Defence Science Journal, Vol. 59, No. 3, May 2009, pp. 252-259
© 2009, DESIDOC

Effects of Isothermal and Adiabatic Thermal Loadings on Size and
Strain Rate Dependence of Copper Nanowire

Vijay Kumar Sutrakdrand D. Roy Mahapatta

!Aeronautical Development Establishment, Bangalore-560 075
2Indian Institute of Science, Bangalore-560 012

ABSTRACT

In the present paper, the size and strain rate effects on ultra-thin <100>/{100} Cu nanowires at an initial
temperature of 10 K have been discussed. Extensive molecular dynamics (MD) simulations have been performed
using Embedded atom method (EAM) to investigate the structural behaviours and properties under high strain
rate. Velocity-Verlet algorithm has been used to solve the equation of motions. Two different thermal loading
cases have been considered: (i) Isothermal loading, in which Nose-Hoover thermostat is used to maintain the
constant system temperature, and (ii) Adiabatic loading, i.e., without any thermostat. Five different wire cross-
sections were considered ranging from 0.723 x 0.723tar.169 x 2.169 nf The strain rates used in the
present study were 1 x18%, 1 x 1¢s?, and 1 x 10s™. The effect of strain rate on the mechanical properties
of copper nanowires was analysed, which shows that elastic properties are independent of thermal loading for
a given strain rate and cross-sectional dimension of nanowire. It showed a decreasing yield stress and yield strain
with decreasing strain rate for a given cross-section. Also, a decreasing yield stress and increasing yield strain
were observed for a given strain rate with increasing cross-sectional area. Elastic modulus was found to be ~
100 GPa, which was independent of processing temperature, strain rate, and size for a given initial temperature.
Reorientation of <100>/ {100} square cross-sectional copper nanowires into a series of stable ultra-thin pentagon
copper nanobridge structures with dia of ~ 1 nm at 10 K was observed under high strain rate tensile loading.
The effect of isothermal and adiabatic loading on the formation of such pentagonal nanobridge structure has been
discussed.

Keywords: Metallic nanowires, sensors, nanosystems, copper nanowires, nanobridge structure, moleculer dynamics
simulation, nano-electronic device fabrication, isothermal loading, thermal loading, adiabatic thermal loading.

1. INTRODUCTION have even been integrated as address decoders for nanosystems
The structural properties of metallic nanowires have such as biological sensor arrays and nanocomptiters
been extensively investigated over the past decade. Among all nanowires, metal nhanowires have drawn a

Understanding of these properties is important in the context lot of interest because of their appealing properties such
of nano-electronic device fabrications. The structures of as high thermal and electrical conductivity, and quantised
ultra-thin nanowires ofAu %, Cu ™°, Ph, Al 1012 Ag 13, conductanc&®. In the previous work on copper nanowires,
and Ti * have been investigated using MD simulations. atomistic simulations under various conditions have produced
These studies show that helical, multi-shelled, and filled many different polygonal cross-section copper nanowires
structures exist in several face-centered-cubic (FCC) metals such as rectangular, pentagonal, and hexagonal ones. Many
in the form of ultra-thin nanowires. Because of the strong studies on the structures of nanowires have shown that
surface effect, unique behaviours such as surface-stress-some nano particles are related to a decahedron model,
induced phase transformatiém lattice reorientation®*’ e.g., inAg®, Ni%, Au437, Cu*®®%, Mehrez and Ciraéihave

have also been observed. Nanowires are of great technologicakeported the formation of hexagonal rings formed from
importance because of their unique structures, properties, {111} orientedCuat 150 K. These hexagonal rings further
and potential applications in nanoscale electronics, photonics, transform into pentagonal rings during mechanical stretching.
biological, and chemical sensét¥. In the recent years, Sen?* et al have performed an extensive first-principles
various nano-devices have been developed from nanowires,study of nanowires with various pentagonal structures by
such as nanolasef$!, Field-effect transistors (FE®)%, using pseudo-potential plane wave method within the framework
light emitting diode%, and quantised conductance atomic of density functional theory. They have shown that nanowires
switche$®. Nanowire sensors have also been fabricated of different types of elements, such as alkali, simple, transition,
for highly sensitive and selective detection of biological and noble metals and inert gas atoms have a stable structure
and chemical species such as hydré§e@0O and NQ made of staggered pentagonal shape with a linear chain
gase¥, proteins, and DNA&. These nanowires components perpendicular to the planes of the pentagon and passing
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through their centres. This is due to the fact that the equilibrated at 10 K using the Nose-Hoover thermg$t#t
pentagonal quasi-1-D nanowires have higher cohesive energyfor 10 ps with a time step of 0.001 ps before being loaded
than many other 1-D structural arrangements. Recently, under tension along the nanowire’s axis and was allowed
Gonzalez? et al. have shown by their experimental and to relax by holding the length of the nanowire unchanged.
theoretical studies that copper nanowires formed by mechanical The nanowires are not relaxed to a zero stress state and
stretching exhibit structural relaxation forming pentagonal the beginning of deformation was at stress level of 1.5 -
[110] copper nanowires with a quantum conductance of 8.0 GPa. A similar procedure was also used by Liang and
~ 4.5 G, Recently, authors have shown the formation of Zhou®*in the MD simulation during tensile deformation
stable pentagonal multi-shell nanobridge structure under of copper nanowires.

dynamic loading of [100]/ {100} copper nanowirésat 10 Two different thermal loading conditions were considered:
K. Under a range of high strain rate loading, such pentagonal (i) isothermal loading, and (ii) adiabatic loading. In the
multi-shell nanobridge structures with enhanced mechanical case of isothermal loading, Nose-Hoover thermostat was
properties have been found. Effect of temperature, ranging used simultaneously with uniaxial loading for maintaining
from 10 K - 600 K has also been analysed under various the nanowires temperature constant at 10 K during the
strain rates and various cross-sectional dimensions to find deformation process. In the case of adiabatic loading, no
the existence of pentagonal nanobridge structtife In thermostats were used during loading process and the
these studies, the authors have considered only the isothermatemperature is allowed to evolve. The nanowires get heated
loading whereas no temperature effects during the loading up during loading which captures the realistic behavior
process were considered, which could lead to different at such high strain rates.

deformations as well as different mechanical properties A uniaxial loading was performed by completely restraining
under such high strain rate loading. The present paper one end of the wire, then by applying velocities to atoms
aims at understanding the effects of adiabatic loading and along the loading direction that go linearly from zero at
strain rates on the mechanical properties of nhanowires of fixed-end to the maximum value at the free-end, creating
various cross-sectional dimensiofiie effect of adiabatic a ramp velocity profile. This ramp velocity was used to
loading on the formation of pentagonal nanobridge structure avoid the emission of shock waves from the fixed-end of
is also discussed in detail and results are compared with the nanowire. Different strain rates ranging from 1 % 10

those obtained due to isothermal loading. s'to 1 x 10 s* were used for each nanowire. The equations
of motion were integrated using velocity Verlet algoritfm
2.  SIMULATION METHOD All simulations were performed using an MD code called

Molecular dynamic simulation of copper nanowires LAMMPS 53 % developed by Sandia National Laboratory.
using the embedded atom method (EAMY as the underlying No periodic boundary conditions were used at any stage
model of inter-atomic interactions has been considered. In of simulation, which was to capture accurately the relevant
the EAM, the total energ¥ for a system of atoms is  surface effects. The stresses were calculated using the

written aﬁ LN virial theorem®5, which takes the form
= ) ) - T ) ap
E=XF(p)+ 224 0). ) o J[Eiu(ﬂ”)—“ o —imaxf’x?’] @)
where the VI 23 r Pt

summations in Egqn.(1) extend over the total number of whereN is
atomsN in the systemf:,_is the embedded functior)fgi is the total number of atomg# is the distance between the
the electron density at atoing; is a pair-wise interaction ~ two atomsa and 8, Ax” =x" —x/, U is the potential
function andr; is the distance between atdnandj. In energy, and/ is the volume of the nanowire for the purpose
this work, the EAM potential developed by Miskiret of averaging. Engineering strain is used as a measure of

al. is utilised, which accurately represents the elastic deformation and defined as$ € 1))/ |, wherel is the
properties and surface energies of copper. More importantly, instantaneous length of the wire dpé the initial length
the potentia| accurate|y captures the stacking fault and of the wire obtained after the first step of energy minimisation
twinning energies, which is critical in analysing inelastic corresponding to the initial configuration. The yield stress
deformation.

Copper nanowires with square cross-section <100> / ot o f;-_f; e | e, ’
{100} were created using known lattice parameters of a '; a i " -
bulk FCC crystal as shown iRig.1. The length of the Yy w7 EE Z 3 s
nanowire was kept constant at 13 nm with five different e ] e ] |‘_ - :
cross-sectional dimensions of 0.723 x 0.723,M0845 x ‘_ X I—)( y
1.0845 nm, 1.446 x 1.446 nin1.8075 x 1.8075 nfnand 2.169
x 2.169 nmMwere considered for the simulation. The nanowires <100>/{100}
were first relaxed to equilibrium configurations using the Figure 1. [L00]/ {100} Copper nanowire with various
conjugate gradient method; the nanowires were then thermally orientations.
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and the yield strain are found at the point of initial yield,
that is, when the first defect which typically appears in
the form of a partial dislocation, nucleates within the nanowires.
Modulus of elasticity is calculated from the initial slope
of the stress-strain curve for all the cases. The fracture
strain is measured at the breaking point.

3. RESULTS AND DISCUSSIONS
3.1 Effect of Strain Rate
The effect of strain rate on the formation of pentagonal
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nanobridge structure is observed at a strain rate of 1 x
10°s? and 1 x 16 s?, whereas no nanobridge structure
is formed under strain rate of 1 x"1€" as shown irFig.
3(b). Strain of 0.91 at a strain rate of 1 x* 83 during
adiabatic loading indicates that the increase in temperature
during the tensile deformation of nanowires plays significant
role in the formation of pentagonal nanobridge structure.
Mechanical properties, such as yield stress, yield strain,
and modulus of elasticity of nanowires for a given cross-
sectional dimensions are found to be same for both the

nanobridge structure under both the adiabatic and isothermaladiabatic as well as isothermal loadings. It indicates that

loading is discussedrigures 2(a) and 2(b) show the stress-
strain curve for a nanowire of cross-sectional dimension
0.723 x 0.723 nrhat various strain rates of 1 x 416!, 1

x 10 s?, and 1 x 10s? for isothermal and adiabatic thermal
loading, respectively. Under isothermal loading, strain rate
of 1 x 10s'and 1 x 10s* show the formation of pentagonal

temperature does not play any role in the elastic properties
of the nanowires at high strain rate. To confirm this, variation
of temperature with respect to strain for various strain
rates are shown in Fig. 4. Which shows a constant temperature
till the yielding of the nanowires. Once yielding occurs,
sudden rise in the temperature is observed which is due

nanobridge structure, whereas no nanobridge structure isto the breaking of the bonds of the nanowires, which

formed under the strain rate of 1 x®1€" as shown in
Fig.3(a). In the casef adiabatic loading, the formation of
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Figure 2. Stress-strain curve of [100]/ {100} copper nanowires
of cross-sectional dimensions of 0.723 x 0.723
nm?2 at various strain rates: (a) isothermal loading
and (b) adiabatic loading.
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causes yielding to start. Similar behavior is also observed
at the point of complete fracture of the nanowires. Sudden

(i) 1 x 108! (i 1x
(a) (b)
Figure 3. Deformed structure just before complete fracture

of [100]/ {100} copper nanowires of cross-sectional
dimensions of 0.723 x 0.723 ntan initial temperature
of 10K with varying strain rate: (a) isothermal
loading, and (b) adiabatic loading.
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Figure 4. Variation of temperature versus strain of [100]/
{100} copper nanowires of cross-sectional dimensions
of 0.723 x 0.723 nrhat various strain rates during
adiabatic loading.
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increase in the temperature, and at the same time, suddershown in Fig. 2({). Strain rate of 1.0 x 20s! shows
decrease in the strength of the nanowires are observedformation of the pentagonal structure under both the
during complete fracture of the specimen, as shown in Fig. thermal loading conditions as shown Figs. 3(3 and
4, for adiabatic loading condition. Decreasing yield stress 3(b). However, the fracture strains are found to be different;
and decreasing yield strain are observed with decreasingwhich is 0.55 for isothermal case and 0.48 for adiabatic
strain rate for a given cross-sectional dimensions of the case.The overall results show that the nanowire, which
nanowire for an initial temperature of 10K. Early yielding forms pentagonal nanobridge structure, can undergo more
at a lower strain rate can also be seen in Fig. 4, where theplastic deformation, but results can vary for different
jump in the temperature due to yielding occurred first for temperatures, cross-sections, and strain rates.
strain rate of 1 x 10s! and subsequently higher yielding
was observed with increasing strain rates. It is also observed3.2 Effect of Nanowire Cross-sectional Size
that a given cross-sectional dimension and temperature In order to investigate the size effect, five different
with various strain rate loadings produce constant initial cross-sectional dimensions of the nanowires were considered,
slope of the stress-strain curve as shown in Figs 2(a) andi.e. 0.723 x 0.723 nfn1.0845 x 1.0845 nm1.446 x 1.446 nfn
2(b). This indicates a linear elastic and rate-insensitive 1.8075 x 1.8075 nfnand 2.169 x 2.169 rirFigure 5 shows
response. the stress-strain curves at a temperature of 10 K and strain
Different plastic deformations were observed for a rate of 1 x 10s? [see Figs 5(a), and 5(b)] and 1 x®&b
given cross-sectional dimensions of nanowire with varying [see Figs 5(c), and 5(d)] for isothermal and adiabatic thermal
strain rates under adiabatic and isothermal loading. For loading, respectively. It is observed that various different
example, 0.723 x 0.723 rfmanowire under the strain  thermal loading shows different inelastic deformations for
rate of 1.0 x 1®0s?! shows fracture strain of 0.34 under a given strain rate and for a given cross-sectional area.
isothermal loading without formation of any nanobridge For example, under a strain rate of 1 49 only the 0.723
structure, whereas fracture strain of 0.91 is observed in x0.723 nmMcross-section forms a stable pentagonal nanobridge,
the case of adiabatic loading with formation of a very when subjected to an isothermal condition. On the other
long pentagonal nanobridge structure before fracture as hand, the cross-sectional dimensions of 0.723 x 0.723 nm
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Figure 5. Stress-strain curves at 10 K for various cross-sectional dimensions of the copper nanowires: (a) and (b) for strain
rate of 1x1® s?'; (c) and (d) for strain rate of 1x1G s?; for isothermal and adiabatic loadings, respectively.
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Figure 6. Variation of temperature versus strain during
adiabatic loading of [100]/ {100} Cu nanowires
of various cross-sectional dimensions at strain
rates of (a) 1 x 10s?, (b) 1 x 10 s%, (c) enlarged
view of rectangular box marked as (x) in (a).

as well as 1.0845 x 1.0845 Aform such stable nanobridge
structures, when subjected to adiabatic condition.

The mechanical properties, such as yield stress, yield
strain and modulus of elasticity is found to be independent
of both the adiabatic as well as the isothermal loading for
a given strain rate of 1 x 168 with varying cross-sectional
dimensions as shown in Figs 5(a), and 5(b), respectively.
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A similar behaviour was also observed for reduced strain
rate of 1 x 10s! as shown in Figs 5(c), and 5(d) for
isothermal and adiabatic loading, respectively. It also
indicates that even with an increasing cross-sectional
dimension of the nanowire, temperature does not play
any role in the elastic properties of structure under high
strain rate loading. Furthermore, to confirm this behavior,
adiabatic temperature versus strain is plotted for varying
cross-sectional dimension at strain rate of 1 %<I'Gand
1 x 1¢ st as shown in Figs 6(a), and 6(b), respectively.
These figures show that till yielding, no temperature change
has occurred in the nanowire. An enlarged view of temperature
variation for a given strain rate of 1 x °1§! at yielding
is shown in Fig 6(c). After yielding, a sudden jump in the
temperature is observed in all the nanowires, which is
due to the breaking of the bonds of the nanowires, which
causes yielding to start. It is also observed that with an
increasing cross-sectional dimensions, at the point of
complete fracture, the magnitude of temperature jump is
reduced. This is because, in the case of the thinner nanowires
the strength decreases suddenly at the point of complete
fracture, whereas in the case of larger cross-sections,
the decrease in strength of the nanowire during plastic
deformation is gradual, which can be seen in Fig 5. Figures
5(a), and 5(b) also show a constant slope of initial stress-
strain curve for various cross-sectional dimensions at a
strain rate of 1 x 10s?, whereas a rate-insensitive elastic
modulus was already observed in Fig. 3. Hence, the overall
response is due to a rate independent, thermal load
independent, and cross-section independent elastic modulus
of ~ 100 GPa before yielding. Decreasing yield stress
and increasing yield strain are observed with an increase
in the cross-sectional dimensions of the nanowire for a
given strain rate and for both adiabatic as well as isothermal
loading as shown in Fig. 7. Which also shotlat with
decreasing strain rate for a given cross-sectional dimension
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Figure 7. Yield stress-yield strain at various strain rates
and cross-sectional dimensions of the copper
nanowire, which is same for both the adiabatic
as well as for isothermal loading for a given
initial temperature of 10K.
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of the nanowire, there are decreasing yield stress and
decreasing yield strain.

4. CONCLUSIONS
A stable pentagonal multi-shell nanobridge structure

during high strain rate tensile loading of [100]/ {100} constrained 10.

square cross-sectional copper nanowires under both the
isothermal and adiabatic thermal loadings has been found.

Such a stable structure has enhanced mechanical propertied 1.

such as higher fracture strain. In addition, the pentagonal
multi-shell structures were found to have an inherent stability

that is dependent on the external loading rate applied to 12.

the nanowires. Strain rate insensitive, thermal load insensitive

and cross-sectional dimension insensitive elastic modulus 13.

of ~ 100 GPa is also found. Decreasing yield stress and
decreasing yield strain have been observed with decreasing

strain rate for a given cross-sectional dimensions of the 14.

nanowires under both the thermal loading cases. For a
given strain rate with increasing cross-sectional area, a

decreasing yield stress and an increasing yield strain are 15.

also observed. It is also found that the adiabatic thermal
loading does not change elastic properties of the hanowire

under such high strain rate loading at an initial temperature 16.

of 10K. Different plastic deformations have been observed
for both the isothermal as well as adiabatic loadings, which

is an indication that processing temperature can lead to 17.

different inelastic deformations for a given strain rate under
different thermal loadings.
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