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sonication induced amorphisation 
in Ag nanowires
Han Dai1,2, Haitao Li3, Zhutie Li2, Junfeng Zhao1, Xinxiang Yu1,2, Jie sun1 & Qi An  3

It has long been conjectured that pure-element face-centred cubic (fcc) metals can be transformed 
into a glassy state by deformation at ultra-high strain rates. However, when an impact force is applied 
at the nanoscale, deformation-induced melting prevents observations of fcc metal amorphisation. 
Here we propose a sonication treatment of Ag nanowires (fcc) and confirmed amorphisation induced 
by high strain rates at bent areas of the Ag nanowires. Owing to the mismatch of the deformation 
modes between the core and the surface, we observed a diameter related increase of the ductility of 
Ag nanowires under deformation at ultra-high strain rates generated by sonication. The sonication-
prepared amorphous Ag was stable at room temperature. Amorphous Ag at the bent areas was highly 
reactive and was readily recrystallized under light illumination or vulcanised. Our study verifies the 
occurrence of high strain rate induced amorphisation in pure fcc MGs and provides a powerful tool for 
mechanical studies on metal nanomaterials under extremely high strain rates and forces.

Since the discovery of metallic glass (MG) in the 1960s, a variety of alloyed MGs have been explored and found 
wide application in various fields1–3. Unfortunately, pure MGs are difficult to obtain because of their extremely 
low glass-forming ability and thermal stability at room temperature. Only amorphous Ni, Ge and Ta, V, and 
W and Mo have been obtained from their liquid states under extreme conditions (with the exception of alloys 
formed by atomic accumulation methods such as vapour, chemical deposition)4–7. For other metals, in particular 
face-centred cubic (fcc) metals (e.g., Ag, Au, Cu, Pd, and Al)4, nucleation of crystallisation is predicted to be spon-
taneous and fast, even at absolute zero, which increased difficulties in obtaining fcc pure MGs.

Goddard et al. theorised that single crystalline Ni and NiCu nanowires (fcc) can directly transform into MGs 
under extremely high strain rates (up to 5% ps−1) at constant temperature (300 K)8. Hemker et al. experimentally 
observed the formation of amorphisation in boron carbide under 907 m/s shock impaction, macroscopically9. 
However, direct comparisons with experiments are difficult to justify owing to the difficulty in conducting con-
trolled laboratory experiments at high strain rates on nanowires to date10–12. The heat generated by the extremely 
high strain rates causes melting, which prevents observations of amorphisation.

Sonication is widely used in material synthesis to release entangled materials or induce impact between 
materials13. The effects of sonication are mainly induced by cavitation bubbles. An enormous concentration of 
energy is released from the conversion of the surface energy, which causes high-speed liquid motion (bubble 
jets), which flow at rates up to 1000 m/s and induce a pressure of several MPa to several tens of GPa on metal 
nanostructures14,15. Metals have ultra-short characteristic natural thermal diffusion times at the nanoscale, which 
can efficiently avoid heat accumulation in the metal nanostructures16. As a result, sonication exerted on metal 
nanostructures can induce ultra-high strain rates at the same time avoiding deformation-induced melting.

Excellent fcc metal nano-materials of varying diameters and lengths can be synthesized from Ag nanowires by 
a lot of methods, such as microwave, and hydrothermal synthesis17. Sonication assisted routes can also be applied 
for the synthesis of Ag nanowires18–20. It is worth noting that some Ag nanowires contain amorphous phases or 
bended nanostructures when obtained by the sonication assisted routes19,20. Regretfully, Ag nanowires by sonica-
tion have not been fully studied.

Herein, we propose the use of sonication of Ag nanowires in order to understand their deformation and 
properties under extremely high strain rates. Firstly, we experimentally confirmed amorphisation induced by 
the high strain rate at the bent areas in Ag nanowires by a sonication treatment. Secondly, we observed an excep-
tionally high ductility of the Ag nanowires during the sonication process. We found that the sonication-induced 
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amorphisation of the Ag nanowires showed stability at room temperature. After a short period of illumination, 
we observed recrystallisation at the bent areas of the Ag nanowires. In situ chemical reactions also revealed a 
considerable increase of the chemical activity of the amorphous Ag on the Ag nanowire surface.

Results section
Figure 1a shows the possible rupturing effects caused by the cavitation bubbles jets ejected towards the Ag nanow-
ires in ethanol solution. The bubble jets exerted extreme forces on the nanowires. The ultrasonic strength exerted 
on the nanowires depended on the nanowire length, diameter, and the distances from the bubble jet. The flow 
rates of cavitation bubbles were directly proportional to the ultrasonic forces exerted on the nanowires. After a 
2-min sonication treatment, bending deformation and breakage occurred at most of the Ag nanowires. For the 
bent Ag nanowires, the outer layers of the bent areas of the Ag nanowires were subjected to tensile stress and 
became elongated along the <110> crystal direction, due to the typical bending deformation of Ag nanowires, 
as shown in Fig. 1b. The outer layers of the bent areas showed the fastest deformation rates and maximum stress; 
hence, the amorphisation was observed particularly at the outer layers of the bent areas. The ultrasonic forces 
decreased rapidly as the distance from the bubbles increased, which indicated that the highest strain rate defor-
mation of the nanowires should occur in close proximity to the bubbles. As shown in Fig. 1b, the impaction on 
nanowires with a length 40 μm, and a diameter of 60 nm reached up to 13 GPa. Even at a diameter of 350 nm, the 
pressure reached almost 0.4 GPa at a distance 5 μm away from the bubble jet. Detailed deduction can be found 
in our previous study21 and has been provided in the supporting information. Depending on the maximum flow 
rates surrounding the bubble22, the ultrasonic-induced strain rate of the nanowires reached up to 109–1011 s−1. 
Therefore, sonication treatments of Ag nanowires provide an excellent platform for studying high strain rate 
deformation at the nanoscale.

As predicted by Goddard et al. the amorphisation of metal nanowires occurs at strain rates greater than 
5 × 109 s−1. The strain rates generated by sonication (109–1011 s−1) should be enough to induce Ag amorphisa-
tion. We confirmed amorphous Ag at the bent areas of Ag nanowires prepared by a sonication treatment from 
TEM diffraction patterns, as shown in Fig. 2. The inset of Fig. 2b shows a small area, which includes Ag with a 
crystal phase from several electron-thin regions surrounding the bended area gave a similar diffraction pattern, 
thus confirming the formation of amorphous Ag. For the Ag nanowire of approximately 60 nm, the amorphous 

Figure 1. Illustration of Ag nanowire deformation under ultra-high strain rate induced by sonication. (a) 
Schematic showing how bubble jets induce pressure on Ag nanowires in ethanol. (b) Matrix transformation of 
the Ag nanowire surface; sonication effects on Ag nanowires with a length 40 μm and diameters of 60, 150, 250, 
and 350 nm.
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transformation layer of the Ag nanowire was several tens of nanometres in length and was often mixed with the 
crystal phase. As shown in Fig. 2b, we found two glass-crystal interfaces in the amorphous Ag, which indicated 
incomplete amorphisation or recrystallisation during the bending deformation. Serious lattice distortion was 
found away from the centre of the bent area and this distortion feature is a typical crystal deformation mode, as 
presented in Fig. 2c.

The high strain rates induced amorphisation at the bent area, indicating that a stress of several tens of GPa 
acted on the region. However, abnormal bending deformation and section shrinkage rather than breakage 
occurred at the bent areas of the Ag nanowires, as shown in Fig. 3(a). The morphologies of the bent areas were 
clearly related to the diameters of Ag nanowires. As shown in Fig. 3(b), the relative shrinkage of the Ag nanow-
ires with smaller diameters was more pronounced than in the case of those with larger diameters. Notably the 
deformation of Ag nanowires with diameters less than 250 nm was more homogeneous and occurred without 
catastrophic surface cracking. As the diameter increased to 400 nm, the bending deformation of the Ag nanowires 
was accompanied by serious surface cracking. These characteristics are marked in Fig. 3b, circled by blue points 
and squares, respectively.

Discussion section
Deformation-induced heating is a major barrier to obtaining MGs at ultra-high strain rates. However, careful 
calculation indicated that the heat generation will not accumulate in the defect, and the observed change was 
mainly induced by the ultra-high strain generated by sonication. Taking advantage of the ultra-short thermal 
diffusion distance of the metal at the nanoscale, the nature of thermal diffusion in Ag nanowires was limited to 
efficiently avoid heat accumulation. The characteristic time for thermal diffusion through an axial section of the 
Ag nanowire can be expressed as, α=t d( ) /16 Ag

2 , where d is the diameter of the Ag nanowire and αAg is the ther-

Figure 2. TEM results of the Ag nanowire matrix after ultra-high strain rate deformation. (a) Bent area of Ag 
nanowire. (b) Amorphous Ag on the nanowire surface. (c) Lattice distortion surrounding a bent area of the Ag 
nanowire surface.

Figure 3. Ultrasonic bending deformation and section shrinkage at bent areas of Ag nanowires with various 
diameters. (a) Bending deformation of Ag nanowires with diameters of 70, 144, 239, and 340 nm; Scale bar is 
500 nm. (b) Statistical analysis of section shrinkage at the bent areas of the Ag nanowires with diameters varies 
from 100 to 800 nm. Blue circles indicate nanowires without surface cracking and yellow squares indicate those 
with surface cracking.
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mal diffusivity of Ag (1.76 × 10−4 m2 s−1)16. Assuming that the deformation heat generation occurs at the centre 
of the Ag nanowire (diameter 60 nm), the characteristic time is only 2.27 ps. The characteristic time of the thermal 
diffusivity is much greater than that of the strain rate, and this difference enables heat dissipation and avoids 
localised melting. Apparently, the enthalpy of fusion was overcome by the high strain rates induced by sonication 
rather than Boltzmann thermal energy. This effect led to the formation of amorphous Ag on the Ag nanowire 
surface. The strain rates decreased rapidly away from the centre of the bent areas of the Ag nanowires. As a result, 
the distortion feature away from the centre of the bent areas shows a typical crystal deformation mode.

The diameter related bending deformations and section shrinkages under extremely high stresses could be 
attributed to momentum-induced non-uniform amorphisation of the Ag nanowires, which resulted in an amor-
phous surface and a crystal core, as shown in Fig. 2(b). The distances of the accumulative dislocation release from 
the neutral axis to the top surface of Ag nanowires were much shorter in Ag nanowires with small diameters. In 
Fig. 2, for Ag nanowire with diameter 60 nm, the dislocations release distance is about 40 nm, which is quite short 
distance. The short distances enabled adequate release of the dislocations on the surface of the Ag nanowires 
to form amorphous surfaces before serious strain concentration and a great increase of their yield strain. This 
inadequate dislocation release generated micro-cracks in the Ag nanowires with larger diameters under high 
strain rate deformation. As previously reported, homogeneous deformation can exhibit plastic flow without work 
hardening or necking under deformation at a high strain rate at the surface23, which has considerably different 
deformation modes to those of the crystal core. Apparently, the mismatch in the regions of different deformation 
modes increased as the diameters of the Ag nanowire increased, leading to surface cracking of the Ag nanowires. 
As a result, Ag nanowires with smaller diameters exhibited higher ductility at high strengths and strain rates.

The pure fcc MGs were thought to be unstable even at room temperature4, which led to the failed prepa-
rations by ultra-fast quenching methods. However, chemical methods have been used to prepare amorphous 

Figure 4. Stability of Ag nanowires in physical and chemical conditions. (a) Crystallisation of Ag nanowires 
under infrared illumination. (b) In situ vulcanization of Ag nanowire as indicated by regions enclosed by yellow 
boxes under an optical microscope.
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silver nanoparticles with diameters 20 nm by Gedanken et al., which exhibited crystallisation temperature 
up to 613 K24, which is far beyond the predicted temperature values. Our sonication-prepared amorphous Ag 
on Ag nanowires exhibited only room temperature stability. Total crystallisation occurred at the bent area 
of the Ag nanowire surfaces even after a short period of weak light illumination (infrared lamp 10 W/cm2  
for 5 min), as shown in Fig. 4.

We also observed enhanced chemical activity surrounding the bent area. As shown in Fig. 4b, the black areas 
indicated by the yellow dot, covered the bent areas of Ag nanowire and grew bigger as the reaction was increased. 
Owing to the strong light absorption of silver sulfide in the visible spectrum, the vulcanisation (sulfur 0.01 wt%) 
rate of the Ag nanowires (black area growth) reflects the chemical activity of the Ag nanowires. As a result, Ag 
crystals with severe lattice defects surrounding the bent area exhibited higher chemical activity than that of the 
original Ag crystal. This phenomenon could provide a route to the design of metal catalysts at the nanoscale.

In summary, we report sonication induced amorphisation in Ag nanowires. The formation of amorphous Ag 
at the bent areas of Ag nanowires was confirmed from TEM diffraction patterns. Momentum-induced inhomoge-
neous amorphisation of the Ag nanowires led to diameter related bending deformation and section shrinkage of 
the Ag nanowires. The sonication-prepared amorphous Ag showed stability at room temperature. Furthermore, 
enhanced chemical activity was identified at the bent area and related to the formation of defects and electronic 
imbalance in the crystal lattice surrounding the bent area. This work opens a completely new approach to study-
ing the mechanical properties of metal nanostructures under extreme deformation conditions. Considering the 
wide application of sonication in treatment of Ag nanowire-based flexible electronics, our work also provides 
insight in the changes these devices might experience during the sonication process.

Methods Section
Ag nanowires with an average diameter of 60 nm and length of 40 µm were purchased from Nanjing XFNANO 
Materials Tech Co., Ltd. Through the SEM Mapping test, the properties of the commercial Ag nanowires can be 
well confirmed, as shown in Figs S1 and S2. HRTEM images of Ag nanowires on different positions have been 
presented after purification, as shown in Fig. S2. Others with a diameter ranging from 150 to 350 nm and length 
of 40 to 80 µm were synthesised by our hydrothermal method. PVP with an average molecular mass of 360 KDa, 
silver nitrate, and sodium sulfide were dissolved in ethylene glycol and then placed in a 50 mL Teflon-lined stain-
less autoclave. Ag nanowires of various sizes were obtained after 4–6 h under 160 °C. The purification of the Ag 
nanowires was performed by repeated ethanol centrifugation. All Ag nanowires exhibit good crystal quality. The 
Ag nanowires were suspended in ethanol and then sonicated at 1 s intervals for 2 min with 20 kHz, power 10 W/
cm2 at 0 °C in ice bath. An ultrasonic probe (power 0–900 W) was used for in our experiment. A 25 ml beaker 
was adopted as reactor. The beaker was immersed in a larger beaker with about 50 ml ice water mixture to cool 
down their temperature. Ethanol is adopted because it is an easily available, cheap and lowly toxic dispersant of 
Ag nanowires, which reduces the effect of entanglement between nanowires during the sonication treatment. 
Moreover, the reducibility ethanol can effectively protect Ag nanowires from oxidation under the sonication 
conditions. In contrast to other organic solvents with high viscosity, ethanol with viscosity of 1.79 mPa · s (0 °C) 
should be a good choice to exert forces on nanowires.

The morphology and lattice of Ag nanowires were observed with an optical microscope (Model 10XB-PC; 
Yongxiang corp.), a field emission scanning electron microscope (SEM, Hitachi UHR FE-SEM SU8010) and a 
transmission electron microscope (TEM, JEOL JEM 2100 LaB6). Absorption spectra of the Ag nanowire disper-
sion solution were measured with a UV spectrophotometer (Hitachi S4800).

References
 1. Greer, L. A. Metallic glasses. Science 267, 1947–1953 (1995).
 2. Johnson, W. L. Fundamental aspects of bulk metallic glass formation in multicomponent alloys. Mater. Sci. Forum. 225–227, 35–50 

(1996).
 3. Ding, S. Y. et al. Combinatorial development of bulk metallic glasses. Nature Mater. 13, 494–500 (2014).
 4. Zhong, L. et al. Formation of monatomic metallic glasses through ultrafast liquid quenching. Nature 512, 177–180 (2014).
 5. Davies, H. A., Aucote, J. & Hull, J. B. Amorphous nickel produced by splat quenching. Nature 246, 13–14 (1973).
 6. Bhat, M. H. et al. Vitrification of a monatomic metallic liquid. Nature 448, 787–790 (2007).
 7. Suslick, K. S., Choe, S.-B., Cichowlas, A. A. & Grinstaff, M. W. Sonochemical synthesis of amorphous iron. Nature 353, 414–416 

(1991).
 8. Ikeda, H. et al. Strain rate induced amorphization in metallic nanowires. Phys Rev Lett 82, 2900–2903 (1999).
 9. Chen, M., Mccauley, J. W. & Hemker, K. J. Shock-induced localized amorphization in boron carbide. Science 299, 1563–1566 (2003).
 10. Koh, A. S. & Lee, H. P. Shock-induced localized amorphization in metallic nanorods with strain-rate-dependent characteristics. 

Nano Lett 6, 2260–2267 (2006).
 11. Ashkenazy, Y. & Averback, R. S. Shock induced amorphization as the onset of spall. Appl Phys Lett 86, 051907 (2005).
 12. Guo, Y., Zhuang, Z., Li, X. Y. & Chen, Z. An investigation of the combined size and rate effects on the mechanical responses of fcc 

metals. Int J Solids Struct 44, 1180–1195 (2007).
 13. Ren, B., Fang, K. J. & Cai, Y. Q. Preparation and morphology of polymer microspheres by ultrasonic suspension copolymerization 

method. J Funct Polym 24, 292–296 (2011).
 14. Huang, Y. Y., Knowles, T. P. J. & Terentjev, E. M. Strength of nanotubes, filaments, and nanowires from sonication‐induced scission. 

Adv Mater 21, 3945–3948 (2009).
 15. Nguyen, T. Q., Liang, Q. Z. & Kausch, H. H. Kinetics of ultrasonic and transient elongational flow degradation: a comparative study. 

Polymer 38, 3783–3793 (1997).
 16. Lewandowski, J. J. & Greer, A. L. Temperature rise at shear bands in metallic glasses. Nature Mater. 5, 15–18 (2006).
 17. Gou, L., Chipara, M. & Zaleski, J. M. Convenient, rapid synthesis of Ag nanowires. Chem. Mater. 19, 1755–1760 (2007).
 18. De Barros, R. A. & De Azevedo, W. M. Solvent co-assisted ultrasound technique for the preparation of silver nanowire/polyaniline 

composite. Synthetic Met. 160, 1387–1391 (2010).
 19. Malandrino, G., Finocchiaro, S. T. & Fragalà, I. L. Silver nanowires by a sonoself-reduction template process. J. Mater. Chem. 14, 

2726–2728 (2004).
 20. Xiong, Y., Xie, Y., Du, G., Liu, X. & Tian, X. Ultrasound-assisted self-regulation route to Ag nanorods. Chem. lett. 31, 98–99 (2002).

https://doi.org/10.1038/s41598-019-38863-6


www.nature.com/scientificreports/

6Scientific RepoRts |          (2019) 9:2114  | https://doi.org/10.1038/s41598-019-38863-6

 21. Dai, H., Wang, T. Y. & Li, M. C. Spotlight on ultrasonic fracture behaviour of nanowires: their size-dependent effect and prospect for 
controllable functional modification. Rsc Adv 6, 72080–72085 (2016).

 22. Lucas, A. et al. Kinetics of nanotube & microfiber scission under sonication. J Phys Chem C 113, 20599–20605 (2009).
 23. Guo, H. et al. Tensile ductility and necking of metallic glass. Nature Mater. 6, 735–739 (2007).
 24. Salkar, R. A., Jeevanandam, P., Aruna, S. T., Koltypin, Y. & Gedanken, A. The sonochemical preparation of amorphous silver 

nanoparticles. J Mater Chem 9, 1333–1335 (1999).

Acknowledgements
This work was supported by grants from the Natural Science Foundation of Shandong Province, China (Nos 
ZR2017PEM005), Project of Scientific Research Development of Shandong Universities China (Nos J17KA043 
and J17KB076), and 2015 Shandong Province Project of Outstanding Subject Talent Group. We also thank 
Xiaoyan Dong, from Yantai Nanshan University, for editing the English text of a revised manuscript.

Author Contributions
Han Dai planned the experiments, collected and analysed the data, and wrote the paper. Qi An performed the 
experiments and wrote the paper. Haitao Li, Zhutie Li performed the experiments. Junfeng Zhao, Xinxiang Yu, 
Zhutie Li and Jie Sun helped with wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38863-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-38863-6
https://doi.org/10.1038/s41598-019-38863-6
http://creativecommons.org/licenses/by/4.0/

	Sonication induced amorphisation in Ag nanowires
	Results Section
	Discussion Section
	Methods Section
	Acknowledgements
	Figure 1 Illustration of Ag nanowire deformation under ultra-high strain rate induced by sonication.
	Figure 2 TEM results of the Ag nanowire matrix after ultra-high strain rate deformation.
	Figure 3 Ultrasonic bending deformation and section shrinkage at bent areas of Ag nanowires with various diameters.
	Figure 4 Stability of Ag nanowires in physical and chemical conditions.




