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Abstract: In this study, the Bauschringer Effect (BE) resulting from tension-compression deformation applied to nanowires
obtained by placing Cu atoms in <100>, <110> and <111> highly symmetric crystallographic directions was investigated using
the Molecular Dynamics (MD) simulation method. The forces between atoms were determined from the gradient of the
Embedded Atom Method (EAM) potential function, which includes many-body interactions. It was determined that there is an
asymmetry between the stress-strain curves obtained as a result of the tension and compression deformation process applied to
the model system. From this asymmetry, it was determined that the yield stress obtained in the drawing process for nanowire
with <100> crystallographic orientation was greater than the yield strain obtained as a result of the compression process. In
contrast, the opposite was found for nanowires with crystallographic orientation <110> and <111>. In addition, after the yield
strain value is exceeded as a result of the drawing process applied to the model nanowire system, compression deformation
process was applied at different pre-strain values. The existence of the Bauschinger Effect (BE), which is expressed as the yield
strength value as a result of forward loading corresponding to the tension operation, is smaller than the yield value obtained as
a result of the compression process in which the loading is removed, was determined. To clarify the effect of BE on Cu
nanowires with different crystallographic orientations, Bauschinger Stress parameter (BSP) and Bauschinger Parameter (BP)
values were calculated.

Key words: Nanowire, Bauschinger effect, crystallographic orientation, mechanical properties, molecular
dynamics.

Farkh Kristalografik Yonelime Sahip Cu Nano Telindeki Bauschinger Etkisinin Molekiiler
Dinamik Benzetimi

Oz: Bu calismada, Cu atomlarimin <100>, <110> ve <111> yiiksek simetrili kristalografik dogrultulara yerlestirilmesiyle elde
edilen nano tellere uygulanan ¢ekme-sikistirma deformasyonu sonucu olugsan Bauschringer Etkisi (BE) Molekiiler Dinamik
(MD) benzetim yontemi kullanilarak incelendi. Cok cisim etkilesmelerini igeren Gomiilmiis Atom Metodu (GAM) potansiyel
fonksiyonunun gradientinden atomlar arasindaki kuvvetler belirlendi. Model sisteme uygulanan g¢ekme ve sikistirma
deformasyon iglemi sonucu elde edilen zor-zorlanma egrileri arasinda bir asimetri oldugu belirlendi. Bu asimetriden <100>
kristalografik yonelime sahip nano tel igin ¢ekme isleminde elde edilen akma geriliminin sikistirma iglemi sonucu elde edilen
akma geriliminden daha biiyiik oldugu belirlendi. Buna karsilik <110> ve <111> kristalografik yonelime sahip nano teller i¢in
tam tersi bir durum tespit edildi. Ayrica model nano tel sistemine uygulanan ¢ekme islemi sonucu akma gerinim degeri
asildiktan sonra farkli 6n-gerinim degerlerinde sikistirma deformasyon islemi uygulandi. Cekme islemine karsilik gelen ileri
yiikleme sonucu akma dayanimi degerinin yiiklenmenin kaldirildig: sikistirma islemi sonucu elde edilen akma degerinden
kiiciik olmasi olarak ifade edilen Bauschinger Etkisi (BE) nin varlif1 belirlendi. BE’ nin farkli kristalografik yonelimlere sahip
Cu nano telleri iizerindeki etkisini agikliga kavusturmak i¢in Bauschinger Stress parametresi (BSP) ve Bauschinger Parametresi
(BP) degerleri hesaplandi.

Anahtar kelimeler: Nano tel, Bauschinger etkisi, kristalografik yonelim, mekanik 6zellikler, molekiiler dinamik.
1. Introduction

Nanowires are of great technological importance due to their potential applications in nanoscale electrical,
optical, thermal and mechanical systems. These nanowires allow for the construction of nanoelectromechanical
systems with unprecedented functions [1-4]. However, in addition to their physical and chemical properties, since
these devices are exposed to external forces and deformation where they are used, it is extremely important to
know their mechanical properties. Therefore, it is necessary to know the deformation mechanisms of nanowires
under complex stress conditions. Since nanowires have a large surface area to volume ratio compared to bulk
materials, their structure and properties are quite different from bulk materials.

The different crystallographic orientations of nanowires significantly affect their mechanical properties such
as Young's modulus, yield stress, yield strain plastic deformation mechanism. Diano et al. [5] observed an
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unsymmetrical yield stress in the Au nanowire for <100>, and <110>, orientations due to surface-acting internal
forces and different shear systems during tension-compression. Park et al. [6,7] studied the effects of stress
deformation for fcc nanowires with different crystallographic orientations.

It is known that during the tension-compression deformation process applied to the sample, the symmetry in
the stress-strain relationship is preserved only within the elastic region boundaries. Bauschinger observed in 1886
that this symmetry breaks down when the yield stress of the material is exceeded. If a material is plastically
deformed in one direction, plastic yielding in the reverse loading direction occurs at a lower stress than in the
forward loading direction. In general, during plastic deformation, dislocations stack up against obstacles of
different kinds. This decrease in yield stress in the reverse loading direction is known as the Bauschinger effect
(BE) [8, 9]. BE; It is observed in many single and polycrystalline metallic materials, including Al [10], Cu [11],
Nb [12,], steel [13]. However, its amount varies from metal to metal, depending on its microstructural properties.
Many industrial applications are affected by BE, such as metal forming processes, flattening of sheets and bars
[14-16]. This effect minimizes the accumulation of defects and significantly affects the service life and
performance of metallic components during cyclic loading processes such as fatigue [17], wear [18,19] by reducing
stress concentrations. Although many studies have been conducted to investigate the origin of BE, the number of
models and theories developed is very few [20].

Cu element exhibits anisotropic properties depending on the crystal orientation and its mechanical properties
such as yield strength and modulus of elasticity vary considerably [21,22]. However, Cu is widely used in many
nano/micro electromechanical systems in circuit construction [23].

Many studies have been carried out to experimentally determine the mechanical properties of nanowires [24-
26]. However, atomistic simulation methods, especially MD simulations, produce very realistic results in this area
[27,28]. Today, MD simulations are widely and effectively used in materials science research with the latest
developments in computer technology. Researchers have carried out extensive experiments and atomistic
simulation studies to understand the deformation behavior of fcc, bce metallic nanowires [29-32]. Compared to
experimental measurements, simulation studies provide more structural detail during deformation, allowing us to
examine the mechanism from a microscopic perspective. Among many atomic models such as effective medium
theory [33], tight binding model [34], Finnis-Sinclair dual function formulation [35], EAM [36] has a solid
theoretical basis, density function theory and It is one of the most successful approaches because of its simple
analytical expression. To date, EAM has been applied to various systems such as liquids, metals and alloys,
semiconductors, ceramics, polymers, nanostructures and composite materials. Structural [37], mechanical [38,39],
and thermal properties [40] have been extensively studied in studies.

In this study, the Bauschinger effect in the tension-compression deformation process applied to Cu nanowires
with different crystallographic orientations at 10K temperature and 1x10'%! strain value was investigated by MD
simulation method. Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) open source MD
simulation program was used for modeling nanowire structures [41]. Plastic deformation of nanowires as a result
of tension-compression cycle was determined by CNA analysis method from OVITO [42] program. It was
determined that crystallographic orientations had a significant effect on the stress-strain curve of the nanowire
system and the BE effect was clearly seen.

1. Simulation Details

The Lagrangian function of the system to be modeled in the MD method is given in (1) below.

N N N
1 1
Lpa (K™, i, h, ) = Ez m; ($£G8,) — Z Z B (|hsyy[) + 5 MTr(b'h) - Py )
i=1

i=1 j>i
where si, h, G and Pext parameters define the scaled coordinate, the axes of the calculation cell, the metric tensor

and the external pressure, respectively. The equations of motion obtained from this function for the particles and
the calculation cell are given in equations (2) and (3), respectively.

§ = ——F -GG )
h =M (- 1P )V (W)~ (3)
For a system subjected to deformation, the stress is calculated by the microscopic stress tensor as given in equation

(4) [43.,44].
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An object under the influence of external forces is said to be in a strain state. The state of the stress at any
point in the matter is determined by the nine-component stress tensor as in (5).
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The components of the stress tensor o11, a22, 633 (Which can also be expressed as ox, oy, gz, respectively) are
known as the normal components of the stress, and the other components are known as the shear components of
the stress. The positive values of the normal components correspond to the tension stress and the negative values
to the compression stress. In uniaxial loading applied to the system along the x-axis, only the 6x component
changes. In contrast, the other components are zero [45,46].

EAM is a quasi-experimental potential energy function, which includes many-body interactions and is used
to model systems of monoatomic elements and alloys. In EAM, the energy of the system is determined from the
energy required to embed an atom in the charge density of other atoms around it. Total energy of the system in
EAM is expressed in (6) as;

Eiop = XV F(p) + %Zi#:j @ (1)) (6)

The first term in the function, F;(p;), gives the embedding energy including many-body interactions, and the
second term ®(r;;)gives the two-body interaction [47]. EAM parameters of Cu element can be found in the
literature [48].

In this study, nanowire systems were formed by placing Cu atoms at fcc lattice points along the <100>, <110>
and <111> high symmetry directions. Periodic boundary conditions were applied only along the x-direction. No
boundary conditions were applied along the y and z directions. The numerical solution of the equations of motion
was carried out with the velocity form of the Verlet algorithm. In order for the pre-tension value of the nanowire
to be zero, 5x10* MD steps were stabilized using the system NVT canonical ensemble without applying shrinkage
for all crystallographic orientations. The strain rate and an integration step were determined as 1x10'° s! and 1 fs,
respectively, in the study. The conjugate gradient algorithm was used to minimize the energy in the initial structure.

Cu nanowires with <100>, <110> and <111> orientations used in the study consist of 4647, 4857 and 4903
atoms, respectively. The length of the nanowire was determined as 10.8 nm in the x direction and 2.17 nm in the
y and z directions. In the whole study, compression deformation was applied to different oriented Cu nanowires
by tension deformation and removal of this deformation at different pre-strain values. Several atomic layers were
fixed in the two end regions along the x-direction of the model nanowire system. Dynamic behavior of the
remaining atoms in the intermediate region is allowed. In order to comply with the experimental pulling method,
one of the fixed ends was kept motionless, while the other end was pulled.

2. Results and Discussion

In this study, the BE of the model systems was investigated by applying tension deformation along the x-axis
and compression at certain pre-strain values to nanowires in which Cu atoms were placed at fcc lattice points along
the <100>, <110> and <111> high symmetry directions. In Figure 1, the initial structures of Cu nanowires with
these three different crystal orientations are given. The tension-compression mechanical processing process was
applied by keeping the left fixed end of the nanowire motionless, pulling the right fixed end with a strain rate of
1x10'% s and removing the tension strain with the same strain rate. Both fixed ends of the nanowire consist of
three fixed atomic layers.

In Figure 2(a-c), stress-strain curves obtained as a result of applying the initial tension and compression
deformation process separately along the x-axis direction to the initial structures of Cu nanowire systems with
crystallographic orientations of <100>, <110> and <111> are given. It is noteworthy that crystallographic
orientations have a significant effect on the stress-strain curves obtained as a result of the calculations. Cu
nanowires show elastic anisotropy as a function of crystal orientation. As seen in Figure 2(a), point A where the
strain is 0.11 in the drawing process applied to the <100> Cu nanowire is the yield point at 7.18 GPa at which
plastic deformation begins. Then the voltage drops abruptly to 2.23 GPa at point B. This change in voltage is 4.95
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GPa. These changes in tension for <110> and <111> nanowires were determined as 3.83 GPa and 8.97 GPa,
respectively. This sudden change in the voltage value is known as the nucleation of dislocations within the
nanowire system [7,49,50]. Partial dislocations dominated by Shockley partial dislocations slide rapidly along the
{111} crystal plane, causing a sharp drop in stress [51]. It can be said that the greatest stress variation occurs in
the <111> nanowire and this crystallographic orientation is the optimal arrangement of atoms in the nanowire for
nucleation, growth and movement of dislocations. During the compression process applied to the <100>, <110>
and <111> nanowires, this change in stress was determined as 0.405 GPa, 6.31 GPa and 12.09 GPa, respectively.
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Figure 1. (a) <100>, (b) <110> and (c) <111> Initial atomic structures of Cu nanowires. The yellow
colored spheres indicate the stationary boundary atoms defined as the fixed end, the red colored spheres the
dynamic atoms.
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Figure 2. Stress-strain curves for (a) <100>, (b) <110> and (c) <111> Cu nanowires obtained as a result of
tension-compression deformation.

Figure 3 shows the yield stress (oy) in the tension direction, the pre-strain stress (of) in the tension direction
and the yield stress (or) in the compression direction in the stress-strain curve obtained as a result of the tension-
compression process applied to the nanowire system. Tension and compression deformation in nanowires with all
three crystallographic orientations show an asymmetry in mechanical properties related to free surface effects in
wires. When the strain reaches 0.056 as a result of the compression applied to the <100> nanowire system, o: =
0.985 GPa. This value is quite small compared to oy = 7.18 GPa. However, for <110> and <111> nanowires, the
situation is the opposite (or > oy). It is also seen for nanowires with three different crystallographic orientations
that the stress-strain curve exhibits a zig-zag change as the strain value continues to increase. It can be said that
the reason for this change is due to the growth and spread of nucleated dislocations [52,53]. If both tension and
compression yield stresses are equal, the material behaves isotropically. To compare the difference in strength
under tension and compressive loads, the tension-compression asymmetry (oy — or) / 6y formula was used [51].
The tension-compression yield strength and calculated tension-compression asymmetry for Cu nanowires with
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three different atomic orientations are given in Table 1. It can be clearly seen that the tension compression
asymmetry of the <100> nanowire is more pronounced than that of the <110> and <111> nanowires. Tension-
compression asymmetry is usually caused by different microscopic mechanisms. However, the different tension-
compression asymmetries and BE exhibited by monocrystalline and polycrystalline materials await investigation
[51].
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Figure 3. The yield stress in the tension direction (oy), the pre-strain stress in the tension direction (or) and the
yield stress in the compression direction (or) points in the stress-strain curve obtained as a result of the tension-
compression process applied to the Cu nanowire system.

The stress-strain curves obtained as a result of the tension-compression deformation process applied to Cu
nanowires with three different crystallographic orientations within elastic limits are given in Figure 4(a-c). First,
as seen in Figure 4(a), the <100> nanowire was subjected to tension processing up to a pre-strain value of 0.08
within the elastic region boundaries. After reaching this strain value, the applied load was removed and
compression was performed. The compression yield stress was determined to be 0.985 GPa. This value is the same
as the original compression yield stress given in Figure 2(a). The same processes were applied to the <110> and
<111>nanowires within the elastic region limits, as seen in Figure 4(b-c). The resulting compression yield stresses
were found to be the same as the original compression yield stresses. In this case, it was determined that BE was
not observed for all three nanowire systems, since the nanowires were not plastically deformed.
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Figure 4. Stress-strain curves for (a) <100>, (b) <110> and (c) <111> Cu nanowires obtained as a result of
tension and compression deformation within elastic region boundaries.
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Table 1. Tension-compression yield stresses and asymmetry of Cu single crystal nanowire.

Orientation o} (GPa) of (GPa) Asymmetry (%)
<100> 7.18 0.98 86.3
<110> 5.06 7.57 -49.6
<111> 11.88 12.29 -3.45

The mechanical response of metals subjected to plastic deformation depends not only on the current stress
state, but also on their deformation history. This history can be seen as the difference between tension and
compression yield stress in a ductile material [54]. In order to determine the Bauschinger effect depending on the
deformation history, as seen in Figure 5(a-c), after the plastic deformation started to occur as a result of the tension
loading applied to the nanowires with different crystallographic orientations, reverse loading was performed at
different pre-strain values. As seen in Figure 5(a), tension deformation was applied to the <100> nano wire up to
the pre-strain values of 0.16, 0.23, 0.31 and 0.40, and after these values, the load was removed and the compression
process was performed. The same operations were performed at different pre-strain values in nanowires with other
crystallographic orientation, as seen in Figure 5(b-c).
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Figure 5. Stress-strain curves for (a) <100>, (b) <1 10> and (c) <111> Cu nanowires obtained as a result of

compression deformation for different pre-strain values.

There are two types of mechanisms behind BE. The first mechanism is that during plastic deformation,
dislocations accumulate in barriers, producing both long-range and short-range interactions, and dislocation stacks
are formed. As a result, back stress develops in the material, which aids the reverse loading dislocation motion. In
the second mechanism, when the loading direction is reversed, opposite sign dislocations are produced from the
same source. Dislocations attract each other and dislocations disappear. Since stress hardening is related to the
dislocation density, decreasing the number of dislocations reduces the strength. The result is that the compression
yield strength is smaller than the tension yield strength [55,56]. However, the Bauschinger effect is affected by
many factors such as grain boundaries, twinning, interphase boundaries, and second phases [57].

Table 2. BSP and BP values of Cu single crystal nanowire for different crystal orientations and pre-strain

values.

Orientation pre-strain (g) 0.16 0.23 0.31 0.40
o7 (GPa) 3.95 355 3.10 2.09

<100> o, (GPa) -0.85 -0.66 -0.52 -0.29
BSP 0.78 0.81 0.83 0.85

BP 0.13 032 0.47 0.70

- 0.09 0.16 0.28 0.39

o7 (GPa) 272 3.83 1.80 1.03

<110> o, (GPa) 0.13 -0.06 0.85 035
BSP 0.95 0.98 0.52 0.66

BP 0.98 0.99 0.88 0.95

- 0.11 021 0.28 0.35

o7 (GPa) 432 431 3.82 3.12

6.35 4.57 4.56 238

<u1> ”Tég 2 0.47 -0.06 -0.19 0.23
BP 0.48 0.63 0.62 0.81
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Many different definitions have been used to measure the magnitude of the Bauschinger effect. The
Bauschinger effect can be observed qualitatively from stress-strain curves. In order to quantitatively explain the
Bauschinger effect for nanoscale simulation studies, Abel (1987) introduced a parameter called the Bauschinger
stress parameter (BSP), which is a function of the pre-stress [58,59]. The BSP defines the relative reduction in
stress from the forward bias stress to the reverse yield stress. However, Caceres et al. He stated that BSP is a
parameter that measures the amount of back stress that particles exert on dislocations in the matrix [60]. where of
is the pre-strain stress in the tension direction and o is the yield stress in the compression direction is determined
as in eq. (7) below [8];

_ |0'f|—|0'r|
BSP = o7 @)

At the nanoscale, the plastic region of the stress-strain curve appeared to exhibit a saw-like pattern. Since a
specific hardening pattern cannot be predicted for the material at this scale, the Bauschinger parameter (BP) is
defined in (9) to clarify this effect.

ol -of

BP = ©

0
or

In this equation, ¢;? is the original compression yield stress and oy is the compression yield stress obtained at
different pre-strain values. The definition of the BP parameter indicates that the stronger Bauschinger effect leads
to a greater BP value [53]. The calculated BSP and BP values of Cu nanowires with three different crystallographic
orientations and different pre-strain for each orientation are given in Table 2. It is seen that the BSP increases as
the pre-strain value for the <100> nanowire increases. It is thought that the increase in the pre-strain values at the
completion of the tension applied to the sample will cause an increase in the plastic deformation of the material,
resulting in a decrease in the difference between oy and o;.values, resulting in a BE effect for this crystallographic
orientation. However, it can be said that the <100> nanowire moves away with increasing pre-strain from isotropic
strain, which corresponds to the oy=0,. state and is expressed as the expansion of the yield surface of a material
with plastic deformation [54]. In addition, the increase in BP as a result of the increase in the pre-strain value
indicates that a stronger BE is formed in the nanowire. In many fcc metals such as Cu, especially in nanoscale
crystals, deformation at room temperature is achieved by the formation of deposition defects and the movement
of partial dislocations associated with slumping defects [61,62]. Setoodah [53] et al. They found that a larger pre-
strain value causes a higher dislocation density in the material and therefore a lower yield strength in the opposite
direction. Also, dislocations formed under tension deformation are more likely to slip under compression
deformation, resulting in premature yielding. For <110> nanowire, BSP and BP were found to be high at low pre-
strains (0.099 and 0.163), and low for high pre-strains (0.283 and 0.393). This corresponds to a greater BE effect
in the nanowire at low pre-strain values. With an increase in the amount of forward pre-strain, the number of
mobile dislocations may decrease due to more dislocation interaction and possible formation of a more stable
dislocation structure [63]. Therefore, with the increase of the amount of pre-strain, the back stress increases up to
a certain pre-strain level and then decreases or becomes saturated, depending on the number of mobile dislocations
present in the material [64-66]. Compared to nanowires with <100> and <110> crystallographic orientation, it is
seen that g, value is greater than oy value in <111> nanowire, except for the pre-strain value of 0.35. From this, it
can be said that the model nanowire structure exhibits reverse BE behavior where the compression yield strength
is higher than the tension yield strength. The twin structures formed under compression deformation inhibit the
movement of dislocations, causing the compression yield strenght to be slightly greater than the tension yield
strenght, resulting in inverse BE [51]. However, it can be said from the increase in BP value that the increase in
pre-strain increases the effect of BE.

3. Conclusion

In this study, the Bauschinger effect, which is the result of uniaxial tension compression deformation applied
to Cu nanowires with different crystallographic orientation and modeled with the EAM potential function, was
investigated by MD simulation. Crystallographic orientations have a significant effect on the stress-strain curves
obtained from the calculations. The existence of tension-compression asymmetry was determined for Cu
nanowires with three different atomic orientations. It was determined that the tension-compression asymmetry of
the <100> nanowire was more pronounced than that of the <110> and <111> nanowires. BE was clearly seen in
the Cu nanowire with different crystallographic orientations. The results of BE are important in nano-scale forming
processes of nanomaterials. In single crystal structures, plastic deformation is related to dislocation shift and
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twinning. Dislocations formed under tension are more likely to slip under compression, resulting in lower yield
stress.
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