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Abstract: In this study, the change in the mechanical properties of Niobium (Nb) nanowire with different grain numbers under
applied uniaxial tensile deformation was tried to be investigated by Molecular Dynamics (MD) simulation method. The
Embedded Atom Method (EAM), which includes many-body interactions, was used to determine the force interactions between
atoms. To determine the effect of grain number on the mechanical properties of Nb nanowire, stress-strain curve, young
modulus, yield strain and atomic images obtained from the common neighbor analysis method (CNA) were used. It has been
determined that necking and breaking of the model nanowire occur at the grain boundaries, however, the number of grains has
important effects on the mechanical properties.
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Polikristal Nb Nano Telinin Uygulanan Cekme Deformasyonu Altinda Mekanik Ozelliklerinin
Molekiiler Dinamik Benzetimi ile Incelenmesi

Oz: Bu calismada farkli tane sayilarina sahip Niyobyum (Nb) nano telinin uygulanan tek eksenli gekme deformasyonu altinda
mekanik oOzelliklerindeki degisim Molekiiler Dinamik (MD) benzetim yontemi ile incelenmeye calisildi. Cok cisim
etkilesmelerini iceren Gomiilmiis Atom Metodu (GAM), atomlar arasindaki kuvvet etkilesmelerini belirlemek i¢in kullanildi.
Nb nano telinin mekanik 6zellikleri lizerine tane sayisinin etkisini belirlemek i¢in zor-zorlanma egrisi, elastiklik modiilii, akma
zorlanmasi ve genel komsu analiz yonteminden (Common Neighbor Analysis-CNA) elde edilen atomik goriintiilerden
yararlanildi. Model nano telde boyun verme ve kopmanin tane sinirlarinda meydana geldigi bununla birlikte tane sayisinin
mekanik 6zellikler {izerinde dnemli etkilerinin oldugu tespit edildi.

Anahtar kelimeler: Nano tel, tane sinir1, molekiiler dinamik, mekanik 6zellikler.
1. Introduction

The rapid technical progress in nanowire fabrication in recent years has greatly supported the development
and application of nanoelectromechanical systems. The structural safety and reliability of nanoelectromechanical
systems largely depend on the mechanical behavior of these newly developed nanoscale materials. The properties
of nanostructured materials depend on the internal microstructure size and the external sample size. Nanostructured
materials can be developed by refining the grain size [1] by embedding nanotwined lamellas in sub-micrometer
sized grains [2, 3] or nanowires [4, 5] or by adjusting the layer thickness of nanoscale metallic multilayers [6, 7].
They are also used in the development of new products such as nanoelectronic devices [8-10], energy storage and
conversion systems [11, 12], biomedical devices and sensors [13].

Research on the mechanical properties of polycrystalline materials is of great importance in terms of both
theory and practice [14-16]. It is known that grain boundary plays an important role on the mechanical properties
of polycrystalline materials [17-19]. A good understanding of crystallographic deformation in mechanical
processes due to nano-dimensional effects [20, 21] is very important for devices to be developed. Atomic force
microscopy [22] and high-resolution transmission electron microscopy [23] are used to experimentally examine
the properties of nano-sized metallic materials at the atomic level. Nanowires always exhibit a special and
unpredictable behavior under applied tensile loading as they are affected by factors such as temperature,
crystallographic orientations, strain rate, multiple grain structures, surface and boundary conditions.
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Nb element is used in both experimental and theoretical studies due to its ductility at room temperature,
melting at high temperatures, low density and low neutron capture cross section [24, 25]. In addition, Nb and Nb
alloys are preferred in the aerospace industry, in the production of reactor pipes, and in implants [26, 27]. Although
there are many studies on bulk, clustered and thin film structures of Nb element [28-30], the number of studies on
nanowire structure is few.

With the rapid development of computer technology and computational methods, atomic simulation
techniques have become a popular and effective tool widely used to identify new properties of nanomaterials [31]
and to detect atomic details of the deformation mechanism [32, 33]. Especially in recent years, the MD simulation
method has been used effectively to examine the deformation characteristics of polycrystalline metals [34, 35].
When Wolf et al. [36] examined the deformation behavior of nanocrystalline materials, they revealed that
dislocations predominate in the deformation of larger grain size materials, while grain boundaries are effective in
smaller grain size materials. A study on the plastic deformation of nanocrystalline Mo showed that a large
component of the strain is settling through the formation of cracks at the grain boundaries [37]. However, studies
on mechanical properties have mainly focused on single-crystal metallic nanowires with fcc structure. Compared
to single crystal nanowires, polycrystalline nanowires are composed of multiple grains. The deformation behavior
and breakage of nanowires are highly dependent on grain size [38]. The compatibility of the results obtained in
the MD simulation method with the experimental data depends on the potential energy function selected for the
system to be modeled [39]. There are many potential energy functions developed for different element and alloy
systems [40, 41]. EAM, which includes multi-body interactions, is one of the most preferred functions in MD
studies in terms of its simple mathematical structure and effective results.

In this study, it was tried to determine the effects of uniaxial tension deformation applied to polycrystalline
Nb nanowires with single and different grain numbers on the mechanical properties of the nanowire. LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) MD simulation program was used for calculations
[42]. Tt was determined that the tension strain applied to the Nb nanowire caused significant changes on the
mechanical and structural properties of the wire, such as the stress-strain curve, the young modulus, the yield
strain, and the atomic positions, depending on the number of grains.

2. Material and Method

In the classical MD simulation method, the equations of motion of a system composed of N atoms are derived
from the Lagrangian function.
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obtained. Here, the si, h, G and Pe.x: parameters represent the scaled coordinate, the axes of the calculation cell, the
metric tensor and the external pressure, respectively. For a system subjected to deformation, the strain is calculated
by the microscopic stress tensor as given in equation (2) [43, 44].
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An object under the influence of external forces is said to be in a strained state. The stress tensor is determined by
the nine components of the state of the force at any point in the matter.
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The normal components of the stress tensor o11, 622, 033 (also referred to as ox, oy, oy, respectively) are known as
the shear components of the stress. The positive and negative values of the normal components of the stress tensor
correspond to the tensile stress and compression stress, respectively. Only the ox component changes with uniaxial
loading applied along the x-axis. On the other hand, the other components are zero [45]. The expression &x = (/x -
Ix0) / Ixo determines the strain along the x-axis. /o and /x are the length of the wire before and under load in the x
direction, respectively [46].
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The Nb model nanowire system, to be applied uniaxial tensile deformation, was created in 5 different ways:
single crystal and multi-grain structure. During the study, the single crystal structure was expressed as Nb1, while
the 2, 3, 4 and 5 grain nanowire structures were named Nb2, Nb3, Nb4 and Nb5, respectively. Nbl, Nb2, Nb3,
Nb4 and Nb5 nanowires consist of 4672, 4492, 4433, 4417 and 4463 atoms, respectively. Each grain in the model
nanowire is defined as gr (grain). In the Nbl nanowire with a single crystal structure, atoms are arranged in the x,
y and z directions with <100>, <010> and <001> crystallographic orientations, while for Nb2 < 610>, <164>,
<169> for Nb3, they are placed in orientations <410>, <140>, <001> and <111>, <112>, <110> for Nb4, and
<110>, <112> and <111> for Nb5. While the length of the nanowire in the x direction is 12 nm, its length in the
y and z directions varies between 2.59 nm and 2.71 nm due to the different orientations of the atoms.

In MD studies, it is very important to detect microstructures such as fcc, hep, bee, which are formed as a
result of thermal or mechanical processes applied to the model system, and to determine their development. Many
numerical analysing methods have been developed to determine these structures. Assigning a structural type to
each particle is the main goal of these methods. In addition, these methods try to determine how close they are by
matching a local structure with an idealized structure. For structure analysis in MD simulation studies,
centrosymmetry parameter analysis, common neighbor analysis, bond-order analysis, bond-angle analysis,
Honeycutt -Andersen, Voronoi analysis is used quite frequently [47, 48].

In this study, atoms were placed at bee lattice points for the Nb nanowire system as the initial structure. While
periodic boundary conditions were applied along the [100] direction of the nanowire, boundary conditions were
not applied along the [010] and [001] directions. The initial velocities of the atoms in the model system were
randomly determined in accordance with the Maxwell-Boltzman velocity distribution. By using the velocity form
of the Verlet algorithm, the numerical integration of the system's equations of motion was performed in 1 fs time
steps. Uniaxial drawing processes were applied to the NVT statistical ensemble, where the particle count, volume,
and temperature were kept constant at certain values. Before applying tensile loading, 5x10* MD steps were waited
for all nanowires to reach stable structure. The strain rate was chosen as 1x10° s™! in the study. In addition, the
EAM potential function was used to calculate the interactions between Nb atoms in the model calculation cell.
Details on potential can be found in the literature [49]. The cut-off distance of the potential function used was
determined as rc = 2anw.

3. Results and Discussion

In this study, the effect of uniaxial tensile deformation applied along the [100] direction at 10 K temperature
and 1x10° s! strain rate on the mechanical properties of Nb nanowire system with different grain structures was
tried to be investigated using the MD method. Figure 1 shows the stress-strain curve obtained until rupture occurs
in a single-grained Nb1 nanowire, which is called grl and has the arrangement of atoms along the crystallographic
orientations of <100>, <010>, <001>. This graph shows two peaks and a region where the hard value changes
within certain limits with the increase in the stress in the middle. The hard-strain curve exhibits an almost linear
change until € (tensile stress), which begins to be applied to the model system, reaches a value of 0.09. This region
in the graph is referred to as the elastic region. The highest value reached by the stress before the sudden drop in
stress starts is known as the yield strainand has a value of 9.8 GPa. In addition, in Figure 1, the young modulus of
the model nanowire system was determined as a result of the regression analysis of the linear region where elastic
deformation occurs. High values of the young modulus, which is known as a measure of elastic deformation under
the applied force, indicate that the elastic property of that material decreases. The young modulus for the Nbl
nanowire was determined as 104.3 GPa. After a critical strain value is reached, a sudden decrease in strain occurs
(point b). This sudden decrease in the graph is an indication of the onset of plastic deformation in the model system.
When a stress above the strain corresponding to the yield strain value is applied to the material, plastic deformation
begins and the sliding mechanism is activated. This is a wide strain range from point b to point e and there is no
significant change in difficulty. At point e, the hard-strain curve starts to change as it did at the beginning of the
strain process (e-f interval). As the strain continues, when the strain reaches 0.72 after the second maximum, the
strain suddenly drops to zero (g point). This corresponds to the breaking of the nanowire. The deformation phases
seen in the stress-strain graph have also been observed in studies for other metallic nanowires [50, 51].
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Figure 1. Stress-strain curve of Nbl nanowire.

In this study, the CNA topological analysis method proposed by Honeycutt and Andersen was used to
determine the regional structures with unit cells such as bcc, fce, hep that may occur around the atoms in the model
system during the drawing process. CNA analysis is a characterization technique used to determine the structural
evolution of crystal structures such as agglomeration defects, grain boundaries, deformation and different phases.
The CNA algorithm performs a geometric analysis of the nearest neighbors around a reference atom. The minimum
value of the radial distribution function between the first two peaks and the arrangement of the selected atoms
within a certain distance are analyzed one by one [52]. In this analysis, each atom in the model system is classified
according to regional crystal structures determined by the bonds between an atom and its nearest neighbors. Here,
atoms are divided into 4 classes called bcc, fcc, hep and “other”. Atoms in a regional bec arrangement are
considered bcc atoms, and atoms in a regional fcc arrangement are considered fcc atoms. Atoms in a regional hep
arrangement are considered as hcp atoms, which are seen as stacking defect structures formed in the fcc crystal.
Atoms in all other local arrangements are called "other" atoms. Generally, blue bec, green fec, red hep and white
color represent atoms called “other” [53].

In Figure 2 (a-g), atomic positions taken from the (001) plane section obtained by CNA analysis from the
OVITO [54] program at different MD steps for the Nbl nanowire during the drawing process are given. In Figure
2(a), it was determined that 68% of the structure was bcc and 32% was other structures before applying tensile
stress to the nanowire. Since periodic boundary conditions are not applied in the y and z directions of the nanowire,
atoms on and near the surface of the wire are not considered as bcc unit cell structure. It is seen in Figure 2(b) that
after the strain applied to the nanowire passes the yield point, where plastic deformation begins, regions of atomic
rearrangement are formed at the top and bottom ends of the nanowire. These regions, where atoms with different
orientations are located, are separated from each other by white colored atoms. Figure 2(c-d) shows the evolution
of these differentially oriented regions within the structure with increasing strain. It is seen in Figure 2(e-f) that
when the e and f points are reached in the stress-strain curve, the reorientations are completed and the nanowire
begins to give neck in the region determined by the dotted circle. In Figure 2(g), the atomic structure of the
nanowire when it is broken by thinning and stretching is given.

e

b
Figure 2. Atomic positions determme(g f)or d( f}erent strain Values from CS%A analysis for Nbl nanowire.
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In Figure 3, the stress-strain curve obtained until rupture occurs in the Nb2 nanowire, which consists of two
grained structures called grl and gr2, is given. It is seen that the yield strength is 6.02 GPa and the hard-strain
curve exhibits an almost linear change until €=0.08 is reached. The elastic constant for Nb2 nanowire was
determined as 99.07 GPa. The change in the stress-strain curve with increasing strain is almost similar to the Nbl
nanowire structure. It was determined that the rupture occurred at a value of 0.58 of the strain.
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Figure 3. Stress-strain curve of Nb2 nanowire.

In Figure 4, atomic images of the nanowire obtained from CNA analysis are given for the different points (a-
f) determined in the stress-strain curve. Figure 4(a) shows the initial structure composed of bcc unit cells of the
Nb2 before nanowire is strain applied. Grains of grl and gr2, which have different atomic orientations, are
separated from each other by the grain boundary indicated by white colored atoms. When the point b on the hard-
strain curve, where plastic deformation occurs by increasing the strain applied on the nanowire, is reached, a region
begins to form as indicated by the arrow with different crystallographic orientation by rearranging the atoms at the
grain boundary, as seen in Figure 4(b), and as the strain continues to increase, this change occurs. The development
of the region within the structure (Figure 4(c)) is seen. It is determined from Figure 4(d) that this reorientation and
diffusion within the structure ends when the d point is reached in the strain curve. It can be seen from Figure 4(e-
f) that the applied strain from this moment on creates a neck in the region marked with a dotted circle in the grain
boundary region instead of creating plastic deformation in the structure, and the deformation of the nanowire ends
with rupture.

@ ©® © @ © O

Figure 4. Atomic positions determined for different strain values from CNA analysis for Nb2 nanowire.

In Figure 5, the stress-strain curve obtained as a result of uniaxial tensile deformation applied to the Nb3
nanowire, which consists of three grained structures called grl, gr2 and gr3, is given. The change in the stress-
strain curve with increasing strain is almost similar to that of other granular nanowire structures. From the stress-
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strain curve, yield strain was determined as 5.42 GPa, £=0,068 and elastic constant 87.2 GPa for Nb3 nanowire. It
was observed that when £=0,56 reached the value, rupture occurred.
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Figure 5. Stress-strain curve of Nb3 nanowire.

Figure 6 shows the atomic positions of different points on the stress-strain curve given in Figure 5 for the
Nb3 nanowire. The initial structure of the Nb3 nanowire, which consists of layers with three different atomic
orientations, is given in Figure 6(a). It is clearly seen in Figure 6(b-c) that when the yield point is passed and plastic
deformation begins, a region in which the atoms take different orientations is formed at the grain boundary of the
grl and gr2 grains and as a result of the increase in the strain, the atoms in this region move in the shear planes
and spread into the grl grain structure in a way to form a twin structure. However, no change was observed in the
atomic configurations of the gr2 and gr3 grains forming the nanowire, with increasing strain. With increasing strain
value, the twin boundary moved until it reached the lower end of the nanowire (Figure 6(d)) and then the
rearrangement of the atoms was completed. It is clearly seen from Figure 6(e-f) that the nano wire starts to give
neck at the grl and gr2 grain boundary and that rupture occurs in this region as the strain continues to increase.

@ & © @ @© O

Figure 6. Atomic positions determined for different strain values from CNA analysis for Nb3 nanowire.

In Figure 7, a stress-strain curve is given for Nb4 nanowire, which contains four grained structures called gr1,
gr2, gr3 and gr4. The stress-strain curve exhibits a linear change, as in other nanowire structures, until €=0,069,
where the yield strain is 5.98 GPa. The elastic constant of the Nb4 nanowire was determined as 84.7 GPa from the
regression analysis. It has been determined that the nanowire rupture occurs when it reaches the value of €=0,45.
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Figure 7. Stress-strain curve of Nb4 nanowire.
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Figure 8 shows the atomic positions obtained at different stress values for the Nb4 nanowire. The initial
structure of the Nb4 nanowire formed with 4 different crystallographic orientations of atoms is given in Figure
8(a). It is clearly seen in Figure 8(b) that a twinning occurs within the grl grain and the atoms take a different
orientation when the yield point is passed and the plastic deformation begins. This atomic arrangement formed in
the grl grain is completed when the strain value reaches the ¢ point in the stress-strain curve (Figure 8c). However,
the atomic orientations of the gr2, gr3 and gr4 grains that make up the nanowire did not show any change with the
increase in strain. It is clearly seen from Figure 8(e-f) that the neck region begins to form at the gr2 and gr3 grain
boundaries at progressive strain values, and then the atoms in this region become thinner and elongate like a chain
and rupture occurs, respectively.

b © @ © O

Figure 8. Atomic positions determined for different strain values from CNA analysis for Nb4 nanowire.

The stress-strain curve for five grained Nb5 nanowires called grl, gr2, gr3, gr4 and gr5 is given in Figure 9.
It is clearly seen that the stress-strain graph exhibits an almost linear change until €=0,085, where the yield strain
is 6.2 GPa. The elastic constant of the Nb5 nanowire was found to be 82.4 GPa by using this linear region. It was
determined that the nanowire rupture occurred as the strain increased and reached the value of €=0,3.
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Figure 9. Stress-strain curve of Nb5 nanowire.

In Figure 10, atomic images corresponding to different values of strain are given for the NbS nanowire. While
the initial structure of the Nb5 nanowire is given in Figure 10(a), it is clearly seen in Figure 10(b) that the atoms
in the gr3 grain enter an irregular structural arrangement that does not have a specific unit cell, once the yield point
is passed and the plastic deformation begins. It has been determined from Figure 10(c-d) that the irregular structure
has been replaced by relatively regular bee unit cell structures with the increase of the strain and reaching the ¢
and d points in the stress-strain graph, respectively. However, it is seen that the atomic arrangement of the grl,
gr2, gr4 and gr5 grains that make up the nanowire do not show any change with increasing strain. It is clearly seen
from Figure 10(e-f) that the neck region starts to form at the gr2 and gr3 grain boundaries and the rupture also
occurs at this grain boundary with the increase of the strain.

@ ()

Figure 10. Atomic positions determined for different strain values from CNA analysis for Nb5 nanowire.

In the study, it is seen that single crystal and polycrystalline Nb nanowires exhibit distinctly different tensile
deformation behaviors. Microstructure control plays a critical role in nanoscale wires to provide the desired
mechanical properties. Grain boundaries are the most basic defects in polycrystalline materials. Material properties
are greatly affected by the presence of such defects. Grain boundaries play an important role in plastic deformation
since grain sizes are reduced to nanometers [55, 56]. In all model nanowires, necking started at the grain boundary
and then fracture occurred with decreasing tensile ductility. High stresses in the grain boundary region clearly play
a dominant role in controlling both plastic deformation and fracture processes in nanoscale materials [57]. In the
study, yield strain, strain values (€) and breaking strain values of Nb polycrystalline nanowires are lower than
single crystal nanowires. However, yield strain and € value increase for Nb4 and Nb5 nanowires.

Deformation and rupture behaviors of polycrystalline nanowires show dependence on grain size and length-
diameter ratio (LDR). It shows that the polycrystalline nanowires exhibit a ductile characteristic under tensile
loading and elongation before breaking. When the tensile stress reaches a certain value, the change of atomic
configuration in the grains can be seen. At the elastic limit, the young modulus increases with grain size. It was
found that LDR had little effect on the elastic properties, but had a significant effect on the fractures of
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polycrystalline nanowires due to the surface effect. [38]. In conventional polycrystalline metals, the volumetric
stresses due to interfacial tensions are negligible. However, grain boundary interfacial tensions are important for
metallic nanowires with nanometer grains [38]. Because they induce bulk stresses in the order of t/d, where t is
wire thickness and d is grain size. Studies have shown that as the t/d ratio increases from 1 to 4, the tensile strength
of Ni, Cu and Al films [58] increases, while it decreases in Ag microwires [59]. Obviously, there is controversy
regarding the size effect of nanoscale polycrystalline films/nanowires and therefore it is essential to examine this
effect and deduce the underlying mechanism. It is thought that the size effect caused by the t/d ratio of 4 and above
in Nb4 and Nb5 nanowires is the reason for the increase in yield strain and «.

The stresses near the grain boundary are quite different from the stresses occurring within the grain. The
highest internal stresses and high energy atoms are located at the grain boundary interface due to its heterogeneous
structure. The flow mechanism is via nucleation and propagation of partial dislocations at grain boundary
interfaces rather than at free surfaces. This causes the yield strain to be much lower than that of single crystal
nanowires. In addition, despite the large surface-to-volume ratio, a significantly lower yield strain may also occur
as a result of dislocations propagating from the free surfaces [38]. Researchers have determined from experimental
and simulation studies that the cause of plastic deformation in many fcc and bce metallic nanowires is due to
partial/full dislocation shifts. However, metallic nanowires with both fcc and bce structures with suitable
orientations can also be plastically deformed by the twinning mechanism [60]. During the tensile deformation
process applied to our model nanowire systems, it was determined that the plastic deformation did not occur as a
result of any dislocation as a result of the dislocation defect analysis DXA (Dislocation Extraction Algorithm).
However, it can be said that plastic deformation in model nanowires occurs due to nucleation, propagation and
atomic rearrangements of twinning.

4. Conclusion

The effects of uniaxial tensile deformation applied to single-crystal and polycrystalline nanowires with
different grain numbers, where the interactions between Nb atoms are determined by EAM, on the properties of
nanowires such as yield strain, young modulus, yield strain were investigated using MD simulation method. It was
determined that the number of grains significantly affects the plastic deformation of the nanowire. All nanowires
used in the study are plastically deformed by twinning and their propagation. It was determined that grain boundary
interfacial tensions are important for metallic nanowires with nanometer grains and necking and breaking of the
nanowire occur at these grain boundaries. The size effect resulting from the increase in the number of grains shows
its effect on the yield strain and strain of the nanowire. However, it can be said that the atomic orientations that
make up the grains may have important structural effects on the nanowire.

References

[1] Hansen N. Hall-Petch relation and boundary strengthening. Scripta Materialia 2004; 51(8): 801-806.

[2] JangD, Cai C, Greer JR. Influence of Homogeneous Interfaces on the Strength of 500 nm Diameter Cu Nanopillars. Nano

Letters 2011; 11: 1743-1746.

Lu L, Chen X, Huang X, Lu K. Revealing the maximum strength in nanotwinned copper. Science 2009; 323: 607-610.

[4] Afanasyev KA, Sansoz F. Strengthening in Gold Nanopillars with Nanoscale Twins. Nano Letters 2007; 7(7): 2056-2062.

[51 Deng C, Sansoz F. Size-dependent yield stress in twinned gold nanowires mediated by site-specific surface dislocation
emission. Applied Physics Letters 2009; 95: 091914.

[6] ZhanglY, Zhang X, Liu G, Zhang GJ, Sun J. Scaling of the ductility with yield strength in nanostructured Cu/Cr multilayer
films. Scripta Materialia 2010; 63: 101-104.

[71 Zhu XF, Li YP, Zhang GP, Tan J, Liu Y. Understanding nanoscale damage at a crack tip of multilayered metallic
composites. Applied Physics Letters 2008; 92: 161905.

[8] Yan H, Choe HS, Nam S, Hu Y, Das S, Klemic JF, Ellenbogen JC, Lieber CM. Programmable nanowire circuits for
nanoprocessors. Nature 2011; 470: 240-244.

[91 Mourik W, Zuo K, Frolov SM, Plissard SR, Bakkers EPAM, Kouwenhoven LP. Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor Nanowire Devices. Science 2012; 336: 1003-1007.

[10] Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A. Single-layer MoS2 transistors. Nature Nanotechnology
2011; 6(3): 147-150.

[11] Wang F, Deng R, Wang J, Wang Q, Han Y, Zhu H, Chen X, Liu X. Tuning upconversion through energy migration in
core-shell nanoparticles.Nature Materials 2011;10(12): 968-973.

[12] Liu R, Duay J, Lee SB. Heterogeneous nanostructured electrode materials for electrochemical energy storage. Chemical
Communications 2011; 47(5): 1384-1404.

—
w
—

317



The Investigation of Mechanical Properties of Polycrystalline Nb Nanowire Under Applied Tensile Deformation by Molecular Dynamics

[13]

[14]
[15]

[16]
[17]

[18]

[19]
[20]

(21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]

[41]

[42]
[43]

[44]

Simulation

Cobley CM, Chen J, Cho EC, Wang LV, Xia Y. Gold nanostructures: a class of multifunctional materials for biomedical
applications. Chemical Society Reviews 2011; 40(1): 44-56.

Lim LC. Surface intergranular cracking in large strain fatigue. Acta Metallurgica 1987; 35(7): 1653-1662.

Field DP, Adams BL. Interface cavitation damage in polycrystalline copper. Acta Metallurgicia et Materialia 1992; 40(6):
1145-1157.

Aifantis KE, Soer WA, De Hosson JTM, Willis JR. Interfaces within strain gradient plasticity: Theory and experiments.
Acta Materialia 2006; 54: 5077-5085.

Swygenhoven HV, Farkas D, Caro A. Grain-boundary structures in polycrystalline metals at the nanoscale. Physical
Review B 2000; 62: 831-838.

Capolungo L, Spearot DE, Cherkaoui M, McDowell DL, Qu J, Jacob KI. Dislocation Nucleation from Bicrystal Interfaces
and Grain Boundary Ledges: Relationship to Nanocrystalline Deformation. Journal of the Mechanics and Physics of Solids
2007; 55(11): 2300-2327.

Li XF, Hu WY, Xiao SF, Huang WQ. Molecular dynamics simulation of polycrystalline molybdenum nanowires under
uniaxial tensile strain: Size effects. Physica E: Low-Dimensional Systems Nanostructures 2008; 40(10): 3030-3036.
Cagin T, Jaramillo-Botero A, Gao G, Goddard WA. Molecular mechanics and molecular dynamics analysis of Drexler—
Merkle gears and neon pump. Nanotechnology 1998; 9: 143-152.

Craighead HG. Nanoelectromechanical systems. Science 2000; 290: 1532-1535.

Marszalek PE, Greenleaf WJ, Li HB, Oberhauser AF, Fernandez JM. Atomic force microscopy captures quantized plastic
deformation in gold nanowires. PNAS 2000; 97: 6282-6286.

Legoas SB, Galvao DS, Rodrigues V, Ugarte D. Origin of Anomalously Long Interatomic Distances in Suspended Gold
Chains. Physical. Review. Letters 2002; 88: 076105.

Singh D, Sharma P, Parashar A. Atomistic simulations to study point defect dynamics in bi-crystalline niobium. Materials
Chemistry and Physics 2020; 255: 123628.

Yang C, Qi L. Modified embedded-atom method potential of niobium for studies on mechanical properties. Computational
Materials Science 2019; 161: 351-363.

Divya S, Avinash P. Effect of symmetric and asymmetric tilt grain boundaries on the tensile behaviour of bee-Niobium.
Computational Materials Science 2018; 143: 126-132.

Grill R, Gnadenberger A. Niobium as mint metal: Production-properties-processing. Int. J. Refract. Met. Hard Mater 2006;
24(4): 275-282.

Singh D, Sharma P, Jindal S, Kumar P, Kumar P, Parashar A. Atomistic simulations to study crack tip behaviour in single
crystal of bee niobium and hep zirconium. Current Applied Physics 2019; 19: 37-43.

Abdeslam S, Chihi T. Molecular dynamics study of size and cooling rate effects on physical properties of Niobium
nanoclusters. Chinese Journal of Physics 2018; 56: 2710-2717.

Yang XY, Wu D. The melting behaviors of the Nb(1 1 0) nanofilm: a molecular dynamics study. Applied Surface Science
2010; 256: 3197-3203.

Zhao JW, Murakoshi K, Yin X, Kiguchi M, Guo Y, Wang N, Liang S, Liu H. Dynamic characterization of the postbreaking
behavior of a nanowire. J. Phys. Chem. C 2008; 112: 20088-20094.

Liu YH, Wang FY, Zhao JW, Jiang LY, Kiguchi M, Murakoshi K. Theoretical investigation on the influence of temperature
and crystallographic orientation on the breaking behavior of copper nanowire. Physical Chemistry Chemical Physics 2009; 11:
6514-6519.

Liu YH, Zhao JW, Wang F. Influence of length on shock-induced breaking behavior of copper nanowires. Physical
Review B 2009; 80: 115417.

Spearot DE, Tschopp MA, Jacob KI, McDowell DL. Tensile strength of <100> and <110> tilt bicrystal copper interfaces.
Acta Materialia 2007; 55(2): 705-714.

Spearot DE, Capolungo L, Qu J, Cherkaoui M. On the elastic tensile deformation of <100> bicrystal interfaces in copper
Computational. Material Science 2008; 42(1): 57-67.

Wolf D, Yamakov V, Phillpot SR, Mukherjee A, Gleiter H. Molecular-Dynamics Simulation: Relationship to
Experiments? Acta Materialia 2005; 53: 1-40.

Frederiksen SL, Jacobsen KW, Schiotz J. Simulations of intergranular fracture in nanocrystalline molybdenum. Acta
Materialia 2004; 52: 5019-5029.

Li X, Hu W, Xiao S, Huang WQ. Molecular dynamics simulation of polycrystalline molybdenum nanowires under
uniaxial tensile strain: Size effects. Physica E 2008; 40: 3030-3036.

Voter AF, Chen SP. Accurate Interatomic Potentials for Ni, Al, and NizAl. Mat. Res. Soc. Symp. Proc. 1987 82: 175.
Cai J, Ye YY. Simple analytical embedded-atom-potential model including a long-range force for fcc metals and their
alloys. Physical Review B 1996; 54: 8398.

Malins A, Williams SR, Eggers J, Royall CP. Identification of structure in condensed matter with the topological cluster
classification. The Jouurnal of Chemical Physics 2013; 139: 234506.

http://lammps.sandia.gov/. LAMMPS Molecular Dynamics Simulator (Erigim Tarihi:02.04.2021).

Kazanc S. The effects on the lattice dynamical properties of the temperature and pressure in random NiPd alloy. Canadian
Journal of Physics 2013; 91: 833-838.

Kazanc S, Ozgen S, Adiguzel O. Pressure effects on martensitic transformation under quenching process in a molecular
dynamics model of NiAl alloy. Physica B 2003; 334: 375-381.

318



[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]

Sefa KAZANC, Canan AKSU CANBAY

Jacobus K, Sehitoglu H, Balzer M. Effect of stress state on the stress-induced martensitic transformation in polycrystalline
Ni-Ti alloy. Metallurgical and Materials Transactions A 1996; 27(A): 3066-3073.

Saitoh KI, Liu WK. Molecular dynamics study of surface effect on martensitic cubic-to-tetragonal transformation in Ni-
Al alloy. Computational Materials Science 2009; 46: 531-544.

Malins A, Williams, SR, Eggers J, Royall CP. Identification of structure in condensed matter with the topological cluster
classification. The Jouurnal of Chemical Physics 2013; 139: 234506.

Stukowski A. Structure identification methods for atomistic simulations of crystalline materials. Modelling and Simulation
in Materials Science and Engineering 2012; 20: 045021.

Fellinger MR, Park H, Wilkins JW. Force-matched embedded-atom method potential for niobium. Physical Review B
2010; 81: 144119.

Landman U, Luedtke WD, Salisbury BE, Whetten RL. Reversible Manipulations of Room Temperature Mechanical and
Quantum Transport Properties in Nanowire Junctions. Physical Review Letters 1996; 77: 1362.

Li S, Ding X, Deng J. Superelasticity in bcc nanowires by a reversible twinning mechanism. Physical Review B 2010; 82:
205435.

Baiiuelos EU, Aburto CC, Arce AM. A common neighbor analysis of crystallization kinetics and excess entropy of
charged spherical colloids. The Journal of Chemical Physics 2016; 144: 094504.

Fanga R, Wanga W, Guoa L, Zhanga K, Zhanga X, Lib H. Atomic insight into the solidification of Cu melt confined in
graphene Nanoslits. Journal of Crystal Growth 2020; 532: 125382.

Stukowski A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool.
Modelling and Simulation in Materials Science and Engineering 2010; 18(1): 015012.

Yuan L, Jing P, Shan D, Guo B. The effect of inclination angle on the plastic deformation behavior of bicrystalline silver
nanowires with X3 asymmetric tilt grain boundaries. Applied Surface Science 2017; 392: 1153-1164.

Li J, Guo JW, Luo H, Fang QH, Wu H, Zhang LC, Liu YW. Study of nanoindentation mechanical response of
nanocrystalline structures using molecular dynamics simulations. Applied Surface Science 2016; 364: 190-200.

Cao A, Wei YG, Ma E. Grain boundary effects on plastic deformation and fracture mechanisms in Cu nanowires:
Molecular dynamics simulations. Physical Review B 2008; 77: 195429.

Seppala ET, Belak J, Rudd RE. Onset of Void Coalescence during Dynamic Fracture of Ductile Metals. Physical Review
Letters 2004; 93: 245503.

Latapie A, Farkas D. Molecular dynamics simulations of stress-induced phase transformations and grain nucleation at
crack tips in Fe. Modelling Simulation in Materials Science and Engineering 2003; 11(5): 745-753.

Paul SK. Effect of twist boundary angle on deformation behavior of (100) FCC copper nanowires. Computational
Materials Science 2018; 150: 24-32.

319



