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Nanoscale research have been an area of active research over the past fifteen years. This is due to the
overall enhanced properties of nanomaterials due to size effects, surface effects and interface effects,
which typically showed up in materials with characteristics size of smaller than 100 nm. This study
focuses on the molecular dynamics (MD) simulation of an infinitely long, cylindrical platinum nanowire,
with an approximate diameter of 1.4 nm. The nanowire was subjected to uniaxial tensile strain along the
[001] axis. The changes in crystal structure during deformation were analyzed and its mechanical
properties were deduced from the simulation. Classical MD simulation was employed in this study, with
the empirical Sutton-Chen pair functional used to describe the interatomic potential between the platinum
atoms. The Berendsen loose-coupling thermostat was selected for finite temperature control of the
simulated system, with a time constant of 25% of the total relaxation time during each strain increment.
The nanowire was subjected to strain rates of 0.04% ps™, 0.4% ps' and 4.0% ps', at simulation
temperatures of 50K and 300K, in order to study the effects of different strain rates and thermal
conditions on the deformation characteristics and mechanical properties of the nanowire. It was found
that the stress-strain response of the nanowire showed clear periodic, step-wise dislocation-relaxation-
recrystallization behavior at low temperature and strain rate, where crystal order and stability was highly
preserved. The onset of amorphous crystal deformation occurred at 0.4% ps™', and fully amorphous
deformation took place at 4.0% ps'l, with amorphous melting detected at 300K. Due to higher entropy of
the nanowire at higher temperature and strain rate, periodic stress-strain behavior became less clearly
defined, and superplasticity behavior was observed. This characteristic was significantly enhanced due
to the development of a single-walled helical substructure at 300K, when the nanowire was deformed at a
lower strain rate. The Young’s modulus was found to be about 50% to 75% that of its bulk counterpart,

while the Poisson ratio was not significantly changed at nanoscale.

I. INTRODUCTION

Nanostructures like nanotubes, nanowires, nanobelts and nanoclusters have
extraordinary mechanical, electrical, thermal and magnetic properties. Nano-research

has flourished over the past decade as a result of promising applications due to the
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overall enhanced properties at the nanoscale.' In particular, metallic nanowires have
several useful applications, which were identified in nanoscale wiring of integrated
circuits,” nanowire arrays for opto-electronic applications,” usage as tips for scanning
tunneling microscope (STM) and atomic force microscope (AFM).* Nanowires were

also employed for catalysis, as a superconductor,” and as nanopipette probes.’

Numerous studies had been dedicated to the fabrication, experimentation and
simulation of metallic nanowires.’ ° Amongst which, much work have been done for
the simulation of gold nanowires. A couple of studies were dedicated in ascertaining
the properties of gold nanowires in the nanoscale regime.'''* Recently, Zhang et al."”
had investigated the structure and properties of nickel nanowires. Ercolessi et al. used
the glue model'® - a modified form of the embedded atom model (EAM) proposed by
Daw and Baskes'” - for molecular dynamics (MD) simulation of gold surfaces. Ju et
al.'® simulated the tensile behavior of ultrathin, single-shell nanowires, Bilalbegovic’19
performed MD simulation on a multi-shell gold nanowire structure and studied its
behavior under uniaxial compression. Pokropivny et al® studied the in situ
transformations of nanoscale gold contacts using MD simulation, and its results were
also verified experimentally in the same study. Kang and Hwang,21 investigated the
size and strain rate effects on the axial elongation and horizontal shear behavior of
copper nanowires. At low strain rates of 0.002% ps" and 0.02% ps™, it was found that
the higher stretch velocity caused the first yield strain to decrease, the period of yielding
and recrystallization to be shortened, and both the rupture strain and the magnitude of
force relaxation to be reduced. On the other hand, Ikeda et al.*? and Branico and Rino,23
simulated nickel and NiCu nanowires at extremely high strain rates of up to 15% ps”,
which revealed strain hardening and amorphization of the original face-centered cubic

(fce) crystal structure.

Platinum nanowires had recently found applications in molecular electronics,” nano-
actuators,” and very high frequency (VHF) nano-electro-mechanical systems
(NEMS).?®  Such applications require the nanowires to be strained and relaxed at
extremely high velocities and displacement amplitudes. Although many studies have
been focused on gold, copper and nickel nanowires, very few studies were dedicated to
the study of platinum nanowires.””*® The effects temperature and strain rate has on the

mechanical properties of platinum nanowires had not been reported.
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This paper presents an MD simulation performed on a cylindrical, solid platinum
nanowire with a diameter of approximately 1.4 nm. The nanowire was subjected to
uniaxial tensile strain, with simulation performed at temperatures of 50K and 300K.
The former corresponds to the melting point regions of atmospheric gases like O,
(54.8K) and N, (63.1K), and the latter is the laboratory room temperature. At each
simulation temperature, the NW is subjected to strain rates of 0.04% ps™, 0.4% ps™ and
4.0% ps'l. This is equivalent to approximate stretch velocities of 1.2m/s, 11.8m/s and
117.6m/s for a 3.0 nm long nanowire whisker, respectively. The lowest velocity
typically occurs in the drawing of a whisker of metallic atoms by STM or AFM from

4,29

the surface of a substrate. Some interesting works were done by Todorov and

Sutt0n30, and Mehrez and Ciraci®'??

in simulating the mechanical tensile behavior of
connective gold and copper necks respectively, which was formed between a sample
substrate and a metal tip. Exceptionally large yield strengths were observed for the
nanowires and quantum conductance jumps within the nanowire were found to
correspond to abrupt atomic lattice rearrangements. The moderately fast velocity could
be inherent in nano-actuators,” during sensing of moderate to high pressure conditions,
and the rapid stretch velocity would probably be observed in VHF NEMS,”® which is
about 35% of the supersonic velocity. This study analyzes the temperature and strain
rate effects on the first yield stress and strain, relaxation characteristics, slip behavior,

deformation characteristics of the crystal structure during strain, Young’s modulus and

Poisson ratio of a platinum nanowire.

II. SIMULATION METHODOLOGY

MD simulation was performed on a solid fcc platinum nanowire with an
approximately circular cross-section of diameter 1.4nm. An infinitely long platinum
nanowire was modeled by the application of periodic boundary conditions in the [001]
direction only. The other two Cartesian directions ([100] and [010]) were modeled with
vanishing boundary conditions (that is, the planes orthogonal to these axial directions
correspond to free surfaces). Following the model simulated by Finbow et al.”’ 15

atomic layers were modeled within the simulation cell, giving a 360-atom platinum
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nanowire for this study. Fig. 1 shows the platinum nanowire at its initial, undeformed

state.

The behavior of the nanowire under uniaxial strain was simulated using classical
MD.**  The validity of classical MD approximation was verified by comparing the
nearest neighbor separation of 2.77A for platinum, to its de Broglie thermal wavelength,
which was computed to be 0.0721A.** This makes quantum disturbances to the system
negligible and hence, the comparatively more time-consuming ab initio simulation does
not offer significantly better accuracy of results as compared to classical MD.* While
pair-wise additive potentials were typically employed for classical MD simulation of
fluids and rare gases,’® it fails badly for the modeling of solids with many-body effects,
especially for transitional metals and semi-conductors.”” In this simulation, the pair

functional form was selected for the inter-atomic potential energy,”® as follows:
V=230l )+ 2 ls,) 1)
2 :

where s; is the pair function describing the local environment of atom i, relative to the

contributions from its neighbors. U (sl.) is the energy function, which relates the pair
function to the local energetic environment. ¢(’3j) is the conventional pair-wise additive

potential term.
Finnis and Sinclair,”® used the second moment approximation of the tight-binding

formulation, to derive a non-linear energy function, as follows:

Uls,)=4fs, (2a)
and 5, = ﬁ‘, plr,) (2b)

Cleri and Rosato,41

shown that the empirical potential described above has the
capability of describing fcc and hcp transition metals in a realistic manner. It was
verified by calculating point-defect properties, lattice dynamics and finite temperature

behavior, and comparing it to experimental results and other potential schemes. Sutton
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and Chen," parameterized the potential function given in (1) and (2) for fcc metals, the

following form was used:
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equation (3) consists of a pair-wise additive potential that models the repulsive energy,
and the N-body pair functional gives the cohesive energy. The constant a in equation
(3b) is fixed to the crystal lattice parameter, and ¢, ¢, m and »n are optimized against the
equilibrium crystal configuration, cohesive energy per atom, bulk modulus and elastic
constants Cjj, Cj and Cy4. Table I shows the optimized parameters for platinum.

Differentiating equation (3) with respect to ry, the total force of the system is:
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where f’,.j is the unit vector of r,, the interatomic vectoral expression between atoms i
and j.

The atomic positions, velocities and intermolecular forces for each time-step are
obtained by solving Newton equations of motions, using the Velocity-Verlet numerical

33,34

integration scheme. The atomic velocities were scaled against the simulation

temperature using the Berendsen thermostat.’ The simulated strain rate is given as:

AE
& = 5
S Af )

where £, = AL, /L _, is the nominal strain of the nanowire at each time-step (this is not

to be confused with the energy parameter (&) in equations (3) and (4)). A€ is therefore,
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the strain increment, which has been fixed at 0.4% strain per increment. S is the number
of relaxation steps after each strain increment and Ar is the simulation time-step. In
this simulation, the no. of relaxation steps was fixed at 10000 steps, while the time-step
was varied, using Ar=1.0 fs, 0.1 fs and 0.01 fs, simulating strain rates of 0.04% ps'l,
0.4% ps’1 and 4.0% ps'1 respectively. During the simulation, atomic velocities were
rescaled four times over the relaxation period, resulting in a coupling constant of 7 =
2.5 ps, 0.25 ps and 0.025 ps for the respective strain rates. This results in modest
temperature fluctuations, which would lead to correct canonical averages of the system
properties.*> The system properties during each strain increment were computed by
averaging over the final 2000 relaxation steps.

The localized axial stress state for atom i is defined as:**

; 1 &
n.( E;) (6)

where F?” refers to the [001] vectoral component of the pair-wise interatomic force
between atoms i and j, obtained from equation (4). rz’j is the interatomic distance in the

[001] direction between the ij pair. Q' refers to the volume of atom i, which was
assumed as a hard sphere in a closely-packed undeformed crystal structure. The axial
stress on the nanowire is taken as the arithmetic mean of the local stresses on all atoms,

as follows:

Q#F%Z%@) (7)

From equation (7), the stress-strain response of the platinum nanowire could be
obtained from the simulation statistics. The stress-strain response and Young’s

modulus of the nanowire could be analyzed and deduced.

ITII. SIMULATION RESULTS AND DATA ANALYSIS

The simulation results from the MD simulation will be presented here. Figs. 2(a),

4(a) and 6(a) show the stress-strain relationship of the nanowire, simulated at 50K, for
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strain rates of 0.04% ps'l, 0.4% ps'1 and 4.0% ps’1 respectively. Figs. 3(a), 5(a) and 7(a)
show the corresponding results for the simulation at 300K. Points where significant
changes take place on the nanowire’s crystal structure and stress-strain response were
marked on the plot, indicated by numerical notations within pointed parentheses <>. Its
corresponding atomic arrangements were shown in Figs. 2(b) to 7(b). Visualization of
MD simulation was performed using the Visual Molecular Dynamics (VMD) software,
developed by the Theoretical Biophysics Group of UIUC (USA).® Young’s modulus
and Poisson ratio were obtained for the nanowire prior to the first yield strain only. The
former was obtained from linear regression analysis of the scatter plot of the stress-
strain response. The latter was similarly obtained on the scatter plot for the radial strain

vs. axial strain (&,-&;). The radial strain (&,) is defined as €, = AR/R, , where R is the
radius of the nanowire at strain state £, R, is the radius of the nanowire at its initial

state and AR=R—R,. R was obtained by considering the mean distance of the surface

atoms from the centroidal axis of the nanowire, which would give an average radius at
each strain state. A virtual experiment was conducted using eight different cutoff values
for each temperature and strain rate. “Cutoff” refers to the radius around a reference
atom i, beyond which the inter-atomic potential is truncated. This cutoff value will be
used for the generation of the Verlet neighbor list.*° Eight virtual test samples were
simulated by varying the cutoff at approximately uniform intervals between 1.91a and
2.50a, where a is the equilibrium lattice parameter of platinum. The lower cutoff was

adopted from Finbow et al* 1In this case, the atomic interactions were truncated at 2.5

times the nearest neighbor distance a,,, where a,, = a/ V2, with an additional 0.2a,,

imposed as the “skin”. This was done in order to ensure stability and convergence of
the algorithm. The upper cutoff represents the conventional value used for Lennard-

Jones pair potential,33 with potential truncation at 2.5a,, where a, =0.9a, and an
additional 0.3a, imposed as the “skin”. Sample scatter plots for selected cutoffs at each

simulated strain rate and temperature are shown in Figs. 8 and 9. Tables II and III show
the values of the Young’s modulus and Poisson ratio for all eight samples obtained from
the virtual experiment. Table IV presents a summary for the mechanical properties of
the platinum nanowire, as deduced from the MD simulation.

Fig. 2 shows the stress-strain behavior of the nanowire, simulated at 7 = 50K and

£=0.04%ps™", from its initial state to complete rupture. The extension of the
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nanowire commences with an elastic deformation from its initial state <1> to the first

yield state <2>. Upon reaching the first yield strain of € ; = 0.076, the crystal structure

experienced an abrupt dislocation, as shown in Fig. 2(b) <3>. Slippage occurred along
the (111) plane and relaxed to a reconstructed configuration at <3>. Such abrupt
dislocation of fcc nanowires were previously reported by Todorov and Sutton™, and
Mehrez and Ciraci*'** for gold and copper nanowires respectively, which result in
quantum conductance jumps. As explained by Kang and Hwang,21 and Finbow er al.,”’
the preferential occurrence of (111) slip planes is due to smallest Burgers vector
existing in the [110] close-packed directions for fcc crystal structures, making it most
energetically favorable to reconstruct along this plane. After which, the nanowire
recrystallizes to a new, dislocated configuration and experienced a second dislocation
after <4>. It was observed that the strain and stress required to bring the nanowire from
its most relaxed state after the initial slip, to its second dislocation point was much
smaller than that required to produce the first slip. This is because the reconstructed
crystal structure has already relaxed to a minimum energy state after the initial slip, and
any further deformation only involves an in-plane rearrangement of atoms, sliding along
the (111) slip planes. Such rearrangement process only requires a small amount of
energy for the displacement of atoms. At <5>, an out-of-plane slip was formed when
the atoms around the middle section “climbs” over other atoms, resulting in the
development of an additional atomic layer. This reconstruction leads to a subsequent
series of out-of-plane slips, which demand a 30% larger stress magnitude to achieve
each successive dislocation and recrystallization between <5> and <6>, compared to
that between <4> and <5>. During this process, the surface atoms were progressively
displaced from its original locations, which subsequently result in surface rupture at
<6>. This significantly reduces the potential energy of the crystal structure and
therefore, the stress required to produce further dislocations were reduced by 25% after
<6>. During this process, necking of the nanowire commences. Significant necking
occurred after <7> and complete rupture takes place at <9>, with a rupture strain

ofe, =0.712. This value was consistent with the results obtained by Finbow et al.”’

During the entire deformation process, it was observed that the nanowire reconstruct,
relax and recrystallize in a step-wise, periodic manner, with clear peaks at the end of
each recrystallization cycle. These well-defined periods of yielding is attributed to the

tendency of the crystal structure to remain at its stable crystallographic configuration at
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this low temperature, where lattice order is highly preserved due to the relatively small
atomic oscillations about their equilibrium positions.

At the higher temperature of T = 300K, the atomic structure has higher entropy, and
its constituent atoms vibrate about their equilibrium positions at a much larger
amplitude, as compared to that at 7= 50K. It was observed from Fig. 3(a) <2> that the
platinum nanowire has a 21% lower &, and a corresponding 31% smaller oy, as
compared to Fig. 2(a). The onset of slip at 7 = 300K was expedited by the relative
instability of the crystal structure due to a larger magnitude of oscillation about its
equilibrium configuration, which disturbs the lattice order and encourages
reconstruction of the crystal lattice. In-plane rearrangement and relaxation of atoms
were also absent in this case, as the nanowire immediately reconstructed into a new
configuration after the first yield cycle <3>. Out-of-plane slippage occurred at a much
lower strain of 0.064, and new atomic layers continued to form until £ =0.184 <4>,
<5>, <6>. After which, the surface atoms were dislodged <6> and necking begins. As
a result of increased disorder of the crystal structure at 7' = 300K, the strain interval
between onset of necking to overall rupture of the nanowire was increased. In the

previous case (Fig. 2(a)), necking set in at £,_ =0.364 and rupture occurred at
€, =0.712, giving an interval of Ae =0.348 or Ag, =34.8%. Whereas, in this case

(Fig. 3(a)), necking begins at a much smaller strain of 0.184, with rupture occurring at a

51% higher strain <9> of £, =1.076, as compared to that at 7 = 50K. This gave

Ag,, =89.2% for T = 300K. The parameter Ag,, is defined as a measure of ductility of
the nanowire. This means that the nanowire is about 55% more ductile at 7 = 300K
than at 7 = 50K. A curious phenomenon could be observed here. At £, =0.780, a
double-helical structure begins to form at the narrowest part of the neck, which
eventually developed to a clearly defined, single-layered helical structure at £, =1.048
<8>. It is interesting to note that the existence of a similar, single-walled helical
platinum nanowire was reported by Oshima et al’ This 1.0 nm nanowire was
synthesized by electron-beam thinning method at a high temperature of 680K. The
resulting multishell nanowire was progressively thinned by electron migration through
irradiation, until the innermost shell is exposed, producing the single-walled nanowire.
In this MD simulation, the mechanical extension of a solid fcc nanowire at 7 = 300K

revealed the same structure synthesized by Oshima et al. at T = 680K. Although it was
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not verified in this paper whether the helical structure, when it is isolated from the
parent nanowire, will correspond to a stable atomic configuration, the emergence of this
substructure had contributed significantly to the overall ductility of the nanowire. This

enabled the platinum nanowire to be strained beyond &£_ =1.000, which displayed an

important characteristic of superplasticity. Finally, a note could be put in place that a
residual stress of about 3 GPa was observed after overall rupture of the nanowire. This
probably indicates the presence of a stable substructure within the broken portions,
which may be studied in detail in a separate investigation.

As & was increased ten times from 0.04% ps’1 to 0.4% ps'l, the stress-strain response
of the nanowire developed “mini-peaks” or “wavelets” during the yielding cycles. This
indicates the presence of disorder in the crystal lattice. The source of this disorder is
attributed to the onset of amorphous deformation of the nanowire at a high strain rate.
This phenomenon was reported by Ikeda et al.,”* where continuous transformation to an
amorphous metal from a perfect crystal was observed for Ni and NiCu nanowires, when
they are subjected to strain rates of up to 5.0% ps'l. This phenomenon was observed in
Fig. 4(b), where deformation snapshots <3>, <5> and <6> showed a less clearly defined
slip plane, and atoms clustering into disordered arrays instead of reconstructing along
the (111) plane, as was observed in Fig. 2(b), snapshots <3> to <5>. But nevertheless,
the strain rate of 0.4% ps'1 was still insufficient to cause complete transformation of the
nanowire to an amorphous structure, as periodic yielding still showed up during the
extension process in Fig. 4(a). As such, this strain rate corresponds to a transitional
strain rate value, from which the behavior of the platinum nanowire under tensile strain
changes from an ordered, crystallographic deformation, to a disordered, amorphous
deformation. The &, and oy of nanowire at T =50K was increased by 16% and 8%
respectively, as a consequence of the increased crystal disorder. The subsequent
relaxation process after the first yield was less abrupt, occurring over a strain interval of

0.036, as compared to a near immediate relaxation to a reconstructed state for that at
£=0.04%ps" (Fig. 2(a)). The nanowire therefore, exhibited a ductile slip behavior
when the strain rate was increased. Nanowire necking sets in at £, = 0.228, where the
surface atoms were completely displaced and new layers were formed <6>. Overall

rupture occurred at £, =0.728 <8>, giving Ag,, =50.0%. There was a 15.2% increase

Page 10 of 28



in overall ductility when the nanowire was deformed at & =0.4% ps™” as compared to

that at £ =0.04% ps‘l , when the temperature was held constant at 7= 50K
Similar transitional amorphous behavior could also be observed at 7= 300K. From

Fig. 5(a), the first yield occurred at £, =0.076 and o, =9.33GPa, which was 27%

and 10% higher than the corresponding &, and oy, when the nanowire was subjected to
a lower strain rate of 0.04% ps’1 (Fig. 3(a)). (111) slip planes could be observed with
relative clarity in this case in snapshots <3> to <5>. Surface atoms begin to dislocate at

£, =0.188, and necking begins after <4>. A single-walled helical structure, which
was similar to that observed at &=0.04%ps”', had developed at the neck at
€, =0.588. But due to the higher strain rate, there was insufficient time for the
structure to further relax and develop to a longer length. It was subsequently morphed
into a single wire of platinum atoms <7> at £_ =0.648. The development length (Ly)
of the single-walled helical structure for this strain rate was approximately L;= 8.0A, as

compared to L; = 20.0A for &=0.04% ps”. This suggests that the single-walled

structure developed in the nanowire, when it was subjected to &=0.04%ps”, is
relatively more stable, with the longer developmental length contributing more
significantly to the ductility of the parent wire, as compared to that at &=0.4% ps™ .
This also explains the peculiar observation of a larger overall ductility of the former
(A€, =89.2% ) compared to the latter (Ag,, =68.4% ), which was contrary to the
observations for that at 7 = 50K. Hence, the development of the single-walled helical
substructure during axial deformation of the nanowire contributed very significantly to
its superplasticity behavior, which more than offset the increase in ductility due to
amorphous disorder of the crystal structure.

Finally, the nanowire was subjected to the highest strain rate of 4.0% ps'l. In this
simulation, the platinum nanowire exhibited superplasticity behavior right after
yielding, and continued to deform up to rupture strains of €, =1.084 and ¢, =1.472
for that at T = 50K and T = 300K respectively. The strain rate of 4.0% ps"1 had resulted
in an amorphous rearrangement of the atoms positions for both simulations, as could be

seen in snapshots <3> onwards from Figs. 6(b) and 7(b). Due to a high degree of lattice

disorder, the nanowire yielded at extremely high stresses of o, =18.35GPa and

o, =11.98GPa, with corresponding strains of €, =0.112 and €, =0.100 for T =
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50K and T = 300K respectively. This was up to 50% higher in o5, and 66% higher in &,
as compared to that simulated at & =0.04% ps™'. The nanowire deformed uniformly,
with no obvious necking until above £_ =0.640. This is an indication of superplastic

behavior of metallic nanowires subjected to extremely high strain rates. The simulation
at T = 50K showed necking occurring at the extreme ends of the nanowire (Fig. 6(b),
<5> to <7>). This is probably a consequence of the MD simulation algorithm. Due to
the application of a uniform strain along the [001] axis for every strain step, the atoms at
the extreme ends of the simulation cell will be displaced first. The new positions of all
other atoms away from the extreme ends will then be displaced progressively. Given
sufficient relaxation time for all the atoms to relax into their new positions, the

nanowire will take up a new equilibrium configuration. In this case, due to the

relatively low atomic velocities at 7 = 50K (since <v2> =3kT/m), the total relaxation

time of 0.1ps for each strain increment was apparently not sufficient for the nanowire to
attain equilibrium. As such, at high strain magnitudes, atoms at the extreme ends were
significantly displaced, while those around the middle region of the nanowire remained
relatively undisturbed. Although equilibrium was not attained at each step, validity of
the simulation results remained. That is because, given the accuracy of the empirical

Sutten-Chen potentials in modeling mechanical properties of metallic syste:nls,37’38’41’42

including those subject to high strain rates, >

this could be what is physically
occurring in the platinum nanowire. In this situation, experimental verification must be
performed to verify the simulations, which will require a separate investigation on its

own. On the other hand, at 7 = 300K, due to the significantly larger ensemble average

velocities of the system (<v2>T:300K = 6<v2>T:50K ), a much higher degree of equilibrium

was attained at each strain step, as compared to 7 = S0K. As such, all atoms in the
simulation cell were displaced and necking was observed within the nanowire (Fig.
7(b), <7> to <10>). It was further observed that there was no formation of a single-
walled helical substructure, which meant that complete equilibrium was not attained at

T =300K. Instead, an amorphous lob formed at the neck at £, =1.308, which result in
a slight increase in stress at <8> of Fig. 7(b). The nanowires rupture at £,, =1.084 and
g, =1472 for T = 50K and T = 300K respectively, with corresponding ductility of

Ag, =85.6% and Ag, =118.4% . In these cases, the platinum nanowires exhibited

clear superplasticity behaviors.
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A virtual experiment was conducted to determine the Young’s modulus and Poisson
ratio of the nanowire at the respective temperatures and strain rates. Only the results of
one out of eight samples were presented here in Figs. 8 and 9. Fig. 8 presents the scatter
plots of the stress-strain response before the first yield state for all three strain rate
values, and Fig. 9 shows that of the &,-&; relationship. Linear regression analysis,47
was performed to produce a least squares, best-fit straight line through the sample
points. The degree of linearity was quantified by the strength of correlation between the
x- and y-coordinates of the sample points, known as the correlation coefficient (p). In a
physical sense, it measures the stability of the crystal lattice when the nanowire
undergoes axial deformation. As such, p= 100% indicates a perfectly stable crystal
lattice under deformation, where its constituent atoms do not oscillate about its
equilibrium position (for example, at 7 = 0K). In this case there is perfect linearity in
all its mechanical properties. On the other extreme, p= 0% implies a completely
random cluster of atoms under Brownian motion (for example, rare gases). In this
simulation, p is larger than 88% at all strain rates, which indicates strong linearity in
terms of stress-strain and &,-&; before first yield sets in. Analysis of eight samples
showed that the Young’s modulus was E,, = 126 GPa for the nanowire at 7' = 50K, with

no significant difference observed for the different strain rates. On the other hand, it

was E, = 100 GPa at T = 300K for £ =0.04% ps™' and &=0.4%ps™', and dropped to

E, = 85 GPa for £=4.0% ps™'. Firstly, it is noted that the Young’s modulus obtained

from the simulation was 50% to 75% that of its bulk Young’s modulus (Ep,; = 168
GPa). This was due to the non-exact fit between the calculated Young’s Modulus from
the fitted potential, to the experimental Young’s Modulus of the material. Sutton and
Chen’® had shown that the experimental elastic contant (C;;) of platinum was about
15% larger than the computed modulus from the fitted potential. This was apparent
from the analysis of the nanowire at S0K, where correlation between the stress and
strain points before first yield was very strong and thermal effects at nanoscale were
negligible. Secondly, it was noted that E,, was about 21% smaller at 7= 300K. This
was due to the significantly weakened bond forces due to the large atomic vibrations at
the higher temperature, which resulted in a less stiff nanowire. Lastly, there was a 15%
drop in E,; when the nanowire was subjected to the highest strain rate of 4.0% ps’1 at T
= 300K. This was the result of a high degree of disorder introduced by the high strain

rate and, coupled with the high temperature, amorphous melting of the crystal structure
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sets in. Finally, there was no significant difference in the Poisson ratio of the platinum
nanowire as compared to the bulk value of 0.38, when it is subjected to the lower strain
rates of 0.04% ps” and 0.4% ps”. A 4% to 6% lower value was observed for the
nanowire at 7 = 50K, which simply means that the material is marginally more
compressible at lower temperatures, due to a lower kinetic energy of the system. There

was a further 11% and 20% reduction in Poisson ratio at 7 = 50K and T = 300K

respectively, when the nanowire undergo amorphous deformation at &=4.0% ps™.

This was due to higher malleability as a result of crystal lattice disorder. The
development of short-ranged order of the crystal structure increases its ductility and
therefore, enhanced its malleability and compressibility. This was marginally more
evident at 7 = 300K as the material was undergoing amorphous melting at that
temperature and strain rate. This resulted in a 5% smaller Poisson ratio than that at T =

50K.

IV. CONCLUSION

This paper presented the MD simulation of a platinum nanowire, subjected to axial
deformation in the [001] direction. Several interesting features relating to its crystal
structure and mechanical properties were observed when the nanowire was simulated
under different strain rates at 7= 50K and 7' = 300K. The crystal structure remained in
its crystalline order at the lowest strain rate, with planar dislocation and slippage
occurring along the (111) plane. Due to the higher crystal stability at 7 = 50K, the
deformation behavior of the nanowire was characterized by brittle slips and brittle
rupture, with very low ductility. At the higher temperature of 300K, the crystal
structure became less stable due to higher amplitude of vibration of the atoms about
their atomic positions. A relatively stable single-walled helical substructure was formed
due to the higher local vibration amplitude of the platinum atoms. This helical
substructure enhances the ductility of the nanowire. The strain rate of 0.4% ps'1 was a
transitional stage, where the deformation of the nanowire changes from a crystalline to
an amorphous reconstruction. Some disorder was observed within the displaced mass
of atoms, while the slip plane was still relatively well-defined. The stress-strain

relationship was also less strongly correlated during initial elastic deformation. The
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single-walled helical substructure was still observed at 7 = 300K, but did not have
sufficient relaxation time to attain sufficient development length (L,), giving less
contribution to its overall ductility. The maximum strain rate of 4.0% ps ' results in a
completely amorphous deformation, where the nanowire displayed superplastic

behavior. The first yield stresses and strains were more than double of that simulated at
£=0.04%ps™". Complete rupture was attained when it deformed up to more than

twice its original length. Finally, it was found that the Young’s modulus of the
platinum nanowire was 50% to 75% that of the Young modulus of bulk platinum. The
calculated Young’s Modulus of the nanowire at 7 = 300K was only about 50% that of
bulk platinum, and was significantly smaller than that at T = S0K. This illustrated the
atomistic size effect, giving material properties at nanoscale that differed from its bulk
properties. The Poisson ratio was not significantly different at nanoscale as compared
to the bulk, but was reduced up to 20% under high strain rate. The findings of this
paper have laid groundwork for further investigations into other mechanical behaviors
of metallic nanowires like axial compression, shear and twisting deformation. Future
investigations could look into the stability and properties of the double helical
substructure, both experimentally and using computational simulation. The results
could also serve as a guideline for subsequent experimental investigations, and the
mechanical properties obtained could be used as input for linear continuum modeling of

platinum nanostructures.
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FIG. 1 360-atom platinum nanowire at its initial state.
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Simulation Temperature = 50K
Strain Rate = 0.04% ps™  ——————————————-
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strain response with points where snapshots of the nanowire was captured and (b)
snapshots of atomic arrangement of platinum nanowire at various strain values.
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FIG. 3. Stress-strain response of nanowire at 7 =300K and &€ =0.04% ps'1 (a) stress-
strain response with points where snapshots of the nanowire was captured and (b)
snapshots of atomic arrangement of platinum nanowire at various strain values.
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FIG. 4. Stress-strain response of nanowire at 7 =50K and &€ =0.4% ps'1 (a) stress-
strain response with points where snapshots of the nanowire was captured and (b)
snapshots of atomic arrangement of platinum nanowire at various strain values.
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FIG. 6. Stress-strain response of nanowire at 7 =50K and &€ =4.0% ps'1 (a) stress-
strain response with points where snapshots of the nanowire was captured and (b)
snapshots of atomic arrangement of platinum nanowire at various strain values.
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FIG. 7. Stress-strain response of nanowire at 7 =50K and &€ =4.0% ps'1 (a) stress-
strain response with points where snapshots of the nanowire was captured and (b)
snapshots of atomic arrangement of platinum nanowire at various strain values.
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FIG. 9. Scatter plots for determination of Poisson ratio.

TABLE I. Optimized parameters of pair functional for platinum.

Functional Parameter Optimized value
a(A) 3.92
£ (meV) 19.833
c 34.408
m 8

n 10
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TABLE II. Young’s modulus (GPa) of platinum nanowire of eight virtual samples.

£=0.04% ps™ £=0.4%ps™ £=4.0%ps™

cutoff 50K 300K 50K 300K 50K 300K
Sample 1 1.91 125.52 10192 124.82 103.85 125.13 84.94
Sample 2 1.95 125.60 99.79  125.53 108.83 125.39 85.21
Sample 3 2.00 126.26 102.04 126.08 96.24 125.87 85.50
Sample4  2.10 125.81 100.66 125.61 100.44 125.72 85.21
Sample 5 220  126.02 101.97 125.11  95.88 12545 84.93
Sample 6 2.30 125.22 10090 125.17 92.35 12549  85.04
Sample 7 240 126.23  98.13 125.28  99.66 125.66  85.15
Sample 8 2,50 126.10 100.25 125.18 103.24 125.59 85.10

TABLE III. Poisson ratio of platinum nanowire of eight virtual samples.

£=0.04%ps™ £=0.4%ps™ £=4.0%ps™

cutoff 50K 300K 50K 300K 50K 300K
Sample 1 191 0.3592 0.3754 0.3696 0.3601 0.3223  0.3068
Sample 2 1.95 0.3533 0.3682 0.3697 0.3981 0.3222 0.3067
Sample3  2.00 0.3562 0.3479 0.3692 0.3668 0.3223 0.3065
Sample4  2.10 0.3570 0.3869 0.3698 0.3590 0.3223 0.3069
Sample 5 2.20 0.3498 0.4095 0.3693 0.3970 0.3224 0.3068
Sample 6 2.30 0.3480 0.3661 0.3689 0.3962 0.3224 0.3067
Sample 7 2.40 0.3529 0.4048 0.3688 0.3989 0.3224 0.3068
Sample 8 2.50 0.3561 0.3785 0.3689 0.3953 0.3224 0.3068

TABLE IV. Table of summary for mechanical properties of platinum nanowire.

£=0.04%ps™ £=04%ps™ £=4.0%ps™
Property 50K 300K 50K 300K 50K 300K
o & 0076 0060 0088 0076 0112 0.100
First Yield q{yy 1219 847 1318 933 1835  11.98
Rupture g, 0712 1076 0728 0872 1084 1472
Ductility ~Agy 34.8% 892% 50.0% 68.4% 85.6% 118.4%
E,; 1258 1007 1253 100.1 1256  85.1

) b
YesMod™ = 99989 99.82% 99.10% 98.35% 97.39% 88.45%
bois Rt Vw3541 03797 0.3693 03839 0.3223  0.3068
99.73% 97.16% 98.85% 98.59% 95.59% 98.20%

*Units in GPa

®Young’s Modulus
“Poisson Ratio
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