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SI-1: Evaluation for EAM potentials

The generalized stacking fault energy curve (GSFE), rather than stacking fault energy only, involving 

both stable and unstable stacking fault energies was found to be adequate to elucidate distinct 

deformation mechanisms in nanocrystalline metals1. In particular, The first energy maximum 

encountered along the <112> direction is the unstable stacking fault energy (USFE), which represents 

the lowest energy barrier for dislocation nucleation2; the first energy minimum at a0/√6 corresponds to 

the intrinsic stacking fault energy (ISFE), where a full dislocation dissociates into a pair of Shockley 

partials3. 

Fig. S1 Energy vs slip for two partial dislocations combined to form a complete lattice dislocation2.

It was demonstrated that the ratio of stable stacking fault and unstable stacking fault,  , was an  𝛾𝑠𝑓 𝛾𝑢𝑠𝑓

important parameter for evaluating the deformation mechanism in nanocrystalline1. Furthermore, other 

factors, such as grain size and orientation, were suggested to be taken into account in conjunction with 

the GSFE for describing the deformation behavior4, where they suggested that the parameter 

 was a prime factor used to characterize materials for plastic deformation. 𝛾𝑑 ≡ 𝛾𝑠𝑓 (𝛾𝑢𝑠𝑓 ‒ 𝛾𝑠𝑓)

Thus, before exploring the mechanical deformation behavior of nanowires using MD, it is necessary to 

evaluate the semi-empirical potential function used in MD for capturing the real plastic deformation 

behavior of nanowires. GSFE curves of several EAM potentials5-7 were abstained by performed MD 

calculations following the strategy from references8. Then, we compared the results with that of DFT 
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calculation9. Shown as in Fig. S1. 

Fig. S2 shows that the unstable stacking fault energy of all MD calculations are all comparable with the 

DFT calculation, while the intrinsic stacking fault energy of MD calculations show distinct differences 

and only the results with P. L. wiiliams are comparable with the DFT calculation. 

Fig. S2 Generalized stacking fault energy (GSFE) curves for Ag calculated by molecular dynamics (MD) 
with several semi-empirical potentials and density functional theory (DFT). The peak of the cures 
indicate the unstable SFE and the minima present intrinsic SFE in plane {111} along <112> direction.



 4 / 21

SI-2: Stress deviation at first yield event 

Fig. S3 (a) Stress drop abruptly as it just cross the maximum; (b) nucleation of the first partial dislocation 
at free surface. The stress drop is attributed to the nucleation of dislocations. L/d=3.16 represents the 
aspect ratio (length to diameter) of silver penta-twinned nanowires. 

Fig. S4. (a) Uniaxial tensile stress−strain curves of penta-twinned silver nanowires with aspect ratios of 
6.36 and 7.97, respectively. (b) Magnitudes of first dorp of flow stress varing with aspect ratios. At point 
of yield stress, flow stress drop abruptly, the magnitudes of which appear to correlate linearly with the 
length of nanowires, which corresponds to the behaviours of disloction nucleation at the first stage of 
plastic deformation. For the nanowires with aspect ratios greater than 6.36, the first drop of flow stress 
reach bottom of coordinate axis, which could be considered as an indicator for the subsequent plastic 
deformation exhibits the property of instablity, thus necking arise. See also in Fig. s3
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SI-3: Elastic modulus and yield strength 

The elastic modulus calculated by fitting the data within the range 0-2% of stress-stain curves at initial 

elastic deformation are shown in Tab. s1, together with the yield strength achieved when the first partial 

dislocation event is activated from free surface (see also Fig s1), i.e. the maximum stress value of 

nanowires. 

Tab. S1 The geometric parameters of nanowires with the same width about 10 nm.

Number aspect ratio (L/d) Apparent modulus
（GPa）

Yield 
strength
（GPa）

1 3.16 84.184 3.865
2 4.77 85.388 3.879
3 6.36 85.545 3.913
4 7.97 84.229 3.844
5 9.56 85.442 3.791
6 11.16 85.260 3.811
7 12.75 84.477 3.799
8 14.35 85.129 3.790
9 15.95 85.126 3.633
10 17.03 84.315 3.645

Averag
e 

84.91±0.54 3.80±0.09
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SI-4: Aspect-ratio-dependent failure modes

Fig. S5 Snapshots of atomic potential energy of penta-twined Ag nanowires with various aspect ratios 
(3.16 - 9.56) at initail stage of plastic deformation with strains of =0.065 and 0.067. when all nanowires 
are stretched under strain =0.065, the nucleation of pores are observed at some regions along axis, where 
are marked using red dotted line ellipse. However, when the strain increase to 0.067, the grouth of the 
pores are only carried out in the nanowires with aspect ratios of 3.16 to 6.36 maked using cyan dotted 
line ellipse, while for the nanowires with aspect ratios of 7.97 and 9.56, a significant necking behaviour 
around deformed regions are occurred, where are marked with red dotted line rectangle.
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Fig. S6 Variation of the normalized atomic numbers of FCC (red line), HCP (green line), and other atoms 
including disordering atoms (green line) as function of strain for penta-twined silver nanowires with four 
aspect ratio. The number of each kind of atoms is normalized by their respective atoms number at strain 
0%. Increasing number of HCP atoms indicates the nucleation of partial dislocation, while the decreasing 
number of HCP atoms corresponds to dislocation recovery or atomic structure disordering. 



 8 / 21

SI-5: Details of dislocation nucleation 

Fig. S7 dislocation nucleation at free surface of silver penta-twinned nanowire. (a) dislocation nucleating; 
(b) emitting to axis of nanowire; (c) twin boundaries impeding the motion of dislocation; (d) emitting 
into the adjacent crystals. Shockely partials dislocations with Burgers vector 1/6<112>, partial 
dislocations with Burgers vector 2/9<111> at the intersection between SFDs and inherent twin 
boundaries.
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Fig. S8 Illustration of a double Thompson tetrahedron. 

Interactions between dislocation and twin boundary:

𝛾𝐴→𝛾'𝐴 + 𝛾𝛾'

1
6

[1 ‒ 21](111)→
1
6

[1 ‒ 21] 𝑇
(111)𝑇 +

2
9

[1 ‒ 1 ‒ 1]

Fig. S9 (a) Atomic configurations of dislocation nucleation, grouth and interaction between dislocations 
and grain boundaries, and between different dislocations of petten-twined Ag nanowire with aspect ratio 
of 3.16, which is stretched uniaxially with strains of 0.0638, 0.0639, and 0.064 respectively; (b) 
schematic diagram of metal fcc unit cell with two equivalent slip systems [101]{111}(colored triangles 
with light blue and orange). The colored symbols denote the dislocation activities: red for dislocation 
nucleation (arrow) and grorth (ellipse); yellow for interaction between dislocations and grain boundaries; 
magenta for interaction between different dislocations.

Fig. s7(a) shows several main behaviors of initial dislocations generated just after yield in penta-twined 

silver nanowire, including nucleation, propagation and interaction with inherent twin boundaries. 

Usually, the nucleation of dislocation is activated in free surface of nanowire, i.e. {100}, where is marked 

using red arrow shown as in Fig. s7(a-#1). Providing a little amount of tension, the propagation of 

dislocations into the axis of nanowire along two kinds of equilibrium slip planes of {111} shown as in 
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Fig. s7(b) are captured when =0.0639 or 0.064, which are indicated using signs of red dashed ellipse, 

shown as in Fig. s7 (b-#2 and #3). Furthermore, these two resulted partial dislocations are impeded from 

each other due to the blocking effect of mutual intersecting. The blocking effect is also carried out in the 

region marked using magenta signs. In addition to this kind of impediment, the inherent twin boundary 

is also a key importance role to impede dislocation motion. Once dislocation pierce through the twin 

boundary, a mirror dislocation is formed in adjacent wedge-shaped crystal, and leaving behind a fixed 

line defect in the intersection position of dislocation and twin boundary, which are marked with yellow 

signs. With the number of stacking faults increasing, the stacking fault decahedrons is formed along the 

axis of nanowires. Hence, the formation of stacking faults and stacking fault decahedrons are responsible 

for the initial stress drop in nanowires.

The generation and annihilates of dislocations10:

1/6[1] → 1/6[1]T + 2/9[] (leading partial Shockley →leading partial Shockley + Frank partial)

2/9[] →1/6[12] + 1/6[12]T (Frank partial → trailing partial Shockley + trailing partial Shockley)
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Fig. S10 Patterns of dislocations distributions in penta-twinned Ag nanowires with aspect ratios of 6.36, 
12.02, and 17.03 suffered from tensile strains of 6.7%, 6.4%, and 6.5%, respectively. It is shown that the 
stacking fault decahedrons are the main carrier for producing yield during initial plastic deformation of 
nanowire with aspect ratio of 6.36 ,while the initial plastic deformation of nanowires with aspect ratios 
of 12.02 and 17.03 is carried out by a large number of Fan-shaped five-face-structures with same 
direction. The dislocation density for Fan-shaped five-face-structures is lager that that induced by 
stacking fault decahedron. 
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SI-6: Pore-assisted plasticity

Fig. S11 Pore-assisted plasticity with dislocation motion. The pore, serving as the source of dislocations, 
emits leading partial dislocation (a) and trailing partial dislocation (b) during the second stage of plastic 
deformation in short nanowires.



 13 / 21

SI-7: Intrinsic stress field and its change characteristics

Fig. S12. (a) Stress fields of cross section of naowire with strains of 0.0, 0.03 and 0.06: atomic stress in 
radial direction rr (the first line), tangential direction tt (the second line) and along the wire axis zz 
(the last line). For all case, the atomic stress around axial region is compressive stress at the relaxation 
state, and a transiton of compressive stress to tensile stress is carried out with a strain of about 0.03. 
(b)-(d) Axial stress increment relatived to initial stress along normalized layer from center to outerlayer 
with axial strains of 0.03 and 0.06. Quantitatively, the statistical curves about stress increment in radial 
direction for each atomic layer are shown in figure 6(b-d). For example, figure 6(b) and (c) show that 
stress components of rr and zz exhibit a positive increasing trend with increase of tensile strain, and a 
noteworthy scene is that the increment of stress around surface of nanowire is almost zero for the case 
of rr. Interestingly, figure 6(c) show that these two curves intersect each other at normalized number of 
about 0.386, which imply that there exit a axial neutral surface where the tangential stress does not change 
with the increase of tensile loading. Thus contrary to a negative enhancement in tt in outer of this neutral 
surface, the inner region exhibit a positive enhancement. In conclusion, the largest change in stress along 
axis of nanowire with sign exchanging from compressive stress into tensile stress is confirmed.
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SI-8: Dislocation nucleation governed incipient plasticity 

As above mentioned, tension stress drops abruptly just when the first dislocation nucleation event arises 

on the free surfaces of nanowires, which is influenced remarkably by thermal fluctuation and thus is an 

thermal activation process11. The activation parameters such as activation energy and activation volume 

are usually employed to characterize the activation event. Based on transition state theory12 (TST), the 

rate of dislocation nucleation, , as a function of pre-tensile stress   and temperature T, can be expressed 

as 

𝜈(𝜎,𝑇) = 𝑁𝜈0𝑒𝑥𝑝[ ‒
𝑄(𝜎,𝑇)

𝑘𝐵𝑇 ]                              (1)

where 0 is the attempt frequency, kB is the Boltzmann constant, T is absolute temperature (K), Q(,T) is 

activation free energy as function of pre-tensile stress  and temperature T, and N is the number of 

equivalent nucleating sites. Here, we applied the approach shown in the works of refs11, 13 to formulate 

the activation energy 

𝑄(𝜎,𝑇) = 𝑄0(1 ‒
𝑇

𝑇𝑠𝑚
)(1 ‒

𝜎
𝜎𝑎𝑡ℎ

)𝛼                        (2)

where ath is the athermal strength, Tsm is surface atoms disordering temperature, and Q0 is the energy 

barrier at zero-  and zero-stress,  is stress sensitivity coefficient. Given equation (2), the activation  𝑇

volume is calculated by the partial derivative of the Q(,T) with respect to stress , i.e. (,T) = 

∂Q(,T)/∂, which measures the sensitivity of dislocation nucleation rate to stress. Usually, the 

activation energy of dislocation nucleation for nanowires is calculated using the free-end nudged elastic 

band (FENEB) method11, 14. As shown in Fig. S13a, the energy barrier of a partial dislocation nucleating 

at free surface of one of wedge-shaped single crystals of silver PTNWs is 0.59 eV under tensile strain 

0.052, and several snapshots that depicts dislocation emission process correspond to the curve in Fig. 

S13a are shown in Fig. S13b. Given the activation parameters, the most probable stress for dislocation 

nucleation under thermal fluctuation can be predicted by solving the following implicit function 

equation11

𝑄(𝜎,𝑇)
𝑘𝐵𝑇

= 𝑙𝑛[ 𝑘𝐵𝑇𝑁𝜈0

𝐸�̇�Ω(𝜎,𝑇)]                                  (3)
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where E is the apparent Young’s modulus,  = 108/s is strain rate. For a set of silver PTNWs with constant �̇�

diameter, the equivalent nucleating sites are correlated with length by N=2*5L/, where denotes the 

magnitude of repeat vector a0<110>/2 (lattice constant a0=4.09 Å for silver), and the Arabic numerals 

“2” and “5” account for the two equivalent nucleation systems of <101>{111} at one point in the five 

wedge-shaped single crystal surface along axial direction.

In order to elucidate the yield events due to dislocation nucleation, we calculated two sets of activation 

parameters to evaluate the nucleation capacities with respect to average stress over cross section and 

average stress confined to the atoms close to surface (five layers of atoms), respectively, i.e. total appear 

activation parameter (TAAP) and local appear activation parameter (LAAP). The former is a common 

case used in the studies of single crystal or double crystal nanowires15, 11, while the latter is close to the 

right parameters that evaluate the true nucleation process due to the anisotropy stress field of cross section 

of PTNWs. 

Given the activation energies Q0 under different strain calculated by FENEB at 0 K and the average 

tensile stresses in different regions as mentioned above, shown in Fig. S13c with circular and square 

solid points, we employed equation (2) to fit the corresponding parameters with T = 0, and get 

Q =15.14eV,  =7.13GPa, and TP=4.59 for TAAP, and Q =25.41eV,  =6.37GPa, and LP=3.52 TP0 TPath LP0 LPath

for LAAP. Moreover, the fitted curves of energy barriers with respect to stress are shown in Fig. S13c, 

and the corresponding curves of activation volumes are shown in Fig. S13d. Intuitively, the activation 

parameters of LAAP (blue curves in Fig. S13c and Fig. S13d) are greater than that of TAAP (red curves 

in Fig. S13c and Fig. S13d) at same level of stress. Specially, when the stress is limited to the range of 

3.25 to 4.0 GPa, the LAAP are 2.05 to 0.78eV and 15.38 to 7.68b3 for energy barrier and activation 

volume, respectively, while the TAAPs are 0.93 to 0.35eV and 7.28 to 3.37b3 for energy barrier and 

activation volume, respectively. 

In addition, we solve numerically the equation (3) for the most probable nucleation stress by substituting 
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0=6.62*1011/s (obtained by calculating the curvature of the minimum energy pathway suggested by Zhu 

et al.11 ), T=300 K, and Tsm=617 K (assumed to be half of the melting point of silver at room temperature), 

and obtain 3.88 and 3.71 GPa for silver PTNW with length of 15.1 and 161.3 nm, respectively. The 

theoretical prediction results are similar to that calculated by MD simulation. 

It is well known that the smaller the activation parameter is, the more likely the dislocation nucleation 

occurs. Hence, the result indicates that the ability of nucleating dislocation evaluated by TAAP, closing 

to the experimental evaluation value, is overestimated relative to that evaluated by LAAPs, similar to the 

true situation, which is consistent with the implication that the relative low sensitivity of surface stress 

to tensile strain due to the unique CTBs structure. In comparison, the activation volumes of both cases 

are close to the results of theoretical predictions (1–10b3) for Cu single nanowires11, and the activation 

volumes in TAAPs are quite close to the fitted values of 1.6–9.2b3 for silver PTNWs16. Whereas the 

LAAPs are higher than that of the single crystal nanowire or the TAAPs, it is small enough to be 

susceptible to temperature and strain rate11 and support the dislocation nucleation serving as the control 

mechanism in the incipient plasticity of silver PTNWs. 

Fig. S13. Activation parameters for dislocation nucleation of silver penta-twinned nanowires. (a) Energy 
barrier of partial dislocation of silver penta-twinned nanowires with diameter of 10 nm subjected to 
tensile strain 0.052 at temperature 0 K, calculated using the free-end nudged elastic band method. (b) 
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Several snapshots of cross section of nanowires showing only stacking fault atoms and surface atoms, 
describing the evolution of the first dislocation nucleation. (c) Energy barriers as function of average 
cross-sectional stress (circle solid point and fitted red line) and average surface stress (square solid points 
and fitted blue line), each value of both corresponding to a shared strain. (d) Activation volumes 
corresponding to panel (c). The results show that the nucleation capability described by cross section 
activation parameters (circle solid point and fitted red line) is overestimated due to the anisotropic stress 
distribution.

Furthermore, recent report17 shows that the activation parameters of single crystal nanowires highly 

correlate with diameter varying, because the surface stress of nanowire is sensitive to the variation of 

diameter in nano scale. Hence, the variation of surface stress of silver PTNWs has significant effect on 

dislocation nucleation. However, it is beyond the scope of this work, and future work will involve this 

part of content.

Fig. S14 Yield strength versus the length of nanowires. the small solid balls represent the data calculated 

by MD simulation, while the red solid curve is abstained by solving numerically the formula (3) 

suggested by Zhu et al.11. The calculated results are consisted with the theoretical prediction values in 

principle. For more details of the parameters used in this calculation, please refer to the text.
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SI-9: Fracture surface morphology and geometric parameters

Fig. S15 the morphology of fracture surface when the separation has just happened at stain 0.069. (a) 
stress-stain curve; (b) fracture surfaces. 
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SI-10: Calculation of critical aspect ratio of nanowires with shear band 

Fig. S16 Diagrammatic sketch of deformation process for silver penta-twined nanowire. (a) Nanowire is 
at the state of complete relaxation. (b) nanowires is stretched with critical strain, where the first yield 
event will be activated. (c) Schematic diagram of fracture region structure during yielding process.

In Fig. S13a, the expansion of the volume of nanowires with square cross section, followed what the 

literatures18 suggested, due to elastic tension can be calculated by
𝑉𝑐 = 𝑎2𝐿0𝜀𝑐

The collapse volume of local atoms over the shear region is approximate estimated by
𝑉𝑠 = 𝑎2 ∙ ℎ = 𝑎2 ∙ 𝑠cot 𝛽

As described in the text, the difference between volume storing elastic energy and released volume must 

be positive, which contains the driving energy for slip of shear band, i.e.
Δ𝑉 = 𝑉𝑐 ‒ 𝑉𝑠 ≥ 0

Hence, 
𝐿0𝜀𝑐 ≥ 𝑠cot 𝛽

Furthermore, the effective range of shrinkage is . when  indicates a state that shear band 0 ≤ 𝑠 ≤ 𝑎 𝑠 = 0

has not been activated yet; when  signifying two ends of the shear band are about to be 𝑠 = 𝑎

separated (Fig. s13c). when  takes the maximum value of , above inequality all always set up, thus 𝑠 𝑎

we take , which is as the same as in the literatures18, 19.𝐿0 𝑎 ≥ cot 𝛽 𝜀𝑐
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SI-11: Nanowire stretching process

Mov. s1. showing the evolution of dislocation activities of silver penta-twinned nanowire with L/d=3.16, 

according which stable dislocation nucleation mediated incipient plasticity and then pore-assisted 

plasticity with stable dislocation motion are identified. 

Mov. s2. showing the evolution of dislocation activities of silver penta-twinned nanowire with L/d=9.56, 

according which unstable dislocation nucleation mediated incipient plasticity and then rapid necking are 

identified.
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