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Spotlight on ultrasonic fracture behaviour of
nanowires: their size-dependent effect and
prospect for controllable functional modificationy

H. Dai, T. Y. Wang and M. C. Li*

Ultrasonic deformation and even fracture of one-dimensional nanomaterials usually occur under
sonication, which is likely to have a significant effect on their physical and chemical properties. However,
this process and the mechanism underlain are still unknown and yet to be found out. Herein, we
establish a 'bubble-jet impact’ model to study the specific behaviour of fracture evolution of nanowires
in sonication processing. By recording the plastic deformation and absorbency of certain sonicated
nanowires, e.g., Ag and Cu, a strong size-dependent breakage induced by the bubble-jet is well
validated, which shows that relatively long nanowires tend to fracture by bending while short or
medium-length nanowires, as fractured remainders of long ones, have the inclination to be tensile
broken. The transition point between the two types of fractures has also been discovered. Our results
not only provide guidelines for ultrasonic dispersion, but also pioneer a possible way for controllable
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Introduction

Ultrasonic treatment is widely used for surface cleaning, since it
is not an exotic process, and is easy to implement with a bulk
reactor near room temperature. The effects of sonication are
derived primarily from cavitation, where liquids rupture and
form vapor bubbles when the liquid pressure is decreased below
a critical tension. Then, the bubble collapse results in an
enormous concentration of kinetic energy of liquid motion. The
collapse creates local extreme pressures and shock waves, and
then ultrasonic cavitation occurs when the threshold energy
density is exceeded by an acoustic compression wave. Recent
experiments and theories have shown the extreme conditions
reached during cavitation: in the collapsed cavities, liquid
motion rates up to 10° s~ .*?> Under the routine sonication
condition, commonly with a frequency of 20 kHz, cavitation-
induced bubble contraction leads to bubble jet and shock
waves that exist simultaneously. When materials are being
sonicated, except for the effect of cleaning and dispersion,
unwanted deformation, corrosion or even breakage of the
materials suspended in the liquid occur even for a short soni-
cation time.*® Thus, ultrasonic fragmentation and the structure
modifications induced by the bubble collapse have become the
latest research hotspots for ultrasonic technologies.
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functional modification of one-dimensional nanomaterials.

Significant sonication-induced changes of materials are
driving the exploration of the mechanism behind the ultrasonic
fragmentation to suspended materials in chemically inert
media.”™ For fixed solid-liquid interfaces, only those bubbles
within a distance from the solid equal to the bubble radius can
produce any damage on solid surface by shock waves, which has
been concluded by F. G. Hammitt et al.** Also, it has been found
that the selective corrosion on the solid surface is mainly caused
by the bubble jet impactions.** It can be seen that the ultrasonic
breakages of the fixed solid-liquid interfaces are being
researched upon a lot and the damage mechanisms coincide
well with the experiment results. These works are taken as the
theoretical basis of ultrasonic fragmentation mechanism.

Nanomaterials whose properties are much more dependent
on their morphologies have aroused explosive growth in
research.”®” Generally, nanomaterials are prone to reunite,
entanglement or even agglomeration and become problematic
for use in micro-electronics and photonics device fabrica-
tion."®?° Routine treatment for dispersion of these nano-
materials is usually done by the sonication.** For nanomaterials
at the unfixed solid-liquid interface condition (suspended in
the liquid), the ultrasonic damage mechanisms are considered
different from the fixed solid-liquid interfaces.>* Recently, by
successfully predicting the ultimate lengths of sonicated
nanowires, Y. Y. Huang et al. found that the effects of tensile
break of one-dimensional nanomaterials suspended in solution
resulted from bubble contraction which shows significant
improvements in the measurements of the mechanical prop-
erties of nanostructures.?>** However, in their work, the effects
of tensile break failed to explain the common bending
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phenomenon. Due to the morphology-dependent properties of
nanomaterials, it is necessary to find out sonication effects on
the fragmentation of nanomaterials in the unfixed solid-liquid
interface condition.

Herein, a ‘bubble-jet impacted’ model has been established
to study the behavior of ultrasonic fragmentation evolution of
one-dimensional nanomaterials (nanowires) in the unfixed
solid-liquid interface condition. By recording the plastic
deformation and absorbency of certain sonicated nanowires,
e.g., Ag and Cu, a size-dependent breakage rule is well validated,
which shows that relatively long nanowires tend to fracture by
bending fragmentation mechanism, while short or medium-
length nanowires, including the fractured remnants of long
ones, can easily undergo the tensile fragmentation. The tran-
sition points between the two types of fragmentations have also
been provided. Our results provide excellent explanations for
the common bending phenomenon and breakage rates of
nanowires under sonication. Furthermore, the discovery of the
transition points provides guidelines for nanomaterial ultra-
sonic dispersion and functional modification of one-
dimensional nanomaterials.

Experiments

Ag nanowires (with average diameter of 140 nm and length of 26
pm) and Cu nanowires (with average diameter of 130 nm and
length of 8 pm) were purchased from Nanjing XFNANO Mate-
rials Tech Co., Ltd. Both of the metal nanowires were dispersed
in ethanol solution (about 0.2 wt%) and sonicated (20 kHz, 15 W
ecm™?) at 0 °C in ice bath to avoid heating up, respectively.
Absolute ethanol (99.9%) and n-type Si (100) substrates with
single side polished surface for well separation of metal nano-
wires were used in our study. After sonication, spreading
method was utilized to separate the nanowires on the surfaces
of Si substrates.

The morphology and lattice of Ag nanowires were measured
by optical microscopy (Yongxiang corp., Model 10XB-PC), field
emission SEM (HITACHI UHR FE-SEM SU8010) and TEM (JEOL
JEM 2100 LaBg). Absorbance variations of Ag nanowires
dispersion solution were measured by UV spectrophotometer
(Hitachi S4800).

Results and discussion

In the sonication-induced fragmentation of nanowires, the
previous recognition of the implosion dynamics of the cavita-
tion bubble is based on an inward radial flow around a bubble.
And the stress that is exerted on a suspended nanowire by the
viscous forces is transmitted from the inward radial flow. Y. Y.
Huang et al. set a model based on the inward radial flow around
a bubble and successfully predicted the ultimate facture length
of different types of nanowires. However, this simple model
failed to explain the phenomena of serious bending deforma-
tion observed in sonication process. It should be noted that the
velocity field of flow in ultrasonic process is very complex. A
variety of experimental parameters, including ultrasound
frequency, container geometry, acoustic power, and pulsing
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Fig.1 Schematic diagram of different effects of bubble jet on varied-
size nanowires (a) initial cavitation bubble induced by sonication in
liquid solution; (b) bending fracture caused by the impact force; (c)
tensile fracture caused by the tensile force.

rates, determine the spatial distribution and frequency of
bubble creation and implosion events. Under the routine
sonication condition, the inward radial flow, bubble jet and
shock waves can exist simultaneously. The latter two factors can
also lead to high flow rate of the liquid and can also cause
serious breakage on solid surface which were neglected in
previous studies.*»** In general, suspended nanomaterials with
multiple unfixed liquid/solid interfaces are able to provide ideal
sites for sonication-generated cavitation bubbles and upon
collapse, bubble jets with inclined direction from the liquid
towards nanowires.*® Thus, the possibility and detailed mech-
anism of the fragmentation behavior of suspended nanowires
caused by bubble jet or shock waves should be clarified.

We develop a ‘bubble-jet impacted’ model to describe the
effect of bubble implosion dynamics on nanowires as shown in
Fig. 1. The initial state of a cavitation bubble alongside
a nanowire in liquid solution is provided as shown in Fig. 1(a),
where D is the diameter of the bubble (about 10 um), d denotes
the diameter of the nanowire, L is its length and S is the
distance between the nanowire and the bubble wall. Upon
collapse as shown in Fig. 1(b), the vertical force F from bubble
jet on the nanowire can be expressed as F(S) = 0.5palU(S)".
Where p represents the density of liquid (ethanol: 0.78 x 10° kg
m %), a represents the effective action area of Ag nanowires
(defined as a = d-D,, where D, denotes the diameter of the
bubble jet, about 2-3 pm,* and is simplified to a constant here)
and U(S) represents the fluid velocity of the jet. In the free fluid
field, the fluid velocity U(S) of the jet can be expressed by U(S)/U,
= 0.96/(0.29 + 24S/D,), where U, is the initial velocity of the
bubble jet, here set to 110 m s~ ', 8 is an empirical parameter,
often chosen 0.7-0.8.%° The stress ¢ of nanowire derived from F
is thus:

o = 8F(S)(L — Dy)imd’ (1)

From eqn (1), we calculate the forces induced by the bubble
jet on varied-size nanowires as shown in Fig. 2. The forces
exerted on nanowires increases proportionally with length. In
addition, the forces exert on nanowires with small d (diameter
100 nm) can reach up to several hundred GPa, which indicates
that the forces induced by the bubble jet can cause damage on
metal nanomaterials with the size in such range under this
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Fig. 2 Calculation results of the force induced by the bubble jet on
varied-size nanowires (a) strength exert on nanowires (diameter: 100
nm) with lengths from 10 to 100 um:; (b) strength on nanowires (length:
10 pm) with diameters from 100 to 1000 nm.

sonication condition. Meanwhile, the forces exerted on nano-
wires (length of 10 um) decrease sharply with the increase of d.
When the nanowires diameters d increase to 1 um, the forces
exerted on nanowires decrease to only about one hundred MPa.

In order to clearly show the great power of the transited force
F(S), concrete values are set in eqn (1). There into, L is fixed to 25
pum and d to 100 nm, fitting the common property of metal
nanowires. At S = 0, meaning the nanowire is almost touching
the bubble, the resulting o,,,.x is approximately two orders larger
than the strength o, of Ag or Cu nanowire (Ag: 174 MPa, Cu: 225
MPa).>**” With their distance increasing, U(S) is attenuated in
the free fluid field, but the bubble jet can still cause the fracture
even when the nanowire is 30 pm away.

Since the value of ¢ reduces in linear proportion with L,
indicating that the length of nanowires decreases, the force o
acting on them shows a sharp reduction. With L decreasing
until approximating the value of D,, the force ¢ approaches
zero, meaning force on nanowires vanishes. Based on previous
reports, the nanowires with such size can continue to break into
shorter pieces in prolonged sonication. Consequently, there
could be other fragmentation mechanisms here associated with
the cavitation.

On the other hand, the nanowires can also be brought into
the bubble interior by a tensile force originating from the
bubble jet with the direction from point A to B as shown in
Fig. 1(c). The bubble jet is shaped like a cone which satisfies the
distribution as follows: U(S)* = UeDy*/4(Dy — £S)*, where ¢
(estimated about 0.2-0.4) is derived from the ratio of D, to D.
Referring to the deduction method,*® the tensile force on
nanowires due to the viscous drag of the bubble jet can be
expressed as: o* = 2d *nUyDy*(Dy — £S)°L?, where 7 is the
viscosity of the fluid (0.01 Pa). The maximal stress ¢* acting on
a nanowire is located at point O, and therefore we can describe
the ultimate length as a function of tensile strengths as: L, =
6.7 x 10 *do, V2. As expected, this predicted ultimate length is
almost in accordance with the study by Huang et al.,** although
different physics models are adopted. Hence, the further frac-
ture of nanowires with length approximating to D, could be
caused by the coactions of bubble contraction and bubble jet,
when there is no effect of the impaction. Finally, a stable state of
nanowires with ultimate length can be reached after long time
sonication. It is found that the limiting length is only depen-
dent on the diameter of the nanowires, and not affected by the
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other sonication parameters, including container geometry,
power value and pulsing rate.

Based on the foregoing discussion, we therefore suggest
that long nanowires (L >> D,) tend to break by bending owing
to the bubble jet induced large impact. Meanwhile, because of
the large action range of the impact, these nanowires can be
easily broken down. For short ones (L =< D), they tend to break
by tearing owing to the bubble jet induced tensile force, even
when L is slightly longer than D,, because the jet is gradually
expanded. Since the jet is gradually expanded. Therefore,
nanowires with such size will not have bending deformation.
Apparently, the possibility of the nanowires to be dragged into
the bubble jet is quite low as shown in Fig. 1(c), leading to
relatively low fracture rate. However, it should be noted that
the two fracture mechanisms can take effect on the nanowires
with length L > D, simultaneously, still the bending fracture
mechanism dominates for the large action range of the
impact. Also, the shock wave with same high rate as bubble jet
would extend radially. However, the radial propagation of
shock wave results in rapid decrease of flow rate when it
propagates away from the bubble. Meanwhile, different from
the concentration effect of bubble jet on nanowires, the
moment of forces on nanowires not far away from the bubble
provided by radial propagation of shock wave is very little.
Therefore, shock wave could have little effects on nanowires.
In addition, the atomic energy induced by the ultrasonic
action little effect on the deformation of nanowires, the soni-
cation deformation of nanowires is mainly a mechanics
problem.*

In order to verify two stages of our fragmentation mecha-
nism, we have selectively chosen two kinds of metal nano-
wires (Ag and Cu). Due to their good plasticity,?*>® the force
exerted by sonication can be recorded from their deforma-
tion. However, the good properties of these metal nanowires
can lead to a shortcoming that the deformation is permanent.
Hence, two typical nanowires with similar diameters and
strength were chosen, whose lengths are distributed in the
range of L slightly longer than D, and that L > D,, respec-
tively. All of our measurements were performed under
conditions where the bulk external temperature of the solvent
was kept constant at 273 K using a cooling system, to avoid
the heating effect which could bring about changes in
mechanical properties of metal nanowires after prolonged
sonication.

After 2, 4, and 8 min of sonication, the average length of Ag
nanowires (diameter 140 nm) was reduced to 12, 11 and 9 um,
as shown by optical microscope (Fig. 3(a)-(d)). Matching with
the theoretical expectation, the reduction rate of the average
length shows a sharp decrease in the initial 2 min, then gets
slower as shown in Fig. 3(e). In addition, a number of bending
points are discovered and keep increasing over sonication time
as shown in Fig. 3(f). Apparently, the bending deformation of Ag
nanowires is still the dominant factor for the average length
reduction after the initial bending fracture.

Recently, some fragmentation mechanisms of metal
nanomaterials have been revealed from the lattice distor-
tions of metal nanomaterials by in situ tests and have aroused
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Fig. 3 Optical microscopy images of Ag nanowires. (a) Original
morphology of Ag nanowires; (b)—(d) Ag nanowires sonicated after O,
2,4, and 8 min; (e) average lengths of Ag nanowires sonicated after O,
2, 4, and 8 min; (f) statistic bending points per Ag nanowire sonicated
after 0, 2, 4, and 8 min.

Fig. 4 TEM images of a bending point of Ag nanowire. (a) Morphology
of the bending point; (b) and (c) magnified images of the bending
point. The white lines marked the crystal orientations, and the white
dot lines vertically split the bending point.

great interest.***" The lattice distortions on metal nanowires
which always have high orderly lattice arrangement can
provide accurate information of the effects of stress on them
in nano-scale. In order to determine the exact force-caused
bending fracture, the lattice distortions in the bending
point are discussed in detail. From TEM results as shown in
Fig. 4, twin lattice dislocation (Fig. 4(b)) and coordinated
dislocation can be observed (Fig. 4(c)) respectively. These
dislocations exhibit a typical impact fragmentation feature
based on the classical mechanics of materials, reflecting the
remnants affected by bubble jet induced impactions, which
is predicted in our model. In addition, selected area electron
diffraction (SAED) results (Fig. S1f) show that tiny cracks
with lots of dislocations are distributed around the bending
points of some nanowires, which reveals a condition that
even under relatively low impactions, the bending fracture
caused by metal fatigue could happen. Therefore, the effec-
tive impact area of bubble jet could have a wider scope than
we predicted above.

We now apply our model to the fragmentation of Cu
nanowires. Fig. 5 shows the morphology of Cu nanowires
sonicated after 0, 60, 80 and 100 min, respectively. During this
experiment we adopted a spreading process for sample
preparation to separate the aggregated Cu nanowires during
sonication,” though not completely separated as shown in
Fig. 5(a). Initially, no evident changes of Cu nanowires are
found and only after prolonged sonication time, notable
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Fig. 5 Optical microscopy images of Cu nanowires. (a) to (d)
Morphology of Cu nanowires sonicated after 0, 60, 80 and 100 min.

length reduction of Cu nanowires could be observed
(Fig. S21). Compared with Ag nanowires, a significantly
different fracture manner has been observed that most of Cu
nanowires keep lineal shapes during sonication process. The
observations again are in good agreement with the predic-
tions mentioned above, which plays an active role in deter-
mining the length control of nanowires (L = D,) without
altering linearity.

From above results, our model of ultrasonic fragmentation
behaviour of nanowires is further tested. Based on this soni-
cation mechanism, sonication process can realize controllable
sizes and morphologies of one-dimensional nanomaterial. As
we know, multiple plasmons in metal nanoparticles or nano-
wires are very sensitive to the particle size and shape, and
various works have been undertaken to control their size and
shape.**** Recently, Ag nanowires, being applied in the next
generation of flexible transparent conductive materials, have
attracted considerable attention.***® Since their synthesis and
utilization is frequently involved with sonication, here again
Ag nanowires are chosen as a case. During the initial sonica-
tion period, the absorption of Ag nanowires dispersion solu-
tion is enhanced, then gradually reduces by subsequent
reaction as shown in Fig. 6. This variation of absorption shows

0.0 min
0.5 min
1.0 min
1.5 min
2.0 min
4.0 min
8.0 min

Absorbance (a.u.)

L . L L
300 400 500 600 700 800
Wavelength (nm)

Fig. 6 Absorbance variation of Ag nanowires dispersion solution
sonicated for 0, 0.5, 1, 1.5, 2, 4 and 8 min, respectively. Ag nanowires
dispersion solution and the value of the peaks are show in the insets.

RSC Adv., 2016, 6, 72080-72085 | 72083



RSC Advances

it is possible to controllably modify the optical properties of Ag
nanowires by sonication. The underlying reason is closely
related to the fragmentation process (as shown in Fig. 3).
Initially, the concentration increase of Ag nanowires upon
continuous bending breakage can lead to absorption
enhancement for multiple light capture. Thereafter, with the
concentration reaching a constant, localized surface plasmon
resonance resulting from bends plays a dominant role,*
directly triggering weakened absorption. Consequently, soni-
cation treatments can provide a cost-effective and eco-friendly
modification way for expanding the applications of nanowire
materials.

Conclusions

In conclusion, we establish a model to study the influence of
sonication-induced bubble jet on the fragmentation mecha-
nisms of solution-dispersed nanowires. This model shows the
differences between size-dependent bending fragmentation
and tensile fragmentation mechanisms of nanowires. The
long nanowires (L > D,) with diameter d <1 pm tend to break
by bending fragmentation effect of sonication, while short
nanowires with diameter d < 1 um (L is slightly longer than D,
or L = D,) broken by tensile effect of sonication, which are
corroborated by the experiments and previous studies. In
addition, based on the mechanism, sonication treatments
provide a novel cost-effective approach for controllable
modifications of nanowires. This work provides fundamental
understanding of the ultrasonic fragmentation mechanism,
and pioneers the extended applications of nanowire
materials.
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