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Abstract 

In spite of numerous studies on mechanical behaviors of nanowires (NWs) focusing on 

the surface effect, there is still a general lack of understanding on how internal 

microstructure of NWs influences their deformation mechanisms. Here, using 

quantitative in situ transmission electron microscopy (TEM) based nanomechanical 

testing and molecular dynamics (MD) simulations, we report a transition of deformation 

mechanism from localized dislocation slip to delocalized plasticity via an anomalous 

tensile detwinning mechanism in bi-twinned metallic NWs with a single twin boundary 

(TB) running parallel to the NW length. The anomalous tensile detwinning starts with 

detwinning of a segment of the preexisting TB under no resolved shear stress, followed 

by propagation of a pair of newly formed TB and grain boundary leading to large plastic 

deformation. An energy-based criterion is proposed to describe this transition of 

deformation mechanism, which depends on the volume ratio between the two twin 

variants and the cross-sectional aspect ratio.  
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Metallic nanowires (NWs) are promising building blocks for a host of applications such 

as transparent electrodes, sensors, flexible/stretchable electronics, optoelectronics and 

nanoelectromechanical systems [1-4]. Operation and reliability of the NW-based devices 

call for a thorough understanding of their mechanical behaviors. Dislocation nucleation 

from free surfaces has been identified as a dominant deformation mechanism in NWs, in 

contrast to the forest dislocation dynamics in bulk materials. Extensive studies have been 

reported for defect-free, single crystalline metallic NWs where surface dislocation 

nucleation is dominant [5-16]. Such NWs exhibit ultrahigh yield strength [17,18], but 

typically with limited or no strain hardening and low tensile ductility due to the absence 

of effective obstacles within the NWs that could block the movement of dislocations. On 

the other hand, as-synthesized NWs typically possess different types of preexisting 

microstructures such as twin boundaries (TBs) [19-24], and there is still a general lack of 

understanding on how preexisting microstructures interact with the surface-nucleated 

dislocations and affect the mechanical behaviors of NWs. 

TBs have been shown to be able to simultaneously increase the strength and ductility 

in bulk nanotwinned metals [25,26] and more recently in twinned metallic NWs [27-31]. 

Detwinning has been observed in nanotwinned metals, especially FCC metals [21,32-36], 

proposed mechanisms including cross-slip of partials at the TB [34] and migration of 

incoherent TBs formed by twinning partials [32,36]. In general the key to detwinning is 

to nucleate twinning partials by shear stress on a TB. Detwinning has also been observed 

recently in Cu nanopillars [21] and Au NWs [33] where preexisting TBs are inclined with 

respect to the loading directions. In all these cases, a finite resolved shear stress on a TB 
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is needed for detwinning. By contrast, in the present study, we report for the first time an 

anomalous detwinning mechanism involving no apparent resolved shear stress.  

Here, based on a recently developed testing platform combining state-of-the-art 

microelectromechanical system (MEMS) technology, in situ TEM tensile tests and MD 

simulations, we conduct a systematic investigation of the deformation mechanisms in bi-

twinned FCC metallic NWs, each having a single TB running parallel to the NW length 

direction. We identify two fundamental deformation mechanisms, localized dislocation 

slip and delocalized tensile detwinning. Transition of the two mechanisms depends on the 

volume ratio between the two twin variants and the cross-sectional aspect ratio, which 

can be explained by an energy-based criterion.  

    The Ag NWs in this study exhibit high crystalline quality owing to near-equilibrium 

growth conditions [17]. Figure 1(a) shows schematically the morphology of a ۄ110ۃ 
oriented bi-twinned NW with a single TB running parallel to the NW length direction. 

Cross-sectional TEM image of a typical bi-twinned NW is shown in Fig. 1(b), with a 

hexagonal cross-sectional shape but different arrangement of surface facets [marked in 

Fig. 1(a)] compared to its single crystalline counterpart [37]. High-resolution scanning 

TEM image in Fig. 1(d) shows that the internal TB in a bi-twinned NW is highly 

coherent without other line or planar defects typically seen in penta-twinned metallic 

NWs [28,29].  

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

tensile testing stage (Fig. S4) that allows accurate measurements of both load and 

displacement simultaneously, as well as real-time imaging of microstructure evolution 

during deformation [38,39]. Figure 2 shows stress-strain responses and snapshots of 
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microstructure evolution of two typical bi-twinned Ag NWs under tensile tests. Insets in 

Figs. 2(a-b) show cross-sectional TEM images of the tested NWs, taken from the 

undeformed parts (beyond the clamps) after the tensile tests. The two bi-twinned NWs 

possess different volume ratios, defined as Vsmall/Vlarge, between the two twin variants 

[the insets in Figs. 2(a-b)], 0.56 and 0.19, respectively. The bi-twinned NW with a 

balanced (or large) volume ratio exhibited a limited fracture strain [3.5%, Figs. 2(a) and 

2(c)], while the other with a small volume ratio showed large plasticity with an 

elongation of 34.5% [Figs. 2(b) and 2(d)], comparable to that of single crystalline NWs 

[37]. Moreover, the yield strength and the ultimate tensile strength (UTS) of the bi-

twinned NWs, regardless of the deformation mode, were found to be 1.21-1.38 and 1.47-

1.54 GPa (Fig. S5), respectively.  

Localized dislocation nucleation and propagation is dominant in bi-twinned Ag NWs 

with balanced volume ratios [Fig. 2(c)]. Partial dislocations marked by blue arrow 

emerged upon yielding [Fig. 2(c)-ii]. After that, partial dislocations were continuously 

nucleated under increasing stress, leading to permanent planar sliding in the NW [Fig. 

2(c)-iii] as they swiped across the whole cross section. Continuous dislocation nucleation 

and propagation resulted in the final failure of the NW [Figs. 2(c)-iv,v and Movie 1]. 

Note that only dislocation slip was observed without obvious necking at the fracture 

region [Fig. 3(a)]. According to the MD simulation results in Fig. 3(b-c) (Movie 3), a 

partial dislocation, i.e., αB from plane BCD, nucleated from a surface vertex [Fig. 3(b)-

i], propagates in the dominant twin variant towards the preexisting TB (plane ABC) [Fig. 

3(b)-ii], interacts with the TB and then transmits into the small twin variant [Fig. 3(b)-iii], 

leaving behind a stair-rod dislocation αα’  with a magnitude of మవ11ۃത1ۄ across the TB 
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(Fig. S11 and Tab. S1). After that, a trailing partial (Cα in plane BCD) is nucleated [Fig. 

3(b)-iv] and sweeps through the defected area, resulting in a permanent slipping step (one 

atomic layer along CB) in the bi-twinned NW [Fig. 3(b)-vi]. Such localized dislocation 

slip led to failure of the NW with limited plastic strain, as shown in Fig. 3(a).  

In contrast to the dislocation slip dominated deformation described above, large 

plasticity was observed in bi-twinned Ag NWs with small volume ratios [Figs. 2(b) and 

2(d)], which was attributed to an anomalous tensile detwinning mechanism (Figs. S7, S8 

and Movie 2). At the initial deformation stage, dislocations were nucleated and 

propagated in the dominant twin variant after yielding [Figs. 2(d)-ii,iii]; with further 

loading a permanent planar slip can also be observed [Fig. 2(d)-iv]. However, different 

from the localized dislocation slip, the dislocations in this case are nucleated and 

propagate in both BCD and ACD planes [Fig. 3(c)] and intersect at the preexisting TB. 

The interaction of multiple dislocations with the TB leads to detwinning of a segment of 

the TB, followed by the transition of ۄ110ۃ bi-twinned phase to ۄ001ۃ single crystalline 

phase [Fig. 2(d)-v] along the NW length, as evidenced by the cross-sectional TEM image 

and corresponding diffraction pattern in the insets in Fig. 4(k). 

To further understand the tensile detwinning mechanism in bi-twinned metallic NWs, 

we have performed a series of MD simulations. We found that the mechanism includes 

two steps [Fig. 4(a)]. The first step is nucleation of a single crystalline embryo [Fig. 4(a)-

ii] in the middle of the NW through multiple dislocation interactions on the original 

(preexisting) TB. In the second step [Fig. 4(a)-iii], further loading can lead to expansion 

of the single crystalline phase via continuous dislocation nucleation at the triple junction 

between the newly formed TB and grain boundary (GB) and the original TB. The 
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dislocation activities in the first step are illustrated in Figs. 4(b-e) (also see Fig. S12 and 

Movie 5). Generally, two partials, αB and αC nucleated from the free surface on the 

same slip plane [plane BCD in Fig. 3(c)] but neighboring atomic layers, react on the 

original TB and form a temporary partial Dα, which decomposes into a stair-rod 

dislocation αδ and a Hirth dislocation, భయ[40] ۄ010ۃ [Fig. 4(b)]. Due to the high energy 

state of the two newly formed dislocations, an extended jog is formed among them with a 

new twinning partial ߜC in plane ABC (original TB) that will glide along 101ۃതۄ or ۄ011ۃ direction within the original TB [Fig. 4(c)]. When more dislocations react on the 

TB, as showed in Figure 4(d), partials ߙB and ߙC react with a partial Dߙ from the same 

twin variant but on the neighboring slip planes and two twinning partials ߜC and ߜB 

between them can be created. Figure 4(e) shows partials ߙ’B and ߙ’C in the mirror grain 

can also react with Dߙ on the neighboring slip planes and form two twinning partials ߜC 

and ߜB within the original TB. The newly nucleated partials from the free surface on 

neighboring slip planes will keep reacting on the original TB. Dislocation interactions as 

described in Fig. 4(b-e) keep contributing to the generation of twinning partials ߜC and ߜB. These twinning partials span over several atomic planes, around 0.5 nm in length 

(dictated by the spacing of the reacting partials), whose glide within the original TB in 101ۃതۄ or ۄ011ۃ direction and induce detwinning of a small segment of the original TB, 

finally leading to the formation of a single crystalline embryo. At each end of the single 

crystalline embryo, where the single crystalline phase meets the bi-twinned phase, a 

unique TB-GB-TB structure is formed [Fig. 4(g)], which contains an inclined (new) TB 

in the dominant twin variant and a high-angle GB in the other twin variant. Once the 
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single crystalline embryo is formed, the step-two detwinning will dominate under further 

loading. Figure 4(i) shows continuous nucleation of twinning partials at the triple 

junction between the newly formed TB and GB and the original TB, leading to migration 

of the inclined TB and GB and expansion of the single crystalline phase (Movie 6). 

During the step-two detwinning, the bi-twinned NW with ۄ110ۃ axis is transformed into 

the single crystalline phase with ۄ001ۃ axis by TB and GB migration from the detwinning 

site [Figs. 4(f) and 4(h)]. Figures 4(j) and 4(k) show the fracture morphologies of the 

tensile detwinning dominated bi-twinned Ag NWs from MD simulations and 

experiments, respectively, which agreed very well.  

In short, we found that a novel tensile detwinning deformation mechanism leads to the 

observed large plasticity in bi-twinned NWs with small volume ratios, characterized by 

interaction of multiple dislocations with the original TB. This mechanism is different 

from the dislocation slip dominated deformation in bi-twinned NWs with balanced 

volume ratios discussed earlier as well as the twinning dominated deformation in single 

crystalline NWs [37]. The two deformation mechanisms in bi-twinned NWs reported in 

the present study were observed in more tested samples (see additional examples in Fig. 

S6) and supported by MD simulations (Fig. S10 and Movies 3 and 4).  

In the new tensile detwinning mechanism, whether the first step – nucleation of the 

single crystalline embryo – can occur determines the succeeding deformation mechanism. 

The energy change associated with the step-one detwinning process can be calculated as 

the energy needed to create the newly formed pair of TB and GB [Fig. 4(g)]: 

                                                     (1) GBtwin AAE γγ 21 22 +=Δ
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where  and  are the areas of the TB and the high-angle GB in Fig. 4(f), respectively, 

γtwin and γGB are the interfacial energies of TB and GB, respectively, with the values of 

5.9 and 539 mJ/m2 obtained from MD simulations. Eq. (1) describes the energy change of 

the system after the nucleation of the single crystalline embryo, in other words, it is the 

formation energy of the unique TB-GB-TB structure. Since in this step detwinning only 

occurs in an infinitesimal segment of the preexisting TB, the associated surface energy 

and TB energy change is neglected in Eq. (1). Figure 5(a) plots this energy change as a 

function of the volume ratio for a NW with fixed H = 9 nm and W = 13 nm. The volume 

ratio in bi-twinned NWs can be quite different, ranging from 0.1 to 1.0 in the 19 NWs 

examined in our experiments. It can be seen that ΔΕ can be reduced by decreasing the 

volume ratio, indicating that a reduced volume ratio can facilitate the detwinning process 

in bi-twinned NWs.  

To systematically investigate the transition of the two deformation mechanisms in bi-

twinned NWs, a parametric study was conducted in MD simulations. The inset in Fig. 

5(a) shows the cross-section of the simulated bi-twinned NWs, where W, H and h1 are the 

independent geometric parameters considering the fixed angles of the facets [Fig. 1(a)]. 

For a given value of H, the energy change of the detwinning process  in Eq. (1) can 

be expressed in terms of two dimensionless parameters: H/W and volume ratio  

(see Supplementary Information Section S6): 

                                    (2) 

The contour of ΔE is plotted in Fig. 5(b) for a fixed H = 8.9 nm, where the x-axis is 

H/W and the y-axis is r. The color from blue to red indicates an increase in ΔE. The value 

1A 2A

EΔ

]1,0(∈r

),,(),,(),( 121 rWHHEhHWEAAE Δ=Δ=Δ
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of ΔE varies for different H, but the contour lines are the same regardless of H. The plot 

shows that NWs with smaller volume ratio and larger H/W have lower energy change, 

thus favoring tensile detwinning; while those with larger volume ratio and smaller H/W 

have higher energy change, thus favoring localized dislocation slip. In addition to the 

localized dislocation slip and tensile detwinning, a transitional mode (Fig. S14) can be 

identified in MD simulations. In this mode, dislocation slip dominates initially, leading to 

necking of the NW in the W direction, which increases the H/W value in the necked 

region. This geometrical change thus makes detwinning more favorable in the necked 

region.  

Based on the experimental and simulation results, a transition line, corresponding to a 

critical ΔE of 140eV for H=8.9nm, was found to reasonably separate the localized 

dislocation slip and the tensile detwinning mechanisms in bi-twinned Ag NWs [Fig. 

5(b)]. Our simulation results over 100 different case studies showed good agreement with 

the prediction based on ΔE. The transitional mode of mixed deformation mechanisms 

was frequently seen around this transition line. In addition, a total of 19 experimental data 

are included in Fig. 5(b), also in good agreement with the prediction based on ΔE.  

    In conclusion, we have discovered a transition between two deformation mechanisms, 

localized dislocation slip and delocalized tensile detwinning, in bi-twinned Ag NWs. 

Localized dislocation nucleation and propagation across the TB led to limited plasticity in 

bi-twinned NWs with balanced volume ratios, while delocalized tensile detwinning 

deformation resulted in large plasticity in those with small volume ratios. The detwinning 

process was unexpected in view of no apparent resolved shear stress on the preexisting 

TB, which was attributed to the novel tensile detwinning mechanism – nucleation of a 
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single crystalline embryo as a result of multiple dislocation interactions on the preexisting 

TB (step-one), followed by migration of the unique TB-GB-TB structure (step-two). Our 

experimental and theoretical results indicated that the deformation mode of a bi-twinned 

NW is governed by the step-one detwinning. An energy-based criterion for the 

anomalous tensile detwinning was proposed, which was able to capture the effects of the 

volume ratio and cross-sectional aspect ratio on the transition of deformation mechanisms 

in bi-twinned NWs.   
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FIG. 1. (a) Schematic drawing of a bi-twinned NW. (b,c) Cross-sectional TEM image and 

corresponding diffraction pattern of a bi-twinned Ag NW, respectively. Scale bar, 20 nm. 

(d) A cross-sectional high-resolution STEM image of a bi-twinned Ag NW. Scale bar, 1 

nm. 
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FIG. 2. (a,b) Engineering stress-strain curves of bi-twinned Ag NWs with balanced and 

small volume ratio, respectively. Insets in (a,b) are the corresponding cross-sectional 

images of the tested NWs (each 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 evolutions corresponding to (a,b), respectively. The five snapshots in each 

case correspond to the data points marked in (a,b). Partial dislocations are marked by blue 

arrows and planar sliding by green arrows. The viewing directions are from the 11ۃത0ۄ 
zone axis of the large twin variant in (c,d), which are marked by the orange arrows in the 

insets in (a,b). The new inclined TBs in (d) are marked by orange arrows. Scale bar, 100 

nm. 
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FIG. 3. (a) Fracture morphologies of the bi-twinned Ag NWs with balanced volume 

ratios from experiments and simulations, respectively. Scale bar, 100 nm for experiments 

and 5 nm for simulations. (b) Snapshots from MD simulations showing nucleation, 

propagation of partial dislocations and interaction between the partials and the TB. A 

permanent slip step with one atomic layer is marked by an orange arrow in (b-vi). Scale 

bar, 2.5 nm. (c) Illustration of a double Thompson tetrahedron on the coherent ሼ11ത1ሽ TB 

in bi-twinned NWs. The front tetrahedron (ABCD) represents the matrix slip systems in 

the dominant twin variant, while the back one (ABCD’) represents twin slip systems in 

the small twin variant. 
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FIG. 4. (a) Schematics showing two steps of the tensile detwinning mechanism. i, The 

pristine bi-twinned NW; ii, Step-one detwinning showing the formation of a single 

crystalline embryo (colored by blue) with a unique TB-GB-TB structure; iii, Step-two 

detwinning showing the expansion of the single crystalline phase. (b-e) Representative 

dislocation reactions during step-one detwinning process. Only hexagonal close-packed 

atoms are made visible. (f,h)  Cross-section of the bi-twinned phase with axial direction 

of ۄ110ۃ  and the single crystalline phase with the axial direction reoriented to ۄ001ۃ, 

respectively. (g) Detailed structure of the newly formed TB-GB-TB structure during step-

one detwinning process. (i) MD snapshots in step-two detwinning showing migration of 

the newly formed inclined TB and GB. Black arrows indicate the partials on the inclined 
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TB that are responsible for the TB migration. (j,k) Fracture morphology of the bi-twinned 

Ag NWs with small volume ratios from experiments and simulations, respectively. The 

insets in (k) show the cross-sectional TEM image and corresponding diffraction pattern 

(zone axis, ۄ001ۃ) from the single crystalline phase in the deformed part. Scale bar in (k) 

and in the inset, 100 and 20 nm, respectively.   
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FIG. 5. (a) Energy change associated with the detwinning process as a function of the 

twin volume ratio for a sample with fixed W and H. Inset in (a) shows the cross section 

of a typical bi-twinned NW in MD simulations and its corresponding geometric 

parameters. (b) Contour plot of energy change in the detwinning process for a fixed H as 

a function of H/W and twin volume ratio r, along with simulation and experimental data. 

For the simulation results, open black squares, open red rhombuses and open blue 

triangles stand for the slip dominated mode, the tensile detwinning mode and the 

transitional deformation mode, respectively. For the experiment results, solid blue 

squares and solid red rhombuses stand for the slip dominated mode and the tensile 

detwinning mode, respectively. 

 

 


