
–

journal homepage: www.elsevier.com/locate/jmps 

mailto:sxm2@pitt.edu
www.sciencedirect.com/science/journal/00225096
https://www.elsevier.com/locate/jmps
https://doi.org/10.1016/j.jmps.2021.104687
https://doi.org/10.1016/j.jmps.2021.104687
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmps.2021.104687&domain=pdf
https://doi.org/10.1016/j.jmps.2021.104687


–

–



− −

–

σ

σ=E ⋅
a1 − a0

a0

,

’

–

– ε

ε= L1 − L0

L0

,



σ = E ⋅
a −a

a
σ = E ⋅

a −a

a
ε = L −L

L

< > < > < >

< >

< > < > < > < > <

> –

–

’

’

[ ] [ ] [ ]
× [ ]

−

–

[ ]



ø

ø

− −

’

–

< > − −

– © 



“ ” 

[ ]

( ) [ ]a [ ]a
a

a

ε= σ1 − σ2

E
+ L2 − L1

L0

,

σ σ

σ σ

σP = 1

s

(
2αμbP

D
+ γSF

bP

)
,

σF = 1

s

(
2αμbN

D

)
,

μ γ
α 

μ γ
– –

–

–

– –

© 



− −

– – –

© 



–

σL= αγUSF/(bs),

α ≈ π γ

σT= α(γUTF − γISF)/(bs),

γ γ γ γ γ

[ ]

[ ]
− −

–

– –

−

–

– –



[ ]a ( ) [ ]a ( )
[ ]

̅̅√
a

L

[ ]

[ ] −
–

–

− −
’

–

– –

− −
’

´

– – – –



− −
–

–

–

– © 

− −
–

–

– –

© 



− −

’

< > < > < >

< >

< >

< >

< >

− −

–

–

–

© 



Journal of the Mechanics and Physics of Solids 158 (2022) 104687

12

6. Summary and outlook 

The rapid development of small-sized electronic devices has brought the mechanical reliability of nanoscale metals to the fore. 
Experimental molecular dynamics with in situ mechanics approach provides a unique opportunity for gaining deep insights into the 
individual atomic-scale plastic events and the consequent stress-strain behaviors via directly analyzing the change of lattice spacing 
and gauge length during mechanical loading. We have discussed three plastic events, including full dislocation slip, deformation 
twinning and shear band, and characterized the resultant stress-strain responses in nanoscale crystals with different crystal structures. 
The stress drops and strain bursts, characteristics of individual plastic events, are investigated, and the critical stresses for activating 
the nucleation and growth of atomic-scale defects are obtained. Theoretical analysis on our experimental results, and the comparison 
between the experimental and computational results reported in the previous studies demonstrate that the approach of experimental 
molecular dynamics proposed in this work is feasible and effective. The main findings mentioned in above sections are summarized as 
follows:  

(1) Surface step with localized stress concentration acted as a dislocation nucleation site mediating plastic deformation in an Au 
NW. Plastic flow was mediated by alternating dislocation starvation and follow-up dislocation nucleation and glide, resulting in 
cyclic stress rises and drops under the displacement-controlled loading. There existed localized stress concentration in the 
necking region, causing the final fracture failure the Au NW.  

(2) In Ag and W NWs, deformation twin nucleated and then grew through layer-by-layer movement of partial dislocations emitted 
from free surface. Compared to a twinning partial, the nucleation stress for a leading partial was larger in Ag NWs. In W NWs, 
twin nucleation stress was much larger than twin growth stress. The stress-strain behaviors, associated with atomic-scale 
twinning processes, can be well-understood in terms of the GSFE in metals with cubic structure. In contrast, {1012} twin in 
Re NW was mediated by P→B transformation instead of twinning dislocations. In Re NW, twin growth stress, lower than twin 
nucleation stress, increased with the applied strain slightly.  

(3) In the compression test of the W NW, plenty of dislocation activities induced the nucleation of a shear band, resulting in obvious 
strain softening. Shear band nucleation stress was much larger than shear band growth stresses, which may be attributed to the 
high stress concentration near the shear band interface caused by the non-symmetric geometry of the sample with shear band. 

To date, much scientific and practical interest is currently focused on the mechanical properties and atomic-scale deformation 
mechanisms in several kinds of nanoscale materials under laboratory conditions, which is a small fraction of what actually happened in 
practical applications. Deep insights into the atomic-scale plastic events in nanoscale metals and the consequent stress-strain responses 
under different experimental conditions are critical for not only basic science but also realizing the potential applications of nanoscale 
metals in the next generation nanodevices. Thus, some interests for future research are enumerated as follows.  

(1) The effects of chemical gas on the mechanical properties of nanoscale metals remain largely unexplored, since the in situ TEM 
nanomechanical tests were usually conducted in vacuum chambers (Sen et al., 2014; Shin et al., 2019). Thus far, the adaptation 
of in situ mechanical testing to gas environmental TEM remains a significant challenge. Very recently, Yin et al. (2019a) per
formed MEMS-based in situ TEM tensile testing of penta-twined Ag NW with hydrogen charging, and they revealed a transition 
in failure mechanism from distributed plasticity to localized necking in penta-twinned Ag NWs due to the presence of hydrogen 
around the surface nucleation sites. A thorough understanding of the individual atomistic plastic events and the resultant 
mechanical responses in nanoscale metals under different chemical atmospheres is of paramount importance for predicting the 
mechanical reliability of nanostructured metals in a practical application.  

(2) Interface in nanostructured metals plays an important role in mediating deformation. In nanoscale metals with substantial 
surface area to volume ratio, surface energy, correlated with the aspect ratio, affected the deformation mechanism in operation 
(Cheng et al., 2017; Filleter et al., 2012; Qin et al., 2015; Ramachandramoorthy et al., 2015b). In metallic multilayered 
composites, with the layer thickness decreased from sub-microns to few nanometers, the operative mechanism changed from a 
dislocation pile-up-based Hall–Petch model to confined layer slip of single dislocations and finally to an interface cutting 
mechanism (Li and Zhang, 2010; Li et al., 2007; Misra et al., 2005; Yan et al., 2013). In nanocrystalline metals, mechanically 
driven GB migration plays a significant role in deformation processes, including grain growth, recrystallization, phase trans
formation (Cahn et al., 2006; Luo et al., 2017; Renk et al., 2014; Wang et al., 2017b; Zheng et al., 2020), strongly influencing the 
mechanical properties of nanostructured metals. To date, atomic-scale deformation mechanisms of interface-mediated plas
ticity are still in their relatively infancy, because of the complex interface structure (Caillard et al., 2009). Advanced 
Four-dimensional scanning transmission electron microscopy (4D-STEM) may reveal new atomic-scale mechanisms of 
interface-mediated plasticity, leading to the solutions of many longstanding puzzles.  

(3) Alloy materials, such as transformation-induced plasticity (TRIP) steels, twinning-induced plasticity (TWIP) steels and high- 
entropy alloys (HEAs) have been designed to achieve a good combination of ultrahigh strength and substantial uniform 
ductility, which have received much recent attention (Naeem et al., 2020; Zhang et al., 2015; Zhang et al., 2017). Alloying 
atoms are demonstrated to tune the mechanical properties of alloys via changing their microstructural features. For instance, 
atomic-scale lattice distortion, caused by the variation in atomic size and electronic structure in a HEA with pronounced 
compositional inhomogeneity, influences the dislocation behaviors and thus the mechanical properties (Ding et al., 2019; Ma, 
2020; Naeem et al., 2020; Wang et al., 2017c). The newly developed energy-dispersive X-ray spectroscopy (EDS) is capable to 
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investigate the atomic-scale element distributions in alloys (Ding et al., 2019; Du et al., 2020). In situ straining test with 
advanced EDS should be a promising way to gain atomic-scale insights into the influence of alloying atoms on the deformation 
mechanisms and mechanical properties, providing new clues for rationally designing high-performance alloys via varying alloy 
composition.  

(4) Until now, numerous theoretical and experimental investigations have been conducted to study the mechanical properties and 
atomic-scale deformation behaviors in nanoscale metals under uniaxial loading at room temperature (Wang et al., 2013c; 
Weinberger and Cai, 2012; Zheng and Mao, 2021; Zhu and Li, 2010). As is well known, the mechanical properties and 
deformation behaviors of nanoscale metals are size-, strain-rate- and temperature-dependent (Chen et al., 2015; Guo et al., 
2015; Sun et al., 2014b; Zhang et al., 2021). The experimental laboratory results are thus difficult to be applied to the nano
structured metals serving under extreme conditions, such as high strain rate, elevated temperature and complex loading. 
Recently, advanced in situ TEM mechanical testing have been developed, which can investigate the NWs under high strain rate 
at elevated temperature (Chang and Zhu, 2013; Chen et al., 2014; Kang and Saif, 2011; Li et al., 2020). For instance, Cheng et al. 
(Cheng et al., 2019; Cheng and Zhu, 2020) reported that the crystalline Silicon (Si) NWs under tension are brittle at room 
temperature but exhibit ductile behavior at high temperatures. Deep insights into atomic-scale plastic events and the resulting 
stress-strain responses under different experimental conditions could inspire new means to design mechanically stable nano
structured metals to guarantee the reliability of small-scale devices in practical applications. 
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