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Abstract:

Severe plastic deformation of metals is known to lead to superior properties that cannot be
achieved by any traditional metallurgic process. Origin of the superior properties is perceived to
be closely associated with grain refinement, a fundamental process during the severe plastic
deformation, which is essentially the formation of new grain boundaries. However, the atomistic
mechanism of grain boundary formation remains largely obscure. Here, by using in-situ
transmission electron microscopy and molecular dynamic simulation, we reveal, for the first time
at atomic level, shear-induced low-angle grain boundary (LAGB) formation processes in Au
nanocrystal. We discover the LAGB formation is accomplished through inward propagation of
nanotwins accompanied by dislocations gliding on twin boundaries, a nanotwin-mediated
dislocation slip mechanism, which shows reversible characteristic under reciprocating shear load
and is affected by the nanocrystal microstructure and orientation. Our result unveils unprecedented
atomistic insights on shear driven grain refinement towards nanostructure of superior properties.



1. Introduction

Severe plastic deformation (SPD) of metallic materials has been well realized to lead to a wealth
of unique mechanical properties[1, 2], such as ultrahigh strength, high elasticity, and
superplasticity. The superior mechanical property is perceived to be closely associated with grain
refinement of the materials, featuring the formation of a nanostructure that is populated with high
density of grain boundaries, and correspondingly leading to the unique deformation
mechanisms[3-5] with superior properties. Typically, for the face centered cubic (fcc) metals, the
dominant deformation mechanism translates from dislocation slip to twinning when the
characteristic size of grain decreases to about several 10 nm[6, 7], contributing to super-ductility.
With the grain size being refined to the scale of ~ 10 nm[8-10], the deformation is dominated by

grain boundary sliding and grain rotation, attributing to the softening of the material.

Shear deformation, a dominant deformation mechanism of SPD[2, 11, 12], plays a significant
role in producing ultrafine-grain and nanocrystalline microstructures with superior properties.
Based on intensive ex-situ studies, several microstructural evolution processes have been proposed
to account for the mechanically driven grain refinement, such as dislocation-mediated grain
refinement[13, 14], interaction of twins and dislocations induced grain subdivision[15], GB
migration controlled grain evolution[16], and dynamic recrystallization[17]. Lu et al. found that
plastic strain induced grain refinement in Cu depends on the strain rate, evolving from dislocation
cell walls dominated process at low strain rate to nanometer-thick twins dominated one at high
strain rate[18], and leading to four possible mechanisms for the deformation twin/matrix lamellae
induced grain refinement[19]. These studies clearly demonstrate the key roles of dislocations and
twins in grain refinement. However, associated with the ex-situ analyses that relies on exclusively
the snapshots of the initial and final state, the dynamic atomic process of GB formation under shear

deformation is essentially far from clear.

Here, by combining in-situ TEM nanomechanical deformation and molecular dynamic
simulation, we capture the atomistic processes of shear-induced low angle grain boundary (LAGB)
formation in Au nanocrystal. We reveal, at atomic level, a nanotwin assisted LAGB formation
dynamics, which is characteristically featured by a nanotwin-mediated dislocation slip mechanism
and shows excellent reversibility with negligible damage accumulation under reciprocating shear

load. The reversible deformation is governed by the cooperative propagation of nanotwin and full
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dislocation, where the twin boundary (TB) acts as the slip plane for dislocation gliding. The LAGB
formation mechanism is found to show dependence on the orientation of the nanocrystal and the
pre-existing twin. This work reveals the dynamic mechanism of the reversible LAGB formation,
offering unprecedented atomistic insights on shear driven microstructure evolution in metallic

nanomaterials towards superior properties.
2. Materials and Methods
2.1. In-situ TEM nanofabrication and shear testing

Bulk Au rods with a diameter of 0.25 mm and a purity of 99.99 wt.% was ordered from
Goodfellow. The bulk Au rods was cut by a wire cutter to obtain numerous single crystalline tips
with nanoscale at the fracture surface, as shown in Supplementary Figure 1. Two Au rods after
fracture were loaded on the two sides of the nanofactory TEM-scanning tunneling microscope
(STM) holder where one side was movable and controlled by a piezo-manipulator. The properly
selected nanotips with <110> zone axis in both sides were connected to fabricate Au nanocrystal
inside TEM by cold welding with pre-applied voltage. Then in-situ reciprocating shear load was
carried out on the as-fabricated nanocrystal at room temperature by moving the piezo-manipulator
side leftward/rightward slowly with a constant speed about 0.5 nm s, The in-situ nanofabrication
and shear load were carried out inside a FEI Titan Cs-corrected TEM operated at 300 kV. All in-
situ experiments were performed under weak beam conditions to minimize the potential beam
effects on deformation and recorded in real time by a charge-coupled device (CCD) camera at a
rate of 0.2 s per frame. For easily observe the phenomena, the Supplementary Movie 1 and 3 was
played at 10 times speed and 2 times speed, respectively. The Supplementary Movie 5 was played

at original capture speed.
2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out for studying the shear deformation on
a gold single crystal. The model was designed in a way close to the experiment setup, shown in
Supplementary Figure 2. The orientation of the crystal was set with [1-10] direction parallel to the
y axis. Two slabs of rigid atoms with a thickness (z direction) of 1.4nm were fixed at the top and
bottom of the material, respectively. The shear deformations were operated at 300K with a constant

shear load applied at the bottom at a velocity of 1m/s. A schematic of the reciprocating shear load
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was illustrated in Supplementary Figure 2c with shear distance showing in x direction. The Large-
scale Atomic/Molecular, Massively Parallel Simulator (LAMMPS)[20] was used to perform the
calculations. The velocity Verlet algorithm was employed to integrate the Newton’s equations of
motion with a timestep of 1fs. The atomic interaction was described by embedded atom method
(EAM) potentials[21] for Au with a prediction of stacking fault energy (SFE) to be 42.59 mJ/m?.
This value has well reproduced the experimental estimation (52+15 mJ/m?) [22]. Ovito software
was utilized for MD data visualization and analysis[23]. By using common neighbor analysis
(CNA)[24], different local structures can be identified. The corresponding local structures, i.e.
other (disordered atoms/dislocation cores), fcc, and hcp were indicated in white, green, and red,
respectively, throughout the study unless specified. The lattice misorientation is calculated by
polyhedral template matching modifier[25] implemented in Ovito, which provides the local lattice
orientation for atoms that match one of the structural types. The rotation angle is estimated by

referencing its initial lattice orientation.

3. Results
3.1. Reversible LAGB formation under reciprocating shear load

An Au nanocrystal with [1-10] zone axis was fabricated by the nano-weld method inside a
transmission electron microscope (TEM) as detailed in the Methods. Figure 1la shows high
resolution TEM (HRTEM) image of the as-fabricated Au nanocrystal with a geometry of 15 nm
at the bottom and 30 nm at the top. The nanocrystal includes a pre-existing {111}<112> twin as
indicated by the insert FFT pattern. The bottom of the Au nanocrystal connected with a piezo
manipulator which could move horizontally to produce a shear deformation. The shear stress had
an inclination of ~11° relative to the (111) plane of the Au nanocrystal as indicated by the white

arrow in Figure 1b.

The LAGB formation and annihilation under reciprocating shear load are shown in Figure 1b-h
and Supplementary Movie 1. Figure 1b shows the snapshot at 17 s under the rightward shear,
featuring the alignment of the frontier of nanotwins from the free surface. Each nanotwin is
accompanied by a dislocation with an excess (111) plane. These dislocations spontaneously align

to form a LAGB with misorientation angle of 5°. We notice that, instead of free surface,
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dislocations also can nucleate on the pre-existing TB and within the pre-existing twin. The early
deformation stage prior to Figure 1b is displayed in the Supplementary Figure 3. From the snapshot
at 5s (Supplementary Figure 3a), a leading Shockley partial dislocation slid along the TB, resulting
in the shrink of the pre-existing twin and a dislocation with an excess (111) plane at the end of the
shrink segment. In the snapshot at 7s (Supplementary Figure 3b), two nanotwins marked 1 and 2
nucleated from the free surface. With the increase of shear deformation, the number of dislocations
and nanotwins increases, which is accompanied by the upward migration of the LAGB and
increased misorientation angle (Figure 1b-d), as measured from the HRTEM snapshot and the
corresponding FFT pattern (Supplementary Figure 4). Annihilation of unstable nanotwins could
be noticed, such as the one marked as ‘7°. The nanotwin appeared in the snapshot at 24 s, but
disappeared at 39 s, then appeared again at 41 s. However, the number of the nanotwins increases
with increased shear deformation. Besides the dislocations at the head of the nanotwins, dislocation
also existed beside the nanotwin below the LAGB as representatively shown by 1°” and ‘4’
nanotwins in Figure 1d, implying the nanotwin growth, dislocation nucleation and glide occur
simultaneously. Nanotwins, as representatively marked as ‘1 and ‘4’ in Figure 1c, d, could even
transfer across the LAGB under severe shear deformation. The configuration of dislocations,
nanotwins, and LAGB with respect to the shear load direction is schematically shown in Figure
le.

Reversed shear deformation resulted in the backwards migration of LAGB with decreasing
misorientation angle until the plastic deformation was mostly recovered, as shown in Figure 1f-h.
Association of migrating dislocations with the detwinning of the deformation nanotwin further
confirms the codependent relationship between nanotwin and dislocation. The deformation
recover process has a hysteresis with some deformation energy stored in the nanocrystal. To
illustrate the hysteresis, we draw the LAGB migration displacement, misorientation angle beside
LAGB and dislocation number versus shear displacement of the nanocrystal at the bottom (Figure
1i). The LAGB migration displacement starts to decrease as soon as the load is reversed, whereas
the decreases of the misorientation angle and the dislocation number appear delayed following the
reversed load of 6 nm and 3 nm shear displacement in the reversed direction. The maximum shear
strain during the reversible behavior is about 0.32, which is the lateral shear displacement of the

bottom divided by the length of deformed nanocrystal (i.e., the maximum migration displacement



of LAGB). In the snapshot at 62 s (Figure 1h), the LAGB, dislocations, and nanotwins were all
annihilated. The width of the pre-existing twin was reduced by three atomic planes at 62 s
compared to the as-fabricated Au nanocrystal, which is because part of the dislocations sliding on
the pre-existing TB reach the free surface during the shear load and release as the surface step, as
shown in the Supplementary Figure 5. The shear deformation induced formation of LAGB and
nanotwins seem to be fully reversible with negligible damage accumulation upon reversed shear

load.
3.2. The influence of free surface

To understand the insight of nanotwin nucleation observed in experiments, we used the
molecular dynamics (MD) method to simulate the deformation of Au single crystals under
reciprocating shear load. Two nanocrystals with the same crystal orientation as that used in our
experiment, but without pre-existing twin and slightly different surface slopes, were considered.
The detailed model setups are illustrated in Supplementary Figure 2. The initial structure of the
dynamic region in the model 1 is displayed in Figure 2a. The evolution of partial dislocations and
nanotwins is shown in Figure 2b-e (Supplementary Movie 2). It can be seen in Figure 2b and ¢
that partial dislocations and nanotwins nucleated from the free surface, and aligned to form
boundaries with lattice rotation, as indicated by the blue arrows. With the increasing shear
deformation, the boundaries migrated upward (Figure 2c¢). Upon reversal of shear load (Figure 2d,
e), the boundaries migrated backward and were fully annihilated with negligible damage
accumulation. Figure 2f shows the spatial distribution of lattice misorientation at the deformation
stage shown in Figure 2c, demonstrating lattice rotation of the formed boundaries in the
nanocrystal under shear load. The enlargement in Figure 2g shows the upper boundary with

misorientation angle of 8° is near the (111) TB at the end of rightward shear load. While the

enlargement in Figure 2h shows the lower boundary is a TB with interactive nanotwins.

Our experimental and MD simulation results corroboratively show that 1) partial dislocations
and nanotwins nucleate on free surfaces; 2) LAGB forms at the head of aligned nanotwins; and 3)
The nanotwin-assisted LAGB formation is reversible under reciprocating shear load. Twins in fcc
metals usually propagate with a high velocity once nucleated[26]. However, nanotwin alignment

here causes a lattice rotation as shown in Figure 1 and 2, hence, a curved slip plane. Meanwhile,



the lattice rotation angle increases with the increase of the density of aligned nanotwins. The stress
needed to overcome the Peierls barrier (lattice resistance to dislocation motion) on the curved slip
planes increases[27]. Furthermore, the Peierls stress increases when twinning partials propagate
from the free surface to the inner region[28]. Therefore, the velocity of nanotwins decreases with
the increase of nanotwin density when it propagates from free surface. As consequences, the
nanotwins align to form LAGB, and the migration velocity of LAGB decreases as shown in Figure
1i.

Obvious differences in partial dislocation and nanotwin response can also be observed between
experimental and MD simulation result. For example, the MD results (Supplementary Movie 2)
show that two slip systems are activated. On free surfaces, the slip system on (111) was first
activated and forms nanotwins (Supplementary Figure 6a), then the slip system on (-1-11) was
activated (Supplementary Figure 6b). Along with increasing shear stress, the (-1-11) slip system
became the dominated one with more partial dislocations and nanotwins (Figure 2c). There are
totally two LAGBs and one TB formed during the shear deformation since two slip systems are
both activated in MD simulation (Figure 2b-d). In experiments, however, only one slip system on
(-1-11) is activated, and one LAGB forms. From the applied shear stress in MD simulations, the
largest resolved shear stress is on (111) plane. It is expected that the slip system on (111) be first
activated like the MD results. The reasons why the slip system on (111) is not activated in the
experimental sample could be 1) the pre-existing twin reduces the resolved shear stress on (111)
and increases the resolved shear stress on (-1-11), and 2) the morphology of free surfaces such as
roughness and surface angles respect to the shear direction may affect the resolved shear stresses
on slip planes. For the former one, we indeed observed the (111) slip system was first activated in
the nanocrystal with similar orientations but without pre-existing twin during shear load (as shown
in Supplementary Figure 7 and Supplementary Movie 3). For the latter one, we designed a crystal
denoted as model 2 to study the influence of free surface morphology on the nanotwin formation.
The results are shown in Figure 3 and the Supplementary Movie 4. Coincidently, the model 2
shows similar deformation process with the nucleation of partial dislocations, nanotwins and
boundaries. However, the slight change of surface steepness dramatically reduces the nucleation
of nanotwins on (111) plane and increase the nucleation of nanotwins on (-1-11) on free surface,

as shown in Figure 3b-d. Besides, the misorientation angle of the upper boundary increased to 11°



in model 2 (Figure 3g). The results indicate that a slight change in crystal surface morphology
affects the preferred nucleation of nanotwins. It confirms the steeper free surface could be one
reason of the suppressed activity of (111) slip system in our experimental observation. The other
differences we noticed is the propagation of partial dislocation nucleated at the fixed boundary and
free surface between MD simulation and experimental result. This phenomenon due to the pre-
existing twin in the experiment makes the strain at the fixed boundary mostly concentrated inside
the twin (as the high-density defects inside the twin form the end boundary in Figure 2b-f). The
other reason is that the thickness of nanocrystal near free surface region (within several atom layers)
in experimental may have steepness to reach zero, which is not as the uniformity in MD simulation.
It will make the energy barrier for partial dislocation nucleation at free surface decrease, resulting
the partial dislocation nucleated largely at the free surface (as in experimental results). Beside these
differences in details, the MD simulation result of model 1 and 2 apparently leads to the same

mechanism of nanotwin assisted LAGB formation under the shear deformation.
3.3. Atomistic mechanism of the reversible LAGB formation

To further unveil the atomic level deformation mechanism on the nanotwin assisted reversible
LAGB formation, we analyzed the details of MD simulation results and the HRTEM snapshots.
The dislocation dipole with two partial dislocations sliding along the TB has been observed in the
MD simulation as shown in Figure 4. The snapshots in Figure 4a-c show the distance between the
two dislocations decreases with the increasing shear deformation. Figure 4d clearly indicates the
dipole at the TB generates a full dislocation with excess (111) plane and burgers vector 1/2[101].
The experimental HRTEM snapshots at the initial shear deformation clearly show that the
dislocations associated with the LAGB all have a feature of excess (111) plane (Figure 1b-d and
5a). Considering the 1/3<111> type Frank partial dislocation is sessile, the dislocation is
speculated to be the 1/2<101> type full dislocations. The TB acting as a slip plane for the partial
dislocations has been reported to be a soft mode for deformation[29, 30]. The dislocation core
observed in the experiment appears to be compact, with negligible dissociation as reflected by the
corresponding shear strain distribution obtained by geometrical phase analysis (GPA) in Figure 5a
and 5b[31]. This phenomenon could be explained by the slightly different Schmid factor of
different dislocation types. According to the nanocrystal orientation in the experiment (Figure 5e),
the angle between shear direction and dA is smaller than that of Bé, implying the Schmid factor
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(Schmid factor = cosecos)) for the trailing partial dislocation (8A) is bigger than for the leading
partial dislocation (Bd). Therefore, a nucleated leading partial dislocation is swiftly followed by a
nucleated trailing partial dislocation to slip upward, leading to a generation of the full dislocation
(BA) with compact core. However, during the reversal shear deformation, nucleation and
propagation of additional partial dislocations is required to accomplish the detwinning process,
consequently resulting in the complex dislocation reaction and strain distribution near the LAGB
(Figure 5c and d).

Combining our experimental and simulation results, we deduce the deformation sequence of the
reversible LAGB formation as follow. Upon shearing, nanotwins generate from free surface and
grow inside with the Shockley partial dislocation (i.e. C3, B3, dA in Figure 5e) gliding. This
nanotwins formation with Shockley partial dislocation nucleation and propagation had been
confirmed by our simulation result(Figure 2 and 3) and also documented in Au nanocrystals below
10 nm range under tensile load[32]. At the meantime, some Shockley partial dislocations with
different Burgers vectors emit from free surface, glide at the TB planes, and coalesce to generate
the full dislocations (i.e., Bd + 8A — BA in Figure 5e). These full dislocations align at the tip of
nanotwin to form the LAGB. Upon reversed shearing, LAGB migration associated with
detwinning is accomplished. However, during the reversal shear deformation, nucleation and
propagation of additional partial dislocations is required to accomplish the detwinning process,
consequently resulting in the complex dislocation reaction and strain distribution near the LAGB
(Figure 5c¢ and d). Therefore, the reversible shear deformation behavior involving LAGB
formation and annihilation is realized by the simultaneous nanotwin formation and dislocation
glide on TB inside the Au nanocrystal, which we term as the nanotwin-mediated dislocation slip
mechanism, as schematically shown in Figure 5f. During the shear deformation process, the TB
provides an easy slip plane for dislocations, meanwhile the dislocations arrange parallelly to create

a LAGB to accommodate the huge lattice rotation at the head of the nanotwins.

To gain a quantitative information on the shear load that is needed to initiate reversible
formation of the LAGB, the shear load (estimated from applied stress on the bottom layer of atoms)
and displacement at 30 ps and 48 ps (LAGB formed) are 25.6 MPa, 3 nm and 170 MPa, 4.8 nm in
simulation model 1, respectively. Therefore, the required shear load to initiate the LAGB is around
25.6-170 MPa. But this critical shear load might depend on the sample geometry, size and other
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factors, such as loading rate and temperature. From the results observed in the experimental sample
and MD models, we conclude that the LAGB is reversible under an opposite shear load as long as
the plastic deformation could be accommodated by LAGB formation without generating other
severe damage such as cracks.

3.4. Shear deformation accommodated by twinning and detwinning

The crystal orientation and the pre-existing twin have been noticed to be key factors that control
the deformation mechanism, which is confirmed by the deformation behavior of a nanocrystal that
contained a pre-existing twin with different orientation (Figure 6 and Supplementary Movie 5).
The HRTEM of as-fabricated Au nanocrystals indicate the pre-existing twin had the (111) TB
planes (Figure 6a). The shear load direction was nearly parallel to the twin boundary plane (Figure
6b). We found the plastic deformation was accomplished by the narrow down and annihilation
(detwinning) of the pre-existing twin under shear load (Figure 6b and c). Upon reversed shear load,
we observed the re-nucleation and broadening (twinning) of deformation twin with (111) TB plane
(Figure 6d-f). Comparing the nanocrystal microstructure in Figure 6a and f, we found the plastic
deformation was again reversible. These result shows prefect consistency with the recent report of
the TB shear deformability[33], confirming the importance of the TB orientation in determining

the deformation mechanism.
4. Discussion

The shear induced GB formation and migration plays an important role in plastic deformation
of metallic materials during SPD at room temperature. For the shear induced GB migration, some
in-situ TEM works had directly observed and unraveled the mystery of the dynamic mechanism
under atomic scale, for example, atomic shuffling[34], GB dislocation/disconnection[35, 36]. For
the GB formation, although there is one previous report by in-situ TEM[37], the mechanism is not
general and clearly lack of direct linkage to shear strain due to the complex localized strain
distribution upon bending. The grain refinement, strongly associated with GB formation, has two
well-accepted mechanisms dominated by dislocation activity[18, 38] and twinning[39, 40],
respectively, which shows dependence on the intrinsic stacking fault energy (SFE) of the materials,
specimen size, and the deformation conditions, such as strain, strain rate, temperature. Our in-situ

TEM observation on the dynamic formation process of LAGB in Au nanocrystal unveils atomic

11



details featuring the cooperation between nanotwins and full dislocations. This nanotwin-mediated
dislocation slip mechanism for LAGB formation shows excellent reversibility under reciprocating
shear load, which seems different from irreversible shear localization and structural degradation
that commonly happens in metallic nanomaterials with non-conservative defect activities[41].
Therefore, we deduce participation of nanotwins is critical for the reversibility of LAGB formation.
Based on previous studies, twinning, as a common deformation mode, introduces coherent
interfaces (i.e., TB), which in one way acts as strong barriers to hinder dislocation activities and
effectively increase the strength of materials[42, 43], meanwhile in other way provides nucleation
sites and slip plane for glissile dislocations, contributing to the excellent mechanical properties
defeating the traditional trade-off between strength and ductility[30, 44, 45]. As demonstrated in
our experimental and simulation results, the generated nanotwins with same TB plane strongly
suppress the activity of the other slip system during deformation (the partial dislocation crossing
the TB will be blocked, as the MD result in Supplementary Figure 8). Moreover, these TBs act as
an easy slip plane for dislocations, which could assist the rearrangement of dislocations during
formation of LAGB and the backward slip of dislocations during the reversed annihilation.
Therefore, the deformation reversibility observed in this work is the result of synergistic action
including nanotwins and full dislocations, which is different from the previously proposed
mechanisms of either defects uninvolved or only associated with one specific defect type[35, 46-
48]. It should be noticed that dimension of nanocrystal will affect the formation of nanotwin and
full dislocations during deformation, as has been generally reported in nanocrystals[6-9, 49].

The crystal orientation, nanocrystal geometry and pre-existing twin play a very important role
to perform this nanotwin-mediated dislocation slip mechanism. When the shear direction has a
small angle (within 20° in our experiments) with [-1-11] direction, the slip systems with (111)
plane with larger Schmidt factor should be preferred than these in (-1-11) plane, demonstrated by
the factor that the shear deformation is dominated by twinning and detwinning of the nanocrystal
with pre-existing (111) twin (Figure 6). But the nanotwins we observed in Figure 1 all have the (-
1-11) TB plane, which may associate with the specimen geometry through two aspects. On the one
hand, the geometry with steeper free surface of nanocrystal suppresses the activity of the (111)
slip system, which is demonstrated by the simulation results of two models as discussed above
(Figure 2 and 3). On the other hand, the pre-existing (-1-11)[112] twin restrict the (111) slip system
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actuation, resulting in the preferential (-1-11) slip system. Therefore, the highly selective
orientation of slip system may make a great contribution to perform the reversible shear
deformation with this nanotwin-mediated dislocation slip mechanism. Furthermore, this
mechanism may be broadly applicable to the LAGB formation behavior in other fcc metals,

especially those with low and/or medium stacking fault energies.
5. Conclusion

The present in-situ TEM coupled with MD simulation yield unprecedented atomic details on
the formation and annihilation of LAGB in metallic nanocrystal under reciprocating shear load.
We reveal a nanotwin-mediated dislocation slip mechanism for LAGB formation, featuring the
formation of full dislocation with coalescence of partial dislocation gliding on the TB. The
cooperation of nanotwin and full dislocation makes the nanocrystal to accommodate large shear
deformation and shows excellent reversible behavior. In addition, the mechanism is found to be
related to the specific deformation conditions, including nanocrystal geometry, orientation, and
pre-existing twin. Considering both the formation mechanism of GB and nanotwin are common in
metals under deformation, the mechanisms should be generally applicable to other fcc metallic
nanocrystals. Moreover, the stacking fault energy may be an important factor since it affects the
nanotwin formation. These findings offer new insights for understanding the LAGB formation,
providing guidelines for designing nanodevices with ultrahigh and recoverable shear capability for

advanced applications.
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Figure 1 Reversible LAGB formation assisted by nanotwins in an Au nanocrystal under
reciprocating shear load. (a) High resolution TEM images of an as-fabricated Au nanocrystal
contained a small pre-existing twin. The white line represents the (111) plane, while dash lines
indicate the twin boundaries. The triangle shows the orientation of matrix. The insert is Fast
Fourier transform pattern confirming the twin relationship. (b-d) Sequential deformation snapshots
show the nanotwins initiate from free surface and grow inside, which was accompanied by
dislocations aligned to form LAGB under rightward shear load. The shear stress with an inclination
of ~11° to the (111) plane of matrix is applied by moving the bottom side, as indicated with the
white arrow. The nanotwins and dislocations are marked by the white numbers and yellow symbols,
respectively. (e) The schematic shows the migration processes of LAGB consisting of a parallel
dislocation array accompanied by nanotwins under shear load. The blue and pink regions represent
matrix and twin, respectively. (f-h) Subsequent snapshots show the deformation recover process
including LAGB backward migration along with detwinning and dislocations vanishing, as well
as the fully recovered state under leftward shear load. (i) The graph of LAGB migration
displacement from bottom, misorientation angle beside LAGB and dislocation number versus the
shear displacement of specimen.
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Figure 2 Successive nucleation and annihilation of partial dislocations and nanotwins with
lattice rotation under reciprocating shear load by MD simulations. (a) Initial structure of the
dynamic region of model 1 with a symmetrical geometry. (b, ¢) The snapshots at 45ps and 75ps
under rightward shear load, respectively, demonstrating the nucleation of partial dislocations and
nanotwins, accompanied by the formation of boundaries with lattice rotation. (d, e) The sequential
snapshots at 95ps and 165ps under leftward shear load, demonstrating the boundaries, as well as
dislocations and nanotwins migrate backward under reversed load, and fully annihilated at the end.
(F) Corresponding spatial distribution of lattice misorientation of (c). (g, h) Enlargement of
rectangular area marked by dash line in (c), demonstrated the atomic details of the boundaries,
respectively. The blue arrows indicate the LAGB and their migration direction. The white arrows
indicate the shear stress direction.
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Figure 3 The effect of surface slop on the reversible deformation explored by MD simulations.
(@) Initial structure of the dynamic region of model 2 with steeper surface than model 1. (b, ¢) The
snapshots at 35ps and 75ps under rightward shear load, respectively, demonstrating the nucleation
of nanotwins with dominant twin plane. (d, €) The sequential snapshots at 95ps and 165ps under
leftward shear load, demonstrating reversible deformation under reversed load, and fully recovery
at the end. (f) Corresponding spatial distribution of lattice misorientation of (c). (g, h) Enlargement
of rectangular area marked by dash line in (c), demonstrated the atomic details of the boundaries,
respectively. The blue arrows indicate the LAGB and their migration direction. The white arrows
indicate the shear stress direction.

Figure 4 MD simulation of dislocation activities. (a-c) Dislocation dipole sliding along twin
boundary. (d) Enlargement of rectangular area marked by dash line in (c), demonstrated the
dislocation dipole together generates a full dislocation with one excess (111) plane.
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Figure 5 Dislocations coalescence and dissociation under initial and reversed shear load. (a,
¢) High resolution TEM snapshot of nanotwins with dislocations at the initial and reversed shear
deformation process, respectively. (b, d) Corresponding shear strain (eyx) distribution of (a, c)
obtained by geometrical phase analysis (GPA), demonstrating the dissociation of dislocation with
SF formation in the recovered deformation process, as marked by the white arrows. (e) Double
Thompson tetrahedron shows the slip systems and possible dislocation reaction in the nanotwin
boundary plane (left: twin, right: matrix). (f) The schematic shows the nanotwin boundary acts as
an easy slip plane for dislocation gliding, which assists the LAGB formation and migration.
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Figure 6. The detwinning and twinning behavior in a Au nanocrystal under reciprocating
shear. (a) High resolution TEM images of an as-fabricated Au nanocrystal contained a small pre-
existing twin with (111) twin planes. The white dash lines indicate the twin boundaries. The left
insert shows the atomic structure in the rectangle. (b-c) Subsequent snapshots show the twin
narrow down and annihilate (detwinning) under the leftward shear load. (d-f) Subsequent
snapshots show the twin reappears and broadens (twinning) under the rightward shear load.
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