the tilt angle of ~14.3° was generated; the original parallelogram shaped lattice became largely distorted in the diffuse layer of the GB.
(E) The lattice collapse and disordering occurred in the local domains (indicated by arrows) in the GB region, as the GB tilt angle was increased to
~16.4°. (F) The fraction of the disordered domains in the GB region increased as the GB tilt angle reached 20.3°.

and greater than 15°, respectively. Such a mechanically induced layer, which clearly contrasted with the low-energy tilt GB con-
GB consisted of randomly distributed dislocations in a diffuse GB figuration that forms via thermal annealing and thus consists of a
12502 DOI: 10.1021/acsnano.7b06605
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Figure 4. In situ HRTEM images showing the formation of a high-angle tilt GB similar to that in Figure 3, but revealing a valuable phenomenon of
dynamic recovery in the GB region. (A) HRTEM image showing the elastically bent lattice. This HRTEM image corresponds to the green-boxed
region in the inset. (B,C) An increasing number of full dislocations (marked by the symbol of L) formed with increasing bend of the NW.
(D) A low-angle GB with the tilt angle of ~10.6° was generated. The domains with large lattice distortion were marked by arrows. (E) Lattice
collapse and disordering occurred in the GB region, leading to the formation of a high-angle GB with the tilt angle of 17.4°. (F) Formation of the
high-angle GB was accompanied by the flattening of the bent (111) lattice planes on the two sides of the GB. (G,H) Further bending led to the
mechanically induced recovery of the disordered domains back to the order crystalline domains in the GB region.

sharp “wall” of edge dislocations of the same sign regularly
arranged one above another. The dislocation density reached
4 % 10" ym™ in the GB region. The randomly distributed dis-
locations generated a highly nonuniform strain field, manifested
by a nonuniform lattice fringe pattern. Upon further bending, the
GB tilt angle was increased to ~14.3° (Figure 3D). A detailed
analysis was given to the GB structure by tracking the atomic
positions in the HRTEM images (Figure S4). It is seen that
the original parallelogram-shaped lattice cells became highly
distorted, but no regularly arranged dislocation arrays could be
identified in the GB region. Such large lattice distortion led to
lattice collapse and disordering in the local cells. As a result, a
symmetric high-angle GB formed with the tilt angle of ~16.4° in
Figure 3E and ~20.3° in Figure 3F. Correspondingly, the fraction
of disordered domains in the GB region increased with increasing
tilt angle. Hence, the HRTEM images in Figure 3 reveal a mechan-
ically driven atomic process of high-angle GB formation through
lattice bending, dislocation nucleation and accumulation, large
lattice distortion and disordering in a diftuse GB layer about a few
nanometer thick.

Figure 4 presents a different set of HRTEM images showing a
similar process of formation of a symmetric high-angle GB as in
Figure 3. Interestingly, a phenomenon of lattice recovery was
uncovered during GB formation. Figure 4A shows an HRTEM
image taken from the green boxed region in the inset. In this
image, the lattice bending was uniformly elastic. Figures 4B—C
show the plastic bending responses, featuring an increasing
number of dislocations with increasing bend of the NW.
Figure 4D shows the formation of a low-angle GB with the tilt
angle of ~10.6°. The diffuse GB region contained a mix of
randomly distributed dislocations and disordered domains of
collapsed lattice (marked by arrows). As the GB tilt angle was
increased to ~17.4° (Figure 4E), the disordered domains had
spread throughout the GB region. Notably, the formation of such

a high-angle GB was accompanied by the flattening of the
elastically bent (111) lattice planes on the two sides of the GB, as
seen in Figure 4F. This indicates a substantial release of elastic
bending energies in the adjoining crystals across the GB.
Interestingly, upon further bending of the NW, the GB region
underwent a dynamic recovery process associated with the
reverse transformation of the disordered domains to the regular
fec lattice domains, as shown in Figure 4G—H. The dynamic
recovery was driven by both the applied mechanical load and the
volume difference between amorphous and crystalline phases.
It thus corresponded to a “mechanical annealing” process. As a
result, the high-energy disordered domains in the GB region
were transformed to the low-energy ordered domains.”*~>* Such
arecovery process occurred at the large GB tilt angles (e.g., 20.8°
in Figure 4G and 21.9° in Figure 4H). It signified a large energy
release in the GB region, resulting in a more stable high-angle GB
with major lattice domains.

Similar to the previous case of GB formation in thick twins, we
also observed the GB formation in thin twins through lattice
bending, dislocation nucleation and accumulation, large lattice
distortion and disordering. However, these processes in thin
twins were frequently mediated by partial dislocations, and more
strongly influenced by TBs than in thick twins. Figure SA shows
an HRTEM image around a thin twin of ~2.8 nm thick
(corresponding to the boxed region in the inset), when plastic
deformation just started. In contrast to the dominant operation
of full dislocations in thick twins (Figures 3 and 4), partial
dislocations and stacking faults (marked by arrows) served as
major carriers of plastic deformation in thin twins. That is, plastic
bending deformation was primarily accommodated by an
increasing amount of stacking faults in conjunction with large
bending of the (111) lattice planes including TBs. As shown
in Figure SB, a low-angle GB with the tilt angle of ~14.6° was
generated by partial dislocations and stacking faults. With an
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Figure S. In situ HRTEM images showing the formation of a high-angle tilt GB around a thin twin. (A) HRTEM image captured when plastic
bending deformation just started. Several partial dislocations and stacking faults (SFs) were observed and marked by arrows. This HRTEM image
corresponds to the green-boxed region in the inset. (B) A low-angle GB formed with the tilt angle of ~14.6°. (C—E) The lattice became
increasingly disordered in the diffuse GB region, resulted in the formation of a symmetric high-angle GB with the tilt angle of 20.1° in (E).
(F,G) The disordered domains in the GB region recovered to the ordered crystalline domains. (H) Most of the GB region became the ordered

lattice when the GB tilt angle reached ~22.4°.

increasing bend of the NW, the lattice became disordered in the
GB region (Figure 5B and D). This led to the formation of a
symmetric high-angle GB with a tilt angle of 20.1° (Figure SE).
Similar to the formation of high-angle GBs in thick twins,
the disordered domains at the GB recovered to the ordered
crystalline domains as the NW bend continued to increase
(Figure SF and G). Figure SH shows that the tilt angle of the
high-angle GB reached ~22.4° and most of the GB region
became ordered with a clearly visible lattice.

To further understand the atomistic mechanisms of GB
formation in experiments, we performed molecular dynamics
(MD) simulations of plastic bending in a nanotwinned Ni NW.
In contrast to uniaxial deformation, plastic bending features
the generation of gradient plastic strains,””>" which can be
accommodated by the so-called geometrically necessary
dislocations (GNDs), ie., dislocations of the same sign.*”
Here we combined MD simulations and HRTEM results to
investigate the bending-induced GNDs and associated GB
formation processes.

Figure 6A and B show the representative MD snapshots of
bending-induced dislocations in a plastically bent Ni NW.
As shown in Movie S1, dislocations nucleated from the top and
bottom surfaces of the bent NW, and then transmitted across
TBs into internal twin lamellae. With the double Thompson
tetrahedral representing all the possible {111}(110) slip systems
of dislocations in twin lamellae, Figure 6C highlights the
most favorable modes of slip transfer across a TB, namely, direct
transmission of screw dislocations with the Burgers vectors of the

51 type (indicated by thick pink arrows), which are along the

(110} slip directions in the TB.* Dislocations in Figure 6A and B
(marked by red and green circles) have this type of Burgers

vector 51-

The generation and evolution of dislocations during plastic
bending are clearly represented by the processes of surface
nucleation, slip transmission and cross-slip of a screw dislocation
(Figure 6D—F). Specifically, during the bending of the NW,

a screw dislocation with the Burgers vector El nucleated from the
top surface and then transmitted across the TB. It subsequently
cross-slipped from the inclined {111} slip plane onto the
horizontal (111) slip plane parallel to the TB (Figure 6D); a
snapshot of the cross-slip process is shown in Figure 6E. After
cross-slip, this screw glided to the incipient GB region in the
middle of the NW for accommodating the increasing bend
therein. Interestingly, the dislocation line adjusted its orientation
to align with the [110] tilt axis of the incipient GB, such that it

became the mixed 60° type (Figure 6F). The Burgers vector 51 of
this 60° dislocation has a resolved shear displacement
component in the [112] axial direction of the NW. This explains
why it tends to move to the incipient GB region, so as to serve as a
GND for accommodating the lattice misorientation across the
GB or equivalently for generating the local plastic strain gradient
in the NW. For the tilt GB produced in both MD simulations and
TEM experiments, the lattice symmetry condition on the two
sides of the GB led to the alignment of the dislocation line with
the [110] tilt axis of the GB. Similarly, another 60° dislocation
(marked by a green circle in Figure 6B) was also generated
through a series of processes including surface nucleation, slip
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Figure 6. MD simulation of plastic bending and GB formation in a nanotwinned Ni NW. (A,B) MD snapshots showing a local region undergoing
large plastic bending deformations, thereby forming an incipient GB. Plastic deformation occurring in the incipient GB region involved
dislocation nucleation from NW surfaces, as well as dislocation migration across and within twin lamellae. (C) Schematic of a double-Thompson
tetrahedron representing all the possible {111}{110) slip systems in twin lamellae. Screw dislocations in (A,B) (marked by red and green circles)

have the Burgers vector of the l_;l -type, such that they can transmit across the TB most easily. (D—F) Magnified MD snapshots showing the
detailed dislocation process that occurred in the boxed region in (A), including dislocation transmission across a TB, subsequent cross-slip within
a twin lamella, and alignment of dislocation line along the [110] tilt axis of the GB, thus forming a 60° dislocation. (G) A MD snapshot showing
formation of a high-angle GB consisting of highly dense dislocation junctions (marked by a red circle). (H) Simulated HRTEM image using the
atomic structure in (G). The circle region shows the largely distorted and even locally disordered lattice, which corresponds to the highly dense

dislocation junctions in (G).

transmission, cross-slip, and alignment with the [110] tilt axis of

the incipient GB. Since dislocations of the El—type are GNDs
that can easily transmit across the TB, their generation and
accumulation contributed substantially to GB formation in the
plastically bent nanotwinned NW. It is important to emphasize
that our HRTEM imaging was taken along the [110] tilt axis of
the GB (i.e.,, direction of the 60° dislocation line). Hence full
dislocations captured in HRTEM images should be of the same
60° type as those in MD simulations. The presence of a
high density of 60° dislocations in HRTEM images, particularly
within thick twins, underscored the important role of these 60°
dislocations in the formation of tilt GBs during in situ bending
experiments.

As shown in Figure 6G, further bending of the NW resulted in
the accumulation of dislocations in the GB region, and these
60° dislocations also formed sessile junctions with dislocations
on inclined slip planes. Figure 6H shows a simulated HRTEM
image of the atomic configuration in Figure 6G. Large distor-
tion and disordering of the local lattice domains as circled in
Figure 6H are associated with the highly dense dislocation
junctions in Figure 6G. This result suggests that dislocation
accumulation and junction formation could underlie the
disordering processes in the GB region during bending experi-
ments. Correspondingly, the recovery process observed through

HRTEM imaging was likely caused by the mechanically induced
relaxation of dislocation configurations as well as the disruption
of dislocation junctions. Finally, we note that with increasing

bend, dislocations other than the El—type were also activated in
MD simulations. These dislocations reacted with TBs through
absorption, desorption and direct transmission,”” thereby
producing TB steps. These steps glided along TBs, causing TB
migration; they also served as sources to emit dislocations
into twin lamellae. These TB partial-mediated processes also
contributed to the GB formation, as observed during HTREM
imaging, particularly in thin twins.

Previous studies suggested that GBs could form through the
generation of dislocation arrays or disclination dipoles. Most
experiments of GB formation were conducted for relatively large
bulk samples, such that the atomistic mechanisms of GB forma-
tion could not be clearly resolved in real time. Recent investi-
gation reported an interesting in situ TEM bending tests of
submicrometer-sized single-crystal Al pillars.** Their post-
mortem HRTEM imaging indicated that the low-angle GBs,
which formed during bending tests, consisted of dislocation
arrays, but the dislocation type and arrangement could not be
clearly resolved. On the other hand, the past decade has seen a
dramatic increase in nanomechanical testing of nanopillars” and

53637 . .
nanowires.”**” However, the applied load was usually uniaxial
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compression or tension, which produced the dominantly uniform
stresses and strains in nanopillars and nanowires. Hence, there is a
lack of necessary lattice bending and resultant plastic strain
gradients for driving the GB formation.”® *' In addition, twinning
and phase transformation often dominated over dislocation
plasticity in those studies,” thus making it difficult to observe the
dislocation-mediated GB formation. In this work, plastic bending
of Ni NWs produced severe plastic strain gradients for creating
GNDs and thus driving the GB formation.

CONCLUSIONS

Our in situ HRTEM imaging directly revealed the atomic
processes of mechanically induced GB formation. Two different
mechanisms of GB formation were uncovered. The first mech-
anism involved the nucleation and migration of dislocations,
resulting in the generation of low-angle GBs. Such kind of
mechanically induced GB consisted of randomly distributed
dislocations in a diffuse GB layer, which contrasted with the
thermally annealed (tilt) GB consisting of a sharp “wall” of
regularly arranged edge dislocations. The second mechanism
involved the severe distortion and collapse of local lattice
domains in the low-angle GB region, thereby resulting in a high-
angle GB consisting of disordered domains. Further bending of
the NW even triggered dynamic recovery in the GB, reversing
the disordered domains to the ordered lattice domains. Our
atomistic simulations revealed the atomic processes of lattice
distortion and collapse resulting from the interlocking and
junction formation of dislocations. Atomistic simulations also
showed the dynamic recovery due to mechanically induced
relaxation of dislocation configurations and disruption of dis-
location junctions. In contrast to previous GB formation mech-
anisms, no disclination dipoles or regularly rearranged dis-
location arrays were observed during in situ HRTEM experiments.

It should be noted that the small-volume NWs tended to
experience a dislocation-starved condition during plastic
deformation,” such that they required the surface nuclea-
tion of dislocations to initiate and sustain plastic bending.
Such surface nucleation-controlled plastic deformation could be
different from the dislocation processes in SPD-processed bulk
crystals, which contain plenty of dislocation sources in large-sized
grains. However, the TBs (i, Y, 3 GBs) in the present nano-
twinned NWs serve as strong obstacles to the propagation of
surface-nucleated dislocations.””** These TB-mediated disloca-
tion processes, along with severe plastic bending deformation in
the GB-forming region, can create the sufficiently complicated
deformation geometries and local stress states that could adequately
resemble those in SPD-processed bulk crystals. Hence, the
mechanisms of GB formation through severe lattice bending, as
uncovered by the present in situ TEM experiments, provide
valuable insights into the mechanically induced formation of tilt
GBs in bulk polycrystalline materials. It is worth noting that the
confining pressure is different between the NW bending and
SPD processing. Hence, the pressure effects on the mechanism of
GB formation warrant further study in the future.

METHODS

In Situ TEM Experiment. The in situ bending tests of individual
NWs were conducted using our recently developed method.”*™>*
The NWs were scattered on a broken TEM grid, which was covered by
colloidal thin films. Second, the grid was placed in a conventional
TEM specimen holder. Under electron beam irradiation, the scattered
NWs could then be bent by the colloidal thin films at low strain rates
(~107*/s). Using this technique, the specimen could be tilted along two

orthogonal directions by large angles of +20° without the need for a
special specimen holder or mechanical tensile attachment. Along a
selected crystallographic direction, the bending or axial tensile
deformation of individual NWs can be recorded in situ at the atomic
scale. The experiments were performed using a JEOL high-resolution
TEM with a field-emission gun (JEOL 2010 F). The point resolution
was 0.19 nm.

Atomistic Modeling. We performed molecular dynamics simu-
lations of plastic bending of a nanotwinned Ni nanowire (NW) using
LAMMPS with an embedded-atom method potential.* The simulated
sample is a 684 nm X 126 nm X 84 nm nanowire, containing five equally
spaced (111) twin boundaries, as shown in Figure SS. Each twin lamella
has a thickness of 21 nm. The system contains 368 640 atoms in total.
Since MD simulation is limited by the accessible time scale, it is
formidable to directly simulate the entire bending process in the NW as
in situ TEM experiment. Hence, we devised the MD loading scheme to
simulate a three-point bending process, such that the distributed lateral
forces was applied in a local region of the nanotwinned Ni NW.
This facilitated the generation of a plastic hinge in the NW, thereby
resulting in a symmetric tilt GB similar to experiment. Specifically, the
orange boxed region in Figure SS is 10 nm wide in the x-direction and
contains 5382 atoms. The green boxed region is 60 nm wide and
contains 32000 atoms. To simulate the three-point bending process, we
relaxed the free-standing NW by conjugate gradient (CG) energy
minimization. Then we applied a three-point bending load to the NW.
That is, the atoms in the green boxes were fixed in the y-direction.
A linear spring was attached between the atoms in the orange box and a
reference point away from the NW using the fix modify command in
LAMMPS. The spring energy was minimized when the atoms in the
orange box coincide with the reference point. As a result, the beam
started to bend, as the system was relaxed at a low temperature of 1 K.
We have obtained similar MD results at 300 K as well as for thicker twin
lamellae (e.g., with the twin thickness up to 32 nm).
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The in situ atomic-scale observation of GB formation
through dislocation arrays created disclination dipoles;
a 6 nm X 11 nm sized subgrain with a GB angle of ~10°
formed through dislocation mechanisms; two sets of
{111} lattice fringes show that no dislocation arrays were
observed when the lattice misorientation across the
incipient GB was ~9.6°; in situ observation of the original
parallelogram-shaped lattice became irregular; and
schematic illustration of molecular dynamics simulation
of plastic bending of a nanotwinned Ni NW (PDF)
Movie of molecular dynamics simulations of plastic
bending of a nanotwinned Ni nanowire, resulting in the
formation of in a nearly symmetric tilt GB similar to the
bending-induced GBs observed during in situ TEM
experiments (AVI)
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NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published ASAP on November 22, 2017, a
correction was made to the caption of Figure 5. The corrected
version was reposted November 28, 2017.
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