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Abstract 

Metallic nanowires (NWs) with twin boundaries (TBs) running parallel to the NW length 

direction exhibit unusual plastic strain recovery owing to the interaction of dislocations 

with TBs. Here, based on in-situ transmission electron microscopy nanomechanical testing 

and molecular dynamics simulations, we report observation and quantification of 

dislocation nucleation, interaction with TBs, and retraction in bi-twinned Ag NWs with a 

single TB along the NW length direction. Our results show that leading partial 

dislocations nucleated from the free surface can be hindered by the TB, and upon unloading 

all or part of the leading partials can retract due to the repulsive force from the TB, leading 

to full or partial plastic strain recovery (Bauschinger effect), respectively. The bi-twinned 

Ag NWs can undergo stress relaxation, even at a stress below the yield strength, where the 

plastic strain also recovers upon unloading. Our results illustrate that the internal TBs in 

NWs can interact with surface-nucleated dislocations, leading to time-dependent plastic 

strain recovery and Bauschinger effect. 

 

Keywords: Dislocation slip, Twin boundary, Recoverable plasticity, Nanomechanical test, 

MD simulations, in-situ TEM 
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1. Introduction 

Metallic nanowires (NWs) are important building blocks for a wide range of applications, 

including transparent electrodes and flexible and stretchable electronics [1, 2], due to their 

high electric conductivity and optical transmittance. In addition, metallic NWs usually 

exhibit ultrahigh mechanical strength and are ideal candidates for studying fundamental 

deformation mechanisms at the nanoscale [3-12]. More specifically, dislocation nucleation 

from free surfaces has become dominant, in contrast to the forest dislocation dynamics in 

bulk materials.[13-22] The deformation mechanisms in face-centered cubic (FCC) single 

crystalline metallic NWs have been extensively studied.[23-25] Competing mechanisms 

including slip by partial dislocations, slip by full dislocations, and twinning have been 

reported [7, 11, 26], which can be understood based on the Schmid factors for the leading 

and trailing partials and the generalized stacking fault energies. Recently, we have found 

that an additional factor, cross-sectional shape, can also affect the competition between the 

deformation mechanisms.[9, 10]  

It is common to introduce twin boundaries (TBs) in NWs during the synthesis.[27, 28] 

Metallic NWs with internal TBs have received much attention recently, such as metallic 

NWs with parallel, inclined or perpendicular TBs with respect to the NW length direction 

[6, 29-36]. In particular, NWs with multiple TBs parallel to the NW length direction have 

been reported to exhibit unusual time-dependent mechanical behavior. For example, a type 

of recoverable plasticity was observed in penta-twinned Ag NWs with five TBs running 

parallel to the NW length direction [27, 28]. However, due to the overlap of five twin 

variants in a penta-twinned NW, it was not possible to directly observe dislocation 

interactions with the TBs.  



4 

 

 Interaction between dislocations and TBs has become one of the most fundamental 

problems in materials science due to the emergence of nanotwinned materials over the past 

2 decades.[37-43] TBs have been shown able to simultaneously enhance the strength, 

ductility and fracture toughness of nanotwinned metals [40, 44, 45], ceramics [46-48] and 

biomaterials [49], in which dislocation-TB interactions [37, 39, 50] plays a crucial role. In 

general, NWs have been used to probe several deformation mechanisms, such as the effect 

of surface diffusion on dislocation nucleation [7, 51, 52], hydrogen embrittlement [21, 53], 

and brittle-to-ductile transition [13, 54, 55], to name a few. The twinned metallic NWs can 

provide an interesting platform to investigate the energetics and kinetics of dislocation-

twin boundary interactions. 

Here, we report real-time observation of dislocation nucleation, interaction with the TBs 

and retraction, while simultaneously measuring the stress and strain in bi-twinned Ag NWs 

(with a single TB running parallel to the NW length direction) via quantitative in-situ 

transmission electron microscopy (TEM) tensile tests, using a state-of-the-art 

microelectromechanical system (MEMS) stage. In situ TEM tests and molecular dynamics 

(MD) simulations show that leading partial dislocations nucleated from the free surface 

can be hindered by the single TB in the bi-twinned Ag NWs, while they can be retracted 

due to the repulsive force from the single TB, leading to plastic strain recovery. Additional 

in situ tensile testing shows that stress relaxation can occur in bi-twinned Ag NWs at an 

applied stress below the yield strength. 

 

2. Methods     

2.1 Sample synthesis and characterization  
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    Crystalline Ag NWs were synthesized by physical vapour deposition inside a molecular 

beam epitaxy system under ultra-high vacuum condition and substrate temperature of 

700 °C. Penta-twinned Ag NWs were synthesized by reducing AgNO3 with ethylene glycol 

in the presence of polyvinyl pyrrolidone. The solution of Ag NWs was diluted with 

deionized water and then purified by centrifugation. More details of the NW synthesis 

process are provided elsewhere .[56]  

Cross-sectional TEM samples of Ag NWs after deformation were prepared with focused 

ion beam (FIB). High-resolution TEM observations were performed on JEOL 2010F with 

a Schottky field emission gun (FEG) operated at 200 kV. Atomic resolution high-angle 

annular dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging 

was performed on a probe corrected FEI Titan G2 80-300 kV S/TEM equipped with an X-

FEG source operated at 200 kV. 

 

2.2 In situ SEM/TEM mechanical testing 

Mechanical testing was carried out in situ inside a TEM using a MEMS-based material 

testing system, which consists of an electrostatic (comb-drive) actuator, a capacitive load 

sensor and a gap in between for mounting samples (Fig. 1a). Details on the load sensor 

calibration have been reported previously.[54, 57] Displacement (and strain) is measured 

by digital image correlation of TEM images of two fiducial markers on the specimen (Fig. 

1b). This MEMS-based system has a strain resolution of 0.01% (gage length 2 μm) and a 

stress resolution of 1.4 MPa (for example, for NW diameter of 104 nm [28]).  
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Fig.1. In situ TEM tensile testing system. (a) Comb-drive-actuated MEMS device for 

tensile test. (b) TEM image showing a NW mounted on the device. Two fiducial markers 

are deposited on the NW surface for displacement (or strain) measurement.   

 

NWs were mounted on the testing stage using a nanomanipulator (Klocke Nanotechnik, 

Germany) inside a FEI Nova 600 dual beam. An Ag NW was welded to the 

nanomanipulator probe, then mounted to the MEMS stage and clamped by electron-beam-

induced Pt deposition at the two free ends. Two fiducial markers were deposited on the 

NWs for displacement (and strain) measurement. In situ TEM mechanical testing was 

performed on JEOL 2010F operated at 200 kV. The loading and unloading strain rates were 

~0.003%/s. Low magnification images were recorded at a fixed condense (the second 

condense lens) current to minimize the focus change. The current density of incident e-

beam is < 0.1 A/cm2 [58] and its effect on the mechanical behavior of the NW under tensile 

testing can be neglected. 

 

2.3 MD simulations  



7 

 

Large-scale MD simulations were performed using the software package LAMMPS [59]. 

Bi-twinned NW sample was generated according to experimentally observed shapes. 

Figure 7 shows the atomic cross-section of the bi-twinned NW sample which is about 

15 nm in both height and width and 50 nm in length. The embedded atom method potential 

for Ag is used to describe the interatomic interactions [60]. The samples are initially 

relaxed and equilibrated at temperature of 300 K for 600 ps using the Nosé–Hoover 

thermostat and barostat. Periodic boundary condition is imposed along the axial direction 

(that is, the loading direction <110>). During loading, the samples are stretched at a 

constant strain rate of 108 s−1 under NVT ensemble (canonical ensemble). During 

relaxation, the strain of the sample is fixed and NW is relaxed under NVT ensemble for 2 

nanoseconds. During the relaxation step, we monitor the variation of the axial stress by 

averaging the virial stresses over all atoms in the samples. To examine the reversibility of 

deformation (related to the reverse motion of dislocations), we unload the elongated 

samples at a strain rate of −108 s−1.  

 

3. Results 

3.1 Characterization of bi-twinned NWs 

Crystalline Ag NWs were synthesized by physical vapour deposition inside a molecular 

beam epitaxy system [4]. A scanning electron microscope (SEM) image in Fig. 2a shows 

Ag NWs on Si substrate, with length of 5-25 um and width of 50-200 nm. The width 

distribution of Ag NWs, measured directly from TEM image of 132 NWs, is shown in Fig. 

2b. Based on the TEM characterization, two types of <110> oriented Ag NWs were 

identified in the synthesized product, one being bi-twinned and the other single crystalline 
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NWs. Bi-twinned NWs exhibit a single internal TB running parallel to the NW length 

direction as shown in Fig. 2c, which count 81.8% of the 132 examined NWs (Fig. 2b).  

 

 

Fig. 2. (a) SEM image of Ag NWs on Si substrate. (b) Size distribution of Ag NWs (132 

NWs examined). (c,d) Schematic drawings of bi-twinned and single crystalline NWs and 

corresponding cross-sectional TEM images. Scale bar, 20 nm. (e,f) Dark- and bright-field 

TEM images of a bi-twinned NW from the longitudinal view. Inset in (e) is the 

corresponding composite diffraction pattern taken from <001> and <2"21>t zone axes. The 

sub-t represents the twin variant. Scale bar, 100 nm. 

 

In experiments, the type of Ag NWs can be directly determined from cross-sectional 

TEM images, shown in the insets in Fig. 2c,d. Both bi-twinned and single crystalline NWs 

exhibit hexagonal cross-sectional shapes but different arrangement of surface facets 

(marked in Fig. 2c,d). A bi-twinned NW shows clearly a TB between two twin variants 
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(see the inset in Fig. 2c).  Based on the geometry of the bi-twinned structure (see Fig. 2c 

and 3), there is a 19.4° tilt angle between 〈11"0〉 and <001>t zone axes from the two twin 

variants, which can be used as a criterion for determining bi-twinned NWs under the 

longitudinal view since there is a 45° or 90° included angle between 〈11"0〉 and <001> in 

single crystalline NWs. The bi-twinned structure can be distinguished by comparing the 

dark- and bright-field TEM images when viewed from the zone axes of 〈11"0〉 or <001> 

from one of the twin variants. Fig. 2e,f shows an example of a bi-twinned Ag NW viewed 

from the <001> and <2"21>t zone axes of the twin variants (see the composite diffraction 

pattern in the inset of Fig. 2e and 3b). The twin variant from <001> zone axis showed 

bright image contrast under dark-field TEM imaging mode (Fig. 2e), although the two twin 

variants displayed weak image contrast under bright-field imaging mode (Fig. 2f).  

 
Fig. 3. Characterization of the bi-twinned structure. (a) A composite kikuchi pattern for the 

two twin variants in bi-twinned NWs. Blue and red indices are from the two variants, 

respectively. Black indices are from the same indices of the two variants. The tilt angle 
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between <110> and <001>t is 19.4°, which can be used as a criterion for determining the 

bi-twinned structures. (b) Simulated diffraction patterns of the two twin variants at on-zone 

condition in which one of them is at zone axes of <110> or <001>. The spots marked by 

circles represent the positions where the high-index diffraction pattern is fully overlapped 

with the low-index diffraction pattern. 

 

3.2 In situ observation of dislocation nucleation and retraction 

We performed in-situ TEM tensile testing of individual NWs using a MEMS-based 

testing stage (see Fig. 1) that allows accurate measurement of both load and displacement 

[61-63]. Figure 4 shows the stress-strain responses and snapshots of microstructure 

evolution during typical loading-unloading cycles of a bi-twinned Ag NW with or without 

a holding step. Note that the viewing direction in Fig. 4c,d is from the 〈11"0〉 zone axis as 

marked by the orange arrow in the inset in Fig. 4a. Figure 4a,c shows a loading-unloading 

cycle without the holding step (Movie 1). As a partial dislocation (marked by A in Fig. 4c-

ii) came out during loading (with the applied stress, 1.46GPa, slightly over the yield 

strength, 1.41GPa, see Fig. 5), we immediately started unloading the NW by decreasing 

the applied force. It was observed that another partial (marked by B in Fig. 4c-iii) appeared 

at the initial stage of unloading. As the applied stress continued to decline, the later 

generated partial B first disappeared (Fig. 4c-iv) when the applied stress was decreased by 

75%. Subsequently, partial A also disappeared as the applied loading was fully released. 

At this point, the plastic strain was almost recovered after fully releasing the applied force. 

This suggests that, in the absence of an applied stress, the TB provides a repulsive force 

for the leading partials to retract and disappear.  
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Fig. 4. Mechanical responses and microstructure evolution of a bi-twinned Ag NW under 

in-situ TEM tensile testing. (a,b) Stress-strain curves for the bi-twinned NW without or 

with a holding step, respectively. The relaxation step took 5 minutes. Inset in (a) is the 

corresponding cross-sectional images of the tested NW (sectioned from the undeformed 

part after the test). Location of the TB is marked by a green arrow. Scale bar, 20 nm.  (c,d) 

Snapshots of microstructure evolution during loading-unloading and loading-holding-

unloading processes, respectively. The location of partial dislocations and planar slip in the 

NW are marked by blue and green arrows, respectively. Scale bar, 100 nm. The viewing 

direction in (c,d) is from the 〈11"0〉 zone axis as marked by the orange arrow in the inset in 

(a). 
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Figure 4b,d displays a loading-unloading cycle with a short-time (5 minutes) stress 

relaxation under a fixed applied load (Movie 2). Two partials (marked by C and D in Fig. 

4d-ii) came out as the applied stress went over the yield strength. During the holding step, 

a new partial (marked by E in Fig. 4d-iii) was generated and an obvious planar sliding was 

observed (located at C). The planar sliding was due to the propagation of dislocations 

across the entire cross-section. During the unloading step, partial D first disappeared as the 

applied stress was decreased by 80% (Fig. 4d-iv) and partial E disappeared when the 

applied stress was totally released, but there was a step permanently left at position C (Fig. 

4d-v). Note that there is residual strain (~0.2%) left in the NW due to the permanent planar 

sliding (position C) which cannot be fully recovered after holding 15 minutes at zero stress. 

Accordingly, the above results suggest that the internal TB in the bi-twinned NWs can act 

as an obstacle for hindering the propagation of partial dislocations across the TB in the 

time when the applied stress is slightly over the yield strength and facilitate retraction of 

the partials upon unloading. 

 

 
Fig. 5. Stress-strain curves for the tested bi-twinned NWs in Figs. 3 and 6, respectively. 

Insets in (a) and (b) show the cross-sectional TEM images of the tested NWs. All scale 

bars, 20 nm. 
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3.3 Stress relaxation in bi-twinned NWs 

The above in-situ TEM observations confirmed that partial dislocations hindered by the 

single TB in a bi-twinned NW can be retracted during unloading under the repulsive force 

from the TB. Note that we started unloading or holding steps in the above experiments 

once we observed the first event of dislocation nucleation in the NWs. In this sense, the 

applied stress was over the yield strength. However, stress relaxation can occur at an 

applied stress below the yield strength as reported in the penta-twinned NWs with multiple 

TBs [28]. In order to corroborate if the stress relaxation can occur in bi-twinned NWs, we 

did additional in-situ relaxation experiments by applying the stress lower than the yield 

strength.  

Figure 6a shows the stress-strain responses during typical tensile tests (two cycles) of a 

bi-twinned Ag NW in three steps: loading, relaxation and unloading. Two levels of applied 

stresses were chosen for stress relaxation (held about 15 minutes with a fixed applied force). 

One (1.21GPa) is close to the yield strength (1.37GPa, see Fig. 5a), while the other 

(0.84GPa) is substantially lower than the yield strength. During the loading step, the NW 

in both cases exhibited nearly linear response. During the relaxation step, there was an 

obvious change of stress and strain with time (the stress decreased while the strain 

increased) at the larger applied stress, while almost no relaxation took place at the smaller 

applied stress. On unloading, the strain in the NW completely recovered for both cases. 

Figure 6b shows the detailed behaviors of strain and stress as functions of time at the two 

selected stress levels during the stress relaxation step. For the larger applied stress, the NW 

strain increased monotonically with time from 1.66 to 1.79%, while the stress decreased 

monotonically from 1.21 to 1.12GPa. However, for the smaller applied stress (0.84GPa), 
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there was no obvious change of strain and stress during the relaxation step. This is different 

from the phenomenon observed in penta-twinned Ag NWs shown in Fig. 6c,d [28] that 

stress relaxation can even take place at a very small initial stress (0.37GPa), which is far 

below the yield strength (1.0GPa). Detailed comparison of the mechanism in the two types 

of twinned NWs will be discussed later.  

 

Fig. 6. In-situ measurements of stress and strain evolutions in bi- (a,b) and penta-twinned 

(c,d) Ag NWs [28]. (a,c) Stress-strain curves for the bi- and penta-twinned NWs under two 

cycles of loading-relaxation-unloading-recovery, respectively. The relaxation and recovery 

steps took 15 minutes. (b,d) Relaxation curves for the bi- and penta-twinned NWs, 

respectively. Solid and open symbols correspond to the strain-time and stress-time 

relationships, respectively. Square and circle symbols correspond to high and low initial 

stress levels, respectively. 
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3.4 MD simulations of dislocation nucleation and retraction 

MD simulations were performed to further understand the underlying mechanisms 

behind the observed relaxation and recovery behaviors in bi-twinned NWs. Figure 7 shows 

the simulated results from a bi-twinned Ag NW underwent loading-unloading cycles with 

or without a relaxation step, in accordance with the in-situ experiments in Fig. 3. Figure 7a 

shows the stress-strain curve without a relaxation step. Similar to the case in Fig. 3a, the 

NW was unloaded as soon as partial dislocations came out during the loading step. After 

yielding, leading partials were generated from the NW surface, glided in the NW, and 

blocked by the TB. Initially, three partials were nucleated and all blocked by the TB (Fig. 

7b). When the external stress decreases during unloading, a repulsive force from the TB 

[64] can induce a reverse motion of dislocations by pushing their non-inserted segments as 

well as extracting their inserted segments from the TB. Thus, during unloading, these 

partials can gradually retract from the TB (Fig. 7b(i-iii)); the corresponding part of the 

plastic strain is recoverable (Fig. 7a). In this case, all the nucleated partials were blocked 

by the TB and finally retracted from the TB, resulting in a complete plastic strain recovery 

(Fig. 7a).  
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Fig. 7. MD simulations of stress relaxation and strain recovery in a bi-twinned Ag NW. (a) 

Stress-strain curve of the loading-unloading process. Insets in (a) is the atomic models. (b) 

Snapshots of partial dislocation retraction during unloading (only HCP atoms are shown, 

with TB colored in red and stacking faults colored in blue). (c) Stress-strain curve of the 

full loading-relaxation-unloading process. (d) Snapshots of partial dislocation retraction 

during unloading. The black arrow indicates a permanent slip step created by full 

dislocation gliding. The green arrows i,ii,iii during unloading in (a,c) correspond to the 

retraction event of three partials blocked by the TB.   

 

Also simulated is the loading-unloading behavior with a relaxation step in between (Fig. 

7c). First the NW was stretched to a strain of 4.45% over the yielding point, and then stress 

relaxation was monitored while the applied strain was fixed. After stress relaxation, the 
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simulated sample was subsequently unloaded. In this simulation, after yielding, several 

leading partials were generated from the NW surface, glided in the NW, and blocked by 

the TB. During relaxation, some of the leading partials transmitted across the TB, after 

which trailing partials were generated from the NW surface and followed the leading 

partials to form full dislocations, leaving behind a permanent surface step (pointed out by 

the black arrow in Fig. 7d) in the region where the leading and trailing partials keep 

sweeping through the cross-section and the stress gradually decreased from an initial value 

of 1.81GPa by about 630MPa. The continuous nucleation of partial dislocations during the 

stress relaxation step indicates that the stress relaxation is a direct consequence of 

dislocation nucleation in bi-twinned NWs. After the relaxation, besides the permanent slip, 

several leading partials were still blocked by the TB and left the stacking faults in one of 

the grains in the bi-twinned NW (Fig. 7d). Similar to the step in Fig. 7b during unloading, 

these partials blocked by the TB can also gradually retract (Fig. 7d(i-iii)) and the 

corresponding part of plastic strain is recoverable (Fig. 7c); the region marked by the black 

arrow in Fig. 7d (a surface step) is not recoverable, as well as the corresponding part of 

plastic strain in Fig. 7c. This is consistent with the experimental results in Fig. 3, in which 

full recovery can occur only if all partials are blocked by the TB. Once permanent sliding 

occurs, only partial plastic strain recovery can occur. Such a phenomenon can be related to 

the classic Bauschinger effect of partial plastic recovery during unloading. We can see 

asymmetric plastic flow, and partial or full recovery of plastic deformation upon unloading 

in Figs. 3 and 7. However, this effect in bi-twinned NWs is much weaker compared to 

penta-twinned NWs [27], which will be discussed later. 
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In brief, recoverable plasticity in bi-twinned NWs has been observed and correlated with 

the nucleation and retraction of partial dislocations which are blocked by an internal TB in 

such NWs. Nucleation of partial dislocations from the free surface mainly contributed to 

the stress relaxation on loading, and retraction of partial dislocations contributed to the 

plastic strain recovery on unloading. The internal TB in bi-twinned NWs acts as an obstacle 

for hindering the propagation of some partial dislocations, making the corresponding part 

of plastic strain recoverable. In cases dislocations directly traveled through the entire cross-

section of bi-twinned NWs or twinning occurred in single crystalline NWs, permanent 

plastic deformation would occur. 

 

4. Discussions  

As we know, the internal TBs in bi-twinned NWs play an important role in the observed 

recoverable plasticity owing to the nucleation and retraction of partial dislocations. For 

comparison, Fig. 8 shows the stress-strain response and snapshots of microstructure 

evolution during a typical tensile test of a single crystalline Ag NW (Movie 3). The loading 

direction was along the NW length direction and there was no extended defect in the NW 

prior to loading (Fig. 8b-i). As the applied stress reached the yield strength (1.0 GPa), a 

planar sliding (marked in Fig. 8b-ii) quickly occurred in the NW and the strain was 

obviously increased. During the unloading step, a small deformed segment was left in the 

NW (Fig. 8b-iii and iv) and the NW showed only elastic unloading (i.e., linear strain-stress 

behavior). This indicates that the planar sliding formed during loading was a permanent 

plastic deformation. Therefore, there is no recoverable plasticity in single crystalline NWs. 

It should be mentioned that recoverable plasticity in twinned NWs with inclined or 
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perpendicular TBs to the NW length direction is insignificant because dislocations 

nucleated from the free surface are prone to travelling through the entire cross section, 

leading to permanent plastic deformation [33].  

 

Fig. 8. (a) Stress-strain curve for a single crystalline Ag NW under in-situ TEM tensile 

testing. (b) Snapshots of microstructure evolution during the loading-unloading process. 

Permanent planar sliding in the NW is marked by the green arrows. Scale bar, 100 nm. 

 

Although recoverable plasticity is observed in both bi- and penta-twinned NWs [28] with 

TBs parallel to the NW length direction, there exist significant differences between them, 

including the stress relaxation, strain recovery, and the interaction between dislocations 

and TBs, which can be attributed to difference in their microstructures. Stress relaxation in 

bi-twinned NWs requires a higher stress level than that in penta-twinned NWs. It has been 

shown that pre-existing defects in penta-twinned NWs can promote the nucleation of 

partial dislocations (i.e. lower the stress threshold for dislocation nucleation) [28]. 

However, bi-twinned NWs in this study exhibit high crystalline quality with nearly no pre-

existing defects in the twin variants (Fig. 2 and 9a). In this system, partial dislocations can 

only nucleate from the free surface, and glide into the grain interior. Thus, a higher yield 

stress is required for the nucleation of partial dislocations in bi-twinned NWs. On the other 
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hand, plastic strain recovery in bi-twinned NWs is almost complete during the unloading 

step, while an additional strain recovery step is needed for penta-twinned NWs. It appears 

that penta-twinned NWs only show elastic strain recovery during the unloading step and 

reach full plastic strain recovery during the additional recovery step [28]. The delay of the 

plastic strain recovery in penta-twinned NWs could be attributed to the impediment of pre-

existing defects on the retracting dislocations (Fig. 9b). In contrast, in bi-twinned NWs, 

due to their high crystalline quality, the blocked partials could retract without impediments, 

leading to a speedy recovery of the plastic strain. Another notable difference is that, in 

penta-twinned NWs, the dislocation motion is influenced by the inhomogeneous stress 

field generated by the fivefold twin structure that can be regarded as a disclination with an 

angular deficiency of 7.35º. Obviously, such an inhomogeneous strain field does not exist 

in bi-twinned NWs. 

 
Fig. 9. HAADF-STEM images showing the atomic alignment along the TB from the cross-

sectional view of bi-twinned (a) and penta-twinned (b) Ag NWs. The inset in (a,b) is the 

corresponding SAED pattern. Scale bar, 2 nm. 
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In addition to full plastic strain recovery, interaction between partial dislocations and 

TBs can result in Bauschinger effect in both bi- and penta-twinned NWs. However, penta-

twinned NWs exhibit much stronger Bauschinger effect than bi-twinned NWs, which is 

manifested in two ways – showing larger recovered plastic strain for each unloading and 

sustaining more loading/unloading cycles up to larger failure strain. This is related to the 

microstructures and dislocation mechanisms in bi- and penta-twinned NWs. In bi-twinned 

NWs, a leading partial can transmit across the single TB relatively easily, considering their 

larger yield strength than penta-twinned NWs. A trailing partial may follow sweeping 

across the entire cross section and gliding out of the NW at the opposite surface, leading to 

a permanent planar slip step [9]. Bi-twinned NWs can store much fewer retractable 

dislocations and typically fail at smaller strain than penta-twinned NWs. In penta-twinned 

NWs, a leading partial in one twin variant can trigger dislocation activity in neighboring 

twin variants, leading to the formation of stacking fault decahedrons (SFDs) [27, 28]. 

Unlike the permanent slip via full dislocation escaping in bi-twinned NW, SFDs are fully 

reversible, but further dislocation reactions and entanglements can lead to only partial 

plastic recovery. Penta-twinned NWs exhibit relatively strong strain hardening and tensile 

ductility as a result of the effective obstruction of surface-nucleated dislocations by TBs 

[36]. The strain hardening in turn is responsible for the pronounced Bauschinger effect 

under cyclic loading. Similar phenomena have also been reported in heterostructured 

metals [65-68], which was attributed to the high back stress associated with interactions 

between dislocations and grain or twin boundaries. 

 

5. Conclusions 
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In summary, in-situ TEM observations showed that leading partial dislocations nucleated 

from the free surface of a bi-twinned Ag NW can be obstructed by the single TB, and that 

the blocked partials can be retracted under the repulsive force from the TB during 

unloading, leading to plastic strain recovery or Bauschinger effect. Some leading partials 

can transmit across the TB followed by trailing partials, leading to permanent slip and 

partial plastic strain recovery. Additional in-situ experiments showed that bi-twinned Ag 

NWs can undergo stress relaxation on loading at an applied stress below the yield strength. 

This confirmed that the internal TB in bi-twinned NWs can act as an obstacle for hindering 

the propagation of partial dislocations across the TB. Significant differences were found in 

the observed recoverable plasticity in bi- and penta-twinned [28] Ag NWs, including stress 

relaxation, strain recovery, and interaction between dislocations and TBs, due to 

differences in their microstructure configurations and dislocation mechanisms. The 

observed full and partial recoverable plasticity in twinned NWs provides important new 

insights into the understanding of interactions between dislocations and TBs in twinned 

metallic nanomaterials. 
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