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Large-Scale Molecular Dynamics Simulation Studies
on Deformation of Ni Nanowires: Surface Profile, Defects

and Stacking Fault Width Analysis
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We report large-scale molecular dynamics simulation deformation studies of Ni nanowire (NW) of size 100
A (x) X 1000 A () X 100 A (z) comprising of 925,965 atoms. Surface and internal defects are introduced to
study their effect on the surface profile, strength, fracture behavior and deformation mechanisms. Tensile
tests have been carried out at a temperature of 10 K and at a strain rate of 10° s™'. Periodic boundary
condition is applied along the loading direction (y). Peak strength of 23 GPa is observed in the perfect NW,
and the strength decreases with defects. The surface profiles of the deformed NWs show intrusion and
extrusion regions corresponding to slip steps with wider valleys in the defect NWs. Several intrinsic and
extrinsic parallel stacking faults (SFs) are generated after yielding by slip occurring on {111} planes. The
calculated SF widths are in the range of 0.85-2.57 nm in the perfect NW. The dislocations are mainly
Shockley partial dislocations of type 1/6 (112), and Schmid’s factor (m) obtained is 0.471. Twinning
dislocation of types 1/9 (221) and 1/18 (172) is also observed in the SFs. The density of Shockley partial

dislocations is observed to be the maximum in all the NWs.

Keywords dislocation density, molecular dynamics, slip system,
stacking fault

1. Introduction

One-dimensional nanowires (NWs) are important building
blocks in electromechanical devices, interconnects and other
nanodevices (Ref 1). In such applications, the reliability of the
devices depends on the mechanical response of NWs (Ref 2).
NWs have a large surface to volume ratio as compared to bulk
materials, so the free surfaces are expected to play an important
role on the plastic deformation at smaller length scales.
Molecular dynamics (MD) has become a suitable computational
tool for simulating elasto-plastic deformation (Ref 1-3), failure
process in crystalline (Ref 4) and non-crystalline materials (Ref
5-7), identifying deformation mechanisms (Ref 8, 9), heat
transfer characteristics of nanofluids (Ref 10), deformation and
melting studies of multilayers (Ref 11, 12).

Several MD simulation studies have been reported investi-
gating the effects of size, shape, crystal orientation, temperature,
strain rate and defects on the deformation behavior and
deformation mechanism in Ni NWs. Paulo et al. (Ref 13) have
reported that with an increase in the cross section (5 x 5 fcc unit
cells-20 x 20 fcc unit cell), strength of the Ni NWs increases and
the crystallinity of Ni NW is maintained only below the

Krishna Chaitanya Katakam, Pradeep Gupta, and Natraj Yedla,
Computational Materials Engineering Group, Department of
Metallurgical and Materials Engineering, National Institute of
Technology Rourkela, Rourkela 769008, India. Contact e-mail:
yedlan@nitrkl.ac.in.

Journal of Materials Engineering and Performance

deformation strain rate of 0.05% ps~ ' above which amorphiza-
tion occurs. Further, they report that the results are independent
of NW length beyond 35.2 A. Wen et al. (Ref 14) studies have
reported strength in the range of 8.26-8.68 GPa in Ni NWs (29.6
A diameter x 141 A length; temperature: 300 K) deformed in
the strain rate range of 0.25 x 10”t0 2.5 x 10° s~ '. They have
also observed atomic rearrangements that cause zigzag stress—
strain curve. Park et al. (Ref 8) have studied the crystal
orientation and temperature effect (50-300 K) on the deforma-
tion behavior and mechanism of FCC NWs (size: 140.96
A x 21.44 A x 21.44 A). They have concluded that in the
crystal with (100) orientation, the deformation mechanism is by
slip by partial dislocation motion when loaded in tension and by
twinning during compression. For (110) orientation, the defor-
mation mechanism is by twinning in tension. Also, they
highlighted the importance of free surfaces and side surface
orientations responsible for the above behavior. In the effect of
strain rate study (Ref 15) at a temperature of 300 K on Ni NW of
2.53 nm diameter x 24.6 nm length (11,270 atoms), it has been
reported that plastic deformation mechanism is by slip associated
with Shockley partial dislocation motion and the structure
remains crystalline after the yield. The reason for Shockley
partial slip has been attributed to the lower energy than perfect
dislocation slip. Further, they observed neck formation in the
NWs before fracturing at strain rates below 5 x 10°s™', whereas
at strain rates above 8 x 10'°s™' the atomic structure is found to
become amorphous and absence of neck formation. In the studies
of Huang et al. (Ref 16), it has been reported that yield strain of Ni
NWs is independent of cross sections (17.62 A x 17.62 A-
52.86 A x 52.86 A) and strain rates (1.25 x 10* s to
2.5 x 10° s7!). Wang et al. (Ref 17) have reported that yield
strength and elastic modulus of Ni NWs (diameter = 40-60 A
and length = 150 A) decrease with increasing temperature.
Experimental tensile studies (strain rate: 107*s " to 1072 s7h
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(Ref 1) on Ni NWs have revealed that smaller diameter (80-
100 nm) NWs possess higher yield strength (2.5-3.5 GPa) than
larger diameter wires (200-300 nm; 1.2-1.6 GPa). The reason for
the above is attributed to the surface controlled dislocation
process in smaller size NWs. There are few studies that report the
effect of surface and internal defects on the deformation behavior
and mechanism in Cu NWs (Ref 18, 19). Zhan et al. (Ref 18)
report that 45° surface defect has significant effect on the strength
of Cu NW and twins are observed in the defect NW. It is reported
that decrease in strength of Cu NWs due to surface defects is
more as compared to the internal defects; however, Young’s
modulus is found to be insensitive to the surface defects (Ref 19).
The deformation process in the above study is by nucleation and
propagation of Shockley partials and generation of twins.

All the above deformation studies report on the effect of cross
section size, strain rate and temperature of perfect Ni NWs
considering few thousands of atoms. Further, the studies on the
defective NWs are also important as the load-bearing capacity is
reduced and also the defects significantly can alter the deforma-
tion mechanisms. However, there are only a few studies that have
reported on the defective (voids, vacancies) Ni NWs (Ref 4, 20).
Potirniche et al. (Ref 4) have studied the void growth and
coalescence in single crystal Ni comprising of 5000-170,000
atoms. The tensile tests have been carried out at strain rates in the
range of 10% s7'-10' s! and at a temperature of 300 K. The
results show that irrespective of void fraction, the smaller size
sample exhibits higher yield strength (20.5 GPa). Also, they
report that due to stress concentration at the void surface,
dislocation slip is initiated and it propagates to the outer edges of
the specimen. Further, they report that nucleation and evolution
pattern of plastic slip is dependent on the sample size. Ferdous
and Adnan (Ref 20) have reported the effect of a single surface
vacancy on the strength, cross section and length of Ni NWs. In
their studies, it has been observed that vacancy reduces the
strength of perfect NW by 80%, whereas an increase in the cross
section from 0.704 nm x 0.704 nmto 3.52 nm x 3.52 nm and
varying length from 3.52 to 14.08 nm do not affect. Also, the
failure strength of small length NW (3.52 nm) is lower than NW
of large length (7.04 nm). A study by Makino et al. (Ref 21) has
reported that a vacancy in a cylindrical Ni NW grows into a
stable under equi-triaxial loading conditions.

It can be observed from the above-cited literature that there
are no studies related to the effect of internal cracks, surface
cracks and cracks with different orientations on the deformation
behavior and mechanisms in Ni NWs. Also, a large-scale MD
simulation is an extremely powerful tool in understanding the
defect dynamics (Ref22). So, in the present study, we investigate
the influence of defects such as voids, internal cracks and surface
cracks on the mechanical response and deformation mechanism
in large-scale Ni NW using MD simulations.

2. Simulation Details

2.1 Gomputational Tool and Interatomic Potential

In this work, MD simulations of uniaxial tensile deformation
of perfect and defect Ni NWs (NWs) have been carried out with
EAM (embedded atom method) potential (Ref 23). The
potential is found to fit well to basic bulk Ni properties. A
comparison between the bulk properties and that predicted from
potential is as follows: lattice constant (ap) = 3.52 (Ref 24),
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ap = 3.518; elastic modulus (E) = 253 GPa (Ref 25), E = 247,
bulk modulus (K) = 186 GPa (Ref 24), K = 174 GPa; cohesive
energy (eV) = — 4.44 (Ref 24), — 4.389 eV. The potential is
used by researchers in studying mechanical properties and
structural properties (Ref 26, 27). For instance, Rezaei et al.
(Ref 26) have used this potential to study the deformation
twinning in Ni-graphene nanolayers. Zhang et al. (Ref 27) have
studied the melting properties and nucleation of Ni under
pressure. The MD simulations in the present study have been
performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) (Ref 28) platform which is
widely used the open-source code for studying the mechanical
properties of nanocrystalline materials (Ref 29-31). MD
simulations are run on High-Performance Computing (HPC)
cluster (model no: HP DL360p). Simulations are run in parallel
Message Passing Interface (MPI) on HPC by using 32 and 16
core, and the total wall clock time for different simulations is as
follows: (a) perfect Ni NW: 381 h (32 core); (b) linear internal
crack Ni NW: 225 h (16 core); (c) linear surface crack Ni NW:
293 h (16 core); (d) single void Ni NW: 203 h (16 core).

2.2 Sample Configuration Details and Tensile Deformation

Perfect Ni NW is prepared by creating a perfect FCC
crystallite of Ni (cubic lattice constant ay = 3.518 A) with
periodic boundary conditions along the y-axis to obtain an
infinitely long wire and free boundaries along the x- and z-
directions (Ref 15). The NW (Fig. 1a) has initial dimensions of
100 A (x-axis) x 100 A (z-axis) x 1000 A (y-axis) comprising
of 925,965 atoms. After the initial construction, the sample is
relaxed by the conjugate gradient method since the tensile
behavior is sensitive to the initial state (Ref 15, 32). The relaxed
structure is equilibrated at 10 K using Nose—Hoover thermostat
(Ref 33) for 50,000 steps at a timestep of 1 fs. Similar
relaxation methodology has been used in the deformation
studies of FCC NWs by Park et al. (Ref 8). The relaxed
structure is then deformed along y-direction [010] at a strain
rate of 10° s~ and a constant temperature of 10 K. The applied
strain rate is much lower than that reported in MD simulations
(Ref 32, 34) and is well suited for plasticity studies at
nanoscales in metallic structures (Ref 35). Periodic boundary
condition is applied along the loading direction, while the other
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Fig. 1 Schematic of NWs of dimension 100 A (x-axis) x 1000 A

(y-axis) x 100 A (z-axis): (a) perfect; (b) NW with linear internal
crack; ¢c) NW with linear surface crack; d) NW with void
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directions are set to non-periodic. Thermodynamic ensemble
NVT (where N = number of atoms, V' = volume, T = temper-
ature are kept constant) is used in the simulations. The virial
stress is a measure of mechanical stress at the atomic level
which has been used for calculation of tensile stress (Ref 36).
The virial stress for a system of atoms is given below:

S“ﬁ—é{—Zmivf‘vf —l—%ZZF;Vg} (Eq 1)
i .

i j#

where Q is the volume of the system, m;, and v; are the mass and
velocity of the atom i, F;; is the force between atom 7 and j, r;; is
the distance between atoms i and j, and the indices o and
denote the Cartesian components. Strain in the sample is
calculated by a change in the length of the NW upon original
length (Ref 32).

2.3 Defect Analysis

Defects are identified by the coloring of atoms based on
centrosymmetry parameter (CSP) introduced by Kelchner et al.
(Ref 37). For the perfect crystal, the value of CSP is zero, and it
increases to a positive value for defects and atoms on the
surface. The above analysis is carried out using OVITO
software (Ref 38), and dislocations are observed using DXA
(dislocation extraction algorithm) (Ref 39). DXA is used to
identify perfect dislocations, partial dislocations and secondary
dislocations in fcc, bee, semi-coherent crystal interfaces and
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Fig. 2 Stress—strain behavior of perfect and defect Ni NWs
deformed at a strain rate of 10% s~' and at a temperature of 10 K

Table 1 Mechanical properties of perfect and defect Ni NWs

grain boundaries. The algorithm identifies the atomic positions
in the crystal and identifies that are all dislocations and
determines their Burger’s vector and outputs each dislocation
segment as line, and its formulation method is explained in Ref.
(39). Defects such as linear cracks and void are introduced by
deleting atoms in the NWs as shown in Fig. 1(b), (c) and (d).
Figure 1(b) shows the NW with linear internal crack (50 A
length x 5 A width x 6 A thick). Figure 1(c) shows the NW
with linear surface crack (50 A length x 5 A width x 6 A
thick). Figure 1(d) shows the NW having a void (diameter = 30
A) at its center. The defect NWs are subjected to a similar
method of deformation as applied to perfect Ni NW.

3. Results and Discussions

In this section, a detailed investigation is reported on the
uniaxial stress—strain response, the surface profile of deformed
NWs, fractographs, deformation mechanism, slip systems,
stacking fault widths and evolution of dislocation density in
perfect and different Ni NWs deformed at a strain rate of 10®
s~ ! and temperature of 10 K.

3.1 Stress—Strain Response of Perfect and Defect Ni NWs

Figure 2 shows the stress—strain response of perfect and
defect Ni NWs deformed at strain rate of 10° s™' and
temperature of 10 K. The curves show a linear behavior up
to maximum stress followed by a sudden drop in the stress. It is
due to the onset of plastic deformation caused by dislocation
slip on {111} planes along (—110) direction. Upon straining
beyond the yield strain, NWs deform plastically and fracture.
However, in the case of NWs with linear internal crack and
void, there is no plastic deformation which is evident from the
drop in the stress to zero after the yield. Table 1 lists the elastic
moduli which are calculated from the slope of the initial linear
region of the stress—strain curves and that reported in the
literature. Yield stress, yield strain and fracture strains of all the
NWs are also shown in Table 1. We have observed Young’s
modulus (E) value of 126.4 GPa for the perfect NW (70 GPa in
Ref 15; 90 GPa in Ref 13). The low modulus as compared to
the bulk ~ 199.5 GPa (Ref 40) is due the potential used in the
simulations. In the present study, for the case of perfect NW, the
stress reaches a maximum of 23.21 GPa corresponding to yield
strain of e = 0.216 which is observed to be much higher than
that has been reported in other MD studies for Ni NWs. This is
due to different sizes, strain rates and temperature of deforma-
tion (size=17.62 A x 17.62 A x 7048 A, tempera-
ture = 300 K, strain rate = 6.25 x 10° s7!', maximum

SL. No Nanowire Young’s modulus, GPa Yield strength, GPa Yield strain Fracture strain
1 Perfect 126.4 23.21 0.216 0.435
(70) (Ref 15) (21.08) (Ref 16)
(90) (Ref 13) (11.4) (Ref 17)
2 Linear internal crack 123.1 22.15 0.214 0.218
3 Linear surface crack 107.5 18.50 0.196 0.285
4 Void 122.8 16.46 0.183 0.194

The literature values are reported in parenthesis
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strength = 21.08 GPa and E = 97.95 (Ref 16); size =49.4
Dia. x 150 A length, temperature = 300 K; strain rate = 1.38

x 10° s~' maximum strength = 11.4 GPa and £ = 116.5 GPa
(Ref 17)). The difference in the mechanical properties could
also be due to the different interatomic potentials used in the
MD simulations (Ref 13, 15). Furthermore, it is worth to
mention that the experimental deformation studies of Ni NWs
(100-300 nm diameters) have reported the strength of 1.2-3.5
GPa which is much lower and is due to lower strain rates (10_3
s '-107* s7") of deformation (Ref 1). With the introduction of
defects such as linear internal crack, linear surface crack and
void in the NW, the load-bearing capacity decreases, and
therefore, a 14% maximum decrease in the elastic modulus is
observed. However, there is a significant decrease in the yield
stress ~ 30% lower in the NW having void than the perfect
NW as the defects accelerate the yield. Also, a decrease in the
yield strain and fracture strain is observed in the NWs having
defects.

3.2 Deformation Relief Patterns and Fractographs

The formation of shear traces or slip lines on the surface of
deformed single crystals is one of the commonly observed
structural features (Ref 41, 42) and is termed as deformation
relief patters. The other types of relief patterns are bands, and
folds or corrugated structures (Ref 41) formed as a consequence
of self-organization of shear traces during plastic deformation.
To understand the deformation behavior and fracture modes of
perfect and defect Ni NWs, atomic snapshots showing the
deformation relief patterns are captured and discussed in the
following sections. Also, the correlation between the deforma-
tion relief patterns with the surface profile on (001) surface is
studied.

3.2.1 Perfect and Defect NWs. Figure 3(a) shows the
atomic snapshot of the perfect Ni NW at the onset of yield
(e = 0.216) characterized by dislocations originating from the
edge of the NW (dashed circle and shown in enlarged image).
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Fig. 3 Atomic snapshots of perfect NW till fracture strain and its corresponding (001) surface profile
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Fig. 4 Fractographs and surface profile of NWs having (a) linear internal crack (b) and linear surface crack

The subsequent plastic deformation occurs by slip occurring on
multiple slip systems as seen from the slip lines on the surface
at a strain of e = 0.22. As dislocations escape the crystal, slip
steps are observed on the NW surfaces (e = 0.22). Also,
features like inter-slip regions (marked by arrows) can be
observed. The formation of shear traces on the surfaces is due
to shearing on parallel octahedral planes which is the basic
structural element of deformation relief (Ref 41). Experimental
compressive deformation studies on Ni single crystal have also
reported several types of deformation relief patterns on the

Journal of Materials Engineering and Performance

surface (Ref 41, 42) The surface profile of (001) surface
scanned along [010] direction of the NW at a strain of e = 0.22
is shown on the right. The surface reveals a quasiperiodic slip
pattern formed as a result of plastic deformation by dislocation
slip with well-defined extrusion areas accompanied by intrusion
areas. The atomic snapshot reveals the slip steps, very wide
inter-slip region and dense intrusion areas (indicated by arrow)
formed by the grouping of slip steps into bundles. NW
elongates and fractures at the ends by shearing at a strain of
e =10.436 (Fig. 3c). The fracture surface reveals a phase
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Fig. 5 Fractographs and surface profiles at different strains for the NW having a void at its center

transformation from FCC to HCP (circled region) crystal
structure which could be due to the dislocation reactions which
will be discussed in section “Slip Systems and Dislocation
Analysis.” The surface profile shown on the right for the above
strain is less noisy, and intrusion regions can be seen in the
enlarged atomic snapshots ((1) (2) and (3)).

In the case of defect NWs, the dislocations emerge from the
defect sites due to high stress concentration (Ref 43). From the
atomic snapshots captured at yield strain of e = 0.214 (Fig. 4a),
it can be seen that the deformation is localized near the linear
internal crack (1) and the crack expands and nearly develops
to a void as seen from the cross section image. The surface
comprises of several parallel and intersecting slip steps.
Twinned regions (T), HCP (H) regions are observed on the
face of the cross section, and also vacancies can be seen which
are formed due to the annihilation of dislocations dipole (Ref
44, 45). The surface scan profile on the right shows a narrow
region of intrusions and extrusions (marked by (1)) followed
by a wide valley. At a strain of e = 0.216, the NW necks and
the surface profile ((2)) show a wide valley surrounded by a
quasiperiodic structure similar to the mesoband type deforma-
tion relief observed at macroscale (Ref 42). The NW fractures
at a strain of e =0.218 and resembles a cup and cone type
fracture as observed in ductile materials at macroscale (Ref 46).
The NW with a linear surface defect (Fig. 4b) also shows
similar plastic deformation features as observed in the above
NW. The surface scan shown on the right for the region (1) at
the yield strain (e = 0.196) shows an intense quasiperiodic
structure similar to that of perfect NW. At strain of e = 0.212,
regions marked (2) and (3) are the intrusions, while (4) is
the extrusion and can also be visualized from the atomic
snapshots. It is interesting to see that the NW gets twisted as the
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deformation progresses from strain e = 0.212 to e = 0.254 due
to rotation of planes ((2) till (4)) as seen from the atomic
snapshots. The NW fractures at a strain of e = 0.286 by
shearing of atomic planes. In the NW with a void at its center
(Fig. 5), at the yield strain (Fig. 5(a); e = 0.184) dislocations
emerge from the void surface which can be clearly seen from
the cross section image (indicated by arrow) and move toward
the surface of the NW. The surface profile scans for region
(1) show only few intrusion and extrusion regions, but as the
strain reaches e = 0.188 (Fig. 5b) significant slip steps and
intersecting slip steps are observed on the surface separated by
wide valleys ((2)). The fracture occurs by void growth
(e =0.192), and the fracture surface reveals sheared planes
(S) which are clearly visible on the cross section of the fractured
NW. Similar features are also observed in the MD deformation
studies on tantalum thin films (Ref 47).

3.3 Slip Systems and Dislocation Analysis

DXA analysis is carried out to identify the different types of
dislocations which are represented by colored lines. For clearly
identifying the types (intrinsic or extrinsic) of stacking faults
(encircled regions) in the NW regions, perfect atoms are deleted
from the NW and are shown separately. Figure 6 shows the
CSP images, DXA analysis and different types of stacking
faults observed during the deformation of perfect Ni NW at
strains of e = 0.216, e = 0.218 and e = 0.3, respectively. It can
be seen that plastic deformation occurs at the edge of the NW
corresponding to yield strain of e = 0.216 by the emission of
Shockley partial dislocations and creation of a stacking fault in
between them. Such features are also reported by Huang et al.
(Ref 48) in Fe and Ni NWs and for Cu NWs by Zhan et al. (Ref
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Fig. 6 CSP and DXA images and stacking faults generated in the perfect NW deformed at different strains: (a) e = 0.216; (b) e = 0.218; (c)

e=0.3

18). The reason for the above is because the critical shear stress
for partial dislocation slip becomes lesser than perfect dislo-
cation as the size of the specimen reaches nanoscale (10-
15 nm) (Ref 49). The slip system comprising of Burger’s
vectors and slip plane is identified to be 1/6 [2—11] (11-1).
The number of dislocations increases as the strain increases to
e = 0.218 due to activation of slip on several slip systems, and
we can see parallel stacking faults (extrinsic and intrinsic)
nucleating at the edge and corners of the NW. Upon further
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deformation to the strain of e = 0.3, the defects are observed to
be decreasing and could be due to the interaction between the
dislocations and stacking faults causing annihilation and
forming barriers (Ref 50). The DXA analysis reveals that there
are six types of dislocations, namely perfect (Burger’s vector: 1/
2 (110)), Shockley partial (Burger’s vector: 1/6 (112)), stair
rod (Burger’s vector: 1/6 (110)), Hirth partials (Burger’s
vector: 1/3 (100)), Frank partials (Burger’s vector: 1/3 (111))
and other types. Furthermore, it is observed that from the six
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Fig. 7 CSP images, DXA analysis and stacking faults generated in the deformed NW at different strains having a linear internal crack: (a)
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types of dislocations, Shockley partial dislocation is the original
dislocation which is emitted from the edge of the NW and has
the highest density during the whole deformation process.
Figure 7 depicts the CSP images and DXA analysis of the
deformed NW having linear internal crack captured at strains of
e=0.212,e=0.214 and e = 0.216. At the strain of e = 0.212,
the crack is linear as seen from the cross section image, but as
the strain reaches the yield strain (e = 0.214), it propagates by
the emission of dislocations from its corners (Fig. 7a). Plenty of
dislocations are generated which are accompanied by intrinsic
and extrinsic stacking faults (encircled regions). Sung et al.
(Ref 51) have shown that partial dislocation 1/6 [21—1]
nucleate and slip on (—11—1) plane at the crack tip of Ni single
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crystal and their density increases with increase in strain. The
dislocations observed are Shockley partial dislocations having
Burgers vector 1/6 (112) type, and slippage occurs on {111}
planes. Also, the stacking faults are observed to be parallel to
the {111} slip planes. The true Burger’s vector and Miller
indices of the slip plane for few slip systems obtained in the
present study are indicated in the snapshot. The DXA analysis
also reveals a higher dislocation density at the yield strain than
at strain of e =0.216 and predominantly Shockley partial
dislocations. Further, besides dislocation gliding on slip planes,
we have observed cross-slip and formation of dislocation
junctions (e = 0.214). For cross-slip to occur dislocation should
be a pure screw in nature which enables to glide from one slip
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Fig. 8 CSP images, DXA analysis and stacking faults generated in the deformed NW at different strains having a linear surface crack: (a)

e =0.196; (b) e = 0.25

plane to another. Also, cross-slip is favorable in partials when
their separation distance is smaller (Ref 52).

For the case of NW (Fig. 8) having linear surface crack
normal to the tensile direction, dislocations emit from the
corner of the crack at a strain of e = 0.196 and extend toward
the free surface. It can also be seen that the deformation gets
localized near crack as the strain increases to e = 0.25. Slip
occurs on the {111} planes accompanied by stacking faults.
The slip systems have been identified for few planes and are as
follows: (—11—1) 1/6 [—112] and (111) 1/6 [1—21]. The DXA
analysis shows the different types of dislocations generated at
the yield strain and at a strain of e = 0.25. The analysis reveals
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six types of dislocation, and Shockley partial dislocations have
the highest density.

Figure 9 shows the CSP and DXA analysis of the NW
consisting of a void at its center. The dislocations appear to be
originating from the void surface and able to influence the yield
strain (e = 0.184). The void growth occurs by initiation and
emission of dislocations in the same direction (Ref 4) which
can be clearly seen at a strain of e = 0.188. Slip occurs on the
{111} close-packed planes. The number of dislocations
increases as the strain increases and slip extends on to few
{111} adjacent planes. We have observed Lomer—Cottrell
barriers which are formed due to the interaction of two gliding
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Fig. 9 CSP images, DXA analysis and stacking faults generated in the deformed NW at different strains having a void at its center: (a)

e =0.184; (b) e = 0.188

Shockley partials on two different {111} planes. The Burger’s
vector and Miller indices are identified to be 1/6 [112] (11—1)
and 1/6[—1-21] (—111). Likewise, in the previous deformed
NWs, the DXA analysis reveals several types of dislocations of
which the majority is found to be Shockley partial dislocations.

3.3.1 Thompson Tetrahedron Notation. To index the
Burger’s vector and slip planes in the present simulation
studies, Thompson tetrahedron is used as shown in Fig. 10. In
Thompson tetrahedron, the points o, f5, 7 and J are the centers
of planes BCD, ACD, ABD and ABC, and they are used to
express the four slip planes. The orientation of the Thompson
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tetrahedron is such that the DA direction [101] coincides with
(101) direction (x-z plane) and the plane ABC is normal to the
[111] direction. The above chosen orientation is in the
accordance with that of the other simulation models (Ref 53,
54). The four slip planes, the Burger’s vectors of the full slip
and partial dislocations are given in Table 2.

The five types of dislocations observed in the deformed
NWs are represented in the Thomson tetrahedron notation and
also in the vector form. Further, we captured the DXA
snapshots at strains where these reactions are observed. In the
case of perfect dislocation 1/2 (110) for representation in
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Thomson tetrahedron notation, AB is taken as an example and
is shown as below.

AB — Ay +yB (Eq 2)

Alternatively, in the vector form, the equation can be repre-
sented as follows:

1/2[=110] — 1/6[—21 — 1] + 1/6 [121] (Eq 3)

For the formation of sessile 1/6 (110) type dislocations, the
dislocation f3 is taken as an example, and the following notion
can be used for interaction between the Shockley partials

pC+ Cé — po (Eq 4)
or in the vector form
1/6[12—1]+1/6[—-1—12] — 1/6[011] (Eq 5)

For the case of formation of 1/3 (100) type Hirth partial,
the dislocation yo is taken as an example and is represented as

given below
B+ oD — ya (Eq 6)

or in the vector form, it is represented as

X

Fig. 10 Thompson tetrahedron used for the representation of slip
planes and slip directions

1/6[—121] +1/6[-1 —2 — 1] — 1/3[~100] (Eq 7)

In the case of formation of 1/3 (111) Frank partials, the Ao
dislocation is taken as an example and is represented as
follows:

AB + Boa — Au (Eq 8)

In the vector form, the above equation is represented below
1/2[-110]+1/6[1 =1 —=2] — 1/3[-11 — 1] (Eq 9)

All the above reactions observed follow the energy condi-
tion, i.e., the energy before the reaction is more than that after
the reaction. Apart from the above five dislocations, there are
other types of dislocations that are uncommon and formed as
result of interactions among the five different types of
dislocations. These dislocations include 1/3 (211) and twin-
ning dislocations such as 1/9 (221), 1/9 (115), 1/18 (255), 1/
18 (114) and 1/18 (172) formed due to stacking faults.

1/3 (211) type dislocations are the result of reactions
between 1/2 (110) perfect and 1/6 (112) Shockley partials.
The AB/Co dislocation is used to represent the above
dislocation as given below

AB+ Cé — AB/Co (Eq 10)
In the vector form, it is as follows:
1/2[-110]+ 1/6[-1 — 12] — 1/3 [-211] (Eq 11)

Figure 11(a), (b), (c), (d) and (e) show the DXA snapshots
of NWs at which the above-mentioned five types of disloca-
tions are observed at a particular strain. Figure 11(a) shows the
dissociation of perfect dislocation 1/2[—1—10] into two
Shockley partials of type 1/6 (112) observed in linear surface
crack NW at a strain of e = 0.196. Figure 11(b) shows the DXA
snapshot of perfect NW at the strain of e = 0.218 which shows
the formation of sessile stair rod dislocation 1/6 [101] from the
reaction between two Shockley partials. Figure 11(c) shows the
DXA snapshot of formation of sessile Hirth partial of type 1/3
[0—10] from the interaction between two Shockley partials at
the strain of e =0.214 in the case of NW having a linear
internal crack. Figure 11(d) shows the DXA snapshot of
formation of sessile Frank partial of type 1/3 [-1—1—1] from
the interaction between perfect dislocation and Shockley partial
at the strain of e = 0.214 in the case of NW having a linear

Table 2  Slip planes and directions represented on Thompson tetrahedron

Slip plane Vector Full dislocation Vector Partial dislocation Vector

ABC Do AB 1/2[—-110] oC 1/6[11-2]

(d) (111) BC 1/2[10—1] O0A 1/6[1-21]
CA 1/2[0—11] oB 1/6[—211]

ABD Cy AB 1/2[—-110] vD 1/6[—1—-1-2]

(c) (11-1) DA 1/2[101] vB 1/6[—121]
DB 1/2[011] YA 1/6[2—11]

BCD Aa DC 1/2[110] oB 1/6[—112]

(a) (1-11) BC 1/2[10—1] oD 1/6[—1-2—1]
DB 1/2[011] oC 1/6[21—1]

ADC Bp DC 1/2[110] PA 1/6[1—12]

(b) (—111) DA 1/2[101] pC 1/6[12—1]
AC 1/2[01-1] pD 1/6[—2—1-1]
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Fig. 11 (a)-(e) DXA snapshots of NWs at which five types of dislocations are observed at a particular strain

internal crack. Figure 11(e) shows the DXA snapshot of
formation of sessile 1/3 [—12—1] at the strain of ¢ = 0.218 in
the case of perfect NW.

Figure 12 shows the mechanism of formation of twinning
dislocations caused by stacking faults. Twinning dislocations
are a result of the interaction of dislocations on {l11} planes
with the twin boundaries and are located in the regions between
these twin boundaries. As a consequence, these are symmetrical
products of dislocations on {111} planes. We observed twin
dislocations having Burgers vector 1/18 [1—72] and 1/9 [—212]
in perfect NW at strain e = 0.3 (Fig. 13). Formation of twin
dislocations is also reported in Refs. (Ref 55-57). In the present
study, as an example, we chose the twin dislocation 1/18
[1—72] which is the symmetrical vector of the dislocation 1/6
[—121] (11—1) about slip plane (111).

It can be observed from the above dislocation analysis that
most of the dislocations in all the deformed NWs are partial
dislocations. It is because slip in FCC crystals occurs on {111}
close-packed planes, where the dislocation slip requires higher
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energy and leads to greater distortion of the lattice than the slip
by partial dislocations (Ref 57). Hence, partial dislocations are
easily nucleated in FCC crystals. It is well known that partials
contain stacking faults as they are the boundaries of the
stacking faults (Ref 57-59) and we have observed several
stacking faults as shown in Fig. 6, 7, 8 and 9. Based on the slip
systems identified, and for [010] loading direction, Schmid’s
factor (m) for the partial dislocation slip system (11—1)1/
6[—121] obtained is 0.4714. A lower value of m = 0.235 is also
observed in few slip systems (—111)1/6[—11—2]. For the twin
system of type 1/18 (552), we have observed a value of
m = 0.3928. The results are in agreement with that reported in
the studies on nanotwinned copper in Ref 60. It is well known
that for perfect dislocation slip system 1/2 (110) {111} along
[010] loading direction will produce eight active slip systems
having m = 0.408 and the rest four will have m = 0 (Ref 52).
So, in the present study it can be inferred that partial dislocation
slip is predominant.
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(a) (b) (c)

Fig. 12 Schematic showing the mechanism of formation of twinning dislocations induced by stacking faults: (a) perfect crystal; (b) crystal with
intrinsic stacking faults (ISF); (c) Crystal with extrinsic stacking faults (ESF)

1/18[-21-7]

e=0.3

Fig. 13 Burges vectors of twinning dislocations that are observed in perfect NW at a strain of e = 0.3

Stacking fault width

Perfect dislocation

Shockley partial
1/2(011] Ll

dislocation 1/6[112]

Shockley partial
Dislocation 1/6[-121]

Fig. 14 Schematic showing the dissociation of perfect dislocation 1/2 [011] into two 1/6 [—121] and 1/6 [112] 60° Shockley partials on (11—1)
slip plane containing the stacking fault and also representing the stacking fault width
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Table 3 Stacking fault widths in the perfect and defect
Ni NWs at the yield strains

Nanowire Strain Stacking fault width range, nm
Perfect 0.216 0.86-2.57, (2 nm) (Ref 62)
Linear surface crack 0.196 1.074-4.72

Linear internal crack 0.214 1.074-6.01

Single void 0.184 1.504-6.01

The literature value is reported in the parenthesis

3.4 Stacking Fault Widths

As observed from the above sections, SFs play a vital role
on the mechanical behavior and microstructure. It is reported
that the SF width effects the dislocation processes and hence
the mechanical properties (Ref 58, 61). Further, SF width is not
a fixed quantity for a given material and is affected by the
internal stresses and arrangement of dislocations. So, in the
present study we have estimated the SF widths as calculated in
experiments, i.e., multiplying the number of atoms that deviate
from the perfect lattice position by the distance between the two
atoms (Ref 58) for the perfect and defect NWs at the respective
yield strengths. Figure 14 shows the snapshot of dissociation of
perfect dislocation 1/2 [011] into two 60° Shockley partials on
(11—1) slip plane containing the stacking fault and also
representing the stacking fault width.

We found 0.86-2.57 nm wide SFs in the perfect NW and the
range of the SF width increase with the presence of defects in
the NW. Wider SFs are observed in the NWs with void as a
defect as compared to the other defective NWs which could be
due to the difference in the internal stresses (Ref 58), their
interaction with dislocations (Ref 61). This is also evident from
the stress—strain curve. The range of SF widths obtained in
perfect and defect NWs are tabulated in Table 3. Hunter and
Beyerlein (Ref 62) have reported an equilibrium stacking fault
width of 2 nm in Ni based on the MD-DFT (density functional
theory) studies. Further, the SFE (stacking fault energy)
reported experimentally in conjunction with the anisotropic
elasticity theory is in the range of 120-130 mJ/m? (Ref 63).
However, there are studies that have reported SFE as low as
79 mJ/m* and highest value of 450 mJ/m* (Ref 63). In the
presegt2 study, we have estimated the SFE using the equation
y = 4835 (%) (Ref 45, 64) (where y is the SFE; G = shear
modulus; a, = lattice constant; 7, = equilibrium separation
between the partials and v = Poisson ratio) considering the
dissociation of pure edge dislocation into Shockley partials and
the above calculated SF widths. The SFE is found to be in the
range of 69-207 mJ/m? for perfect NW which is in good
agreement with the literature. Also, the SFE predicted from the
interatomic potential is in the range of experiments and other
interatomic potentials (Ref 65).

3.5 Dislocation Density

Figure 15 shows the influence of defects on the evolution of
density of the six types of dislocations at the corresponding
yield strains. It can be seen that defects have a significant effect
on the evolution of different types of dislocations. In all the
NWs, the density of Shockley partial dislocations which are
glissile in nature possesses the largest proportion (2.49 x 10'%/
m?-6.72 x 10'%/m?) and enhances the deformation by slip
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Fig. 15 Dislocation densities of six types of dislocations in the
NWs at the yield strains

| Linear internal crack
6 - @)

void

3] perfect

O
Linear surface crack

Voulme % of twin dislocations
Q,

Nanowires

Fig. 16 Twin dislocation volume fraction at the yield strains in
different NWs

ability of Ni NWs. It is also evident in the NW with linear
surface crack having the large fracture strain as compared to the
other defective NWs. Shockley partial dislocation density of
5 x 10'*/m? is observed in the Ni single crystal having single
void (Ref 57) which is higher as compared to that obtained in
the present study (3.3 x 10'/m?). It is well established that
dislocation density increases with increase in strain rate (Ref
66, 67). So, in the present study a low dislocation density is
observed as compared with the studies of Zhang et al. (Ref 57).
Further, the model sizes and the boundary conditions are also
different. We have estimated the volume fraction of twin
dislocations which are categorized as one of the other
dislocations. Figure 16 shows the volume fraction of twinning
dislocations at the yield strains in all the NWs. As estimated,
the volume fraction is found to be highest in the NW with linear
internal crack and is also evident from the DXA, dislocation
density analysis.
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4. Conclusions

MD simulations deformation studies have been carried out
on NWs consisting of different types of surface and internal
defects mainly to investigate their effect on the mechanical
properties, surface profile, fracture and dominant deformation
mechanisms using characterization methods like CSP and
DXA, and finally the evolution of dislocation density. Based on
the above we conclude that the defects lower the yield stress
and it is more significant (~ 30% decrease) in the NW having
an internal void. However, there is not much effect on Young’s
modulus. The surface scans of different NWs show intrusion
and extrusion regions as observed in bulk. In the case of NW
with defects, wide valleys are observed due to localized
deformation in the defect regions of the NW. The fractographs
show shear type of fracture in the perfect and linear surface
crack NWs, whereas, in the case of NWs with void and linear
internal crack, the deformation is localized and resembles a cup
and cone type fracture. However, the plastic strains are very
less indicating their brittle nature. Several intrinsic and extrinsic
parallel stacking faults are observed during deformation in all
the NWs accompanied by six types of dislocations of which the
Shockley partial dislocation has the highest density. We have
also observed cross-slip mechanism and twinning. It is also
observed that the stacking fault widths increase in the presence
of defects. From the Schmid’s factor calculations, a maximum
value of m = 0.471 and m = 0.392 is obtained for the partial
dislocation slip system and twin slip system, respectively. So, it
can be concluded that the dominant deformation mechanism is
by slip by partial dislocation glide.
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