
ABSTRACT 

CHENG, GUANGMING. In Situ Investigation of Deformation Mechanisms in Crystalline 

Nanowires. (Under the direction of Dr. Yong Zhu). 

 

Nanowires (NWs) are among the most important building blocks for a wide range of 

nanotechnology applications. The operation and reliability of NW-based devices call for the 

investigation of the mechanical properties and deformation behaviors of NWs. In this thesis, 

we focus on the mechanical behaviors of three types of NWs, SiC, ZnO and Ag NWs, including 

fracture mechanism of SiC NWs, anelasticity of crystalline NWs, deformation mechanism of 

Ag NWs, and recoverable plasticity in twinned Ag NWs. 

Quantitative mechanical characterization of SiC NWs reveals that the size effect on 

fracture strength of SiC NWs is attributed to the size-dependent defect density rather than the 

surface effect that is common for single crystalline NWs. The SiC NWs are synthesized using 

the vapor-liquid-solid process with growth direction of <111>. They consist of three types of 

structures, pure face-centered cubic (3C) structure, 3C structure with an inclined stacking fault, 

and highly defective structure, in a periodic fashion along the NW length. The SiC NWs are 

found to deform linear elastically until brittle fracture. Their fracture origin is identified in the 

3C structures with inclined stacking faults, rather than the highly defective structures. The 

fracture strength increases as the NW diameter decreases from 45 to 17 nm, approaching the 

theoretical strength of 3C SiC.  

We report large anelastic behavior in single crystalline NWs. In situ bending tests of 

individual NWs showed that, upon removal of the bending load and instantaneous recovery of 

the elastic strain, a substantial portion of the total strain gradually recovers with time. We 

attribute the observed large anelasticity to stress-gradient-induced migration of point defects, 

as supported by electron energy loss spectroscopy measurements and also by the fact that no 



anelastic behavior could be observed under tension. We model this behavior through a 

theoretical framework by point defect diffusion under high initial strain gradient and short 

diffusion distance, expanding the classic Gorsky theory. Finally, we show that ZnO single 

crystalline NWs exhibit a high damping merit index, suggesting crystalline NWs with point 

defects are promising for damping applications. 

We reveal transition of deformation modes in bi-twinned Ag NWs with a single twin 

boundary (TB) running parallel to the NW length direction. Localized dislocation slip and 

detwinning-twinning deformation depend on the volume ratio between the two twin variants 

and the cross-sectional aspect ratio. Specifically, in bi-twinned Ag NWs with balanced grain 

volume ratios localized dislocation propagation across the entire cross-section lead to 

permanent slip and limited fracture strain, while in those with small volume ratios, twinning 

propagation takes place following a detwinning process leading to superplasticity through 

reorientation of the NW. Both experimental and theoretical results corroborated that interaction 

of multiple localized dislocations at the TB mainly governs the detwinning process. A criterion 

is proposed for determining the deformation modes in face-centered cubic metallic NWs 

containing an internal TB with certain cross-sectional aspect ratio. 

Metallic NWs with internal TBs running parallel to the NW length exhibit unusual 

time-dependent mechanical behavior owing to the interaction of dislocations with TBs. In situ 

TEM tensile experiments show that bi-twinned Ag NWs undergo stress relaxation upon 

loading at a stress level close to the yield point and plastic strain recovery upon unloading. 

Both experimental and simulation results confirmed that stress relaxation originates from the 

nucleation of dislocations from the free surface, while strain recovery is due to the reverse 

motion of dislocations driven by the repulsive force from the TB. Marked difference was found 



in the plasticity in bi- and penta-twinned Ag NWs in terms of the stress relaxation, strain 

recovery and the interaction between dislocations and TBs, which is attributed to the difference 

in their microstructures.  
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CHAPTER 1  

INTRODUCTION 

1.1 One Dimensional Nanomaterials 

One dimensional (1D) nanomaterials such as nanowires (NWs) are widely regarded as 

among the most important building blocks of bottom-up nanotechnologies owing to their 

outstanding mechanical properties in addition to electrical, thermal and optical properties. [1-

13] As such, they have been demonstrated in a broad range of applications including 

flexible/stretchable electronics [14-16], optoelectronics [17], energy harvesting and storage [5, 

6, 8], ultrasensitive sensors [18, 19], and nanoelectromechanical systems [20, 21]. For 

examples, Ag NWs are being investigated as the conductive elements in flexible electronic 

systems. Because of their high conductivity and ease of synthesis, they have been employed in 

diverse applications such as high-conductivity flexible interconnects, mechanically tunable 

antennas, and strain sensors. [22-24] By taking advantage of the superior mechanical properties 

and piezoelectric property of ZnO NWs, a ZnO NW-based nanogenerator has been developed, 

which can convert ambient vibration, hydraulic energy, and mechanical movement to 

electricity. [8, 25] Si NWs with rough surfaces can be essentially thermal insulators, but with 

good electrical conductivity. [26, 27] They can be used as excellent thermoelectric materials 

in solar cells for converting heat to electricity. [28]  

The operation and reliability of the NW-based devices call for a more thorough 

understanding of the mechanical behaviors of NWs. Due to the size refinement, surface, 

internal defects such as point defects (vacancy and interstitial) and grain boundaries (including 
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twin boundaries, TBs) are the main factors to affect the mechanical behaviors of 1D 

nanomaterials. Size and surface effects are dominant for these small volume materials as the 

characteristic dimension approaches sub-100 nm. [29-32] On the other hand, as-synthesized 

NWs typically possess different types of defects such as TBs and stacking faults (SFs). [2, 33] 

Thus it is of particular interest to study how preexisting defects can affect the mechanical 

behaviors of NWs. 

In this thesis, we focus on the mechanical behaviors of three types of NWs, SiC, ZnO 

and Ag NWs. We emphasize on the nanomechanics revealed by in situ nanomechanical testing 

under scanning electron microscope (SEM) or transmission electron microscope (TEM), 

including fracture mechanism of SiC NWs, anelasticity of ZnO NWs, deformation mechanisms 

of Ag NWs and recoverable plasticity in twinned Ag NWs.  

 

1.2 Nanowire Synthesis  

Fabrication of NWs with well-controlled surface, orientation, and size is the first step 

in the development of NW-based devices. NWs can be prepared by a variety of methods, which 

can be generally categorized as top-down or bottom-up approaches. [9, 21, 34-40] In the top-

down approaches, the NW features are patterned at the surface of bulk materials, such as Si 

wafers, by a combination of lithography, doping, etching and deposition. [9, 21, 39, 41, 42] 

Bottom-up approaches produce 1D nanostructures via directed self-assembly of atoms from 

source materials. [43] They have been widely used for the growth of NWs, producing NWs 

with relatively smooth surfaces, which can be difficult to achieve using top-down approaches.  
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The most widely used NW synthetic methods for bottom-up approaches are vapor 

phase synthesis such as the dominant nanocluster-catalyzed vapor-liquid-solid (VLS) 

approaches since they can yield NWs with high crystallinity, monodispersity, and controlled 

morphology. The products can be in the form of single crystals [44, 45], twinned crystals [46-

49], and core-shell NWs [50]. For example, in the case of Si NWs [21] (Figure 1.1), a volatile 

gaseous precursor such as silane SiH4 [51] or disilane Si2H6 [52], serves as the Si source for 

growth. The Au (or Ag, Pt, Al, etc. [52-54]) nanoclusters are heated above the eutectic 

temperature for the Au-Si system, resulting in a Au/Si liquid droplet. The continued feeding 

of Si reactant into the liquid droplet supersaturates the eutectic, leading to nucleation of the 

solid Si. The solid-liquid interface forms the growth interface, which acts as a sink for the 

continued Si atoms incorporated into the lattice and the continuous growth of the NW with the 

droplet riding on the top. During VLS growth, Si NWs are formed in near-equilibrium 

condition, and the growth processes can thus be considered primarily thermodynamically 

driven. As a result, the preferred growth direction is the one that minimizes the total free 

energy.  

On the other hand, solution-phase methods based on capping reagents have been 

commonly used for synthesizing metallic NWs. [55, 56] The shape of a crystal is determined 

by the relative specific surface energies associated with the facets of this crystal, reflecting the 

intrinsic symmetry of the corresponding lattice. At equilibrium, a crystal has to be bounded by 

facets giving a minimum total surface energy, known as the Wulff facets theorem. [57] The 

shape of a crystal can also be considered in terms of growth kinetics, by which the fastest 

growing planes should disappear to leave behind the slowest growing planes as the facets of 
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the product. [58] Therefore, the shape of a crystal can be controlled by introducing appropriate 

capping reagents to change the free energies of the various crystallographic surfaces and thus 

to alter their growth rates. For example, Sun et al. reported a solution-phase methods that 

generates Ag NWs, by reducing silver nitrate with ethylene glycol in the presence of poly 

(vinyl pyrrolidone) (PVP), shown in Figure 1.2. [55] Pt nanoparticles serve as seeds for the 

heterogeneous nucleation and growth of Ag NWs because of their close match in crystal 

structure and lattice constants.  

 

 

Figure 1.1 Schematic of VLS growth of Si NWs. A Au/Si liquid droplet is first formed above 

the eutectic temperature (363 °C) of Au and Si. The continued feeding of Si in the vapor phase 

into the liquid alloy causes oversaturation of the liquid alloy, resulting in nucleation and 

directional NW growth. [21] 

 

Furthermore, it has been reported that free-standing, high aspect ratio, single crystalline 

NWs of a variety of different materials (Cu, Au, Ag, Ag, and Si) have been successfully grown 

from partially C-coated, oxidized and nonoxidized Si substrates under molecular beam epitaxy 

(MBE) conditions. [38] Taken Cu NWs as example (Figure 1.3), both elevated substrate 
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temperatures (on the order of 0.65 TM of the deposited species) and the partial C layer are 

necessary to achieve NW growth. The effect of C morphology on Cu diffusion [59-61] will 

influence the location and density of NW nuclei. Since the interfacial energy between Cu and 

C is high [62], it is energetically unfavorable for nuclei to grow laterally onto the C film. This 

could help to force the nuclei to grow vertically. Once nuclei have formed, further growth 

occurs by diffusion of Cu adatoms on the C covered substrate to the existing nuclei and 

incorporation.  

 

 

Figure 1.2 Schematic illustration of major experimental steps involved in the preparation of 

Ag NWs through a polyol process with Pt nanoparticles as the seeds: (A) Formation of bimodal 

Ag nanoparticles through heterogeneous nucleation on Pt seeds and homogeneous nucleation; 

(B) evolution of rod-shaped Ag nanostructures as directed by the capping reagent, PVP; and 

(C) growth of the Ag nanorods into NWs at the expense of small Ag nanoparticles. [55] 
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Figure 1.3 SEM images of Cu whiskers. (a) Nominal film thicknesses of 45 nm Cu were 

thermally evaporation deposited at 650 °C with a nominal deposition rate of 0.05 nm/s. The 

NWs shown in this micrograph have a maximum length of 10 um, and the diameters vary from 

30 to 100 nm. (b) NWs formed on one of the cleavage planes. The NWs are free-standing and 

appear perpendicular to the surface. [38] 

 

1.2.1 SiC NWs 

As one of the most important compound semiconductors, SiC has shown exceptional 

properties such as wide (tunable) bandgap, high strength, high thermal conductivity, good 

thermal shock resistance, low thermal expansion and good chemical inertness. [63-66] These 

unique properties make SiC recognized as an ideal candidate for power electronics, hostile-

environmental electronics, blue light emitting diodes, sensors, composites and heterogenous 

catalyst supports. [67-72] With low dimensionality, quantum confinement and shape effects, 

nanoscaled SiC materials are expected to exhibit properties that their bulk counterparts may 

not have due to increasing surface-to-volume ratio.[72-74] For instance, SiC nanoresonators 
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are capable of yielding substantially higher frequencies than GaAs and Si counterparts for 

given dimensions. [74]  

Vapor-phase synthesis is the most well-established approach to the formation of SiC 

NWs, which usually have high crystal integrity, clear and clean faceted structures, and 

controllable compositions. [40] The common vapor-phase techniques include chemical vapor 

deposition (CVD), thermal evaporation, heating, combustion, pulsed-laser deposition, arc 

discharge, electrospinning, and so on. Figure 1.4 shows SiC NWs prepared by using high-

temperature thermal evaporation through the VLS process. [75] The source materials are SiO2 

and C powder, plus a small amount of Fe powder as catalyst. The mixture of these materials 

evaporates at 1500 °C, near the center of an Al2O3 tube. The evaporated source moves 

downstream with Ar flow and deposits on the substrate at about 800 °C. With numerous 

polytypes, SiC NWs also contain many SFs or nanotwins within 3C crystalline structure.  

 

 

Figure 1.4 (a) SEM image of SiC NWs, with a cross-sectional view in the inset. (b) Bright 

field TEM image of a SiC NW in three stages (center), with transitions shown at the two 

corners. [75] 
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1.2.3 ZnO NWs 

ZnO is an important semiconducting and piezoelectric material with a large exciton 

binding energy and a wide band gap. [76, 77] ZnO NWs have been found broad applications 

ranging from nanoelectromechanical systems (NEMS) [78, 79] to nanosensors [80, 81] to 

nanogenerators [82]. ZnO NWs provide an attractive candidate system for fundamental 

quantization and low-dimensional transport studies [79]. The large surface area of the NWs 

and bio-safe characteristics of ZnO makes them attractive for gas and chemical sensing and 

biomedical applications, and the ability to control their nucleation sites makes them candidates 

for micro-lasers or memory arrays.  

ZnO nanostructures can be synthesized by different methods. Most of them are bottom-

up methods like wet chemical method, [83-85] chemical or physical vapor deposition, [86-88] 

pulsed laser deposition and molecular beam epitaxy [89-91]. There is also a top-down approach 

to fabricate ZnO nanostructures. [92] Among these methods, ZnO nanostructures synthesized 

via VLS growth mechanism can be well controlled on orientation, position, size, morphology 

and density, as shown in Figure 1.5. [93] With Au colloids as the catalysts, a mixture of ZnO 

and graphite powders in a quartz boat was used as the Zn source. [79] The quartz boat was 

heated to 950 °C by a local heater, and the generated Zn vapor was carried by a flow of Ar to 

the growth zone, where O2 was injected to enable the NW growth. The temperature of the 

growth zone was held at 820 °C during the growth under a constant pressure of 7.5 Torr. 
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Figure 1.5 Schematic showing the growth mechanism of ZnO NWs, (b) SEM image of ZnO 

NWs grown on Si (100) substrate. [93] 

 

1.2.2 Ag NWs 

Ag NW is an important class of metallic NWs because of its potential use as 

interconnects in view that bulk silver exhibits the excellent electric and thermal conductivity 

among metals. Ag NWs have been found broad applications in flexible/stretchable electronics 

as conductors or electrodes. [22, 94-97] Another interesting property of Ag NWs is the surface 

plasmon resonance which refers to the collective oscillation of conduction electrons in 

resonance with incident radiation. [98] Hence, Ag NWs have also been used in a wealth of 

applications including biosensing and plasmonic waveguiding. [99]  

Various methods have been developed to synthesize Ag NWs with or without internal 

twin boundaries (single crystalline, bi-twinned and penta-twinned) running parallel to the 

length direction. [38, 100, 101] Single crystalline and bi-twinned Ag NWs are often 

synthesized by physical vapor deposition onto Si substrates under ultrahigh vacuum conditions 

at elevated temperature. Bare Si substrates were inserted into an ultra-high vacuum molecular 
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beam epitaxy system with pressures at ~10-10 mbar. A Ag source was heated up to 800 ˚C and 

deposited at a rate on the order of 0.01 nm s-1 onto the substrates, which were maintained at 

750˚C during the deposition process. The NWs grown on Si substrates often have lengths of at 

least 5 to 25 μm and diameters between 50-150 nm. The bottom-up growth at near-equilibrium 

conditions results in distinct surface facets, and the NWs show no evidence of taper or visible 

roughness on the surfaces, as shown in Figure 1.6. [102]    

 

 

Figure 1.6 (a) SEM image showing single crystalline or bi-twinned Ag NWs on Si substrate. 

(b) TEM image of single crystalline Ag NW with growth direction of <110>. Scale bar, 200 

nm. Right and left insets (scale bar, 100nm) in (b) show the selected area electron diffraction 

(SAED) pattern taken from <110> zone axis and the hexagonal cross-sectional shape from 

SEM observation, respectively. [102] 
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Penta-twinned Ag NWs are synthesized via a polyol method that generated silver 

NWs by reducing Ag nitrate with ethylene glycol in the presence of PVP. [55, 90] The key to 

the formation of 1D nanostructures is the use of PVP as a polymeric capping reagent and the 

introduction of a seeding step. When Ag nitrate is reduced in the presence of seeds (Pt or Ag 

nanoparticles of a few nanometers across), Ag nanoparticles with a bimodal size distribution 

are produced via heterogeneous and homogeneous nucleation processes, respectively. In the 

following step, Ag nanoparticles with larger sizes will grow at the expense of smaller ones 

through the Ostwald ripening process. In the presence of PVP, most Ag particles can be 

confined and directed to grow into NWs with uniform diameters. Figure 1.7 shows penta-

twinned Ag NWs synthesized via solution-phase methods. [102] 

 

 

Figure 1.7 (a) SEM image showing penta-twinned Ag NWs. (b) TEM image of penta-twinned 

Ag NWs showing five-fold twinned structure. Scale bar, 200nm. Right and left insets (scale 

bar, 20nm) in (b) display the corresponding SAED pattern and the pentagonal cross-sectional 

shape, respectively. [102] 
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1.3 Mechanical Characterization 

1.3.1 Size Dependent Mechanical Behavior in NWs 

The “smaller is stronger” trend has been observed in a number of crystalline metallic 

and semiconductor NWs, where the surface effect plays a dominant role as the sample size 

decreases into nanoscale. [2, 33, 38, 103-108] Figure 1.8 shows the strength of metal Cu [38, 

109-112] and semiconductor SiC [113-118] whiskers as a function of the diameter. As the 

whisker diameter decreases from micrometers to tens of nanometers, the fracture strength 

increases and tends to approach the theoretical strength of the materials.  

On the other hand, surface plays a dominant role in the size effect on elasticity of NWs 

owing to the large aspect ratio of surface and volume. [119-122] Due to a competition of factors 

such as bond saturation and redistribution of electron density, surfaces can be either elastically 

stiffer or softer than the underlying bulk material. [123, 124] In addition, surface stresses, 

which also arise from the coordination number reduction of surface atoms, cause deformation 

of not only the surfaces but also the underlying bulk material to maintain the overall 

equilibrium [125], which changes the elastic properties of the NWs (nonlinear elasticity). The 

surface stresses can cause surface reconstruction that further changes the surface elasticity and 

surface stress. [30, 124] Figure 1.9 show the Young’s modulus of Ag [126] and ZnO [127] 

NWs as a function of the diameter. Both showed a clear size effect – the Young’s modulus 

increases with decreasing the NW diameter when the diameter is below ~100 nm, which was 

attributed to the surface elasticity. 
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Size effect on the strength and Young’s modulus of 1D nanomaterials has been well 

investigated in the past decades. [2, 33, 38, 103-105]  However, effect of internal defects in the 

NWs on the mechanical behavior of 1D nanomaterials have been scarcely studied. As 

mentioned before [75], SiC NWs have quite complicated microstructures due to the co-

existence of polytypes [64]. SiC could be face-centered cubic (FCC) (i.e., 3C or β-SiC), 

hexagonal-close-packed (i.e., 2H-SiC) or other highly-ordered structures (e.g., 4H and 6H). 

SFs and nanotwins are also common in SiC due to the low SF energy. Therefore, it is of 

important relevance to identify which polytype or microstructure is more prone to fracture. In 

Chapter 2, we reveal the effect of size-dependent defect density on the mechanical properties 

of SiC NWs via in situ tensile testing and microstructure characterization of SiC NWs before 

and after deformation.  

 

 

Figure 1.8 (a) Strength plotted as a function of whisker diameter and compared to reported 

values of strength of pure Cu single crystalline small scale specimens. [38, 109-112] (b) 

Fracture strength of SiC NWs and whiskers as a function of the diameter. [113-118] 
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Figure 1.9 (a) Modified Young’s modulus as a function of NW diameter. The measured 

Young’s modulus was normalized by the bulk modulus of 84 GPa. [126] (b) Young’s modulus 

versus diameter of ZnO NWs from both tension and buckling tests. The fitting curves from the 

core-surface model (solid) and the core-shell model (dash) are also plotted. Inset shows the 

schematic of both models. [127] 

 

1.3.2 Anelasticity in Crystalline NWs 

When materials are subjected to an external stress, they will experience elastic 

deformation followed by irreversible plastic deformation (for ductile materials) when the 

external stress is higher than the yield stress of the materials and finally fracture. The elastic 

deformation is reversible, that is, the materials will resume their original shapes once the 

applied stress is retracted. In most materials, the recovery is immediate, but in some materials 

there is a delay in shape recovery after the applied stress has been removed. This time-

dependent behavior is called anelasticity. [128] Anelastic materials exhibit gradual full 

recovery of deformation once a load is removed, leading to efficient dissipation of internal 
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mechanical energy [129]. As a consequence, anelastic materials are being investigated for 

energy damping applications. [130, 131]  

Anelasticity has been observed in alloys [132-134], ceramics [134] and bulk metallic 

glasses [135] owing to migration of point defects, phase transformation, motion of grain 

boundary, etc. In general, anelasticity is due to time-dependent structural evolution at the 

microscopic and atomic scales that are attendant to the deformation. For example, point defects 

which cause a change of lattice parameter and have a relatively high mobility give rise to a 

relaxation process which has been called the Gorsky relaxation [129]. A schematic illustration 

of the Gorsky effect is shown in Figure 1.10a. [136] In a gradient of dilatation caused for 

instance by bending a beam-shaped sample, the interstitials will migrate from the compression 

to the dilatation region (for vacancies the opposite direction) thus building up a gradient in 

defect concentration which manifests itself macroscopically as a time-dependent reversible 

strain. Figure 1.10b shows the time dependence of the anelastic strain of Ta with 4.3 at.% H at 

different temperatures. At macroscopic scale, however, anelaticity is usually very small or 

negligible, especially in single crystalline materials [137, 138].  

Anelasticity was frequently observed in nanocrystalline (NC) metallic materials 

associated with their large content of GBs. For instance, in NC Au, the large anelastic strain 

was considered to be caused by cooperative motion of atoms in the GBs. [133] Anelasticity 

was also observed in NWs recently. [139, 140] For example, Figure 1.11 presents a series of 

TEM images showing the anelastic behavior of a GaAs NW with a diameter of ∼25 nm. [139] 

The anelasticity of GaAs NWs was considered to be attributed to the amorphous surface layer. 

However, the detailed mechanism remain elusive. 
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Figure 1.10 (a) A schematic illustration of the Gorsky effect. (b) Time dependence of the 

anelastic strain at different temperatures (Ta + 4.3 at%H). [136] 

 

So far a vast majority of research on the mechanical properties of NWs has been 

focused on size-dependent elastic modulus and strength [2, 29, 32, 38, 141], with very few 

studies on time dependent responses [139, 140]. In Chapter 3, we report an unexpected 

phenomenon of large anelastic relaxation and energy dissipation in single crystalline NWs 

under bending. The large anelastic behavior in single rystalline ZnO NWs is governed by 

stress-gradient-induced migration of point defects. The observed anelasticity was attributed to 

a type of nonlinear Gorsky relaxation that involves the diffusion of two types of point defects 

under an inhomogeneous stress field. 
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Figure 1.11 A series of TEM images showing the anelastic behavior of a GaAs NW with a 

diameter of ∼25 nm. (a) Before deformation and (b) during deformation, bending contours are 

marked with arrows. (c) Immediately after the external stress was completely released. 

Contrast variation is marked by arrows and the gap between the current and original positions 

of the NW tip is indicated by two dotted arrows. (d,e) The NW gradually reverted to its original 

shape. Dotted ellipses mark the region for contrast comparison. (f) At the instant when the NW 

completely returned to its original shape. The inset in (f) shows the whole length of the NW. 

Scale bar, 200 nm. [139] 
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1.3.3 Deformation Mechanisms in Metallic NWs 

The onset of plastic deformation in metallic materials relies on the nucleation of 

dislocations. Shrinking the size of metallic structures not only leads to an increase of 

mechanical strength but also to a change of deformation mode. [142-148] For metals, a 

transition from dislocation slip to deformation twinning has been reported when their 

characteristic size (grain size or wire diameter) decreases into nanometer scale. [146, 149, 150] 

Twinning deformation has been demonstrated to be dominant in single crystalline FCC 

metallic NWs as a result of superplasticity. [150-152] For example, Figure 1.12 shows the 

twinning deformation in a defect-free Au NW under tensile deformation. [152] The NW 

showed superplastic deformation induced by coherent twin propagation, completely 

reorientating the crystal from <110> to <100>. However, dislocation slip has also been 

observed in FCC metallic NWs leading to limited plastic deformation, shown in Figure 1.13. 

[38] Deformation twinning and dislocation slip are in direct competition since both occur 

through dislocation processes operating on the same set of slip systems. [143, 153] 

Additionally, detwinning has been considered as an alternative deformation mode when twins 

are present in the tested nanostructures under compressive [154] or tensile [155] load. What 

factor determines the deformation mode in metallic NWs is still the subject of ongoing 

discussions. [143, 144, 153]  
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Figure 1.12 TEM images of a Au NW under the tensile deformation. (a) Two nanotwins 

initially nucleated during the plastic deformation. (b) High-resolution TEM (HRTEM) image 

magnified from the magenta square in (a). The twin is composed of two SFs. (c)TEM 

micrograph showing a twin extended to 1 μm length by twin propagation. (d) HRTEM image 

magnified from the cyan square in (c), showing a clear TB along the yellow line. (e,f) SAED 

patterns acquired from two blue dotted circles in (c), the NW lattice is changed from an original 

<110> (e) to a twinned <100> (f). [152] 
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Figure 1.13 Tensile testing of individual Cu whiskers (a) SEM micrograph of whisker 

mechanical testing configuration. Whiskers are gripped by e-beam deposited Pt weldments, 

the force applied on the specimen is measured by either a poly-Si flexure beam apparatus or a 

capacitive based transducer, and the local strain is measured by digital image correlation of 

SEM micrographs obtained during testing. (b,c) SEM micrographs of fracture surfaces of 

deformed whiskers showing shear (b) and brittle (c) failure. [38] 

 

NWs with internal TBs have recently received much attention, owing to the capability 

of the TBs to contribute to hardening by acting as effective barriers to dislocation motion. NWs 

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

studied recently. [103, 106, 155-159]  The effective hardening due to the perpendicular TBs 

requires uniformly small twin spacing across the entire length of NWs, [159] thus imposing a 

challenge to the NW synthesis. The inclined TBs in NWs are prone to migrate, causing the 

coarsening of NWs through detwinning due to the finite resolved shear stress on the inclined 
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TBs when the NW is axially loaded. [155] For the parallel TBs, penta-twinned NWs – each 

NW has five twin segments joined along a common quintuple line in the axial direction – have 

shown pronounced strain hardening. [106] However, the penta-twinned structure introduces a 

complicated internal stress field and additional preexisting defects such as SFs. [102, 106] In 

addition, overlap of the five twin variants makes the in situ TEM not efficient in capturing the 

dislocation dynamics. A simple TB structure in NWs would be ideal to investigate the 

deformation mechanisms especially TB-dislocation interactions at the confined volume. In 

Chapter 4, we reveal transition of deformation modes in crystalline Ag NWs by combining in 

situ TEM tensile testing and atomistic modeling. 

 

1.3.4 Reversible Plasticity in Twinned Metallic NWs  

Recent studies have revealed substantial time-dependent and partially reversible 

deformation behaviors in small-scale materials with characteristic length scale below 100 

nanometers [160], especially nanocrystalline metal thin films [161-164]. These behaviors have 

been attributed to the coupling and competition of reversible dislocation activities and grain 

boundary (GB)-mediated processes at different temperature and strain rates [139, 165-170]. 

More recently, atomistic simulations predicted a reversible transition between two crystal 

orientations during loading, leading to shape memory and pseudoelastic behaviors for several 

FCC single crystalline metallic NWs [171-174]. This phenomenon was attributed to the 

formation of defect-free twins facilitated by relatively low SF energy, nanometer size scale 

and surface stress. 
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However, there has been relatively little study on time-dependent responses of NWs 

under sustained and cyclic loadings, in spite of the obvious importance of this subject to the 

function and reliability of NW-based devices. As well accepted for metallic NWs, dislocation 

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

contrast to the forest dislocation dynamics in bulk materials [143, 146, 153, 174-181]. 

Recently, researchers have revealed recoverable plasticity in penta-twinned Ag NWs governed 

by dislocation nucleation and retraction, as shown in Figure 1.14. [102, 182] Figure 1.14a 

shows representative stress-strain curves of the cyclic behavior of the penta-twinned Ag NW. 

[182] A strong Bauschinger effect, that is, asymmetric plastic flow, and partial recovery of the 

plastic deformation upon unloading were observed in the NW. Further insights into the 

reversible plastic behavior are obtained by in situ TEM investigations, which demonstrated the 

reversible nature of the plastic deformation in these penta-twinned NWs governed by 

dislocation nucleation and retraction during the loading-unloading processes, as shown in 

Figure 1.15. [182] 

A complete recoverable plasticity has been observed in penta-twinned Ag NWs, with 

stress relaxation on loading and complete strain recovery on unloading, shown in Figure 1.14b. 

[102] Interaction between dislocations and multiple TBs were considered to contribute to the 

full plastic strain recovery in the penta-twinned NWs. Recoverable plasticity has also been 

predicted in bi-twinned Ag NWs [102] with a single TB running parallel to the NW length 

direction but there is lack of experimental evidence and the interaction between dislocation 

and single TB remains elusive. In Chapter 5, we report recoverable plasticity in bi-twinned Ag 

NWs via in situ TEM tensile testing.  



 

23 

 

 

Figure 1.14 (a) Representative stress-strain curves under repeated unload−reload cycles of a 

penta-twinned Ag NW with diameter of 85 nm. The strain recovery is defined as the difference 

between the strain at zero stress if ideal elastic unloading happens (dashed lines) and the actual 

strain at zero stress. [182] (b) A stress-strain curve for a penta-twinned Ag NW (120 nm in 

diameter). Note that in both cases the relaxation and recovery steps took 15 min each. [102] 

 

 

Figure 1.15 Experimental evidence of reversible plastic deformation. (a) As the strain 

increased to 2.7%, the loading process was stopped and the defect was imaged. Note the black 

arrow as a point of reference for subsequent images. (b) Keeping the same magnification, 

unloading is performed, leading to the disappearance of the defect. Further loading (c) leads to 

the nucleation of the defect at the same location. Scale bars, 20 nm. [182] 
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1.4 In Situ Nanomechanical Testing Techniques  

The emergence of 1D nanomaterials as fundamental constituents of advanced materials 

and as key building blocks of next-generation electronic and electromechanical devices calls 

for the investigation of the mechanical properties and the deformation behaviors of materials 

at nanoscale. The major challenge of conducting quantitative mechanical testing on 1D 

nanomaterials comes from the sample size under study. The characteristic sample size ranges 

from several nanometers to several hundred nanometers. This leads to extreme challenges in 

manipulating and positioning the sample, which is one of the key steps in testing an individual 

sample at nanoscale. The very small sample size also leads to challenges in precise stress and 

strain measurement. Electron microscopes have been platforms to perform in situ 

nanomechanical testing due to their high-resolution capability. Coupling this capability with 

in situ mechanical deformation enables researchers to have a better understanding of the 

mechanical behaviors of nanostructures.  

A number of approaches have been developed to realize in situ mechanical deformation 

in electron microscopes. In 1968, in situ indentation experiments were carried out in SEM by 

using a very fine stylus as an indenter to measure the mechanical properties of metal surfaces, 

where loads as low as 2 μN could be applied. [183] With some modification of in situ 

indentation techniques in SEM, a series of in situ deformation experiments – including 

indentation, compression, and bending – were conducted in either an SEM or a TEM in 1970. 

[184] This was the first use of contact probes inside a TEM. Later, the use of actuated piezo-
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driven diamond indenters led to the rapid development of in situ deformation techniques. [47, 

114, 159, 185-198]  

In this section, we review recent advances in experimental techniques for in situ 

nanomechanical testing on 1D nanomaterials, focusing on in situ SEM/TEM testing 

techniques. Because, in situ SEM/TEM techniques can allow real time observation of the 

sample and reach nanometer resolution. In situ SEM manipulation of 1D nanomaterials is also 

an important technique to prepare samples for in situ TEM mechanical testing. From the testing 

setup view point, we categorize these techniques into manipulator and sensor based techniques, 

and MEMS based techniques. 

 

1.4.1 Manipulator and Sensor Based Techniques 

To conduct mechanical testing of 1D nanomaterials, it is required to select a suitable 

individual nanostructure from the source substrate, clamp the nanostructure and transfer it to 

desired destination. Electron microscopy provides real time imaging capability with nanometer 

resolution for manipulating and a nanomanipulator is necessary to complete the manipulating 

process. A nanomanipulator based on multi-axes piezo actuation can operate in both coarse 

micrometer resolution mode and fine nanometer resolution mode, which gives the manipulator 

a large travel range in three axes directions and accurate positioning capability when needed. 

Various nanomanipulators have been developed to serve this purpose. [199, 200] A 

nanomanipulator from Klocke Nanotechnik has been widely used by many research groups [2, 

201, 202] to explore nanomechanics area, as shown in Figure 1.16. Li et al. [203] have used 
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several nanomanipulators from Kleindiek Nanotechnik to form a multi-probe platform inside 

SEM to perform a more complex mechanical testing system. 

 

 

Figure 1.16 (a) Schematic of a nanomanipulator in SEM chamber. (b) Picking-up a NW by 

the sharp W tip. 

 

The nanomanipulator could serve as a loading mechanism during mechanical testing. 

Besides the nanomanipulator, a force sensor is needed to form a complete mechanical testing 

system. Force sensors can measure how much force is applied to the sample. With the geometry 

of the sample known from SEM image characterization, one can calculate the applied stress. 

Atomic Force microscope (AFM) cantilever is the most commonly used force sensor. With the 

nanomanipulator and force sensor available in SEM chamber, the testing setup is ready to 

perform mechanical testing on nanomaterials. [204-207] Figure 1.17 shows in situ mechanical 

testing by using a stiffer AFM cantilever with very sharp tip and a metal probe from the 

manipulator. [2] The mechanical properties of Si NWs [2], ZnO NWs [127, 200], Cu whiskers 

[38], Au NWs [152], and Ag NWs [103], have been measured using this testing setup. In some 
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cases, the AFM cantilever can serve as both manipulator probe and sensor. [208, 209] For 

example, Zhu et al. [209] used an AFM cantilever to bend ZnO NWs with a large range of 

diameter (85-542 nm). They were able to quantitatively measure the fracture strain, strength, 

and flexibility of ZnO NWs.  

The nanomanipulator and force sensor based technique provides plenty of room for 

manipulation of 1D nanomaterials. This can save time in picking up and mounting the samples. 

A drawback of this technique is that for most testing setups both stress and strain measurements 

are deduced from microscopic images, which limit the possibility of simultaneously measuring 

stress and strain. The size of this testing setup also limits the possibility of putting it into TEM 

for in situ TEM testing to get more accurate measurements or investigate the deformation 

mechanisms. One solution is to develop a MEMS based device suitable for mechanical testing. 

 

 

Figure 1.17 (a−c) A series of SEM images taken during the tensile test for a Si NW with 

diameter of 23 nm. Inset of (a): High resolution SEM image of the NW for strain 
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measurements. (d) SEM image showing that fracture occurs on the NW when the load was 

applied to a certain value. [2] 

 

1.4.2 MEMS Based Techniques 

MEMS based device has the advantage of sensing the load without taking images and 

possesses a size of several tens or hundreds micrometers. Besides, MEMS based device can 

achieve load and displacement measurements with resolution of nano-Newton and nanometer 

or better. And it allows us to monitor the microstructure evolution in the sample during the 

testing under SEM/TEM. It appears to be the most advanced alternative for conducting 

mechanical testing on nanomaterials. The fabrication of MEMS based device uses traditional 

microfabrication techniques, which can create various geometries for mechanical testing 

purposes. A MEMS based device for mechanical testing usually includes three parts: actuator, 

sensor, and sample testing region. Based on the difference in actuation mechanism, these 

MEMS based devices can be divided into two categories: external load actuated MEMS based 

device and electronic actuated MEMS based device. 

The external load actuated MEMS based devices do not have integrated actuation 

mechanism. They only provide mechanical connections to an external load. External load is 

usually applied by a piezo-actuator to pull or push the MEMS based device to generate a 

desirable mechanical motion on the sample testing part. [210-213] Figure 1.18a shows such a 

MEMS based device to characterize mechanical properties of thin film. [213] The rectangular 

shaped test chip has one pin hole on each end. The test chip can be glued to a piezo-actuator 

(Figure 1.18b) or mounted on two pins on a TEM straining stage (Figure 1.18c). Force 
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measurement of this device need to image the deflection of force sensor beam, which is 

indicated by relative distance between markers A, B and fixed beam (shown in inset of Figure 

1.18a). Lou et al. [195] developed a MEMS based device to convert compressive force from a 

nanoindenter to pure tensile loading. In this setup, force measurement is recorded by the 

nanoindenter. By utilizing the push-to-pull design, this device is able to perform mechanical 

testing on different 1D nanomaterials. 

 

 

Figure 1.18 (a) A tensile MEMS based device with co-fabricated thin film sample. Image 

showing the device glued to (b) a piezo-actuator and (c) mounted on two pins of a TEM 

straining stage. [213] 

 

For electronic actuated MEMS based devices, thermal actuation and electrostatic force 

actuation are the most common used actuation mechanisms. These devices provide electrical 

connection to outside electric signal (e.g. current or voltage). In a thermal actuator, mechanical 

motion is generated by joule heating. [202, 214-217] Under actuation voltage or current, the 

temperature increases on the device, this leads to thermal expansion of the components. By 

carefully designing the structure of the actuator, one can get controllable displacement output. 
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Zhu et al. [202] developed a thermally actuated MEMS based device, which consists of a V-

shaped thermal actuator and a capacitor load sensor, as shown in Figure 1.19. To minimize 

temperature increase near specimen testing area, the design of heat sink beams is necessary in 

the thermal actuator. [218, 219] By measuring the capacitance change of a series of capacitors, 

they demonstrated a load resolution of 12 nN for their system.  

 

 

Figure 1.19 SEM image of a MEMS based device for mechanical testing. The device includes 

a V-shaped thermal actuator, a load sensor, and specimen testing region. [202] 

 

In an electrostatic force actuator, the mechanical motion is generated by the 

electrostatic force between a movable part and fixed part when there is an electrical potential 

difference between these two parts. An example of this kind of actuator is the comb drive 

actuator [220, 221], as shown in Figure 1.20b. Comb drive actuator is able to generate 

mechanical motion without involving temperature, which is an advantage over the thermal 

actuator (Figure 1.20a) [217]. However, due to relatively small force generated by each pair of 

comb, a large number of combs are needed. This leads to a relative larger in the size for comb 

drive actuator than thermal actuator. On the other hand, capacitive load sensing can measure 
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force without taking image and has high resolution in force measurement. Therefore, it has 

been widely used in both thermal actuated and electrostatic force actuated MEMS based 

mechanical testing devices as sensing mechanism.  

New development in MEMS based device for mechanical testing of 1D nanomaterials 

is being directed to involve not just stress field but also multi-physical effects in one 

experiment. [222] 1D nanostructures have been demonstrated as the building blocks of next-

generation electronics and sensors. For device applications it is inevitable for nanostructures 

to experience different temperatures. Thus, it is of relevance to characterize their 

thermomechanical behavior. Chen et al. [3] integrated their MEMS based platform inside a 

vacuum cryostat including a heater, a cooling channel with liquid nitrogen circulation and a 

PID temperature controller. Their setup is capable of achieving a temperature range from 77 

to 475 K, with the largest 0.035 K min−1 drift. Based on the setup, a temperature dependent 

stress-strain behavior was found in defect-free  <110>  Pd NWs. Kang et al. [223] conducted a 

bending experiment on top-down fabricated Si NW using a MEMS based device with 

controllable temperature. They reported clear plastic deformation when temperature increased 

to 293 °C for a 720 nm Si NW. Chang et al. [220] recently developed a MEMS based  

thermomechanical platform with an on-chip heater for the in situ mechanical testing of 1D 

nanostructures from room temperature to 600 K. The MEMS based platform consists of a comb 

drive actuator, a capacitive load sensor, a specimen gap, and a heater based on Joule heating 

in close proximity to the specimen gap, as shown in Figure 1.20b. The entire platform is 

symmetric to ensure the same temperature on both sides of the specimen to avoid temperature 

gradient and heat flow through the specimen; note that the capacitive sensor is also in the form 
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of a comb drive, identical in geometry to the comb drive actuator. Based on the setup, the 

mechanical properties of single crystalline Si NWs were tested inside a SEM at different 

temperatures to investigate their brittle to ductile transition behavior.  

 

 

Figure 1.20 (a) SEM image of a MEMS based device for mechanical testing. The device 

includes a V-shaped thermal actuator, a load sensor, and specimen testing region. [217]  (b) 

SEM image of a MEMS based thermomechanical testing platform including an on-chip heater 

based on Joule heating. The device that consists of three parts: comb drive actuator, capacitive 

load sensor, and heater. (c) Magnified view of the heater as boxed in (b). The arrows indicate 

the current direction. [220] 
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CHAPTER 2   

MECHANICAL PROPERTIES OF SILICON CARBIDE NANOWIRES: 

EFFECT OF SIZE-DEPENDENT DEFECT DENSITY 

 

We reports quantitative mechanical characterization of silicon carbide (SiC) nanowires 

(NWs) via in situ tensile tests inside scanning electron microscopy (SEM) using a 

microelectromechanical system. The NWs are synthesized using the vapor-liquid-solid process 

with growth direction of <111>. They consist of three types of structures, pure face-centered 

cubic (3C) structure, 3C structure with an inclined stacking fault (SF), and highly defective 

structure, in a periodic fashion along the NW length. The SiC NWs are found to deform linear 

elastically until brittle fracture. Their fracture origin is identified in the 3C structures with 

inclined SFs, rather than the highly defective structures. The fracture strength increases as the 

NW diameter decreases from 45 to 17 nm, approaching the theoretical strength of 3C SiC. The 

size effect on fracture strength of SiC NWs is attributed to the size-dependent defect density 

rather than the surface effect that is common for single crystalline NWs.  

 

2.1 Introduction 

Silicon carbide (SiC) has high mechanical strength, high thermal conductivity, and 

variable band gaps, in addition to other superior properties such as radiation resistance. [64-

66] These properties make SiC a suitable material operating at high temperature, high power 

and high frequency as well as in harsh environments. SiC NWs have been used in a number of 
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mechanical and electronic applications. [7, 72] For instance, a small addition of SiC NWs into 

a SiC whisker-reinforced matrix was found to double the toughness of the nanocomposite. [73] 

SiC nanoresonators are capable of yielding substantially higher frequencies than GaAs and Si 

counterparts for given dimensions. [74] The operation and reliability of these nanoscale 

structures and devices depend on the mechanical properties of SiC NWs, which are expected 

to be different from their bulk counterparts due to increasing surface-to-volume ratio. 

However, investigations on the mechanical properties of SiC NWs have been scarce. 

Han et al. performed qualitative in situ transmission electron microscopy (TEM) tension tests 

of SiC NWs and found substantial plasticity at room temperature (e.g., <111> SiC NWs 

experience over 200% elongation before fracture). [224] This observation is surprising in view 

that SiC whiskers are brittle at room temperature, and possibly due to electron-irradiation-

induced phase transformation from crystalline to amorphous structure. Among the atomistic 

simulations, discrepancies also exist on the brittle or ductile nature of SiC NWs. Molecular 

dynamics (MD) simulations showed that SiC NWs deform elastically under tensile loading 

followed by brittle failure. [225] Wang et al. simulated the mechanical properties of SiC NWs 

with several different microstructures.[226] They found that almost all the microstructures lead 

to brittle failure with one exception. In that case, plastic deformation was predicted in 3C 

structure with an intergranular amorphous film parallel to the (111) plane and inclined at an 

angle of 19.47o with respect to the NW axis.  

Lieber and co-workers reported the first measurement of the fracture strength of SiC 

NWs using atomic force microscopy based bending tests. [114] They reported that the 

maximum fracture strength of SiC NWs was 53.4 GPa, which is much larger than the 
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corresponding values for bulk SiC and microscale SiC whiskers. However, the fracture 

strength of SiC NWs was not studied systematically as a function of the NW size. In addition, 

SiC NWs have quite complicated microstructures due to the co-existence of polytypes. [46] 

SiC could be face-centered cubic (i.e., 3C or β-SiC), hexagonal-close-packed (i.e., 2H-SiC) or 

other highly-ordered structures (e.g., 4H and 6H). Stacking faults are also common in SiC due 

to the low SF energy. Therefore, it is of important relevance to identify which polytype or 

microstructure is more prone to fracture.   

Here we report, for the first time, quantitative stress – strain measurements of SiC NWs 

via in situ tensile testing inside scanning electron microscopy (SEM). The NWs tested were 

synthesized using the vapor-liquid-solid (VLS) process with growth direction of <111>. The 

SiC NWs consist of three types of structures, pure face-centered cubic (3C) structure, 3C 

structure with an inclined SF, and highly defective structure, in a periodic fashion along the 

NW length. Our tensile tests showed that the SiC NWs deformed linear elastically until brittle 

fracture. The fracture origin in SiC NWs was identified in the 3C segments with inclined SFs. 

The fracture strength increased as the NW diameter decreased, up to over 25 GPa, approaching 

the theoretical strength of 3C SiC.  

 

2.2 Materials and Methods 

2.2.1 Sample Synthesis and Characterization  

The SiC NWs were synthesized by using high-temperature thermal evaporation 

through the VLS process. [75] The source materials are SiO2 and C powder, with Fe powder 
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as catalyst. The mixture of these materials evaporates at 1500 °C, moves downstream with 

argon flow and deposits on an Al2O3 substrate at about 800 °C.  

The samples for TEM experiments were prepared by depositing SiC NWs from a 

dispersion of NWs in ethanol onto the copper grids covered with lacey carbon film (no 

Formvar). TEM/HRTEM observations were performed on JEOL 2010F with a Schottky field 

emission gun (FEG) operating at 200 keV.  

 

2.2.2 In Situ SEM Mechanical Testing 

In situ mechanical testing inside a SEM was carried out using a MEMS based material 

testing system, which consists of a thermal actuator, a capacitive load sensor and a gap in 

between for mounting samples. The displacement markers are deposited using electron-beam-

induced deposition of carbon. Ag NWs were mounted on the testing stage using a 

nanomanipulator (Klocke Nanotechnik, Germany) inside a FEI Nova 600 dual beam and 

clamped by carbon deposition. The loading and unloading strain rates for in situ SEM tensile 

testing were ~0.1 %/s.  

 

2.3 Results 

Figure 2.1a shows a low-magnification TEM image of the SiC NWs. The NW growth 

direction is <111>. Most NWs are straight, while some are kinky. The straight NWs are 

globally uniform in diameter along the growth direction except local undulations. Figure 2.1b 

shows a histogram of the NW diameter based on 500 NWs. It can be seen that the SiC NWs 
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range from a few nanometer to ~60 nm in diameter with the average diameter of ~25 nm. 

Figure 2.1c shows a Raman spectrum of the SiC NWs. The spectrum exhibits two stronger and 

broadening peaks at 789 and 955 cm–1. The peak centered at 789 cm–1 was attributed to a 

transverse optical (TO) modes and the one at 955 cm–1 to the longitudinal optical (LO) modes. 

[227] With respect to the bulk 3C-SiC (796 and 972 cm–1), the Raman frequency is shifted 

about 7-17 cm–1, which is attributed to the presence of polytypic admixtures (e.g., nanotwins 

or SFs are equivalent to a polytypic admixture). [72]   

 

 

Figure 2.1 (a) Low-magnified TEM image of a large number of randomly oriented SiC NWs. 

(b) Histogram of the NW diameter distribution (8–64 nm). (c) Raman spectrum of SiC NWs. 

 

TEM imaging of individual SiC NWs indicates that the NW consists of pure 3C 

structures, 3C structures with inclined SFs (i.e., 19.47o with respect to the NW axis) and highly 

defective structures in a periodic fashion. Figure 2.2a shows a low-magnification TEM image 

of the NW with the growth direction of <111>, where the 3C structure with a 19.47o SF, highly 

defective structure and pure 3C structure are marked by I, II and III, respectively, and are 

separated by dashed lines. TEM images of more NWs with the three types of structures are 
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provided in Figure 2.3. Figure 2.2b is a high-resolution TEM (HRTEM) image corresponding 

to the boxed area in Figure 2.2a. The two segments indicated by A and B in Figure 2.2b are 

3C structure with a 19.47o SF (labeled as SF-19.47˚) and highly defective structure, 

respectively. The insets in Figures 2.2b are the corresponding fast Fourier transformed (FFT) 

diffraction patterns taken from the areas A and B along zone axis of <110>. Figure 2.2c is a 

magnified HRTEM image corresponding to the boxed area in segment B (Figure 2.2b), which 

contains several types of distinctive atomic structures including nanotwins, intrinsic SFI and 

extrinsic SFII. Such defective structures might contribute to the Raman shift in Figure 2.1c.  

An interesting question would be which segment fails first upon tensile loading on the NW. 

Details of the fracture surfaces will be further studied by postmortem TEM observations in the 

following part. 

In situ SEM tensile tests of SiC NWs were performed using a microelectromechanical 

system (MEMS). [202, 217, 228] The MEMS stage consists of a thermal actuator and a 

differential capacitive load sensor with a gap in between (Figure 2.4a). The inset shows an 

individual SiC NW that is mounted across the gap. The MEMS stage was fabricated at 

MEMSCAP (Durham, NC) using the Silicon-on-Insulator Multi-User MEMS Processes (SOI-

MUMPs). During each test, load is applied using the thermal actuator on one side of the 

specimen and is measured using the differential capacitive load sensor on the other side. [229] 

An individual NW was picked from the as-grown substrate using a nanomanipulator (Klocke 

Nanotechnik, Germany) inside SEM and mounted onto the MEMS stage. [202] The NW was 

clamped on the MEMS stage by electron beam induced deposition of carbonaceous materials 

in the SEM chamber. During each test, a sequence of SEM images was taken. The NW strain 
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was then calculated by digital image correlation of the SEM images, giving a resolution of 

0.03%. [2, 103, 127] With a force resolution of 12 nN, [202] the stress resolution ranged from 

52.9 to 7.5 MPa for the NW diameter ranging from 17 to 45 nm.  

 

 

Figure 2.2 (a) A low magnification TEM image of an individual SiC NW with the growth 

direction of <111>, the 3C structure with an inclined SF, highly defective structure and pure 

3C structure are marked by I, II and III, respectively, and are separated by dashed lines. (b) 

HRTEM observation of the NW containing 3C structure with a 19.47˚ SF (segment A) and 

high-defective structures (segment B), corresponding to the boxed area in panel (a). Insets are 

the FFT diffraction patterns taken from areas A and B. Note that a 19.47˚ SF is present in the 
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3C segment, marked as SF-19.47˚. (c) A magnified HRTEM image of the highly defective 

structure corresponding to the boxed area in (b) showing nanotwins, intrinsic SFI and extrinsic 

SFII in the NW. 

 

 

Figure 2.3 Bright-field TEM images of SiC NWs with a diameter of 18 and 41 nm in (a) and 

(b), respectively. Three types of structures, pure 3C structure, 3C structure with a 19.47o SF 

and highly defective structure, can be seen. 19.47˚ stacking faults are marked by the blue 

arrows. 

 

To study the size effects on the fracture strength of SiC NWs, a total of 18 NWs with 

diameters ranging from 17 to 45 nm were tested. All the NWs exhibited more or less linear 

elastic behavior until apparent brittle fracture occurred. Figure 2.4b shows three representative 

stress – strain curves of the SiC NWs. The inset shows the fracture surface of a SiC NW that 

is typical of brittle fracture. In particular, multiple loading and unloading were conducted on 

some of the NWs (e.g., the one with diameter of 35 nm), which confirmed that the SiC NWs 

are linear elastic until brittle fracture. 
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Figure 2.4 (a) The MEMS stage used for in situ SEM tensile testing of SiC NWs. Inset shows 

a NW bridged between the actuator and the load sensor. (b) Representative stress – strain 

curves of SiC NWs. The curve for the NW of 35 nm in diameter includes multiple loading and 

unloading, showing linear elastic behavior and brittle fracture. Inset shows the fracture surface 

of a SiC NW. (c) Fracture strength of SiC NWs and whiskers as a function of the diameter. (d) 

Defect density as a function of NW diameter. Note that the defect density is defined as an 

average volume percentage of defect parts in a randomly selected segment with a length of 2 

corresponds to the diameter range tested in this work (17-45 nm). 
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  Figure 2.4c shows the measured fracture strength as a function of the NW diameter. 

The fracture strength was strongly size dependent, increasing from 8.1 to 25.3 GPa as the 

diameter decreased from 45 to 17 nm. The highest fracture strength in our experiments is very 

close to the theoretical fracture strength of 3C SiC, 28.5 GPa, in the <111> direction. [226] 

Figure 2.4c also includes the fracture strength data of the SiC whiskers. [114-118] The 

collective data of whiskers and NWs show clear strengthening trend with decreasing diameter. 

The “smaller is stronger” trend has been observed in a number of single crystalline 

semiconductor and metallic NWs, where the surface effect plays the dominant role and the size 

effect can be interpreted by Weibull-type weakest link framework. [2, 33, 38, 103, 104] Note 

that while the weakest link explanation is typically employed for brittle materials, it has been 

applied to metallic NWs in view of the dislocation nucleation from free surfaces and nearly 

absence of preexisting dislocations in the NWs. [38, 103] 

However, no clear size effect on the Young’s modulus was observed. The measured 

Young’s moduli exhibited a large scatter (from 166 to 1270 GPa) with the average value of 

531 GPa. The average value is in the range for bulk SiC (503 – 600 GPa) and the range of 

scatter is consistent with that of SiC whiskers (from 276 to 1516 GPa).[118] The large scatter 

for both SiC NWs and whiskers is likely due to the co-existence of polytypes and various types 

of defects.  

Figure 2.4d shows the defect density as a function of the NW diameter. There are two 

types of defects (3C structure with a 19.47o SF and highly defective structure). As the diameter 

becomes smaller, the defect density of both types of defects reduces. Out of the three types of 

structures in SiC NWs, the pure 3C is the strongest, the highly defective structure is the second 
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strongest, and the 3C structure with a 19.47o SF is the weakest, as predicted by MD simulations. 

[226] Our experimental results are consistent with the MD predictions. As shown in Figure 

2.4d, when the NW diameter becomes smaller, the density of 3C structure with 19.47o SFs 

decreases, which leads to increase in fracture strength. Therefore, the size effect on fracture 

strength of SiC NWs is attributed to the size-dependent defect density (i.e., of the 3C structure 

with 19.47o SFs), rather than the surface effect that is common for single crystalline NWs.  

Postmortem TEM images showed that the fracture surfaces are perpendicular to the 

loading direction <111>, which is typical of brittle fracture (Figure 2.5a). It is very interesting 

to note that the crack always initiated and propagated in a segment of 3C structure with a 19.47˚ 

SF, based on our post-mortem HRTEM observations of 12 NWs (see additional examples in 

Figure 2.6). One reason is that the 3C segments are slightly tapered during synthesis and thus 

narrower than the twinned regions as synthesized (Figure 2.2a), leading to slightly higher stress 

in such segments. It should be emphasized that the slightly narrower fracture end in Figure 

2.5b was as synthesized, not an indication of necking.  
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Figure 2.5 (a) Low-magnification TEM image of the fracture surface of a SiC NW. (b) 

HRTEM image of the fracture surface of the SiC NW, corresponding to the marked area in (a). 

The loading direction is along the <111> direction. The 19.47˚ SF is labeled as SF-19.47˚. 

Similar fracture surfaces were observed other NWs tested (see the Supporting Information). 
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Figure 2.6 Bright-field TEM images show the fracture surfaces of SiC NWs. The fractures 

were always in the 3C segments with 19.47˚ stacking faults (marked by the blue arrows). (a) 

corresponds to the fracture surface in the text. (b,c) are two additional examples of the fracture 

surfaces. Insets in (b,c) show the overview of the broken NWs attached on the cantilevers.   

 

Another and more likely reason is that the 3C segments with 19.47˚ SFs are weaker 

than the segments with highly defective structures. Atomistic simulations predicted that the 



 

46 

cracks initiate and propagate in the regions with periodic 90˚ nanotwins (twining plane 

perpendicular to the growth direction) or highly-ordered structures (e.g., 4H, 6H and etc.) in 

SiC NWs, [226, 230, 231] which is different from our observation. The highly defective 

structures in our SiC NWs are not pure nanotwins or highly-ordered structures as in simulations 

but composed of high density of randomly distributed nanotwins, SFs and highly-ordered 

structures. Each individual microstructure has a thickness of only several atomic layers, which 

is effective in blocking crack motion and leads to strengthening of the highly defective 

segments. Wang et al. systematically investigated the effect of different types of defects 

(especially, SFs and nanotwins) on the mechanical properties of SiC NWs by MD simulations. 

[226] They found that the NW strength decreases substantially with the increasing thickness 

of SFs that are 19.47˚ from the NW axial direction (e.g., decreasing by 29.5% from 28.5 GPa 

for pure 3C structure to 20.1 GPa with SF thickness of 5 nm). On the other hand, the NW 

strength decreases much less for 90˚ SFs or nanotwins (e.g., decreasing by 10.5% from 28.5 

GPa to 25.5 GPa with SF composition of 50%, and by 6.3% from 28.5 to 26.7 GPa with twin 

composition of 50%). It indicates that out of the three types of microstructures observed in our 

SiC NWs, the pure 3C structure is the strongest, the highly defective structure is the second 

strongest, and the 3C structure with 19.47˚ SF is the weakest. The MD simulation agrees well 

with our experimental observation that the cracks always initiate and propagate in the 3C 

segments with 19.47˚ SFs. The arrangement of a large number of 90˚ SFs and nanotwins in the 

highly defective structures are expected to play an important role in impeding crack 

propagation.  
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2.4 Conclusions 

In conclusion, we have quantitatively studied the mechanical properties of SiC NWs. 

The microstructure of SiC NWs is rather complex, consisting of pure 3C structure, 3C structure 

with an inclined stacking fault, and highly defective structure in a periodic fashion along the 

NW length. We found that the SiC NWs fail in brittle fracture at room temperature, in contrast 

to the superplasticity as previously observed. The SiC NWs exhibited strong size effect in the 

fracture strength; that is, the fracture strength increased with decreasing diameter, up to over 

25 GPa and approaching the theoretical strength of 3C SiC. It is interesting to observe that the 

cracks initiate and propagate in the 3C segments with the 19.47˚ SFs, rather than in the highly 

defective segments. The size effect on fracture strength of SiC NWs is attributed to the size-

dependent defect density (i.e., of the 3C structure with 19.47o SFs), rather than the surface 

effect that is common for single crystalline NWs. 
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CHAPTER 3  

LARGE ANELASTICITY AND ENERGY DISSIPATION IN SINGLE 

CRYSTALLINE NANOWIRES 

 

*In this chapter, Supplementary information and Movie 1 and 2 can be traced from  

http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s1.pdf 

http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s2.wmv 

http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s3.wmv 

 

Anelastic materials exhibit gradual full recovery of deformation once a load is 

removed, leading to efficient dissipation of internal mechanical energy [129]. As a 

consequence, anelastic materials are being investigated for energy damping applications. At 

macroscopic scale, however, anelaticity is usually very small or negligible, especially in single 

crystalline materials [137, 138]. Here we show that single crystalline ZnO and p-doped Si 

nanowires (NWs) can exhibit anelastic behaviour that is up to four orders of magnitude larger 

than the largest anelasticity observed in bulk materials, with a recovery time-scale in the order 

of minutes. In situ scanning electron microscope (SEM) tests of individual NWs showed that, 

upon removal of the bending load and instantaneous recovery of the elastic strain, a substantial 

portion of the total strain gradually recovers with time. We attribute the observed large 

anelasticity to stress-gradient-induced migration of point defects, as supported by electron 

energy loss spectroscopy (EELS) measurements and also by the fact that no anelastic behaviour 

could be observed under tension. We model this behaviour through a theoretical framework by 

point defect diffusion under high initial strain gradient and short diffusion distance, expanding 

http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s1.pdf
http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s2.wmv
http://www.nature.com/nnano/journal/v10/n8/extref/nnano.2015.135-s3.wmv
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the classic Gorsky theory. Finally, we show that ZnO single crystalline NWs exhibit a high 

damping merit index, suggesting crystalline NWs with point defects are promising for damping 

applications. 

 

3.1 Introduction 

NWs exhibit a host of novel properties that are being exploited for many applications 

including energy harvesting and storage [5, 8], flexible/stretchable electronics [14, 15], sensing 

[18], and nanoelectromechanical systems [20]. So far a vast majority of research on mechanical 

properties of NWs has been focused on size-dependent elastic modulus and strength [2, 29, 32, 

38, 141], with very few studies on time-dependent responses [102, 139]. This work reports an 

unexpected phenomenon of large anelastic relaxation and energy dissipation in single 

crystalline NWs under bending.  

 

3.2 Materials and Methods 

3.2.1 Synthesis of ZnO and Si NWs 

Following the vapor-liquid-solid (VLS) method, ZnO NWs and Si NWs were 

synthesized on Si/SiO2 substrates with Au colloids as catalysts. More details on the NW 

synthesis have been reported elsewhere [2, 127]. 
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3.2.2 In Situ SEM Testing  

A MEMS electrostatic actuator was used to bend an individual NW that was clamped 

onto a nanomanipulator tip inside an SEM. The MEMS actuator fabricated using a silicon-on-

insulator process was used for the bending tests [220]. Electrostatic actuation allowed the target 

displacement to be controlled precisely (on the order of 1 nm) and instantaneously (on the 

order of 1 μs), which is essential for monitoring the relaxation and recovery processes in the 

present study. A nanomechanical testing system including a nanomanipulator (actuator) and 

atomic force microscopy cantilever (load sensor) was used for the tension and 

compression/buckling tests [127].  

 

3.2.3 TEM, HRTEM and STEM/EELS Experiments  

TEM and HRTEM observations for ZnO NWs were performed on JEOL 2010F 

operated at 200 kV; high-angle annular dark-field (HAADF) STEM imaging and EELS 

quantitative analysis was carried out on an aberration-corrected FEI Titan 80-300 S/TEM with 

Gatan EELS spectrometer operated at 200 kV. The details of the EELS analysis are given in 

the Supplementary Section S6. 

 

3.2.4 Theoretical Model  

We model the NW as a beam with the hexagonal cross section of diameter 2h. The 

curvature   of the NW can be related to the distributions of internal point defects as 
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where iD  is the diffusion coefficient of point defects; R and T  correspond to the universal gas 

constant and temperature. More details of the model can be found in the Supplementary Section 

S4. 

 

3.3 Results 

The bending tests were performed at the room temperature using a 

microelectromechanical system (MEMS) based nanomechanical testing stage inside an SEM 

(Figure 3.1a) [202, 220]. After the NW was held at a bent configuration for certain time 

(holding time), the MEMS actuator was retracted and the shape of the NW was monitored in 

real time (Figure 3.1b, Supplementary Movie 1). It can be seen that a large portion of the 

bending strain recovered instantaneously while the rest recovered gradually with time.  



 

52 

Figure 3.2a shows the evolution of the anelastic strain of a ZnO NW (54 nm in 

diameter) for an initial (total) bending strain of 1.94% with six different durations of holding 

time. Here the initial or total strain is the sum of anelastic strain and elastic strain, right before 

the load is removed. It can be seen that the recovery of the anelastic strain depends on the 

holding time – the shorter the holding time, the faster the recovery. Figure 3.2b shows the 

evolution of the anelastic strain for a holding time of 15 minutes under five different initial 

strains. Larger initial strain led to larger anelastic strain. The anelastic strain almost fully 

recovered with time (e.g., Figure 3.3a, with holding time of 15 minutes and recovery time up 

to 40 minutes). The anelastic strain was as large as 0.64% (in the case of 4.1% total strain).  

 

 

Figure 3.1 In situ SEM bending test of an individual ZnO NW. (a) Experimental setup showing 

an individual ZnO NW that was bent between a MEMS stage (right) and a nanomanipulator 

tip (left). Scale bar, 100 m. (b) A sequence of SEM images showing the recovery process of 

a ZnO NW after the bending load was removed. Scale bar, 2 m.  
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Figure 3.2 Recovery and damping behaviors of a ZnO NW. (a) Anelastic strain as a function 

of recovery time for six different durations of holding time. The NW diameter was 54 nm and 

the initial bending strain was 1.94%. (b) Anelastic strain as a function of recovery time for five 
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different initial bending strains. The holding time was 15 minutes in all five cases. Solid lines 

in both (a) and (b) represent the fitting data from finite element analysis. Error bars for strain 

measurement in (a) and (b) were ~5.4%. (c) Normalized anelastic strain (anelastic strain 

divided by elastic strain) as a function of recovery time for five ZnO NWs in diameters of 38, 

50, 54, 56 and 65 nm with the same holding time of 15 minutes. (d) The maximum anelastic 

strain as a function of the initial strain for the five ZnO NWs. The holding time was 15 minutes 

in all cases. Note how, for larger initial strains, the relationship becomes nonlinear. (e) Stress-

strain curve of a ZnO NW under tension. (f) Force-displacement curve of a ZnO NW under 

compression (buckling). 

 

 

Figure 3.3 Anelastic strain as a function of recovery time for different initial bending strains. 

In (a), the anelastic strain almost totally recovered (> 98%) within the time of 40 minutes. The 

NW diameter in (a), (b) and (c) was 54, 38 and 56 nm, respectively. The holding time was 15 

min. Solid lines in panels (b) and (c) represent the fitting data from finite element analysis. 

 

Five ZnO NWs were tested and all exhibited the same anelastic behaviour (Figure 3.2c 

and Figure 3.3b, c). Figure 3.2d shows the maximum anelastic strain (e.g., immediately after 
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removal of the load) as a function of the initial strain for all the ZnO NWs tested. In general 

the maximum anelastic strain scales nonlinearly with the initial strain; but for small initial 

strain, a linear approximation holds.  

A number of anelastic mechanisms could be present in single crystalline materials, 

including thermoelastic relaxation, piezoelectric coupling and relaxations involving point 

defect motion [129, 137, 138]. To elucidate the underlying mechanism(s), additional 

experiments were carried out with ZnO NWs subjected to uniaxial tension and compression. 

Under tension, ZnO NWs exhibited linear elastic behaviour without observable hysteresis 

(Figure 3.2e) [127]. By contrast, under compression, ZnO NWs buckled and exhibited a strong 

hysteresis (Figure 3.2f). Both tension and compression tests were conducted using the same 

setup with the same mechanical/electrical boundary conditions and at loading rates comparable 

to the inverse timescale associated with the aforementioned relaxation under bending. Hence, 

the relaxation occurs only under an inhomogeneous strain field (e.g., bending or 

compression/buckling), rather than a homogeneous strain field (e.g., tension). Previously 

observed anelastic behavior in GaAs NWs was attributed to the amorphous/crystalline 

interface at the NW surface [139], which could not account for the observed differences 

between bending and tension in our present study. 

Two types of relaxations, thermoelastic and Gorsky relaxations, are known to operate 

under an inhomogeneous strain field [129]. In thermoelastic relaxation, both relaxation 

strength (amplitude) and relaxation time are much smaller than those observed in the ZnO 

NWs (see Supplementary Section 3) [232]. Thus Gorsky relaxation, which arises from the 

motion of point defects in an inhomogeneous stress field [136, 233], is identified as a likely 
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operating mechanism. When a beam that contains volume-sensitive point defects (e.g., 

interstitials or vacancies) is subject to bending, the stress gradient across the sample creates a 

gradient in chemical potential for the point defects to migrate. For example, long-range 

diffusion of interstitials goes from the compressed side to the dilated side, while vacancies 

migrate in the opposite direction. However, the classic Gorsky relaxation predicts a linear 

relationship between the maximum anelastic strain and the initial strain, and has only been 

observed in a few bulk materials with very small relaxation amplitude [136, 233]. 

A theoretical model was hence developed to understand the relationship between the 

diffusion of point defects and the measured anelastic behaviour. The governing equation for 

the time-dependent evolution of defect concentrations was derived (see Methods section). 

Finite element simulations were performed to simulate the bending and relaxation processes 

under the same conditions as in the experiments. A number of defect types with corresponding 

diffusivities and initial concentrations were considered. The evolution of the anelastic strain 

was calculated as functions of the initial strain and holding time, and compared to the 

experimental results (Figure 3.2). For the NW with diameter of 54 nm, the best fitting identified 

two types of point defects with diffusivities of 14109.1   and scm215105.1  , at initial defect 

concentrations of 201026.1   and 3201067.3  cm , respectively. Note that the fitting is not 

trivial, yet robust, as the model predictions using the same parameters were able to fit a wide 

range of experimental results with different durations of holding time and different initial 

strains (Figure 3.2a,b). The model predicts that a faster species of point defects dominates the 

rapid relaxation in the beginning, while a slower species of point defects governs relaxation 

with a larger time constant (Figure 3.4). Interestingly, it has been reported that two dominant 
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types of point defects exist in ZnO, oxygen vacancy and zinc interstitial [234], which is 

consistent with our results. During relaxation, oxygen vacancies could diffuse from the tensile 

to the compressive side, while zinc interstitials diffuse in the opposite direction. Note that the 

diffusivities identified above are larger than those for bulk ZnO at room temperature. Possible 

reasons for this deviation include: 1) surface-mediated bulk diffusion (in view that for NWs a 

substantial fraction of atoms lie near free surfaces with atomic structure considerably different 

from that in the bulk) [29, 235] and 2) reduced activation energy under ultrahigh stress (on the 

order of GPa) [107]. It is worth pointing out that the current knowledge on room temperature 

diffusion of point defects in bulk ZnO, and more so in ZnO NWs, is very limited [236]. The 

present experimental approach can be a useful way to investigate transport and equilibrium 

properties of point defects in nanomaterials. 

 

 

Figure 3.4 Time-dependent beam curvature for a NW with diameter of 54 nm and initial strain 

of 1.75% during bending (with a constant total curvature) and release. The NW is held for 900 
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s at constant total curvature after the initial strain is applied. The red line ( ) indicates the total 

curvature of the NW, while the green ( ) and blue ( ) lines indicate the curvatures induced 

by non-uniform distributions of type 1 and type 2 defects, respectively. The magenta line is 

the curvature ( ) due to the elastic part. 

 

 

Figure 3.5 Microstructure and relationship between oxygen difference and bending strain of a 

ZnO NW. (a) Overview of an individual ZnO NW of 37 nm in diameter with growth direction 

of <0001>. Inset shows the corresponding SAED pattern, at the zone axis of . Scale 

bar, 100 nm.  (b) HRTEM image showing a perfect atomic arrangement in the close-packed 

layers of . Inset shows the atomic model of a ZnO unit cell. Scale bar, 2 nm. (c) 

HAADF-STEM image showing a bent NW for EELS analysis. Scale bar, 0.5 m. (d) Bending 

strain as a function of positions in the bent ZnO NW. (e) EELS analysis showing the difference 


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in oxygen concentration between outer and inner sides of the bent ZnO NW at different 

positions. Position #0 was taken from a straight part with zero bending strain. Error bars are 

from the variation in stoichiometry (~0.5 at.%). (f) Linear relationship between the difference 

in oxygen concentration (between outer and inner sides) and the total bending strain and the 

anelastic strain.  

 

To corroborate the conclusion that the anelastic behaviour results from diffusion of 

point defects, further investigation on the defect structures in ZnO NWs was performed. 

Transmission electron microscopy (TEM) image shows that ZnO NWs are uniform in diameter 

(Figure 3.5a). The corresponding selected area electron diffraction (SAED) pattern indicates 

that the NWs are single crystalline wurtzite, with a growth direction along the <0001> axis. 

High-resolution TEM image shows no extended structural defects (e.g., stacking faults or 

dislocations) (Figure 3.5b).  

Aberration-corrected STEM/EELS was employed to investigate the stoichiometry of 

ZnO NWs under bending. Diffusion of point defects across the diameter would lead to a 

difference in stoichiometry at the two sides of a bent NW (named as inner side and outer side 

in the following). Here, an individual ZnO NW protruding from a TEM grid was bent into a 

loop. Five positions with different bending strains were chosen along the axial direction 

(Figure 3.5c, d). The quantitative EELS results showed that the atomic percentage of oxygen 

(i.e., stoichiometry) is different at the inner and outer sides; the outer side is always richer in 

oxygen than the inner side. By contrast, for un-deformed (straight) regions the inner side and 

outer side have nearly the same stoichiometry, as expected (Supplementary Section 6). The 
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same phenomenon was observed in three additional NWs in a similar bending geometry. The 

differences in oxygen atomic percentage between inner and outer sides for the selected points 

are shown in Figure 3.5e. The largest difference in oxygen atomic percentage is at Position #3, 

~4.2 at.%, which corresponds to the largest total bending strain, ~2.9%. Figure 3f shows a 

nearly linear relationship between the difference in oxygen concentration and the bending 

strain as well as the anelastic strain (following Figure 3.2d). The EELS results suggested that 

during relaxation, more oxygen vacancies diffuse from the tensile (outer) to the compressive 

(inner) side than zinc interstitials in the opposite direction, leading to higher oxygen percentage 

in the outer side.  

Two conditions are usually necessary for Gorsky relaxation: 1) the point defects must 

cause lattice distortion, which changes the volume of the host lattice; 2) they must have 

relatively high mobility. So far, Gorsky relaxation has only been observed in bulk samples 

with hydrogen (or its isotope) as the most mobile interstitial species [136, 233], with anelastic 

strain less than 10-6. The observed anelasticity in the present study is four orders of magnitude 

higher than the largest observed value at the macroscopic scale.  

How can Gorsky relaxation lead to the observed large anelasticity in ZnO NWs? 

Nanostructures can typically withstand ultrahigh stress (on the order of GPa) or strain (on the 

order of a few percent) [107]. In our study, the bending strain in the ZnO NWs was as large as 

5.6% with stress over 8 GPa [127]; by contrast, for hydrogen diffusion in bulk materials [136, 

232], the bending strain is usually less than 10-5. The ultrahigh bending stress (strain) applied 

to the NWs is responsible for the magnitude of the large anelastic strain. According to Eqn. 

(S8) in Supplementary Section S4, diffusional flux of point defects depends on the gradient in 
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chemical potential, which in turn depends on the stress gradient. Therefore, the small diffusion 

distance (i.e., NW diameter), enormous stress gradient and the high diffusivity contribute to 

the short relaxation (recovery) time scale on the order of minutes.  

It should be noted that our theoretical model is more general than the classic Gorsky 

theory. The classic Gorsky theory predicts a linear relationship between the initial strain and 

the anelastic strain, while our model predicts a nonlinear relationship when the strain is large. 

Therefore, the relaxation phenomenon reported in the present study may be referred to as a 

type of nonlinear Gorsky relaxation. As discussed in Supplementary Section S5, the Gorsky 

model is a special case of our theoretical model when there is only one type of diffusion species 

and the applied strain gradient is small. 

Anelasticity can lead to energy dissipation (or internal friction), which is of great 

technological interest. Figure 3.2f shows the hysteretic behaviour of a ZnO NW under 

compression. Here the energy dissipation can be characterized by the loss factor h =
DW

pWmax

, 

where ΔW is the dissipated energy per loading-unloading cycle and Wmax is the maximum 

stored energy per unit volume over the cycle. A high loss factor of ~0.08 is calculated from 

Figure 3.2f. High-damping materials typically have low stiffness (Young’s modulus) [237]. In 

load-bearing applications, however, both high stiffness and high damping are often desired. A 

merit index is given by Eh , where E is Young’s modulus [132]. The merit index for the 

ZnO NW is remarkably high with a value of 1.13, taking E = 200 GPa for NW diameter of 20 

nm [127]. For the purpose of comparison, among the bulk materials traditionally used as high-

damping materials, Cu–Mn alloys exhibit the highest merit index of ~0.5. Recently, nanopillars 
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made of Cu–Al–Ni single crystalline shape memory alloy were reported to have the merit index 

of ~0.9 [132]. Clearly the ZnO NWs exhibit promising potential for mechanical damping and 

might be used as an efficient damping material in a broad range of applications.  

To assess if the observed anelasticity is present in other single crystalline NWs with 

point defects, we tested p-doped Si NWs and observed similar anelastic relaxation. Figure 3.6a 

shows that the relaxation in p-doped Si NWs is slower than that in ZnO NWs for the same 

holding time, indicating slower diffusion of boron dopants in Si NWs (Supplementary Movie 

2). Figure 3.6b plots the load-displacement curve of a Si NW under buckling, illustrating a 

similar hysteretic behaviour with a loss factor of ~0.025 and a merit index of 0.36. Preliminary 

tests on single crystalline Ag NWs showed anelastic behaviour at sufficiently small strains, but 

at higher strains, dislocation activities induced plastic deformation resulting in incomplete 

strain recovery.  

 

 

Figure 3.6 Mechanical behaviors of p-doped Si NWs under bending and compression. (a) 

Anelastic strain as a function of recovery time for six different durations of holding time. (b) 

Force-displacement curve of a p-doped Si NW under compression (buckling). 
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3.4 Conclusions 

In summary, we have reported large anelastic behaviour in single crystalline NWs 

governed by stress-gradient-induced migration of point defects. The observed anelasticity was 

attributed to a type of nonlinear Gorsky relaxation that involves the diffusion of two types of 

point defects under an inhomogeneous stress field. The large anelasticity in ZnO NWs resulted 

in high mechanical damping with the merit index of 1.13. Similar anelastic behaviour was 

found in p-doped Si NWs. The large magnitude of the anelasticity is attributed to the high 

strain applied to the NWs, while the small diffusion distance, enormous stress gradient and 

large diffusivity result in the short relaxation (recovery) time scale. The large diffusivity in 

NWs is due to the surface-mediated bulk diffusion and reduced activation energy under 

ultrahigh stress. The present study also suggests a useful experimental approach to study 

transport and equilibrium properties of point defects at the nanoscale. Since point defects have 

been reported to exist in many nanostructures [238], the reported anelasticity is expected to 

have broad impacts in nanotechnology. With the rapid progress in large-scale synthesis of NWs 

[239], our study suggests that crystalline NWs with point defects could serve as highly efficient 

damping materials for a broad range of applications in aerospace, automotive, energy and 

biomedical industries. 
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CHAPTER 4  

TWINNING, DETWINNING AND SUPERPLASTICITY IN 

CRYSTALLINE METAL NANOWIRES 

 

Investigation of dislocation nucleation, propagation and interaction is a key to 

elucidating the deformation mechanisms in metallic materials under applied load. Here, we 

report transition of deformation modes in bi-twinned Ag nanowires (NWs) with a single twin 

boundary (TB) running parallel to the NW length via in situ transmission electron microscopy 

(TEM) tensile tests and molecular dynamics simulations. Localized dislocation slip and 

detwinning-twinning deformation depend on the volume ratio between the two twin variants 

and the cross-sectional aspect ratio. Specifically, in bi-twinned Ag NWs with balanced volume 

ratios localized dislocation propagation across the entire cross-section lead to permanent slip 

and limited fracture strain, while in those with small volume ratios, twinning propagation took 

place following a detwinning process leading to superplasticity through reorientation of the 

NW. Both experimental and theoretical results corroborated that interaction of multiple 

localized dislocations with the TB governs the detwinning process. A criterion is proposed for 

determining the deformation modes in face-centered cubic metallic NWs containing an internal 

TB with certain cross-sectional aspect ratio. 
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4.1 Introduction 

Nanowires (NWs) are among the most important building blocks for a host of applications 

including energy harvesting/storage, sensors, flexible/stretchable electronics, and 

nanoelectromechanical systems,[5, 8, 14, 18-20] to name a few. Operation and reliability of 

the NW-based devices call for a more thorough understanding of the mechanical behaviors of 

NWs. 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 metal NWs where surface-

nucleated dislocations tend to glide across the NW and annihilate at the opposite surfaces.[3, 

107, 143, 145, 146, 153, 176-178, 240]. Such NWs exhibit ultrahigh yield strength,[38, 141] 

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 crystalline defects like 

dislocations. On the other hand, while as-synthesized NWs typically possess different types of 

defects such as twin boundaries (TBs) and stacking faults (SFs),[55, 241] few studies have 

considered the internal microstructure in the NWs. Thus it is of particular interest to study how 

preexisting defects and internal microstructure can affect the mechanical behaviors of NWs.  

    Coherent TBs in face-centered cubic (FCC) metals are a special kind of interfaces with much 

higher thermal and mechanical stability compared to other general high-angle grain boundaries 

(GBs).[242, 243] NWs with internal TBs, perpendicular, inclined or parallel to the NW length 

direction,[155, 156, 159, 244, 245] have recently received much attention, owing to their 

capability to contribute to hardening by acting as effective barriers to dislocation motion. 

Effective hardening due to perpendicular TBs requires uniformly small twin spacing across the 
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entire length of NWs,[159] while inclined TBs are prone to migration, leading to grain 

coarsening through detwinning driven by the finite resolved shear stress on the inclined TBs 

when the NW is axially loaded.[155] Penta-twinned NWs, each of which has five twin planes 

joined along a common quintuple line in the axial direction, have been shown to exhibit 

pronounced strain hardening. However, the penta-twinned structure introduces a complicated 

internal stress field and additional preexisting defects such as SFs.[102, 106, 246] In addition, 

the overlapping images of the five twin variants makes it difficult to fully capture dislocation 

dynamics via in situ transmission electron microscope (TEM). A simpler TB structure would 

be desirable for investigating the deformation mechanisms, especially TB-dislocation 

interactions, in the confined volume of a NW.    

Here, based on in situ TEM tensile tests and molecular dynamics (MD) simulations, we 

report for the first time the deformation mechanisms in the so-called bi-twinned metal NWs, 

each having a single TB running parallel to the NW length direction. Two distinct deformation 

modes, localized dislocation slip and detwinning-twinning deformation, are observed in bi-

twinned Ag NWs depending on the volume ratio between the two twin variants and the cross-

sectional aspect ratio. Specifically, it is found that in bi-twinned NWs with balanced volume 

ratios, localized dislocation slip across the TB leads to permanent slip and limited fracture 

strain, while in those with small volume ratios propagation of twinning partials takes place 

following a unique detwinning process, leading to superplasticity. A criterion for detwinning-

twinning deformation in bi-twinned NWs is proposed based on the energy change associated 

with detwinning to elucidate the effect of volume ratio and cross-sectional aspect ratio on the 
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transition of deformation mode. Single crystalline Ag NWs were studied for the purpose of 

comparison, which also exhibited pronounced superplasticity. 

 

4.2 Materials and Methods 

4.2.1 Sample Synthesis and Characterization  

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. 

More details of the NW synthesis process are provided elsewhere [38]. 

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 60-300 kV S/TEM equipped with an X-FEG 

source operated at 200 kV. 

 

4.2.2 In Situ TEM Mechanical Testing  

The mechanical testing was carried out in situ inside a TEM using a MEMS based 

material testing stage, which consists of an electrostatic (comb-drive) actuator, a capacitive 

load sensor and a gap in between for mounting samples, shown in Figure 4.1a. Details on the 

testing stage has been reported previously [228]. Displacement (and strain) is measured by 

digital image correlation of TEM images of two local markers on the specimen (Figure 4.1b). 
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This MEMS based testing stage 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).  

 

 

 

Figure 4.1 A comb-drive-actuated MEMS based system for in situ TEM tensile test. (a) Comb-

drive-actuated MEMS based device for tensile test. (b) TEM image showing a NW mounted 

on the device. Two local 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 SEM. A single 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 local 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 ~0.005 %/s. Low 

magnification images were recorded at a fixed condense (the second condense lens) current to 
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minimize the focus change. The current density of incident e-beam is < 0.1 A/cm2 and its effect 

on the mechanical behavior of the NW under tensile testing can be neglected.[108, 247-249] 

 

4.2.3 MD simulations  

Large-scale MD simulations were performed using the software package LAMMPS[250]. 

Simulation samples of bi-twinned NWs and single crystalline NWs were generated according 

to experimentally observed geometries. Figure. 5d shows the atomic cross-section of the bi-

twinned NW samples. For each sample, W equals 13 nm and H ranges from 3nm to 10nm, and 

all samples are 80 nm in length. The embedded atom method potential for Ag[251] was used 

to describe the interatomic interactions. Periodic boundary condition was imposed along the 

axial direction (that is, the loading direction <110>) of all simulated samples. The samples 

were initially relaxed and equilibrated at temperature of 300 K for 800 ps using the Nosé–

Hoover[252] thermostat and barostat, followed by stretch at a constant strain rate of 

108 s−1 under NVT ensemble (canonical ensemble) until failure. To visualize defects generated 

during deformation, atoms were painted with different crystalline order in different colors 

using a common neighbor analysis by OVITO[253]. The green-colored atoms stand for atoms 

with face-centered cubic symmetry, the red those with hexagonal close-packed symmetry and 

the grey those at dislocation cores, surfaces and point defects. 
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4.3 Results 

4.3.1 NW Morphology and In Situ TEM Tensile Testing 

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

growth conditions. Based on TEM characterization, there are two types of Ag NWs with 

growth direction along a <110> direction, bi-twinned and single crystalline, as shown in Figure 

4.2. Bi-twinned NWs with a single TB running parallel to the NW length direction are 

dominant (81%) in the examined 113 NWs (see details in Supplementary Section 1). Figure 

4.2a,b shows schematic drawings of the morphology of the bi-twinned and single crystalline 

NWs, respectively. The corresponding cross-sectional TEM images of the two types of NWs 

are shown in Figure 4.2c,d. Both show hexagonal cross-sectional shapes but with different 

arrangement of surface facets (marked in Figure 4.2a,b). High-resolution TEM image in Figure 

4.2e shows that the internal TB in a bi-twinned NW is highly coherent without other line or 

planar defects as in the case of penta-twinned metallic NWs [102]. 

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

on a microelectromechanical system (Figure 4.1a) that allows accurate measurements of both 

load and displacement simultaneously, [202, 220, 228] as well as real-time imaging of 

microstructure evolution during deformation. Figure 4.3 shows stress-strain responses and 

snapshots of microstructure evolution for typical tensile tests of two bi-twinned and one single 

crystalline Ag NWs. Insets in Figure 4.3a-c are the corresponding cross-sectional TEM images 

of the tested NWs taken from the undeformed parts on the supported beams of the MEMS 

based device after the tensile tests. Note that bi-twinned NWs were identified first from the 
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longitudinal view based on the 19.4° tilt angle between 〈11̅0〉 and <001>t from the two twin 

variants (Figure 4.3a) and then verified by the cross-sectional TEM images. From the cross-

sectional images (the insets in Figure 4.3a,b), the two bi-twinned NWs show different volume 

ratios (Vsmall/Vlarge) between the two twin variants, 0.64 and 0.19 in the insets of Figure 4.3a,b, 

respectively.  

 

 

 

Figure 4.2 Characterization of crystalline Ag NWs. (a,b) Schematic drawings of bi-twinned 

and single crystalline NWs, respectively. (c,d) Cross-sectional TEM images of bi-twinned and 

single crystalline NWs, respectively. Scale bar, 20 nm. (e) A cross-sectional HRTEM image 

of a bi-twinned Ag NW. Inset in (e) is the corresponding selected area electron diffraction 

(SAED) pattern. Scale bar, 1 nm. 

 

As shown in Figure 4.3, one bi-twinned NW with a balanced (or large) volume ratio 

exhibited a limited fracture strain (4.2%, Figure 4.3a,d), while the other with a small volume 
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ratio showed superplasticity (an elongation of 27.5% measured between the two deposited 

local markers, Figure 4.3b,e), comparable to superplasticity in the single crystalline NW (an 

elongation of 37.5% for the fully deformed part between the two local markers, Figure 4.3c,f). 

Moreover, the yield strength and the ultimate tensile strength (UTS) of the bi-twinned Ag 

NWs, regardless of the deformation mode, were found to be 1.21-1.31 and 1.5 GPa, 

respectively, which are higher than those of the single crystalline NWs (0.95 GPa and 1.21 

GPa). More details of the stress-strain curves can be seen in Supplementary Section 2. These 

results suggest that the internal TB running parallel to the NW length direction can act as 

obstacles for dislocation nucleation and propagation so as to strengthen the NWs. 

 

 

Figure 4.3 Mechanical response and microstructure evolution of crystalline Ag NWs under in 

situ TEM tensile test. (a-c) Engineering stress-strain curves of bi-twinned and single crystalline 

Ag NWs under uniaxial loading-unloading. Insets in (a-c) are the corresponding cross-

sectional images of the tested NWs (cut from the undeformed part after the test). Scale bar, 20 
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nm. (d-f) Snapshots of microstructure evolution of bi-twinned and single crystalline Ag NWs 

during the loading-unloading processes. The five snapshots corresponding to the stress-strain 

change are marked in (a-c). The loading direction is <110>, which is also the length (or growth) 

direction of the NWs. Partial dislocations are marked by blue arrows and planar sliding by 

green arrows. Scale bar, 100 nm. The viewing directions are from the 〈11̅0〉 zone axis of the 

small twin variant in (d), the large twin variant in (e) and the whole grain in (f), which are 

marked by the yellow arrows in the insets in (a-c), respectively. 

 

4.3.2 Three Deformation Modes  

Localized dislocation nucleation and propagation dominated in bi-twinned Ag NWs 

with a balanced volume ratio, shown in Figure 4.3d (viewed from the 〈11̅0〉 zone axis of the 

small twin variant; see details in Supplementary Section 3). As shown in Figure 4.3a,d, partial 

dislocations marked by blue arrows emerged at the yielding point (Figure 4.3d-ii). After that, 

partial dislocations were continuously nucleated under increasing applied stress, leading to 

permanent plastic deformation (planar sliding) in the NW (Figure 4.3d-iii) as they swiped 

across the whole cross-sectional area. Continuous dislocation nucleation and propagation 

resulted in large plastic deformation and failure of the NW (Figure 4.3d-iv,v and 

Supplementary Movie 1). Note that only dislocation slip was observed without obvious 

necking at the fracture region. Figure 4.4a shows a magnified TEM image of the fracture 

morphology in which a high density of SFs was left in the small twin variant (see details in 

Supplementary Section 3), whereas the partials observed in Figure 4.3d during the plastic 

deformation were from the large twin variant. This indicates that partial dislocations are prone 
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to nucleation and propagation in the dominant twin variant in bi-twinned NWs during the 

plastic deformation. According to the MD simulation results in Figure 4.4b (see Supplementary 

Movie 4 for more details) and a schematics of the slip systems [73, 147] shown in Figure 4.4c, 

a partial dislocation, B from plane BCD (or A from plane ACD), nucleated from a surface 

vertex (Figure 4.4b-i), propagated into the dominant twin variant towards the TB (Figure 4.4b-

ii), then interacted with the TB and transmitted into the small twin variant through a dislocation 

reaction, B → ’ + ’B (Figure 4.4b-iii), leaving a stair-rod dislocation ’ with a 

magnitude of 2

9
<11̅1> across the TB (see Supplementary Section 4). After that, the trailing 

partial (C in plane BCD) was nucleated (Figure 4.4b-iv) and swept through the defected area 

(C→ C’ + ’), resulting in a permanent slipping step (one atomic layer along CB) in the 

bi-twinned NW (Figure 4.4b-vi).  

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

plasticity was observed in the bi-twinned Ag NWs with small volume ratios (Figure 4.3b,e). 

After a careful microstructure characterization, a detwinning-twinning deformation was 

identified to contribute to the large plasticity in such bi-twinned NWs (see details in 

Supplementary Section 2 and Movie 2). Before the detwinning-twinning deformation, 

dislocations were nucleated and propagated in the dominant twin variant when the applied 

stress approached the yield strength (Figure 4.3e-ii,iii); with further loading a permanent planar 

slip also occurred (Figure 4.3e-iv). Different from the bi-twinned NW dominated by 

dislocation slip, the dislocations in this case nucleated and propagated in both {111} and {111̅} 

planes (planes BCD and ACD in Figure 4.4c) and intersected at the TB. The interaction of 

multiple dislocations with the TB led to detwinning of the existing TB, followed by the 
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nucleation and propagation of new inclined TBs (marked in Figure 4.3e-v) along the NW 

length. This deformation mechanism is significantly affected by the volume ratio between the 

two twin variants. 

 

 

 

 

Figure 4.4 Dislocation slip dominated deformation in bi-twinned Ag NWs. (a) A magnified 

TEM image showing stacking faults left in the small twin variant at on-zone condition. The 

surface edge of the small twin variant is marked by the dashed line. Scale bar, 20 nm. (b) 

Snapshots from MD simulations showing nucleation, propagation of partial dislocations and 

interaction between the partial and the TB in bi-twinned Ag NWs. (c) Illustration of a double 
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Thompson tetrahedron on the coherent {11̅1} TB in bi-twinned NWs. The front tetrahedron at 

the front of the TB represents the matrix slip systems in the dominant twin variant, while the 

back one represents twin slip systems in the small twin variant. 

  

To understand further the detwinning-twinning mechanism in bi-twinned metallic 

NWs, we have performed a series of MD simulations. Details of the simulation are provided 

in the ‘Methods’ section. Figure 4.5a shows a perfect TB parallel to the NW axis before loading 

and Figure 4.5b shows the NW after detwinning, where a single crystalline phase was formed 

and part of the original twin plane disappeared (only hexagonal close-packed atoms are shown 

here). Detailed detwinning process is illustrated in Figure 4.6 (see Supplementary Movie 7). 

Partials initially interacted with the TB and left a stair-rod dislocation ’ (Figure 4.6a), 

similar to the initial stage in bi-twinned NWs with balanced volume ratio (Figure 4.4b). After 

that, direct interaction of two partials, B and C in plane BCD (Figure 4.4c), formed a 

temporary partial D (Figure 4.6b), which would decompose into a stair-rod dislocations  

and a Hirth dislocation, 1/3<010> (Figure 4.6c). Because of the high energy state of the two 

new formed dislocations, an extended jog was formed among them with a new partial C in 

plane ABC which is for detwinning (Figure 4.6d,e). Subsequent dislocation nucleation, 

propagation and interaction continued the detwinning process, following with twinning 

deformation in the temporary formed structure. As a result, a low energy TB in the dominant 

twin variant and a high-angle GB in the other twin variant were created; under further loading 

twinning partials kept nucleating on the newly formed TB as shown in Figure 4.5f, leading to 

migration of the inclined TB and GB, and creation of an expanding single crystalline phase 



 

77 

(see Supplementary Section 2). Figure 4.5e,g shows the cross-sections of the original bi-

twinned phase and the newly formed single crystalline phase, respectively. The bi-twinned 

NW with <110> axis was transformed to the single crystalline phase with <001> axis by 

coherent twinning migration from the detwinning site, which is somewhat similar to the 

deformation mechanism in single crystalline Ag NWs that will be discussed below. Figure 

4.5h,i shows the fracture morphologies of the detwinning-twinning dominated bi-twinned Ag 

NWs from experiments and MD simulations, respectively. The fact that MD simulations 

matched quite well with the experimental results indicates that the detwinning-twinning 

mechanism can lead to large plasticity in bi-twinned NWs.  

 

 

Figure 4.5 Illustration of detwinning-twinning deformation in bi-twinned Ag NWs. (a) A 

perfect TB in the bi-twinned NW before loading. (b) Detwinning of the bi-twinned NW above 

a critical load. Note that only HCP atoms are made visible in (a,b). (c) Nucleation of a single 

crystalline phase in the bi-twinned NW, the side surfaces being reoriented from (111) to (100). 

(d) Internal structure of the detwinned NW. The FCC atoms have been made transparent. (e) 

Cross-section of the bi-twinned phase with axial direction of <110>. (f) Detailed structure of 
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the newly formed GBs during the detwinning process. (g) Cross-section of the single 

crystalline phase with axial direction reoriented to <001>. (h,i) Fracture morphology of 

detwinning dominated bi-twinned Ag NWs from experimental and simulation investigations, 

respectively. A SAED pattern in the inset of (h) indicates the twin relationship between the 

newly formed single crystalline phase and the original dominant twin variant in the bi-twinned 

phase. 

 

 

Figure 4.6 MD simulcations showing dislocation evolution for detwinng-twinning 

deformation in bi-twinned NW. (a-d) Snapshots from MD simulations showing detwinning 
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processes in a bi-twinned NW with small volume ratio. (e) Illustration of an extended jog 

formed with a new partial C in plane ABC for detwinning. 

 

For the purpose of comparison, in situ tensile testing of single crystalline Ag NWs was 

also performed, as shown in Figure 4.3c,f, where superplasticity was observed as a result of 

twinning induced deformation. The microstructure evolution in the single crystalline Ag NW 

during the plastic deformation is illustrated in Figure 4.3f (see Supplementary Movie 3). At 

the yielding point, leading partials were nucleated from the NW free surface and propagated 

across the NW cross section, which resulted in a permanent planar slip (Figure 4.3f-ii). 

Continuous nucleation and propagation of the leading partials caused a small deformed 

segment (Figure 4.3f-iii) followed by a sudden, large elongation (13.1%) of the NW 

accompanying a nearly full release of the applied stress (Figure 4.3f-iv). After that, the NW 

underwent a continuous twinning deformation with the increase of the applied load (Figure 

4.3f-v). Postmortem TEM observations revealed that the single crystalline Ag NW was 

completely reoriented from <110> to <100> direction (see the cross-sectional TEM images 

before and after deformation in the insets in Figure 4.7a). Similar twinning deformation was 

observed in single crystalline Au NWs [152]. In comparison, a high density of defective 

structures (nanotwins and SFs, marked in Figure 4.7a) was observed in the single crystalline 

Ag NW, while only a few parallel nanotwins in the single crystalline Au NW. To explain this, 

we calculated the generalized SF energy curve for Ag and compared the results with other FCC 

metals, as shown in Table 4.1. It has been proposed that 𝛾𝑈𝑆𝐹/(𝛾𝑈𝑇 − 𝛾𝐼𝑆𝐹) can describe the 

competition between partial nucleation and twinning, where 𝛾𝑈𝑆𝐹 is the unstable SF energy, 
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𝛾𝑈𝑇 the unstable twinning energy and 𝛾𝐼𝑆𝐹 the intrinsic SF energy [153]. For <110> oriented 

Ag under tension, the value of 𝛾𝑈𝑆𝐹/(𝛾𝑈𝑇 − 𝛾𝐼𝑆𝐹) is 1.08, which is very close to 1 compared 

to other FCC metals. This means that partial nucleation and twinning are almost equally 

probable to occur, which explains the appearance of a high density of nanotwins and SFs in 

the deformed single crystalline Ag NW. MD simulations showed that the nucleation of leading 

partials will generate nanotwins and SFs in the NW (Figure 4.7b), and when migration of the 

inclined TB crosses the nanotwins and SFs, they will be left behind in the NW (see Figure 4.7b 

and Supplementary Movie 8).  

 

 

Figure 4.7 Twinning deformation in single crystalline Ag NWs. (a) A high-resolution TEM 

image of defective structures (nanotwins and SFs) in the deformed part of a single crystalline 

Ag NW after the in situ tensile testing. Scale bar, 2nm. Insets in (a) are the cross-sectional 

images of single crystalline Ag NW before and after deformation. Scale bar, 20 nm. (b) 

Snapshots from MD simulations showing the generation of SFs and nanotwins during the 

twinning deformation in a single crystalline Ag NW. Leading partials for twinning propagation 

and SFs or nanotwinns are marked by red and blue arrows, respectively.  
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In short, it is shown that detwinning-twinning deformation leads to the observed large 

plasticity in bi-twinned NWs with a small volume ratio, characterized by interaction of 

multiple dislocations with the TB, which is different from dislocation slip dominated 

deformation in bi-twinned NWs with balanced volume ratios and twinning dominated 

deformation in single crystalline NWs. The three deformation mechanisms were observed in 

more Ag NWs (see additional examples in Supplementary Section 2) and supported by MD 

simulations (see Supplementary Section 4 and Movie 4-6).  

Detwinning has been extensively studied recently especially in fcc metals.[154, 155, 254, 

255] The key for detwinning is to nucleate a partial in the twinning plane at the TB. Zhu et 

al.[254] proposed a detwinning mechanism via cross-slip of partials into the twinning plane at 

the TB. Subsequent dislocation interactions with the TB continue the detwinning process. 

Wang et al.[255] attributed the detwinning to the rapid migration of incoherent TBs formed by 

twinning partials during compressive loading. Twinning partials from the incoherent TBs can 

directly activate the detwinning process owing to the shear stresses. Moreover, detwinning has 

been observed in Cu nanopillars[155] and Au NWs[154] with preexisting nanotwins under 

tension and compression, respectively. In these two cases, twinning partials were directly 

nucleated from the free surface and transferred into the twinning plane owing to the large 

resolved shear stress. In contrast, the detwinning mechanism reported here is a unique process 

because the loading direction is parallel to the twinning plane and there is no resolved shear 

stress. Therefore, the previous detwinning mechanisms cannot be readily applied. 

Alternatively, we propose that complicated dislocation interactions with the TB can disorder 
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the local atomic arrangement, leading to a twinning partial in the twinning plane for 

detwinning.  

 

Table 4.1 Important features on the GSF curves for various FCC metals 

  EAM   TB [256] 

 Cu [153] Au [153] Al [153] Ag [251] Ag 

γ ISF (mJ m-2) 45 31 146 19 18 

γ USF (mJ m-2) 180 101 189 129 93 

γ UT (mJ m-2) 202 122 240 138 105 

γ USF /(γ UT -γ ISF) 1.147 1.11 2.011 1.084 1.069 

 

4.3.3 Effects of Volume Ratio and Cross-sectional Aspect Ratio 

Apparently, detwinning plays a crucial role in the superplasticity of bi-twinned NWs; 

without the detwinning and nucleation of a single crystalline phase, twinning migration and 

NW reorientation would not occur in the bi-twinned phase. After the detwinning, a single 

crystalline phase (the same as the dominant twin variant) is formed, which will be subsequently 

deformed by twinning. After this detwinning-twinning process a complex structure is formed 

as shown in Figure 4.5d,f – a low energy TB in the dominant twin variant and a high-angle GB 

in the other twin variant. The energy change associated with the detwinning-twinning process 

can be calculated as the energy needed to create these new boundaries: 

                                                     (1) 

where  and  are the area of the TB and high-angle GB in Figure 4.5f; twin and GB are the 

interfacial energies of TB and the newly formed high-angle GB, with the values of 5.9 and 539 

GBtwin AAE  21 22 

1A 2A
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mJ/m2, respectively (See Supplementary Section S5). This energy change as a function of the 

volume ratio for a fixed H = 9 nm and W = 13 nm NW is plotted in Figure 4.8a. The volume 

ratio in bi-twinned NWs can be quite different, ranging from 0.1 to 1.0 in the 20 NWs 

examined. It is obvious that  can be reduced by decreasing the volume ratio, indicating that 

a reduced volume ratio can facilitate the detwinning process in bi-twinned Ag NWs.  

 

 

Figure 4.8 Transition of deformation mechanisms in bi-twinned Ag NWs. (a) Energy 

difference 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 simulation and its corresponding geometrical parameters. (b) The contour plot of energy 

difference in the detwinning process as a function of H/W and twin volume ratio r, along with 

the simulation and experimental data. For simulation results: the black squares stand for the 

slip dominated deformation mode, the red rhombuses stand for the detwinning-twinning 

deformation mode and the blue rhombuses stand for the transitional deformation mode. For 

experiment data: solid black squares stand for the slip dominated deformation mode and solid 

red rhombuses stand for the detwinning-twinning deformation mode. 
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To systematically investigate the transition of the two deformation mechanisms, a 

parameter study was conducted for the bi-twinned NWs using MD simulations. Inset in Figure 

4.8a shows the cross-section of the simulated bi-twinned NWs, where W, H and h1 are the 

geometrical parameters to be adjusted. The energy difference of the detwinning process  

in equation (1) can be expressed in terms of two dimensionless parameters: H/W and volume 

ratio : 

                                         (2) 

The detailed form of the equation is derived in Supplementary Section S5. The contour of 

is plotted in Figure 4.8b 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 . The plot shows that NWs with smaller 

volume ratio and larger H/W values have lower energy change, thus favor detwinning; while 

those with larger volume ratio and smaller H/W value have higher energy change, thus favor a 

dislocation slip dominated deformation mechanism.  

As shown in Figure 4.8b, the MD simulations suggested a transition deformation mode 

in between the two deformation mechanisms. More details of the transition mode are shown in 

Supplementary Section 4. In this mode, dislocation slip first dominated, leading to a necking 

of the NW in the W direction, which increased the H/W value in the necking region. This 

geometrical change made detwinning more favorable in the necked region, as indeed observed 

in the simulations. The simulation results are generally predictable based on the behavior of 

. In addition, a total of 20 experimental data were included in Figure 4.8b (solid symbols), 

which also showed good agreement with the prediction based on .  
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Based on the experimental and simulation results, a transition line, corresponding to a 

critical  of 140eV, is found to separate the dislocation slip mechanism and the detwinning-

twinning deformation mechanism in bi-twinned Ag NWs (Figure 4.8b). The transition mode 

of mixed deformation mechanisms was frequently seen around this transition line.  

 

4.3.4 Effect of Twin Boundaries 

Preexisting TBs in metallic NWs have received much interest as a strengthening 

mechanism due to their capability in blocking the dislocation movement. From the synthesis 

perspective, it is much simpler to controllably introduce TBs in NWs that are parallel to the 

length direction. For instance, penta-twinned NWs are commonly synthesized by the polyol 

method [56] and bi-twinned NWs reported in this study can be synthesized by physical vapor 

deposition [38].  

The mechanical behavior of penta-twinned Ag NWs has been widely studied. [103, 

106, 126, 182] For comparison, we list typical mechanical properties of single crystalline, bi- 

and penta-twinned Ag NWs in Table 4.2. Note that all listed NWs have cross-sectional areas 

corresponding to a diameter in the range of 95-120 nm so as to avoid the size effect. The bi-

twinned Ag NWs exhibit the highest yield strength (1.2-1.4 GPa) and ultimate tensile strength 

(1.5-1.8 GPa). Depending on the deformation mode, the total elongation of the bi-twinned 

NWs can range between 3.5% and 27.5%, which is comparable to that of penta-twinned NWs 

and single crystalline NWs, respectively. Penta-twinned Ag NWs have a similar yield strength 

of 0.8-1.1 GPa but a larger UTS of 1.1-1.5 GPa, compared to the single crystalline counterparts. 

The large UTS of penta-twinned NWs has been attributed to strong strain hardening rates since 

E
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the internal TBs can act as effective obstacles to hinder the propagation of dislocations through 

the TBs. [106] From the perspective of material design, metallic NWs with a single TB parallel 

to the length direction offer the best combined mechanical properties. 

 

Table 4.2 Mechanical properties of single crystalline, bi- and penta-twinned Ag NWs under 

uniaxial tensile testing. Note that all the three type NWs have closed cross-sectional areas 

corresponding to a diameter ranging from 95-120 nm (treated as round shape) so as to avoid 

the size dependent effect on the Young’s modulus. 

 single crystalline Bi-twinned Penta-twinned 

Young's Modulus (GPa)  82±2.2  

Yield Strength (GPa) 0.8-1.0 1.2-1.4 0.8-1.1 

Ultimate Strength (GPa) 1.0-1.2 1.5-1.8 1.1-1.5 

Total Elongation (%) 35-41 3.5-27.5 1.9-3.8 

Number of tested NWs 5 17 13 

 

 

The effect of TBs parallel to the NW length direction on the deformation behavior of 

Ag NWs is summarized in Table 4.3. First, twinning is identified as the dominant deformation 

mechanism in single crystalline Ag NWs, while detwinning-twinning in bi-twinned NWs with 

small volume ratios, both leading to superplasticity. In contrast, localized dislocation slip are 

common in bi-twinned NWs with balanced volume ratios and penta-twinned NWs as a result 

of limited fracture strain. Second, planar sliding (or shearing) is the dominant failure mode in 

single crystalline and bi-twinned NWs due to partial dislocation sliding across the entire cross-
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section while serious necking in penta-twinned NWs owing to complicated dislocation 

interactions at the intersection of multiple TBs [106, 157]. Third, the interaction of dislocations 

with TBs introduces obvious hardening in bi- and penta-twinned [106] NWs but the generation 

of defective structures provides limited hardening in single crystalline NWs. Finally, 

recoverable plasticity are observed in both bi- and penta-twinned NWs but not in single 

crystalline NWs since the internal TBs play an essential role in the retraction of partial 

dislocations. 

 

Table 4.3 Summary of the mechanical behaviors of single crystalline, bi- and penta-twinned 

Ag NWs under uniaxial tensile testing. 

 
Single crystalline Bi-twinned Penta-twinned 

 Small vol. ratio Large vol. ratio  

Deformation mode Twinning Detwinning-twinning Dislocation slip 

Plasticity Superplasticity Limited plasticity 

Failure mode Planar sliding Necking 

Strengthening Limited  Medium Strong  

Recoverable plasticity No Limited Strong 

 

 

 

4.4 Conclusions 

In summary, we have discovered a transition between two deformation modes, 

dislocation slip and detwinning-twinning, in bi-twinned metallic NWs via an integrated 
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approach combining in situ TEM tensile testing, microstructure characterization and MD 

simulations. Localized dislocation nucleation and propagation across the TB lead to permanent 

planar sliding and limited fracture strain in bi-twinned NWs with balanced volume ratios, while 

detwinning-twinning deformation results in superplasticity in those with small volume ratios. 

The superplasticity observed in bi-twinned metallic NWs is somewhat similar to that in single 

crystalline metallic NWs due to coherent twinning propagation. Our experimental and 

theoretical results indicated that the detwinning process is governed by interaction of multiple 

localized dislocations with the TB. A criterion for the detwinning deformation was proposed 

based on the detwinning energy barrier, which was shown capable of capturing the effects of 

the volume ratio and cross-sectional aspect ratio on the transition of deformation modes in bi-

twinned NWs. Among the single crystalline, bi- and penta-twinned Ag NWs, bi-twinned Ag 

NWs offer the best combined mechanical properties.  



 

89 

CHAPTER 5  

RECOVERABLE PLASTICITY IN BI-TWINNED SILVER 

NANOWIRES 

 

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

NW length direction exhibit unusual time-dependent mechanical behavior owing to the 

interaction of dislocations with TBs. Here, based on in situ TEM tensile testing and atomistic 

simulations, we report recoverable plasticity in bi-twinned Ag NWs with a single TB running 

parallel to the NW length direction. In situ tensile experiments show that bi-twinned Ag NWs 

undergo stress relaxation on loading at an initial stress around the yield point and plastic strain 

recovery on unloading. Both experimental and simulated results corroborate that stress 

relaxation originates from the nucleation of leading partial dislocations from the free surface, 

while strain recovery is due to the reverse motion of partial dislocations driven by the repulsive 

force from the TB. The internal TB in bi-twinned NWs can act as an obstacle for hindering 

dislocation propagation through the entire cross-section. The observed recoverable plasticity 

in twinned NWs shows new insight on the understanding of interactions between dislocations 

and TBs in twinned metallic nanomaterials.     

 

5. 1 Introduction 

Nanowires (NWs) are among the most important building blocks for many 

applications, including nanoeletronics, optoelectronics, energy harvesting and storage, 
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ultrasensitive sensing and nanoelectromechanical devices. [4-6, 8, 10, 12, 19, 257] NWs 

usually exhibit ultrahigh mechanical strength, which make them ideal candidates for studying 

fundamental deformation mechanism at nanoscale. [3, 38, 107, 113, 141, 154, 159] In the case 

of metallic NWs, dislocation nucleation from free surfaces has been identified as a dominant 

mechanism, in contrast to the forest dislocation dynamics in bulk materials. [102, 143, 146, 

153, 174-177, 179, 180] Recently, time-dependent mechanical behavior of metallic NWs under 

sustained or cyclic loadings has attracted much attention owing to the importance for the design 

of functional and reliable NW-based electronic devices. [102, 182]  

Previous studies have revealed substantial time-dependent and partially reversible 

deformation behaviors in nanocrystalline thin films, which are attributed to the coupling and 

competition of reversible dislocation activities and grain boundary (GB) mediated processes 

at different temperature and strain rates. [165-169] But only a few works have been focused 

on nanoscale structures like metallic NWs, since they are most single crystalline without GBs 

or have internal twin boundaries (TBs) which have low energy, high symmetry and coherent 

atomic structure. [102, 182] Metallic NWs with internal microstructures have received much 

attention in the past decade, for example, metallic NWs with parallel, inclined or perpendicular 

TBs with respect to the NW length direction. [103, 106, 155-159, 258] Pre-existed TBs as 

internal structure in metallic NWs have been demonstrated to effectively improve the 

mechanical strength, especially for the NWs with inclined or perpendicular TBs with respect 

to the NW length direction since they can act as obstacles for dislocation nucleation. [155, 159] 

But no obvious time-dependent mechanical behavior is observed in such NWs with inclined 

or perpendicular TBs. However, NWs with multiple TBs parallel to the NW length direction 



 

91 

have been reported to exhibit unusual time-dependent mechanical behavior. A complete 

recoverable plasticity has been observed in penta-twinned Ag NWs with five TBs running 

parallel to the NW length direction, with stress relaxation on loading and complete strain 

recovery on unloading. [102] Interaction between dislocations and multiple TBs were 

considered to contribute to the full plastic strain recovery in penta-twinned NWs. Recoverable 

plasticity has also been predicted in bi-twinned Ag NWs [102] (for consistent with the reported 

penta-twinned NWs) with a single TB running parallel to the NW length direction but there is 

lack of experimental evidence and the interaction between dislocation and single TB remains 

elusive. 

Here, we report recoverable plasticity in bi-twinned Ag NWs via in situ TEM tensile 

tests combined with molecular dynamics (MD) simulations. In situ tensile experiments show 

that bi-twinned Ag NWs undergo stress relaxation at a stress level close to the yield point and 

plastic strain recovery during the unloading process. Both experimental and simulated results 

corroborate that stress relaxation originates from the nucleation of leading partial dislocations, 

while strain recovery is due to the reverse motion of partial dislocations driven by the repulsive 

force from the TB. Effect of TB on the dislocation propagation in bi-twinned NWs is studied 

by comparing the case in single crystalline NWs. And the influence of TBs on the recoverable 

plasticity in twinned NWs is discussed. 
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5.2 Materials and Methods     

5.2.1 Sample Synthesis and Characterization  

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. 

More details of the NW synthesis process are provided elsewhere [38]. 

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 60-300 kV S/TEM equipped with an X-FEG 

source operated at 200 kV. 

 

5.2.2 In Situ TEM Mechanical Testing  

The 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 (Figure 4.1a). Details on the load 

sensor calibration have been reported previously [228]. Displacement (and strain) is measured 

by digital image correlation of TEM images of two local markers on the specimen (Figure 

4.1b). This MEMS based stage 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).  
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NWs were mounted on the testing stage using a nanomanipulator (Klocke Nanotechnik, 

Germany) inside a FEI Nova 600 dual beam SEM. A 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 local 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 ~0.005 %/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 and its effect 

on the mechanical behavior of the NW under tensile testing can be neglected. 

 

5.2.3 MD Simulations 

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

Bi-twinned NW sample was generated according to experiments observed shapes. Figure 5.3 

shows the atomic cross-section of the bi-twinned NW sample. The bi-twinned NW sample 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. The vacancies are introduced 

by randomly removing atoms out of the samples. The samples are initially relaxed and 

equilibrated at temperature of 800 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>). Then the samples are stretched at a constant strain rate of 108 s−1 under NVT 

ensemble (canonical ensemble) to a certain strain of 2.1% during loading process. Then the 

strain of the sample is fixed and NW is relaxed under NVT ensemble for 2 nanoseconds.  In 
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the relaxation process, we monitor the variation of the axial stress by averaging the axial 

stresses over all atoms in the samples. Note that we have used an elevated temperature of 800 K 

in our MD simulations to accelerate the thermally activated processes of vacancy diffusion and 

the associated dislocation nucleation within the time scale of MD simulations. 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 until the axial stress in the simulated sample 

approaches zero. To identify defects during deformation of the samples, we paint atoms with 

different crystalline order in different colors using a common neighbor analysis. The green-

colored atoms stand for atoms with face-centered cubic symmetry, the red ones those with 

hexagonal close-packed symmetry and the grey ones those at dislocation cores, surfaces and 

point defects. 

 

5.3 Results  

5.3.1 Characterization of Bi-twinned NWs 

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

beam epitaxy system. [38] A scanning electron microscope (SEM) image in Figure 5.1a shows 

Ag NWs on Si substrate, with length at micron scale (5-25 um) and width at nanometer scale 

(50-200 nm). Size distribution of Ag NWs is shown in Figure 5.1b, taken into account of 113 

NWs. Note that the size used here is referred to the NW width directly measured from TEM 

images. Based on TEM characterization, two types of <110> oriented Ag NWs are dominated 

in the synthesized product, bi-twinned and single crystalline NWs. And bi-twinned Ag NWs 
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are dominant in the 113 examined NWs, with a percentage of 81% (Figure 5.1b). Figure 5.1c,d 

shows schematic drawings of the geometry of bi-twinned and single crystalline NWs, 

respectively. For bi-twinned NWs, a single internal TB is running parallel to the NW length 

direction.  

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

TEM images when being viewed from <110> zone axis, shown in the insets in Figure 1c,d. 

Both bi-twinned and single crystalline NWs show hexagonal cross-sectional shapes but with 

different arrangement of surface facets (marked in Figure 5.1c,d). And the bi-twinned NW 

show clear TB between the two twin variants (see the inset in Figure 5.1c). On the other hand, 

bi-twinned Ag NWs can be determined from longitudinal view under TEM observation. Based 

on the geometry of bi-twinned structure (see Figure 5.1c), there is a 19.4° tilt angle between 

〈11̅0〉 and <001>t zone axes from the two twin variants, respectively. It can be used as a 

criterion for determining bi-twinned NWs under longitudinal view since there is a 45 or 90° 

included angle between 〈11̅0〉 and <001> in single crystalline NWs. Moreover, the bi-twinned 

structure can also be distinguished by comparing the dark- and bright-field TEM images when 

being viewed from zone axes of 〈11̅0〉 or <001> from one of the twin variants. Figure 5.1e,f 

shows an example of a bi-twinned Ag NW being viewed from <001> zone axis of one of the 

twin variants (see the diffraction pattern in the inset of Figure 5.1e). The on-zone grain showed 

bright image contrast under dark-field TEM imaging mode (Figure 5.1e), although the two 

twin variants displayed weak image contrast under bright-field imaging mode (Figure 5.1f).  
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Figure 5.1 Microstructure characterization of Ag NWs. (a) SEM image of Ag NWs on Si 

substrate. Scale bar, 5 m. (b) Size distribution of Ag NWs. <110> oriented bi-twinned NWs 

are dominant in the examined 113 NWs. (c,d) Schematic drawings of bi-twinned and single 

crystalline Ag NWs and corresponding cross-sectional TEM images, respectively. Scale bar, 

20 nm. (e,f) Dark- and bright-field TEM images of a bi-twinned Ag NW from longitudinal 

view. Inset in (e) is the corresponding SAED pattern taken from <001> zone axis.  Scale bar, 

100 nm. 

 

5.3.2 Stress Relaxation in Bi-twinned NWs 

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

microelectromechanical system (MEMS) based testing stage (see Figure 4.1a) that allows 
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accurate measurement of both load and displacement [202, 220, 228]. Figure 5.2a shows the 

stress-strain responses during typical tensile tests (two cycles) of a bi-twinned Ag NW with 

loading direction along the NW length direction in three steps: loading, relaxation and 

unloading. Two initial stresses were chosen for stress relaxation (held about 15 minutes with a 

fixed applied force). One (0.84 GPa) is lower than the yield strength (1.23 GPa, see Figure 

5.6a), while the other (1.21 GPa) is close to the yield strength. During the loading step, the NW 

in both cases exhibited nearly linear response. During the relaxation process, there is almost 

no change of stress and strain at the initial stress of 0. 84 GPa, while obvious change of them 

observed at the initial stress of 1. 21 GPa. The stress decreased with time, while the strain 

increased. On unloading, the strain in the NW completely recovered for both cases. For the 

stress relaxation process, Figure 5.2b shows the strain and stress as functions of time at the two 

selected stress levels. When the applied initial stress was 1.21 GPa, the NW strain increased 

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

1.21 to 1.12 GPa. However, if the applied initial stress (0.84 GPa) is much lower than the yield 

strength, there is no obvious change of strain and stress during the relaxation process. This is 

different from the phenomena observed in penta-twinned Ag NWs before [102] that stress 

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

yielding strength (1.0 GPa). Dislocation nucleation and retraction are suggested to contribute 

to the recoverable plasticity in twinned metallic NWs. [102] Therefore, a higher external stress 

is needed for the dislocation nucleation in bi-twinned NWs by compared with that in penta-

twinned NWs. Detailed comparison of the mechanism in the two types of twinned NWs will 

be discussed late.  
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Figure 5.2 In situ measurements of stress and strain evolutions in a bi-twinned Ag NW. (a) 

Stress-strain curve for the bi-twinned Ag NW under two cycles of loading-relaxation-

unloading processes. The relaxation step took 15 minutes. (b) Relaxation curves for the bi-

twinned Ag NW. 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. 

 

MD simulation was performed to reveal the underlying mechanisms behind the 

observed relaxation and recovery behavior of bi-twinned NWs. Hexagonal cross-sectional 

shape was taken into account for the modeling, shown in the inset of Figure 5.3a. To investigate 

the stress relaxation behavior, we first stretched the simulated sample to a strain of 2.1%, and 

then monitored stress relaxation while the applied strain was held fixed. The stress gradually 

decreased from an initial stress of 1.27 GPa by about 120 MPa. The partial dislocation 
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nucleated during the stress relaxation process, indicating that the stress relaxation is a direct 

consequence of dislocation nucleation in bi-twinned NWs. Similar to experiments, after stress 

relaxation the simulated samples were subsequently unloaded. When the applied stress came 

down to 30% of the initial one, the partial dislocation started to retract and the stress-strain 

curve was back to the original state. This phenomenon is very similar to the experimental 

observations. Figure 5.3b,c shows the snapshots of the deformed samples during relaxation 

and recovery. During stress relaxation, partial dislocation was found to nucleate near free 

surface and then expand through the grain interior but restricted by the TB (Figure 5.3b). 

During strain recovery, partial dislocation was retracted from the TB, resulting in complete 

strain recovery (Figure 5.3c). Details of such process are shown in Supporting Movie 1. It is 

known that there exists a repulsive force between TB and curved dislocation. [259] When the 

external stress is decreased during unloading process, the repulsive force from the TBs appears 

to induce reverse motion of dislocation by pushing the non-inserted segments as well as 

extracting the inserted segments from the TBs back towards where the dislocations were 

nucleated. Consequently, in bi-twinned NWs, stress relaxation originates from the nucleation 

of leading partial dislocations which are then held by the TB, while strain recovery is due to 

the reverse motion of partial dislocations driven by the repulsive force from the TB. 
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Figure 5.3 MD simulation of stress relaxation and strain recovery in a bi-twinned Ag NW. (a) 

Stress-strain curve of the full loading-relaxation-unloading process. Inset in (a) is an atomic 

model viewed from transverse and longitudinal direction. (b) Snapshots of partial dislocation 

nucleation during loading process. (c) Snapshots of partial dislocation retraction during 

unloading process. Note that only red hexagonal closed packed atoms are shown here and solid 

lines are dislocation lines by DXA algorithm. 

 

5.3.3 In Situ Observation of Dislocation Nucleation and Retraction 

In order to track the dislocation motion in bi-twinned NWs, we did additional in situ 

TEM tensile tests and increased the applied stresses close to the ultimate stress (see Figure 

5.6b). Figure 5.4 shows the stress-strain responses and the snapshots of microstructure 

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

holding process. Before the tensile testing, the microstructure of the NW was checked and 

there was no exclusive defect in the NW excluding the internal TB (Figure 5.4b-i). Figure 5a, 

b shows a loading-unloading cycle without holding process (see Supporting Movie 2). As the 
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partial dislocation (marked by A in Figure 5.4b-ii) came out during the loading process, we 

directly decreased the applied force and turned the NW into unloading process. It is clear that 

another partial dislocation (marked by B in Figure 5.4b-iii) appeared at the initial stage of the 

unloading process which was probable due to the overstress of the NW during the loading 

process. As the applied stress continued decreasing, the later generated dislocation B first 

disappeared (Figure 5b-iv) when the applied stress was decreased by 75%. And dislocation A 

also disappeared as the applied stress was fully retracted. The plastic strain was almost 

recovered on unloading. As described before, release of internal concentrated stress at the TB 

is suggested to provide the driving force to repulse the leading partials and make them 

disappeared during the unloading process. On the other hand, Figure 5.4c,d displays a loading-

holding-unloading cycle with a short-time (5 minutes) stress relaxation by fixing the applied 

load (see Supporting Movie 3). Two partial dislocations (marked by C and D in Figure 5.4d-

ii) came out as the applied stress was close to the ultimate stress. During the holding process, 

a new one (marked by E in Figure 5.4d-iii) was generated and an obvious planar sliding was 

observed. The planar sliding was due to the propagation of dislocation C across the entire 

cross-section. During the unloading process, dislocation D first disappeared as the applied 

stress was decreased by 80% (Figure 5.4d-iv). And the other two dislocations (C and E) 

disappeared at the last step (Figure 5.4d-v). Note that there is residual strain (~0.2%) left in the 

NW due to the permanent planar sliding which cannot be fully recovered after holding 15 

minutes at zero applied force. Accordingly, the above results indicate that the internal TB in 

bi-twinned NWs can act as an obstacle for hindering the propagation of partial dislocation 

across the TB in a short time when the applied stress is lower than the ultimate strength. 
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Figure 5.4 Mechanical response and microstructure evolution of a bi-twinned Ag NW under 

in situ TEM tensile testing. (a) Stress-strain curve for the bi-twinned Ag NW without a holding 

process. (b) Microstructure evolution during the load-unload process. (c) Stress-strain curved 

for the bi-twinned Ag NW with a holding process. The relaxation step took 5 minutes. (d) 

Microstructure evolution during the load-hold-unload process. The location of partial 

dislocations and planar sliding in the NW are marked by blue and green arrows, respectively. 

Scale bar, 100 nm. 

 

For a comparison, Figure 5.5 shows the stress-strain response and the snapshots of 

microstructure evolution during a typical tensile test of a single crystalline Ag NW (see 

Supporting Movie 4). The loading direction was along the NW length direction and there was 
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no extended defect in the NW (Figure 5.5b-i). As the applied stress reached to the yield strength 

(1.0 GPa), a planar sliding quickly took place in the NW and the strain was obviously increased 

(Figure 5.5b-ii). During the unloading process, a small deformed segment was always kept in 

the NW (Figure 5.5b-iii and iv) and the NW showed almost elastic response as the load was 

releasing. It indicates that the planar sliding during the loading process was a permanent plastic 

deformation which cannot be recovered anymore. Further studies revealed that twinning 

deformation took place in the single crystalline NW which caused such permanent plastic 

deformation. 

 

 

Figure 5.5 Mechanical response and microstructure evolution of a single crystalline Ag NW 

under in situ TEM tensile testing. (a) Stress-strain curve for the single crystalline Ag NW. (b) 

Microstructure evolution during the load-unload process. Permanent planar sliding in the NW 

is marked by the green arrows. Scale bar, 100 nm. 
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As a summary, the observed recoverable plasticity in bi-twinned NWs is attributed to 

the nucleation and retraction of partial dislocations. Nucleation of partial dislocations from the 

free surface mainly contributed to the stress relaxation on loading and retraction of partial 

dislocations to the plastic strain recovery on unloading. The internal TB in bi-twinned NWs 

can act as an obstacle for hindering the propagation of partial dislocations across the TB, 

leading to the recoverable plasticity. Whereas, if partial dislocations directly travel through the 

entire cross-section in bi-twinned or single crystalline NWs, it will result in permanent plastic 

deformation.  

 

 

Figure 5.6 Stress-strain curves for the tested NWs in Figure 5.2, 4.4 and 4.5, respectively. (a,b) 

from bi-twinned NWs. (c) from single crystalline Ag NW. Insets in (a-c) show the cross-

sectional TEM images of the tested NWs. All scale bars, 20 nm. 

 

5.4 Discussions  

The internal TBs in twinned NWs play an important role for the observed recoverable 

plasticity owing to the nucleation and retraction of partial dislocations since there is no such 

behavior in single crystalline NWs. It should be mentioned that recoverable plasticity in 
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twinned NWs with inclined or perpendicular TBs to the NW length direction could be 

neglected because such TBs can effectively act as obstacles for the nucleation of dislocations 

[155]. And dislocations nucleated from the free surface in them are prone to travel through the 

entire cross-section leading to permanent plastic deformation, similar to the case in single 

crystalline NWs. Furthermore, regular GBs (such as low-angle/high-angle tilt GB) in bi-

crystalline NWs was predicted to fail to block or trap the dislocations, resulting in no strain 

recovery. [102]  

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

TBs parallel to the NW length direction, there exists significant difference between them, 

including the stress relaxation, strain recovery and the interaction between dislocation and TBs. 

As described in the previous study, [102] the penta-twinned NWs have five twin variants which 

are arranged homogeneously and intersected at the center from the cross-sectional view, 

showing a symmetrical configuration. And there are pre-existed defects (partials and SFs) 

distributed along one or two of the TBs due to the angle compensation to a pentagonal shape 

(Figure 5.7b). Whereas, the bi-twinned NWs only have single TB parallel to the NW length 

direction with a perfect atomic arrangement along the TB (Figure 5.7a). The difference in their 

microstructures are considered to be the dominant factor to cause the significant difference in 

the observed recoverable plasticity in the two types of twinned NWs.  

First, stress relaxation in bi-twinned NWs requires a higher applied stress level than 

that in penta-twinned NWs. It has been proposed that stress relaxation in penta-twinned NWs 

is significantly affected by vacancies which can promote the nucleation of partial dislocations. 

[102] The pre-existed liner or planar defects in penta-twinned NWs could also assist the 
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nucleation and propagation of partial dislocations so that the stress relaxation can even occur 

at a very low stress level (Figure 5.8). However, bi-twinned NWs have no exclusive liner or 

planar defects in the twin variants. Partial dislocations only nucleate from the free surface, and 

expand into the grain interior. Thus a higher stress level is required for the nucleation of partial 

dislocations in bi-twinned NWs. On the other hand, the amplitude of stress relaxation in bi-

twinned NWs is only about half of that in penta-twinned NWs (see Figure 5.2b and Figure 

5.8b). It indicates that penta-twinned NWs have higher capability for dislocation nucleation, 

which could also be attributed to the high density of pre-existed defects in them. 

 

 

Figure 5.7 High resolution STEM images shows the atomic alignments from the cross-

sectional view of bi and penta-twinned Ag NWs. (a) a bi-twinned Ag NW; (b) a penta-twinned 

NW. Internal defects (SFs and partials) distributed along the TBs in the penta-twinned Ag NW 

are marked by the arrows. The insets in (a,b) are the corresponding SAED patterns. All scale 

bar, 2 nm. 
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Second, plastic strain recovery in bi-twinned NWs is almost finished during the 

unloading process, while an additional strain recovery process is needed for penta-twinned 

NWs. Penta-twinned NWs showed almost linear strain-stress change during the unloading 

process but a full strain recovery during the additional recovery process. [102] It is suggested 

that reversible dislocation motion and vacancy diffusion are promoted by the inhomogeneous 

strain field generated by the fivefold twin during the additional strain recovery process. 

However, there is no obvious residual strain caused by the single TB in bi-twinned NWs. 

 

 

Figure 5.8 In situ measurements of stress and strain evolutions in a penta-twinned Ag NW 

(120 nm in diameter). (a) Stress-strain curve for the NW under two cycles of loading-

relaxation-unloading-recovery process. The relaxation and recovery steps took 15 minutes. (b) 

Relaxation curves for the NW at different stress level. Solid and open symbols correspond to 

the strain-time and stress-time relationships, respectively. Diamond and triangle symbols 

correspond to low and high initial stress levels, respectively. 



 

108 

 

Third, interaction between partial dislocations and TBs results in different partially 

reversible plasticity in bi- and penta-twinned NWs. If complex dislocation structure existed in 

the penta-twinned NWs caused by interaction of stacking fault decahedrons, plasticity became 

only partially reversible. [182] And a strong Bauschinger’s effect was observed in penta-

twinned NWs during cyclic loading. Different from the case in penta-twinned NWs, the 

propagation of leading partials in bi-twinned NWs nucleated from the free surface was directly 

hindered by the single TB under an applied stress which was lower than the ultimate strength. 

If increase of the applied stress and the holding time, the leading partial will travel through the 

TB to the other twin variant followed by a trailing partial sweeping across the entire cross-

section, and a permanent plastic deformation (planar sliding) will be left in the NWs. 

Additionally, from the cyclic loading of bi-twinned NWs (see Figure 5.6b), plastic flow upon 

unloading was clearly observed, which was reminiscent of the classical Bauschinger’s effect.  

 

5.5 Conclusions  

In summary, recoverable plasticity was revealed in bi-twinned Ag NWs via in situ TEM 

tensile testing, microstructure characterization and MD simulations. In situ tensile experiments 

show that bi-twinned Ag NWs undergo stress relaxation on loading at a stress level close to 

the yield strength and plastic strain recovery on unloading. Our experimental and simulated 

results confirmed that stress relaxation originates from the nucleation of leading partial 

dislocations from the free surface, while strain recovery is due to the reverse motion of partial 

dislocations driven by the repulsive force from the TB. The internal TB in bi-twinned NWs 
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can be acted as an obstacle for hindering the propagation of partial dislocations across the TB 

at an applied stress lower than the ultimate strength. If the partial dislocations cross through 

the entire cross-section, a permanent planar sliding will be left.  

Significant difference was found in the observed recoverable plasticity in bi- and penta-

twinned [102] Ag NWs, including the stress relaxation, the strain recovery and the interaction 

between dislocations and TBs, which is attributed to the large difference in their microstructure 

configurations.  

The observed recoverable plasticity in bi-twinned NWs shows new insight on the 

understanding of interactions between dislocations and TBs in twinned metallic nanomaterials. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORKS 

6.1 Conclusions 

In this thesis, we focus on the mechanical behaviors of three types of NWs, SiC, ZnO 

and Ag NWs. We emphasize on the nanomechanics revealed by combining in situ SEM/TEM 

mechanical testing and theoretical modeling, including fracture mechanism of SiC NWs, 

anelasticity of ZnO NWs, deformation mechanisms of Ag NWs and recoverable plasticity in 

twinned Ag NWs. 

In Chapter 2, we have quantitatively studied the mechanical properties of SiC NWs. 

The microstructure of SiC NWs is rather complex, consisting of pure 3C structure, 3C structure 

with an inclined stacking fault, and highly defective structure in a periodic fashion along the 

NW length. We found that the SiC NWs fail in brittle fracture at room temperature, in contrast 

to the superplasticity as previously observed. The SiC NWs exhibited strong size effect in the 

fracture strength; that is, the fracture strength increased with decreasing diameter, up to over 

25 GPa and approaching the theoretical strength of 3C SiC. It is interesting to observe that the 

cracks initiate and propagate in the 3C segments with the 19.47˚ SFs, rather than in the highly 

defective segments. The size effect on fracture strength of SiC NWs is attributed to the size-

dependent defect density (i.e., of the 3C structure with 19.47o SFs), rather than the surface 

effect that is common for single crystalline NWs. 

In Chapter 3, we have reported large anelastic behaviour in single crystalline NWs 

governed by stress-gradient-induced migration of point defects. The observed anelasticity was 
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attributed to a type of nonlinear Gorsky relaxation that involves the diffusion of two types of 

point defects under an inhomogeneous stress field. The large anelasticity in ZnO NWs resulted 

in high mechanical damping with the merit index of 1.13. Similar anelastic behaviour was 

found in p-doped Si NWs. The large magnitude of the anelasticity is attributed to the high 

strain applied to the NWs, while the small diffusion distance, enormous stress gradient and 

large diffusivity result in the short relaxation (recovery) time scale. The large diffusivity in 

NWs is due to the surface-mediated bulk diffusion and reduced activation energy under 

ultrahigh stress. The present study also suggests a useful experimental approach to study 

transport and equilibrium properties of point defects at the nanoscale. Since point defects have 

been reported to exist in many nanostructures [238], the reported anelasticity is expected to 

have broad impacts in nanotechnology. With the rapid progress in large-scale synthesis of NWs 

[239], our study suggests that crystalline NWs with point defects could serve as highly efficient 

damping materials for a broad range of applications in aerospace, automotive, energy and 

biomedical industries. 

In Chapter 4, we have discovered a transition between two deformation modes, 

dislocation slip and detwinning-twinning, in bi-twinned metallic NWs. Localized dislocation 

nucleation and propagation across the TB lead to permanent planar sliding and limited fracture 

strain in bi-twinned NWs with balanced volume ratio, while detwinning-twinning deformation 

results in superplasticity in those with small volume ratios. The superplasticity observed in bi-

twinned metallic NWs is somewhat similar to that in single crystalline metallic NWs due to 

coherent twinning propagation. Our experimental and theoretical results indicated that the 

detwinning process is governed by interaction of multiple localized dislocations with the TB 
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A criterion for the detwinning deformation was proposed based on the detwinning energy 

barrier, which was shown capable of capturing the effects of the volume ratio and cross-

sectional aspect ratio on the transition of the deformation modes in bi-twinned NWs. Among 

the single crystalline, bi- and penta-twinned Ag NWs, bi-twinned Ag NWs offer the best 

combined mechanical properties. 

In Chapter 5, we have revealed recoverable plasticity in bi-twinned Ag NWs. In situ 

tensile experiments showed that bi-twinned Ag NWs undergo stress relaxation on loading and 

plastic strain recovery on unloading. Our experimental and simulated results confirmed that 

stress relaxation originates from the nucleation of leading partials from the free surface, while 

strain recovery is due to the reverse motion of partials driven by the repulsive force from the 

TB. The internal TB in bi-twinned NWs can be acted as an obstacle for hindering dislocation 

propagation across the TB at an applied stress level lower than the ultimate strength. If the 

dislocations cross through the TB, a permanent planar sliding will be left. On the other hand, 

significant difference was found in the observed recoverable plasticity in bi- and penta-twinned 

[102] Ag NWs, including the stress relaxation, strain recovery and the interaction between 

dislocations and TBs. It is attributed to the large difference in their microstructure 

configurations. 
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6.2 Future Works 

With the development of advanced nanomechanical testing systems, it allows us to 

investigate 1D nanomaterials involving not just stress field but also multi-physical effects. 

With the advance of nanodevices, 1D nanostructures including NWs as building blocks will 

undergo more and more realistic mechanical loadings. Therefore, it is of great relevance to 

investigate other effects on their mechanical behaviors, such as temperature, time and 

environment [260] which will be very important for long-time operation and reliability of the 

nanodevices. Undoubtedly, MEMS will play important roles in such studies. 

Temperature effects on the mechanical properties of 1D nanostructures are interesting, 

but so far have been much less studied at least experimentally. Our temperature controllable 

MEMS based device is allowed to be heated up to 600 K [220], which greatly enhance the 

instrumentation capabilities for probing the thermomechanical properties at nanoscale. For the 

study of brittle to ductile transition (BDT) in Si NWs, it could be tested to find out the critical 

size and temperature of a Si NW that shows BDT. On the other hand, we keep interests on the 

investigation of thermal effects on dislocation nucleation and propagation, and eventually on 

the mechanical behaviors of metallic NWs. Our onsite heating MEMS based device allows us 

to study the microstructure evolution via in situ TEM tensile testing at high temperature. 

One of the most common causes of structural failure in materials is fatigue induced by 

cyclic loading. [261, 262] A common result of these studies is that nanostructured materials 

show an increased fatigue life, especially in the high-cycle regime. This can be related to their 

increased yield strength, which is typically accompanied by a reduced ductility. However, there 

is a little study on the fatigue behaviors of 1D nanomaterials no matter how it is important for 
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the reliability of the nanodevices. Thus, it is of great importance to investigate the fatigue 

behaviors of 1D nanomaterials via a MEMS based device with capability of high frequency 

cycling mechanical loading performed in situ inside a SEM or TEM. 

The characterization of nanomaterials under high strain rate is critical to understand 

their suitability for dynamic applications such as nanoresonators and nanoswitches. [263] It is 

also of great theoretical importance to explore nanomechanics with dynamic and rate effects. 

Our MEMS based device allows a change of strain ranging from 2 × 10−4/s to 2/s. It enables 

the investigation of the effect of high strain rate on the mechanical behavior of 1D 

nanostructures, such as dislocation nucleation as the rate controlling mechanism and possible 

brittle-to-ductile failure mode transition. In situ TEM tensile testing also allows the 

investigation of microstructure evolution along the NW, such as dislocation density and spatial 

distribution of plastic regions with the increase of strain rate. 

Electromechanical coupling is a topic of current interest in nanostructures, such as 

metallic and semiconducting NWs, for a variety of electronic and energy applications. [264, 

265] However, the mechanical signature of electromigration and the electrical nature of 

dislocation activity remain to be studied.  And electromigration is a likely failure mode in nano-

sized interconnects as a result of higher current densities. [243] Hence, the determination of 

structure-property relations that dictate the electromechanical coupling requires the 

development of experimental tools to perform accurate metrology. Our novel MEMS based 

devices allow integrated four-point, uniaxial, electromechanical measurements of freestanding 

1D nanostructures via in situ SEM or TEM testing. We are interested in the effect of stress 
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induced defects on the resistance of metallic NWs and tunable band gap of semiconductor 

NWs. 

In our recent studies, we have demonstrated large anelastic behaviors in semiconductor 

NWs (ZnO and Si) and metallic NWs. [4] And we have elucidated the anelasticity of ZnO 

NWs governed by stress-gradient-induced migration of point defects. However, the 

mechanisms of anelasticity in metallic NWs remain an open question. We would like to deeply 

investigate the anelastic behavior in metallic NWs and reveal how the surface-mediated 

diffusion works in them. And we are interested in the dislocation coupled anelastic behavior 

in metallic NWs via in situ TEM bending testing. Meanwhile, we will keep our interests in 

investigating the effects of internal structures on the mechanical behaviors of NWs under 

different loading modes.  
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