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ABSTRACT

In this study, using the Molecular Dynamics (MD) simulation method, the effects of the tensie
stress applied to the Fe nano wire along the direction of [100] for different temperatures and
strain rates were tried to be determined. The stress-strain curve, Young’ s modulus, yield
stress and plastic deformation of the model system under tensile stress were investigated. The
Embedded Atom Method (EAM), which includes many body interactions, was used to
determine the interactions between atoms. It was determined that temperature and strain
rate had an effect on the mechanical behaviour of a-Fe nanowire. It was found that the Young’
s modulus is independent of the strain rate at low temperatures, but decreases with increasing
temperature. It was also determined that the flow strain decreased with increasing
temperature and decreasing strain rate. The motion of dislocations and twinning
corresponding to plastic deformation and the resulting reorientation of regional crystal
structures were attempted to be determined by the method of Common Neighbour Analysis

(CNA).

1. INTRODUCTION

Both metallic and semiconductor nano wires are
among the remarkable materials recently due to their
superior mechanical, electrical, thermal, magnetic and
optical properties due to their nanoscale dimensions
(Suresh and Li 2008; Gao etal. 2016; Da Silva et al. 2001;
Park and Zimmerman 2005; Diao et al.2004). These
unusual characteristics have increased the interest in
nanowires and offered the opportunity to be used in
many different research and application areas. Nano
wires, one of the important one-dimensional nano
structures, will play an important role in the design and
production of electronic, optical and nano-
electromechanical devices in the future (Wu 2006; Jing et
al. 2009; Wen et al. 2008; Gan and Chen 2009). In recent
years, various nano devices such as nano laser (Huang
and Mao 2001; Duan and Huang 2003), field effect
transistor (Arnold et al. 2003; Wu et al. 2004), light
emitting diode (Kim et al. 2008) have been developed
from nano wires. Many studies have been conducted on
the nanoscale mechanical behaviors to increase the
technological applications of nanowires (Diao etal. 2006;
Alavi et al. 2010; Zhu and Shi 2011; Wang et al. 2011;

Sainath and Choudhary 2016; Wang et al. 2011; Godet et
al. 2019). Although many studies have been conducted
for metallic materials in volumetric structure to
determine these behaviors, studies for nanoscale
materials are inadequate. Many studies have been
conducted to experimentally determine the thermal,
mechanical and electrical properties of different metallic
nanowires (Pasquier et al. 2005; Lee et al. 2004; Li et al.
2006). Dynamic high-resolution transmission electron
microscopy (Legoas et al.2002; Rodrigues et al. 2000),
atomic force microscopy is used (Agrait et al. 1995;
Marszalek et al. 2000) and transmission electron
microscopy to experimentally examine nano-scale
metallic materials at atomic scale. (Agrait et al. 1993;
Landman et al. 1996). Deformation and breakage of
nanowires can be easily affected by many factors such as
temperature, orientation, load application rate, surface
and boundary conditions. Therefore, metallic nanowires
always behave particularly and unpredictably under
experimental conditions.

Computer simulations play an important role in
understanding the structural and thermodynamic
properties of substances at the atomic level. MD
simulation, one of the atomic simulation techniques, is
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one of the effective methods to evaluate the deformation
and fracture characteristics of nanowires subjected to
stress. Especially in recent years, there are many
theoretical studies in the literature to determine the
mechanical behaviors and deformation mechanisms of
volumetric and nano structures using the classical MD
simulation method (Tschoppa and McDowella 2008;
Salehinia and Bahr 2014; Zhanga et al. 2017; Rawat and
Mitra 2020) and there are also first principal methods
based on density function theory (Da Silva et al. 2004;
Kriiger etal. 2002). However, in studies to be carried out
with this method, computers with a low particle count
and a large number of processors are needed to model
atomic systems. With the MD simulation method, the
orbits of atoms are produced over a finite time in phase
space, and the desired physical and thermodynamic
properties of the system can be determined by using
these orbits (Davoodi and Ahmadi 2012). The
determination of the potential energy function, which
expresses  the interactions  between  atoms
mathematically, is extremely important in terms of the
compatibility of the results obtained for the system to be
modeled with the experimental values (Kazanc et al.
2003; Voter and Chen 1987). There are many potential
functions developed by different researchers for
different element and alloy systems (Cai and Ye 1996;
Kazanc and Ozgen 2004; Wadley etal. 2001; Malins et al.
2013). EAM, which is based on multi-body interactions,
is one of the most used potential functions in studies
conducted with MD simulation method. Horstemeyer et
al. (2001) studied the effect of length and time on plastic
flows of fcc metals under simple shear, and Liang and
Zhou (Liang and Zhou 2003) studied the effect of size and
strain rate on the stress behavior of Cu nanowires.
However, recently the shape recall effect and artificial
elasticity behavior in Cu and Ag nanowires have also
been investigated by MD simulation method (Liang et al.
2005; Park and Zimmerman 2005; Park and Ji 2006).

In this study, the mechanical behavior of the Fe nano
wire system was tried to be investigated by MD
simulation by applying a tensile stress under different
temperatures and strain rates along the direction of
[100]. LAMMPS open-source MD simulation program
was used in the study (LAMMPS 2021). Force
interactions between the EAM potential function and Fe
atoms were determined. In the results obtained, it was
determined that the temperature and strain rates had an
effect on the mechanical properties of the nanowire. The
CNA method was used to determine the atomic structure
changes caused by the applied stress.

2. METHOD

Classical MD method aims to calculate the trajectories
of atoms in phase space by numerical integration of
equations of motion obtained from Lagrange function of
a system with N atoms. Details of the MD simulation
method can be found in the literature (Parrinello and
Rahman 1980; Parrinello and Rahman 1981).

The axial stress applied to the computing cell is
determined by the volume average of the kinetic and
potential energies of all the atoms in the system. The

sttress tensor can be calculated using the virial theorem
as given below.
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In this expression, VV and N indicate the volume and
total number of atoms of the system, m; and 9; indicate
the mass and velocity of the it atom, and Fj; and ry,
respectively, the force and distance between i and j
atoms. In Equation (1), the first sum term is due to the
thermal vibration of the system, and the second sum
term is due to the inter-atomic force (Wen etal. 2010).

It is said that an object under the influence of
external forces is in a stressed state. The state of stress at
any point in matter is determined by the nine-component
stress tensor.
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The components of the hard tensor o11, 022, 033 (Which
canalso be expressed as ox, 0y, 0 respectively) are known
as the normal components of the hard, while the other
components are known as the stress shear components.
Positive values of normal components correspond to
tensile stress, negative values correspond to
compressive stress. In uniaxial loading applied to the
system along the x-axis, only the ox component changes.
On the other hand, other components are zero (Saitoh
and Liu 2009; Jacobus et al. 1996).

The strain along the x-axis is defined as &x = (I - Ix0) /
Ixo. This expression is the length of the lxo wire before the
loading is applied in the x direction and the length under
the load Ix (Saitoh and Liu 2009).

In this study, atoms were placed at fcc lattice points
for the Fe nano wire system as the initial structure.
Periodic boundary conditions were applied along the
direction of [100] where stress would be applied as
atoms were released along the directions [010] and [001]
of the nanowire. The initial velocities of the atoms in the
model system were determined randomly in accordance
with the Maxwell-Boltzman velocity distribution.
Numerical integration of the equations of motion of the
system in 1 fs time steps was performed using the
velocity form of the Verlet algorithm. Uniaxial tensile
tests were applied to the NVT statistical community
where the number of particles, volume and temperature
were kept constant at certain values. Before the stress
loading was applied, 5x104 MD steps in all studies were
provided to stabilize the system in a stable structure. The
cut-off distance of the potential function used was
determined as rc = 2are.

2.1.Potential Energy Function

The EAM function, which includes the multi-body
interaction terms for modeling monatomic and alloy
systems, is one of the most used functions. Total energy
expression of the system in a computing cell composed of
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N atoms in EAM (Finnis and Sinclair 1984; Sutton and
Chen 1990);

N N
1
ET = E Z Q)(rij) + z F(ﬁl) (3)
i,j i

@#))

is given in the above form. The first term refers to the
double interactions between atoms. The second term
describes attractive interactions that involve many body
interactions and known as embedding functions. Binary
interaction potential and embedding function can be
defined differently for different systems. Hence there are
different types of EAM potential functions (Finnis and
Sinclair 1984; Sutton and Chen 1990). Details of the EAM
potential function used in this study and the values of the
parameters for the element Fe can be found in the
literature (Wadley et al. 2001).

In MD simulation studies, determining the tight
package structures such as fcc, hep, bee in the model
system is one of the important problems. Many methods
have been developed for the analysis of these solid phase
structures. The general purpose of these methods is to
assign a structural type to each particle in the system.
However, these methods try to determine how close they
are by matching a local structure with an idealized
structure. For the characterization of the structures
existing in the MD cell, in simulation studies,
centrosymmetry parameter analysis (CSP), common
neighbohr analysis, bond-order analysis, bond-angle
analysis), Honeycutt-Andersen, and Voronoi analysis are
widely used (Stukowski 2012).

3. RESULTS

In this study, the effect of the uniaxial tensile stress
applied along the direction of [100] on the tensile
behaviour of the single crystal Fe nano wire model
system, depending on different temperature and strain
rates, was investigated using the MD method. The
nanowire structure was formed by placing Fe atoms
along the crystallographic directions [100], [010] and
[001] in the X, y, and z directions as shown in Figure 1.

[010]
Figure 1. Initial structure of a single crystal a Fe
nanowire before stress is applied.

At the beginning of the simulation study, the
nanowire has a length of 12.8 nm (45 bcc unit cell) in the
x direction and 1.43 nm (5 bcc unit cell) in the y and z
direction. Periodic boundary conditions are applied
along the x-axis, surfaces in other directions are released.
Stretching processes were applied along the x direction

throughout the entire study. The system is balanced with
5x104 MD steps before loading on the nano wire. Fe is one
of the polyformic (multi-shaped) elements with different
crystal structures at different temperatures. It has Fe bcc
structure up to 911°C at zero pressure value. Fe in this
structure is known as a-Fe (Engin and Urbassek 2008).
Fe atoms are placed at fcc lattice points in the initial
structure of the MD cell.

500
400

< 300
'_

0 10000 20000 30000 40000 50000
MD step

Figure 2. Change of temperature, Ec and pressure for the
first 5x10* MD steps

Figure 2 shows the changes of temperature, bonding
energy (Ec) per unit atom and pressure values obtained
for the model system where 5x104 MD steps are brought
into equilibrium at 300 K temperature value. The radial
distribution functions obtained in different MD steps
during this balancing process are given in Figure 3. It is
clearly seen from Fig. 2, that the nano wire system where
the atoms are placed on the fcc mesh points has an
unstable structure until 18000. MD step, and after this
step, it reaches a stable structure and reaches
equilibrium state. This situation was also determined
from the RDF curves given in Figure 3. In the RDF curves,
itis clearly seen that the Fe nano wire has fcc structure at
step 0, however, the instability of the structure at the 50.
and 100. steps. From the RDF curves obtained at the
steps of 350. and 500. MD, it was determined that the
structure showed a transformation towards the stable
bce phase and the system reached equilibrium at the
25000. MD step and a-Fe structure with bcc unit cell was
obtained. In this case, it can be said that a structural
phase transformation has occurred in the MD cell from
the high energy phase with fcc unit cell to the low energy
phase with bcc unit cell. At the beginning of the
simulation study, the transformation of the MD cell with
fcc unit cell structure to bec unit cell phase after a short
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time shows that the potential energy function used can
realistically model the Fe system.

bcc structure
25000. step

500. step
% 350. step

100. step

50. step

fcc structure 0. step

3 4 5

2 6

r(A)
Figure 3. RDF curves obtained at different MD steps for
the Fe nano wire model system.

In order to determine the melting temperature of
the Fe nano wire, the temperature of the model system
was increased from 300 K to 2100 K at intervals of 100
K. 5x10* MD steps were kept waiting for the system to
reach equilibrium at every temperature value. In order
to determine the melting temperature precisely, the
temperature value was increased from 1400 K to 1900
K at 50 K intervals. At the end of the study, for each
temperature value, Ec was averaged over the last 5000
MD steps. The results obtained are shown in Figure 4.
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500 1000 1500 2000
T (K)
Figure 4. Variation of bonding energy (Ec) per unit atom
with temperature

When the temperature reaches 1550 K, a
discontinuity occurs in energy. This discontinuity in
coherent energy is an indicator of the transition of the
structure from solid phase to liquid phase (Karimi et al.
1997). The melting temperature for the Model Fe nano
wire system was determined as 1575 * 25 K.

In the uniaxial tensile studies, the tensile behaviour of
the «o-Fe nano wire at 300 K temperature was
investigated until rupture. In Figure 5 (a-b), the stress-
strain curve of the nano wire at 1x10° s'! strain rate and
the atomic positions obtained by CNA analysis from the
OVITO program at different MD steps during the tensile
process, respectively. The change in the form of two
peaks and a flat region in the middle is clearly seen in the
stress-strain curve given in Figure 5 (a). In the AB region,
stress exhibits an almost linear change with the increase
in strain. This is known as the elastic zone. The highest
value (point B) of the sudden drop in stress before it
begins is expressed as the flow stress. When a critical
strain value is reached, it hardly shows a sudden drop
(point C). This sudden decrease in the stress-strain graph
is an indication of the onset of plastic deformation
occurring in the model system. When a stress above the
force corresponding to the yield stress value is applied to
the material, the plastic deformation begins, and the
sliding mechanism is activated. In other words,
dislocations start to move, and plastic deformation
occurs. This is a wide strain range from point C to point
D and there is no significant change in strain. When it
comes to point D, the stress-strain curve begins to show
a change like at the beginning of the strain process (DE
interval). As the strain continues, it suddenly drops to
zero after a certain maximum value. This situation
corresponds to the breaking of the nanowire. The
deformation phases seen in the stress-strain graph were
also observed in studies performed for other metallic
nanowires (Zhu and Shi 2011; Wang et al. 2011; Li et al.
2010). In this study, CNA topological analysis method
proposed by Honeycutt and Anderson was used to
determine the percentage of regional structures such as
fcc, hep, bee formed around the atoms in the model
system during tensile process. CNA analysis is a useful
characterization technique used to determine the
structural development of crystal structures such as
agglomeration defects, grain boundaries, deformation,
and different phases (Bonny et al. 2013; Mishin et al.
2001). The CNA algorithm performs a geometric analysis
of the closest neighbours around a reference atom. The
minimum value between the first two peaks of the radial
distribution function and the arrangement of the selected
atoms within a certain distance are analyzed one by one
(Bafiuelos et al. 2016). 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 closest neighbours. Therefore, the atoms here are
divided into 4 classes as fcc, hcp, bec and "other”. Atoms
in a regional fcc arrangement are considered fcc atoms.
Atoms in a regional hcp arrangement are considered as
hcp atoms seen as agglomeration defect structures
formed in the fcc crystal. Atoms in all other local
arrangements are called "other" atoms (Fanga et al
2020). The CNA method was used to analyze
microstructural developments during mechanical
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deformation. Figure 5 (b) shows the atomic images and
CNA analysis of the Fe nano wire obtained from the
OVITO program at different MD steps in order to

contribute to the explanation of the stress-strain
response expressed above.
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Figure 5. (a) Stress-strain curve for Fe nanowire at 300 K temperature for 1x10° s'1 strain rate, (b) atomic images

obtained from CNA method at different strain values.

The blue bcc, the red hcp and the white colour
represent the so-called "other" atoms that show regional
localization outside of these structures. The atomic
image of the nano wire (010) taken from the plane cross
section belongs to point A in the stress-strain curve
before the stress is applied for €=0. The structure of bcc
was determined as 64.1% and 35.9% as other structures.
Since the periodic boundary conditions are not applied in
the y and z directions of the nano wire, the atoms on the
surface of the wire and close to the surface are not
considered as bcc unit cell structure. When the critical
strain value €=0,08 (point B) is reached, it is seen that

twin embryos are formed in the nanowire and this
situation causes a sudden decrease in the stress value. It
is observed that the twinning planes in the nanowire
move and the nanowire reorients crystallographically at
the stress values increasing from £=0,08 to €=0,4 (Ikeda
etal. 1999). In this case, the nano wire is subject to plastic
deformation. When it reaches the value of ¢= 0,55, it is
determined that the twinning planes disappear and the
reorientation is complete. Itis seen that when the tension
continues to increase and the value of £¢=0,557is reached,
the nano wire gives neck and shrinkage occurs at £€=0,56.
At £=0,57 it is hard zero and rupture occurs. Nano wire

194



Turkish Journal of Engineering - 2022; 6(3); 190-198

was deformed mainly by the twinning mechanism with
the applied tensile stress, and no shear behaviour was
observed at this temperature.

15 (+10 K
1 e 100K
a300 K

< +500 K
& 10 =700 K
~ x900 K
& \v1200K )
Z 5

0

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Strain

Figure 6. Stress-strain curve obtained at 5 different
temperature values for 1x10° s strain rate.

In Fig. 6, the obtained stress-strain curve as a result of
the tensile stress applied to the single crystal Fe nano
wire along the direction of [100] for 7 different
temperature values is given and for each temperature the
strain rate is taken as €=1x109 s.. The region where the
linear change occurs at low stresses (¢<0,05) for each
temperature value is clearly seen from the graph. This
zone is known as the elastic deformation zone. Stress also
increases linearly with increasing of strain at low
temperatures, while at high temperatures (> 500K) it
exhibits a slightly non-linear behaviour before creep
occurs. As it is known, thermally effective atomic
vibrations dominate at high temperatures, and this
causes Fe-Fe bonds to deform easily. This causes the
stress response to strain during the stretching of the
nanowire to exhibit a nonlinear behaviour. Such
behaviour has also been observed in other metallic
nanowires (Saha et al. 2017).

In Figure 6, Young’s modulus is determined as a result
of regression analysis of the linear region where elastic
deformation occurs in the stress-strain graph. The
change of Young’ s modulus against temperature is given
in Figure 7. Young’s modulus decreases with increasing
temperature (Wang et al. 2008). High values of the
Young’ s modulus, known as a measure of the elastic
deformation under the force applied to the material,
indicate that the elastic property of that material
decreases. Generally, this decrease increases after half of
the melting temperature value. Since there is no
attraction force between atoms at the melting
temperature, the Young’ s modulus value approaches
zero (Koh et al. 2005). The model system at the critical
strain value where the stress decreases rapidly,
undergoes plastic deformation. This maximum stress
value at which dislocation nucleation begins to occur is
known as the yield stress (Zhang et al. 2018). Yield stress,
one of the important material properties, is a stress level
associated with the onset of irreversible plastic
deformation (Schiotz et al. 1998).
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Figure 7. Modulus of elasticity with temperature for
1x109 s't strain rate.
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For the Model Fe nano wire system, the variation of
the yield stress with temperature is given in Figure 8.
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Figure 8. Change of yield stress with temperature for
1x109 s-1 strain rate.

It is clearly seen that the flow value decreases with
the increase in temperature. At high temperature values,
the atomic structure has high entropy. Atoms vibrate
around their equilibrium positions at large amplitudes
depending on temperature. Compared to low
temperature values, many atoms gaining sufficient
kinetic energy at high temperatures overcome the
activation energy barrier and deformation occurs. This
situation causes a decrease in the stress value as it causes
twinning to spread and disappear. From the results
obtained, it can be said that the thermal process plays an
active role in the elongation of the Fe nano wire (Jing et
al. 2009; Wen et al. 2008). In this study, the yield stress
was determined as 10.79 GPa. Fe nano wire has a flow
rate of 300 K, 11.1 GPa using two band EAM potential by
Olsson et al. (2005) GPa has been found.

Figure 9 shows the stress-strain curves obtained for
the Fe nano wire model system at 300 K temperature, for
1x108 s1, 1x109 s1, 1x1010 s-1, 2x1010 s-1 gnd 5x1010 s-
Istrain values. The strain values used in this study are
quite high when compared to experimental values.
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Because the time scale of the MD is determined by atomic
mobility, the simulation can be made for a very short
time. As a result of the short time scale, a high strain rate
is required for proper deformation at the present time
(Wen et al. 2008). It is clearly seen that the stress value
for all strain rates increases linearly up to the strain value
of 0.05. Below this value the stress-strain curve is
completely overlapped for all applied strain rates. For the
elastic zone where this plastic deformation does not
occur, the model shows that the elastic properties of the
system do not depend on the strain rate. In addition, the
fact that the Young’ s modulus is not dependent on the
strain rate indicates that during the elastic deformation
occurring in the same crystallographic directions in
single crystals, the bonds require the same inter-atomic
force for the same stress values.

12

Stress (GPa)
[N
D [ee] o

N

N

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Strain
Figure 9. Stress-strain curve for 5 different strain rates
at 300 K temperature. The + symbol 1x108s1, « symbol
1x10%s1, A symbol 1x1010s-1, ¢ symbol 2x1010s! and m
symbol 5x1010s1 shows strain ratios.

Similarly, the same stress is required to nucleate
twinning in the same crystal directions even at different
strain rates. Therefore, it can be said that the modulus of
elasticity is independent of the strain rate (Li and Han
2017). Young’s modulus was determined as 144.23 GPa
as a result of regression analysis of linear region where
elastic deformation occurred in the stress-strain graph.
However, the yield strain for the Fe nano wire is 10.11
GPa, 10.79 GPa, 11.09 GPa for 1x108 s-1, 1x10° s-1, 1x1010
s1,2x1010s'1 and 5x1010 s-1, respectively., 11.24 GPa and
11.82 GPa. Itis clearly seen that the yield stress increases
with the increase in the strain rate. It can be said that
with the increase of the strain rate, higher stress is
needed for the model system to undergo plastic
deformation.

4. CONCLUSION

The stress behaviours under different temperatures
and strain rates along the direction of the a-Fe nanowire
system [100], where inter-atomic interactions are
represented by the EAM potential function, were
investigated using MD simulation method. It was
determined that the temperature and strain rate affected
the mechanical behaviour of the model system. The
increase in temperature decreases the Young’s modulus

because the large amplitude thermal vibrations of the
atoms at high temperatures significantly weaken the
bond forces. However, it has been determined that the
yield stress decreases with increasing temperature and
decreasing strain rate. Different strain rates have no
effect on the Young’ s modulus of the nanowire within the
elastic zone boundaries. It can be stated that the plastic
deformation in the nanowire occurs due to the nucleation
and propagation of twinning.
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