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ABSTRACT: Nanowires (NWs) have been envisioned as building blocks of nanotechnology and 

nanodevices. In this study, NWs were manipulated using a weasel hair, and fixed by conductive 

silver epoxy, eliminating the contaminations and damages induced by conventional beam 

depositions. The fracture strength of the amorphous silicon carbide was found to be 8.8 GPa, which 

was measured by in situ transmission electron microscopy nanomechanical testing, approaching the 

theoretical fracture limit. Here, we report that self-healing of mismatched fractured amorphous 

surfaces of brittle NWs was discovered. The fracture strength was found to be 5.6 GPa on the 

mismatched fractured surfaces, recovering 63.6% of that of pristine NWs. This is an ultrahigh 

recovery, due to the limits of reconstruction of dangling bonds on the fractured amorphous surfaces 

and the mismatched areas. Simulation by molecular dynamics showed fracture strength recovery of 

65.9% on the mismatched fractured amorphous surfaces, which is in good agreement with the 

experimental results. Healing on the mismatched fractured amorphous surfaces is by reorganization 

of Si-C bonds forming Si-C and Si-Si bonds. The potential energy increases 2.6 eV in the 

reorganized Si-C bonds, and decreases by 3.2 and 1.9 eV, respectively, in the formed Si-C and Si-
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Si bonds. These findings provide insights for the reliability, design and fabrication of high 

performance NW-based devices, to avoid catastrophic failure working in harsh and extreme 

environments.  
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The yield strength of gold nanowires (NWs) is 100 times that of their corresponding bulk 

counterparts.1 Bending strength of silicon carbide (SiC) NWs is 53. 4 GPa, which is substantially 

larger than that of nanotubes, approaching near the theoretical values. Therefore, defect-free SiC 

NWs appear to be the strongest material known.2 The maximum tensile strain of diamond NWs is 

up to 9%, reaching the theoretical elastic limit.3 SiC NWs show superplasticity with local 

elongation >200%.4 NWs exhibit exceptional mechanical properties, due to less defects and larger 

surface-to-volume ratio.3,5 These exceptional mechanical properties of NWs endow them, with real 

promise for use in nano-electromechanical systems (NEMS) with functionality. NWs have been 

expected as building blocks of nanotechnology, as well as next generation devices and materials.6,7 

The mechanical properties of NWs are extremely significant for the reliability and optimum design 

and fabrication of NW-based devices.6 Nevertheless, nanomechanical testing of NWs is always 

challenging, because of difficulties to manipulate nanoscale materials.6,7 As a result, the mechanical 

properties of NWs have been considerably overlooked, resulting in the underlying deformation 

mechanisms being elusive.8  

It has been demonstrated that the band structure of semiconductors is altered by mechanical 

strain. Variation in the band structures strongly affects the electrical, optical and magnetic properties 

of semiconductors, and in turn is related to stain engineering.6,8 Silicon (Si) and SiC are amongst 

the most important semiconductor materials.9 Si works at temperatures less than 200 ℃, on account 

of the limits of its physical and chemical properties.10 SiC has exceptional physical and mechanical 

properties, consisting of low density, high strength, high thermal conductivity, stability at high 

temperature, high resistance to shocks, low thermal expansion, wide (tunable) bandgap and 

chemical inertness.11,12 These properties make SiC an appropriate material serving at high 

temperature, high power, high frequency, radiation, and in harsh and extreme environments.4,13,14 

SiC has become one of the most promising materials for power electronics, heterogeneous catalyst 

supports, hard- and biomaterials.11,12 In addition, mechanical properties of SiC are strengthened by 
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stacking faults, i.e. defect engineering.8 Certain SiC defects have sharp optical and spin transitions,15 

and therefore defect engineering is applied to explore and fabricate high performance SiC devices.15-

17 Amorphization of SiC takes place under laser shock,18 electron beam irradiation19 and 

deformation.4,9 Stacking faults serve as a precursor of amorphization.18 Crystalline-to-amorphous 

transition happens when SiC NWs are subjected to mechanical force, such as stain and defect 

engineering.4,9 Nonetheless, SiC is a brittle material, suffering from brittle fracture under larger 

stress.13 Hence, nanomechanical testing on amorphous NWs is significant to avoid catastrophic 

failure of brittle materials working in harsh and extreme environments. However, to the best of our 

knowledge, nanomechanical testing on mismatched fractured brittle NWs has not been reported. 

Additionally, focused-ion-beam (FIB) and electron beam depositions are widely employed to fix 

and connect NWs in transmission electron microscopy (TEM).20-22 Nevertheless, the two 

depositions readily induce damages and contaminations on the NWs that affect performance.22 

Using deposition techniques on NWs, the measured results by nanomechanical testing have risks in 

reliability and robust design of high performance NW devices. It is necessary to develop an approach 

to fix and connect NWs to eliminate the contaminations and damages induced by conventional beam 

depositions.  

Healing on fractured surfaces is important for the reliability and longevity of devices, and 

attracts much attention.23-30 Traditional self-healing in polymer materials consists of three elements: 

healing agent, a fiber to encapsulate the healing agent and a procedure for hardening the healing 

agent.23 High temperature, welding and oxidation are used to heal fractured ceramics.24,25 

Nanoparticles and chemical fuel are employed to heal microscopic cracks of electrical wires.26 

Compressive stress and electrochemical welding are applied to heal single elemental metal27 and 

semiconductor28 NWs, respectively. Self-healing on polymers, ceramics, metals and 

semiconductors has not been reported. Partially fractured gallium arsenide (GaAs) NWs are restored 

though an amorphous layer without nanomechanical testing.31 Thus, self-healing on mismatched 

fractured brittle materials has not been demonstrated.  

 In this study, a setup was developed to fix and connect NWs using a weasel hair in air at room 

temperature, eliminating the damages and contaminations generated by traditional beam depositions. 

Self-healing on mismatched fractured brittle NWs is confirmed by nanomechanical testing. The 
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healing mechanism on mismatched fractured amorphous semiconductors was elucidated by 

molecular dynamics (MD) simulations.  

RESULTS 

 

Figure 1 (a) SEM image and (b) its corresponding Raman spectrum of SiC NWs.  

 

Figure 2 Photograph of (a) a weasel hair Chinese writing brush, (b) SEM image of its weasel hair 

tip, (c) optical image on picking up a NW using the tip, and photograph (d) of a developed setup. 

Figure 1 illustrates the scanning electron microscopy (SEM) image and Raman spectrum of 

SiC NWs. The length of the NWs is hundreds of micrometers (Fig. 1(a)), exhibiting monocrystalline 

characteristics of 3C-SiC (Fig. 1(b)).32 A weasel hair tip was taken from a weasel hair Chinese 

writing brush (Fig. 2(a)). The radius of the weasel hair tip is hundreds of nanometers (Fig. 2(b)). 

The weasel hair tip has a tapered shape with diameters of several micrometers. It is used to 
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manipulate a NW in a developed setup (Figs. 2(c) and 2(d)). An approach is proposed using a weasel 

hair to move and transfer a NW in the developed setup (Fig. 3), eliminating the contaminations and 

damage formed by conventional beam depositions. A weasel hair was employed to pick up a NW 

(Fig. 3(a)), and then put it on a push-to-pull (PTP) device (Fig. 3(b)). The NW is fixed on the PTP 

device by a conductive silver (Ag) epoxy (Fig. 3(c)). Nanomechanical tests were performed on the 

NW using a PTP device (Fig. 3(d)).   

 

Figure 3 Schematic diagrams using (a) a weasel hair tip to (b) transfer a NW (c) fixed by conductive 

Ag epoxy on (d) a PTP device. 

 

Figure 4 SEM (a), (b) and TEM (c), (d) images of a single crystal SiC NW at (a), (c) low and (b), 
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(d) high magnifications fixed by conductive Ag epoxy on a PTP device. (b) is the magnified area 

taken from a green square in (a). Inset in (c) shows its corresponding SAED pattern.  

Figure 4 shows the SEM and TEM images of a SiC NW fixed by conductive Ag epoxy on a 

PTP device. A SiC NW is fixed well on the PTP device, as depicted in Figs. 4(a) and 4(b). It looks 

very clean without contaminations formed by conventional beam depositions (Fig. 4(b)). The SiC 

NW has a diameter of about 100 nm (Fig. 4(c)), and the inset reveals monocrystalline characteristics 

by selected area electron diffraction (SAED) pattern. This is consistent with the single crystal lattice 

by the high resolution TEM (HRTEM) image in Fig. 4(d). An amorphous layer is approximately 0.5 

nm outside the NW in Fig. 4(d) due to oxidization in air, which is in good agreement with the clean 

surface in Fig. 4(b).   

 

Figure 5 TEM images of a single crystal SiC NW irradiated by electron beam for (a) 0, (b) 20, (c) 

40, and (d) 60 minutes at a current density of 7.38 A/cm2, (e) HRTEM, (f) HAADF-STEM images, 

and EDS tomography of (g) Si and (f) C elements around the area marked by the right arrow in (d).   

Transformation from a single crystal to amorphous phase is illustrated in Fig. 5. Amorphous 

transformation accompanies a change of color from dark grey to white. Under the irradiation of the 

electron beam, partial amorphous transformation occurs after 20 minutes (Fig. 5(b)). With 

increasing irradiation time to 40 minutes, the amorphous phase becomes larger (Fig. 5(c)). When 

the irradiation time is 60 minutes, transformation from crystalline to amorphous phase is complete 

and the length is about 100 nm (Fig. 5(d)). The fractured amorphous phase is 102 nm in diameter 

for the in situ TEM fracture tests, as marked by a pair of red arrows in Fig. 5(d). HRTEM image 
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illustrates the amorphous characteristics in Fig. 5(e). High angle annular dark field (HAADF) 

scanning TEM (STEM) image reveals the uniform density of amorphous SiC in Fig. 5(f). EDS 

tomography performed the compositional mapping of Si and C elements, to identify the elemental 

distribution in amorphous SiC. Si and C elements distribute uniformly in amorphous SiC, as 

depicted in Figs. 5(g) and 5(h), respectively.  

 

Figure 6 Snapshots of TEM images for the first (a), (b), (c), (d) and second (e), (f), (g), (h) fracture 

in an amorphous SiC NW prior to (d) and after (e) self-healing, before (b), (f) and after (c), (g) 

fracture and prior to (a), (e) and after (d), (h) loading. 

Figure 6 pictures the snapshots of TEM images for the first and second fracture in an 

amorphous SiC NW. After fracture, two fractured amorphous surfaces are completely separated, as 

found in Fig. 6(c). Amorphous phase prefers to exhibit plastic characteristic under deformation, 

resulting in the compressive stress on the mismatched fractured surface.33 To exclude the effect of 

compressive stress, the two fractured amorphous surfaces were placed in contact after unloading 

with the force of zero (Fig. 6(d)), as measured and confirmed by the in situ TEM nanomechanical 

test system. The duration of healing is around 20 minutes as measured by TEM at room temperature, 

in which the electron beam was shut off. This removes the effect of electron beam on the healing, 

i.e. self-healing. After healing, the gap between two mismatched fractured surfaces diminishes 

drastically (Fig. 6(e)), compared to that before healing. Prior to fracture after self-healing (Fig. 6(f)), 

the healed surfaces elongate 28.6 nm (Fig. 6(f)), indicating the ability to bear tensile force. In situ 

TEM dynamic nanomechanical tests are displayed in Movies S1 and S2 for the first and second 
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fracture, respectively. It is demonstrated that self-healing takes place on the mismatched fractured 

surfaces of brittle NWs, which is significant for the reliability and robust design of NW-based 

devices to avoid catastrophic failure working under extreme environments.  

 

Figure 7 (a) Stress as a function of displacement for the in situ TEM fracture tests in Fig. 6, and (b) 

load as a function of time in fracture tests for a healing time of 2 s. Inset in (b) shows the 

corresponding displacement as a function of time.  

Figure 7(a) draws the stress as a function of displacement for the in situ TEM fracture tests in 

Fig. 6. Fracture strength is 8.8 and 5.6 GPa for the first and second fracture, respectively. Recovery 

of the fracture strength was measured at 63.6%, which is an ultrahigh recovery on mismatched 

fractured surfaces of brittle NWs. To measure the ability of healing on mismatched fractured 

surfaces, a continuous displacement-controlled mode is shown in the inset of Fig. 7(b). In situ TEM 

dynamic fracture tests for a healing time of 2 s is displayed in Movie S3. The fracture force keeps 

stable at 2.4 μN after healing for 2 s, as illustrated in Fig. 7(b).  

Figure 8 depicts the HRTEM images prior to and after self-healing on the mismatched fractures 

surfaces. Prior to self-healing, a crack is observed as shown in Fig. 8(a). After self-healing, the crack 

disappears, and the two fractured surfaces are healed well (Fig. 8(b)). Fast Fourier transformation 

(FFT) patterns show the amorphous characteristics in the insets of Fig. 8, indicating the absence of 

crystallites prior to and after self-healing.  
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Figure 8 HRTEM images prior to (a) and after (b) self-healing magnified areas of left side on the 

mismatched fractured surfaces in Fig. 6(d) and Fig. 6(e), respectively. Insets show the FFT patterns 

taken from the corresponding areas marked by yellow squares.  

DISCUSSION 

In Fig. 1(b), Raman scattering signals at 794 and 971 cm-1 derive from transverse and 

longitudinal optical phonon modes, respectively, revealing obvious single crystal characteristics of 

3C-SiC.32 After irradiation by an electron beam for 1 h, an amorphous transformation happens as 

shown in Fig. 5(d). A NW was moved and transferred by a weasel hair, and then fixed by conductive 

Ag epoxy in air (Figs. 2 and 3). This approach eliminates contaminations induced by traditional 

beam depositions.20-22 Healed mismatched amorphous fractured surfaces of a NW are observed in 

Fig. 8(b). Healing on mismatched amorphous fractured brittle NWs was characterized and measured, 

by in situ TEM fracture tests, as illustrated in Figs. 6, 7 and 8. This is different from blurry TEM 

images of partially fractured NWs.31 TEM images and nanomechanical tests are direct experimental 

evidence for self-healing on mismatched fractured brittle NWs, which has not been reported 

previously.  

There is a relationship between strength and elastic modulus of SiC.2 Fracture strength and 

elastic modulus of single crystal SiC are 23.8 and 448 GPa, respectively.34 As a consequence, 

fracture strength is 5.3% of the elastic modulus of SiC. Elastic modulus of amorphous SiC is 170 

GPa,35 and therefore theoretically predicted fracture strength is 9 GPa for amorphous SiC. Fracture 

strength, σF is calculated,2  

AFmaxF                           (1) 
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where Fmax is the maximum force at fracture, and A is the area of fractured surface. Force and 

displacement are calibrated before calculating fracture strength through subtracting those applied 

on the PTP device. The measured fracture strength is 8.8 GPa for amorphous SiC NWs, approaching 

the theoretical limit of fracture strength. This is attributed to that the amorphous SiC was prepared 

in vacuum of TEM, and then measured by in situ TEM nanomechanical system. From the 

preparation to measurement, the amorphous SiC is always in vacuum, absent contaminations and 

oxidation generated by traditional exposure in air. Furthermore, the amorphous SiC was produced 

from single crystal NWs with less defects and larger surface-to-volume ratio,3,5 which contributes 

for the high facture strength of amorphous SiC. After self-healing, fracture strength on mismatched 

fractured amorphous NWs is 5.6 GPa, restoring 63.6% that of pristine counterparts. This is an 

ultrahigh recovery of fracture strength on mismatched fractured brittle NWs, which provides 

insights to improve the stability, design and fabricate high performance NW-based devices. 

Moreover, it is also beneficial to avoid catastrophic failure of NW devices working in extreme 

environments.    

NWs have a large surface-to-volume ratio, compared with bulk counterparts. This induces 

dangling bonds after fracture are much more prevalent on the fractured amorphous NWs. SiC is a 

polar semiconductor, and there are opposite charges on the fractured surfaces.36 Electrostatic force 

takes place on the fractured surfaces, facilitating rebonding of mismatched NWs.31 Amorphous SiC 

has a disordered phase, which contributes to self-healing on mismatched fractured amorphous SiC. 

Disordered dangling bonds could bond directly, without the need to reorient as that required in 

crystals for self-healing. Atomic rearrangement benefits self-healing on fractured amorphous SiC. 

The driving force of atomic rearrangement is to reduce the system energy by reducing the surface 

area, as well as surface energy.31 Little has been reported for self-healing occurring on a NW with 

diameters more than 12 nm.31,37 This might be attributed to the contaminations made by traditional 

beam depositions. The contaminations change the mechanical and electronic properties of NWs.38 

In this work, NWs were manipulated and fixed by a weasel hair and conductive Ag epoxy in a 

developed setup, respectively, eliminating the contaminations induced by traditional beam 

depositions. Dangling bonds play the most important role for the self-healing on the fractured 

surfaces. NWs have a large surface-to-volume ratio,3,5 contributing tremendously on the self-healing 
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of fractured surfaces. Dangling bonds on the fractured surfaces will be passivated in air by oxygen 

atoms, and therefore fractured surfaces can not be self-healed in air. For amorphous transformation 

irradiated by electron beam, the diameter of NWs can not exceed 150 nm, otherwise edges of NWs 

will be removed by electron beam and the center is not transformed amorphously completely, as 

illustrated in Fig. 9. In Fig. 8, the fractured surfaces of NWs are not smooth at nanoscale, while they 

can be self-healed due to that the variation of height on the fractured surfaces is approximately 2 

nm. When the diameter of NWs is more than 150 nm, a gap between the two fractured surfaces will 

form gradually due to the bigger variation of height, which can not be self-healed by dangling bonds. 

Ionization and displacement damages take place during electron irradiation.39 It is reported that the 

ionization damage decreases with increasing the accelerate voltage of electrons. However, in this 

study, the irradiation-induced amorphization speed increases with increasing the accelerate voltage 

of electrons. As a result, the amorphization mechanism in present study is attributed to the 

accumulation of displacement damage, rather than the ionization effect. This is in good agreement 

with those previously reported irradiated by electrons.39    

 

Figure 9 TEM images of single crystal SiC NWs with diameters of 179 nm irradiated by electron 

beam for (a) 0, (b) 160, (c) 180 minutes and 150 nm for (d) 0, (e) 70, (f) 80 minutes at a current 

density of 7.38 A/cm2.  
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Figure 10 Snapshots (a) after the first fracture, (b) during contacting prior to the second fracture test, 

(c) energy as a function of time, and (d) load-displacement curves of the two fracture tests in MD 

simulations.   

    To elucidate the healing mechanism on mismatched fractured amorphous surfaces of brittle 

NWs, MD simulations are illustrated in Fig. 10. The NW is fractured completely (Fig. 10(a)), and 

mismatched amorphous surfaces are constructed in Fig. 10(b). This is consistent with the 

experimental results in Fig. 6. The potential energy agrees well with total energy during the two 

fracture tests, as depicted in Fig. 10(c). Recovery of fracture strength on the two mismatched 

fractured surfaces is 65.9% (Fig. 10(d)), which is in good agreement with the experimental results 

in Fig. 7(a). In Fig. 10(c), the highest peak in the left resulted from the increase of strain energy 

during the first tensile test. In the first fracture, strain energy is released, leading to the decrease of 

energy. The small peak in the middle is derived from the broken of Si-C and Si-Si bonds, resulting 

in the increase of energy prior to contacting with the mismatched fractured amorphous surfaces. 

During healing on the mismatched fractured surfaces, rebonding of dangling bonds induces a 

decrease in energy. The higher peak on the right is formed by an increase in the strain energy during 

the second tensile test, and then the release of the stain energy during the fracture. Because the 

fracture strength is recovered to 65.9%, the intensity of the right peak induced by the second fracture 
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test is lower than that of the first one.  

 

Figure 11 Snapshots of Si-C bonds (a), (b) prior to and after (c) broken, and (d) corresponding 

variation of potential energy for the two broken atoms before contacting on the mismatched 

fractured surfaces.  

The breakage of the Si-C bonds takes place prior to contacting on the mismatched fractured 

amorphous surfaces, as depicted in Figs. 11(a), 11(b) and 11(c). During breakage, the potential 

energy increases for both the broken atoms, as illustrated in Fig. 11(d), which is consistent with the 

small peak in the middle of Fig. 10(c). The potential energy increases 1.7 and 0.9 eV for the broken 

C and Si atoms, respectively, and a pair of C and Si atoms increase 2.6 eV during the re-formation 

of Si-C bonds.  
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Figure 12 Snapshots prior to (a) and after (b) rebonding of Si-C bonds, (c) rebonding of Si-Si bonds, 

and their corresponding variations of potential energy during contacting on mismatched fractured 

surfaces.  

Snapshots prior to and after re-forming of Si-C bonds are shown in Figs. 12(a) and 12(b), 

respectively. After rebonding with a C atom, Si1 atom rebonds with Si2 and Si3 atoms in a sequence 

as shown in Fig. 12(c). Figure 12(d) draws the variation of potential energy during rebonding 

between Si1 and C, Si2, Si3 atoms. Formation energy of C-Si and Si-Si covalent bonds consists of 

kinetic and potential energies. Potential energy of Si1 atom decreases 1.6, 0.4, 1.4 eV, and the 

formation energy of Si-C and Si-Si covalent bonds decreases 2.8, 1.1 and 3.2 eV during rebonding 

of Si1-C, Si1-Si2 and Si1-Si3 bonds, respectively. The Cde atom in Figs. 12(a) and 12(b) is the same 

with both Cde in Fig. 11 and C in Fig. 12(c), and its potential energy decreases 1.6 eV during 

rebonding of Si1-C bonds. This is consistent with an increase of 1.7 eV in potential energy in 

breaking Si-C bonds as shown in Fig. 11. The potential energy decreases 0.4 and 1.3 eV for Si2 and 

Si3 atoms during bond formation with Si1 atom, respectively. Three pairs of atoms decrease 

potential energy by 3.2, 0.8 and 2.7 eV during the formation of Si1-C, Si1-Si2 and Si1-Si3 bonds, 

respectively. The potential energy of the three pairs of covalent bonds decreases 6.7 eV, which is 

lower than their decrease of formation energy of 7.1 eV. On the fractured amorphous surfaces of 

SiC, dangling bonds undergo reconstruction as illustrated in Figs. 11 and 12. Bond breakage 
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increases the potential energy, resulting in a formation of dangling bonds. Bond formation decreases 

the potential energy, leading to the formation of Si-C and Si-Si bonds. Mismatching does not seem 

to affect the rebonding of the Si-C and Si-Si dangling bonds, decreasing the potential energy of 

NWs. It is, to our knowledge, an ultrahigh recovery of 63.6% of fracture strength on mismatched 

fractured surfaces, due to the limits of reconstruction of dangling bonds and mismatched areas of 

brittle NWs. 

CONCLUSIONS 

    In summary, a setup was developed to move, transfer and fix NWs using a weasel hair and 

conductive Ag epoxy, to eliminate the contaminations and damages generated by traditional beam 

depositions. Self-healing is demonstrated on mismatched fractured amorphous surfaces of brittle 

NWs, as confirmed and measured by in situ TEM nanomechanical tests. Fracture strength recovers 

63.6% on the mismatched fractured surfaces of NWs, which is an ultrahigh strength recovery and 

is related to the limits of mismatched areas and reconstruction of dangling bonds. MD simulations 

were performed to elucidate the healing mechanism on the mismatched fractured amorphous 

surfaces. The simulated results of MD are consistent with those seen experimentally. Breaking of 

Si-C bonds happens prior to contacting on mismatched fractured amorphous surfaces. Si-C and Si-

Si bonds formation takes place during contact of the mismatched fractured surfaces. Bond breakage 

increases the potential energy, while bond formation decreases it. Healing is an effective way to 

decrease the energy of the NWs through rebonding of Si-C and Si-Si bonds. The outcomes shed 

light on robust design and fabrication of brittle NWs used in NEMS and nanodevices serving at high 

temperature, high power, high frequency and in harsh environments. 

EXPERIMENTS AND SIMULATIUONS 

Single crystal 3C-SiC NWs (Nanjing XFNANO Materials Tech Co., Ltd., China) were used 

for specimens of nanomechanical testing. SiC NWs were characterized by Raman spectra 

(Renishaw inVia Reflex, UK). A copper (Cu) grid for TEM sample preparation was used with a 

diameter of 3 mm, which was covered by a C film. A lighter was used to burn off the C film on the 

Cu grid to hold the NWs. A weasel hair was glued on a toothpick by conductive Ag epoxy 

(CircuitWorks® Conductive Epoxy, CW2400, Chemtronics®, USA). The toothpick was inserted in 

a pipette dropper with one end glued by double faced adhesive tape on a glass block. The glass block 
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was put on a mechanical stage of an optical microscope (NMM-800RF, Ningbo Yongxin Optics Co., 

Ltd., China). The mechanical stage was moved at millimeters and micrometers, which was 

controlled by coarse and fine focuses respectively. NWs were operated in another optical 

microscope (Leica DM2500 M, Germany). They were ultrasonically dispersed in alcohol solution 

for 3 minutes, and then dropped by a pipette on the Cu grid. After evaporation of the alcohol, the 

NWs were dispersed on the Cu grid. Weasel hair was inserted under a NW in a hole of the Cu grid, 

and then the NW was moved and transferred by the weasel hair from the Cu grid on a PTP device. 

Then, the NW was fixed by conductive Ag epoxy on the PTP device. Finally, the PTP device was 

mounted in an in situ TEM nanomechanical system (PI 95 TEM PicoIndenter, Bruker, USA) 

cooperated with a TEM (Talos F200X, ThermoFisher, Scientific, USA) operated at 200 kV. In situ 

TEM nanomechanical testing was performed at a displacement-controlled mode, and a loading 

speed was 5 nm/s.  

A face-centered cubic (fcc) crystalline cylinder of 3C-SiC was constructed with a diameter of 

4 nm and a length of 12 nm. The cylinder consisted of 14256 atoms. MD simulations were 

performed on the cylindrical model. The model was along [111], [-1-12] and [1-10] orientations for 

X, Y and Z directions, respectively. Shrink-wrapped boundary conditions were applied to the X, Y 

and Z directions. Canonical NVT ensembles including constant number, volume and temperature 

were used in the MD simulations.40 Blue and red colors represent Si and C atoms, respectively. Time 

step was 1 femtosecond (fs), and Tersoff potential was employed during MD calculations. The MD 

model was relaxed at 300 K for 20 picoseconds (ps). Firstly, the temperature was increased from 

300 to 4000 K for 800 ps, and finally the temperature reached 4065.4 K. Then, the temperature 

decreased dramatically for 10 ps, until reaching at 1160.5 K. After a further decrease for 20 ps, the 

temperature was kept at a constant of 300 K, and the MD model transformed from crystalline to an 

amorphous phase.41,42 Then, the amorphous model was conducted by fracture tests. During the test, 

the left side of 5 nm in length and right side of 4 nm in length were fixed, and the middle of 3 nm 

in length was used for the fracture tests simulation. During two fracture tests, the left side was kept 

stable invariably, and the right side was moved at a speed of 8 m/s. In the first fracture test, the right 

side was moved along the positive direction of X axis for 120 ps, until the amorphous model 

fractured completely. The fractured right side was moved along the positive direction of the Y axis 
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for 10 ps, leading to the mismatched axes with a distance ranging from 6 to 8 Å between the left 

and right fractured NWs. Then, the fractured right side was moved along the negative direction of 

X axis for 110 ps, contacting the fractured left side. After contacting, the two mismatched fractured 

NWs were relaxed for 100 ps. After relaxation, the second fracture test was started. The right side 

was moved along the positive direction of X axis for 120 ps, and mismatched fractured amorphous 

NWs were completely fractured again. 
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