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ABSTRACT: Via in situ TEM tensile tests on single crystalline
copper nanowires with an advanced tensile device, we report
here a crystalline-liquid-rubber-like (CRYS-LIQUE-R) behavior
in fracturing crystalline metallic nanowires. A retractable strain of
the fractured crystalline Cu nanowires can approach over 35%.
This astonishing CRYS-LIQUE-R behavior of the fracturing
highly strained single crystalline Cu nanowires originates from an
instant release of the stored ultralarge elastic energy in the
crystalline nanowires. The release of the ultralarge elastic energy
was estimated to generate a huge reverse stress as high as ~10
GPa. The effective diffusion coefficient (D.g) increased sharply
due to the consequent pressure gradient. In addition, due to the
release of ultrahigh elastic energy, the estimated concomitant
temperature increase was estimated as high as 0.6 Tm (Tm is the melting point of nanocrystalline Cu) on the fractured tip of the
nanowires. These factors greatly enhanced the atomic diffusion process. Molecular dynamic simulations revealed that the very
high reverse stress triggered dislocation nucleation and exhaustion.

KEYWORDS: Crystalline-liquid-rubber (CRYS-LIQUE-R), nanowires, large retractable strain, single crystalline Cu, pressure gradient,
effective diffusion, in situ TEM
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As a subset of nanostructured materials, the metallic fractured single crystalline Cu nanowires was revealed. The
nanowires have emerged as an important structural retractable strain of the fractured crystalline nanowires
component in the design of nanorelated materials' and approaches over 35%. These abnormal behaviors originate
devices’ * due to their extraordinary properties, especially for from the fast release of the ultralarge elastic energy of the
the excellent mechanical properties, such as ultrahigh tensile nanowires. These results are important for nano-
strength™® and ultralarge elasticity’~'® and superplasticity'' ! structural applications.

21 comparing to their bulk counterparts. The details of the High-purity polycrystalline Cu film was prepared by
elastic-plastic transitions of the metallic nanowires under magnetron sputtering method.”> The film was transferred to
external stress and strain'>">' have been clarified. The observed a recent developed homemade in situ TEM tensile device.”*
maximum elasticity in metals is in Cu nanowires (NWs) by The device was then put in the heating TEM holder. The
7.29.2% The ultralarge elasticity of metallic nanowires has also ~ pulling force was provided by the deformation actuators,”***~>!
been successfully exploited in composite materials.”®> However, made of sheets with different thermal expansion coefficients.
uncertainties have remained, for example, when these huge Upon slightly heating (on a 3 mm diameter copper-ring grid) in
elastic energies stored in the strained nanowires are released in the TEM heating holder, the plates bend, the two plates were
a short time, like fracture, what will be the consequence? Can arranged to bend in opposite directions, actuating the pulling of
the fractured tip be melted or will the fractured tip keep the the sample. Crack propagation can give a large space due to
crystalline features? How large can the retractable strain be?

Here, via in situ TEM tensile tests on copper nanowires with an Received: May 19, 2013

advanced tensile device at a temperature close to room Revised:  June 21, 2013

temperature, an astonishing CRYS-LIQUE-R behavior of the Published: July 30, 2013
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Figure 1. An example of a single crystal Cu NW under uniaxial tensile test with a recoverable strain up to ~35%. (a—f) The continuous tensile
process before fracture; (f—h) the dynamic fracture process of the nanowires with a huge recoverable strain up to ~35%.

Figure 2. Shows a series of HREM image of a single crystal Cu NW under uniaxial tensile test. L,—Lgy labeled in panels a—e denote the gauge length
of the nanowire at different states. Ly; and L, in panel f marked the final length of the nanowire after fracture.

temperature increase that can drive the movement of these two
deformation actuators. The bending velocity can be changed
according to the experiments via adjusting the heating
controller outside of the TEM. During the pulling test,
cracks/voids will form and some ligaments will be left and
bridged on the cracks/voids; our focus is on these ligaments,
which will be taken as single crystal Cu NWs with diameter
below 50 nm.

Figure 1 shows a tensile test of a single-crystal Cu NW with
diameter of ~45 nm. The two blue lines in Figure 1 marked the
gauge length used for our subsequent “nanowire tensile”
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experiment. The loading direction was also labeled by a double-

head arrow and “¢” in Figure la. The original gauge length was
also marked with L, as shown in Figure la. Figure la—f shows
the continuous tensile process and a high plastic deformation
strain of ~35% has been achieved before fracture (see Lyp in
Figure 1f). With further pulling, fracture occurred in Figure 1g.
Figure 1f—h shows the dynamic retracting processes of the
fractured tips. Comparing the shape shown in Figure 1f—h, we
can find the nanowire retracted with length reduction and
diameter expansion simultaneously. As shown in Figure 1h, the

sum of the final length of the fractured ends (Lp; + Lgy)
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between the two blue lines has decreased and equals to the
original length (L,) of the nanowires. This means that a nearly
35% retractable strain has been achieved. After the test, we have
confirmed that the loading direction was nearly along its [112]
direction with the selected area diffraction pattern (SAEDP) of
the nanowires (see more details in ref 32). Supporting
Information Movie 1 shows the dynamic fracture process; a
rubber-like behavior in this fractured metallic nanowire has
been demonstrated.

Further, an in situ atomic scale tensile test demonstrated that
the fractured nanowires kept its crystalline character during the
whole fractured process. Figure 2 shows a series of atomic scale
HRTEM images taken during the tensile and fracture process
of the tested nanowire. The tested single-crystal Cu nanowire
was a diameter less than ~5 nm along [112] direction. Figure
2a—f shows the tensile and fracture process. According to the
change of (111) interplanar spacing as marked by the black
arrow in the insert image in Figure 2, the largest elastic strain
can be measured and it was about ~6.4%. Then severe necking
occurred at the point marked by a blue arrow in Figure 2d.
With strain further increasing, the fracture occurred (Figure
2e,f) and the two tips of the fractured nanowire retracted
rapidly. Comparing Ly in Figure 2e with Ly, + Lg, in Figure 2f,
the length of the nanowire shrunk with about ~40% retractable
strain. The shape of the nanowire also became shorter and
fatter after fracture (compare Figure 2e with Figure 2f) as
revealed in Figure 1. As shown in Figure 2e,f, the two fractured
nanowire tips kept their single crystalline structure through the
whole fracturing process. This directly demonstrated that the
no-melting process occurred in this rubber-like behavior of the
crystalline nanowire nanofracture process.

The rubber-like retractable strain of the fractured nanowire
tips exceeded 35% (~35% in Figure 1 and ~40% in Figure 2),
which far exceeds the theoretical elastic strain limits of metallic
materials. This huge retractable strain of the fractured
crystalline metallic nanowires is, however, similar to a fractured
rubber tip. This is an astonishing phenomenon that rarely
happens in materials with metallic bonds. We speculate the
following aspects may contribute to rubber-like behavior of the
fractured nanowires. The first contribution of the rubber-like
behavior comes from the release of the ultralarge true elastic
strain.””> As mentioned above and in multiple investigations, for
a copper wire with diameter of ~15 nm (the region marked by
two red arrows in Figure 1f) its elastic strain limit can be as
high as ~6.5% according to our previous study.”” The
measurable maximum elastic strain of nanowires in this study
has reached 6.4% (Figure 2c) and is close to the theoretical
values of 8%.> So, the internal elastic energy stored during the
tensile test is very high. Taking Figure 1 as an example, the
stored elastic energy can be about 5.6 X 107" J. After fracture,
due to the release of such high elastic energy, a huge pressure
will be loaded to the atoms of the pyramid-shaped tip. A
pressure gradient pointing to the reverse direction of tensile
stress of the nanowire will be formed. In the meantime, the
stored elastic energy will transform to the thermal energy
during the retracting process, leading to an obvious temper-
ature increase of the fractured NW tip. The diffusion coeflicient
of atoms of the fractured tips will thus be enhanced by the
pressure gradient and the increase of the temperature (see ref
32).

Taken Figure 1 as an example, the atoms on the largest strain
region (the region marked by two red arrows in Figure 1f) still
endure a huge pressure that can be estimated ~8.5 GPa (take
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6.5% as the maximum elastic strain in Figure 1). After the
fracture occurred, such a high pressure (~8.5 GPa) will be
loaded to atoms of the fractured tips and the diffusion
coefficient will be sharply increased. Figure 3 shows a
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Figure 3. (a,b) A simple sketch map of the rubber-like behavior of the
fractured single crystalline Cu nanowire tips.

predigested model. As seen in Figure 3a, a severe necking has
happened and the pressure gradient direction has been marked
by two red arrows; Ry and Ry denote the radii of the root and
the tip of the plastic region, and there will be a high pressure
gradient due to the cross-sectional area decrease along this
direction. The elastic strain also has a gradient that changed
gradually from zero to &,,,. If we take two adjacent layers as an
example, P, and P, denote the pressure loaded to these two
atom layers, and then we will have an effective diffusion
coefficient that will be calculated from the following formula:**

P, — P,
Dy D(l 2 l)e—Z/LC
R (1)

where, L is the effective decay length. Z is the length along Z
direction, which is opposite to the pressure gradient direction.
From the formula shown above, we can find if there is a
difference in the pressure loaded to these two atom layers, an
effective diffusion will be triggered. Taking into account the
integrated effect, the top layer will diffuse to the crystal with the
largest diffusion length, L,,.,, which can be calculated using the
following equation:

Lmax = \/4Deff—maxt (2)

Here, we should also consider the influence come from the
temperature increases induced by the TEM holder. Then

Dy = Doe_E“/RT(l + u)e_Z/LC
1

©)
For copper, Dy = 7.8 X 107> m?/S; the activation energy E, is
~211 kJ/mol;> P, is the maximum pressure, which is about 8.5
GPa in the current case; P, is the internal pressure in our TEM
system, which is about 0.1 X 107> Pa. Then, we have Dg .
2 X 107" m?/S, the maximum effective diffusivity estimated
though eq 3. According to Supporting Information Movie 1,
the whole diffusion process continued ~0.5 S and thus the
maximum diffusion length is about 6.3 nm, that is, atoms on the
fractured tips with a huge pressure (~8.5 GPa) loaded on it will
travel about 6.3 nm inner the wire during the instant process of
fracture. The travel length will have a gradient and a maximum
length will occurred on the “tip” atoms. This phenomena is just

~
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like a punch to the nanowires, then a fatter and shorter shape in
Figure 3b will be formed. As seen in Figure 1f—h, there is a
large retractable strain of ~35%. If we take the most severe
deformation region as an typical example (see the region
marked by two red arrows in Figure 1f, the length is about 45
nm) the retractable strain induced by diffusion will be up to
14% when taking the maximum diffusion length as 6.3 nm.
With the elastic strain added (as mentioned above, ~6.5%), the
minimum and measurable total retractable strain is over 20%.

On the other hand, the general diffusion process can be
characterized by a barrier with activation energy E,, where E, is
the energy required for an atom to jump from one site to the
next. The diffusivity can be written as***’

p=neil )

A Trr )
Where, D, denotes the pre-exponential factor also called the
frequency factor, and E, is the activation energy. In this test, in
order to load force to the nanowires an extra temperature
increase ~100 K has been introduced to drive the two
deformation actuators as mentioned above, so when the
fracture happened, the temperature of the system is about
373 K, as shown in eq 4, diffusivity will be slightly increased.**
Furthermore, after the fracture the huge elastic stored energy
will transform to be concomitant thermal energy that can lead
the system temperature to further increase. It is estimated that
the concomitant increased temperature of the fractured tips can
be as close as 0.6 Tm (Tm is the melting point for copper,®® see
more details in refs 32 and 39), that is, after the release of such
huge elastic energy, a general diffusion process will be highly
active that will induce further retracting process. This will add
additional retracting strain. The highly activated diffusion
process is liquid-like but in crystalline solids.

Finally, through molecular dynamic simulations, a dislocation
nucleation and exhaustion process trigged by the very high
reverse stress was revealed. Figure 4 shows a retract process of
the nanowire and Figure 4a shows the initial state of the
nanowire with a preset elastic strain of ~5.5%. Then the
nanowire was released. An elastic recovering process can be
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Figure 4. MD simulation result shows the retraction process. (a) The
state of the nanowire with a preset elastic strain of ~5.5%; (b) The
instant morphology of the nanowire after the release of the elastic
strain with O strain; (c,d) The continuous deformation process after
fracture.
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monitored. As seen in Figure 4b, after the release of the elastic
strain, partial dislocations appeared due to the high reverse
stress. Then partial dislocations will be exhausted and no
dislocation left in the nanowire (Figure 4c,d). This is consistent
well with the observation under HREM (Figure 2e).
Dislocation nucleation and exhaustion dominated the process.
Comparing Figure 4 panels a and d, the nanowire become
shorter and fatter, which is similar to the phenomena revealed
in Figures 1 and 2. For the very short-lived simulation time and
small pressure gradient, the diffusion is not so obvious
compared to our experimental results.

Via in situ TEM tensile tests of copper nanowires with an
advanced tensile device, a crystalline liquid and rubber-like
behavior of single crystalline Cu nanowires’ fractured tips has
been revealed. The retractable strain of the fractured nanowires
approached over 35%. This astonishing CRYS-LIQUE-R
fracture behavior originates from an instant release of the
stored ultralarge elastic energy. Such huge elastic energy release
induced three main processes: the first one is the recovering of
true elastic strain, the second one is huge atom diffusion
process induced by pressure gradient; and the third is the
enhanced diffusion process induced by the temperature
increase. The CRYS-LIQUE-R behavior of the fractured tip
includes both of elasticity and plasticity activities. A unique
CRYS-LIQUE-R behavior of nanomaterials was thus revealed.
This CRYS-LIQUE-R behavior is obviously interesting for
applications, such as those in micro- or nanoelectromechanical
systems (MEMS or NEMS) and flexible devices.
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