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Abstract: Materials used in the engineering always contain imperfections or defects which
significantly affect their performances. Based on the large-scale molecular dynamics simulation and
the Euler-Bernoulli beam theory, the influence from different pre-existing surface defects on the
bending properties of Ag nanowires (NWSs) is studied in this paper. It is found that the nonlinear-
elastic deformation, as well as the flexural rigidity of the NW is insensitive to different surface defects
for the studied defects in this paper. On the contrary, an evident decrease of the yield strength is
observed due to the existence of defects. In-depth inspection of the deformation process reveals that,
at the onset of plastic deformation, dislocation embryos initiate from the locations of surface defects,
and the plastic deformation is dominated by the nucleation and propagation of partial dislocations
under the considered temperature. Particularly, the generation of stair-rod partial dislocations and
Lomer-Cottrell lock are normally observed for both perfect and defected NWs. The generation of
these structures has thwarted attempts of the NW to an early yielding, which leads to the phenomenon

that more defects does not necessarily mean a lower critical force.
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1. Introduction

Driven by their intriguing mechanical, electrical, optical, and other properties, nanowires (NWs) have
drawn considerable interests from the scientific community. Their novel properties have enabled them
being widely applied as building blocks of nanoelectromechanical systems (NEMS), such as high
frequency resonator [1, 2], force and pressure sensing [3], ultrahigh-resolution mass sensing [4], and
other devices [5]. In the past decade, increasing research efforts have been attributed for the better
understanding of the mechanical performance of NWSs. For instance, through in situ tensile
experiments, Yue et al. [6] found Cu NWs could sustain ultrahigh elastic strains, and the defect-free
Au NWs are reported showing superplasticity [7]. The size effects on elasticity, yielding, and fracture
of five-fold twinned Ag NWSs have been studied [8], and Richter et al. [9] confirmed that the
properties of nanomaterials can be engineered by controlling defect and flaw densities. Various
numerical studies including ab initio calculation, multi-scale simulation and molecular dynamics
(MD) simulation have also been widely employed to investigate the performance of NWs, among
which, the MD simulation is the most frequently applied method. A plenty of MD studies of the
properties or performance of NWs can be found, which covers diverse loading conditions, including
tension [10-12], compression or buckling [13], torsion [14], bending [15, 16], and vibration or
resonance [17-19]. It is convinced that MD simulation is an effective and excellent tool, not only for
the characterization of the properties of NWSs, but also for the prediction of novel or unexpected

properties.



Materials used in the real engineering always contain imperfections, which might be induced during
the fabrication or manufacturing processes, e.g. impurity, grain boundaries (GBs), surface defects,
nano-cavities and others [20]. Recent work conducted by Sansoz et al. [21] revealed that, twin
boundaries (TBs) are ubiquitous for both synthesis and properties in nano-enhanced FCC metals. By
using MD simulations, Chen et al. [22] reported that, during the machining and stretching of single
crystal Cu, stacking faults (SFs) will be generated inside the specimen, which will greatly affect the
specimen’s properties under tension. Kuramoto et al. [23] investigated the fundamental behaviors of
point defects, clusters and interaction with dislocation in Fe and Ni crystal by computer simulation.
Besides of loading conditions and morphologies, Zhang et al. [24] reported that the strength of NWs
also depends on the twin spacing. Experimental study [25] demonstrates that, NW mechanical
properties could be uniquely tailored by controlling their structure (through assembling materials with
oriented, interlocking grains). Apparently, due to the ultra small scale, the presence of defects
behaviors as one of the most influential factors in determining NWs’ properties. Thus, investigating
the defect effect is crucial to enhance the utility of NWs. Several studies investigating the influence of
pre-existing defects on the mechanical properties of NWs under tension [26], torsion [27], and others
[28] have already been reported. However, the impacts from defects on the bending properties of

NWs are still unclear, which becomes the object of this work.

Generally, a first ever investigation of the influence from pre-existing surface defects on the bending
properties of NWs will be carried out in this paper. The Ag NW, which is popularly examined in
experiments, will be chosen as the testing sample. Large-scale MD simulation will be employed to
carry out the bending deformation, basing on the recently developed three-point bending model [16].
Pre-existing surface defects with different quantities, orientations, and locations will be investigated
thoroughly. A comprehensive discussion of the mechanical properties including flexural rigidity, yield
strength, and deformation configurations of different defected NWs will be made. To achieve this,
both the classical Euler-Bernoulli beam model and the modified Euler-Bernoulli beam model
augmented with a comprehensive consideration of surface/intrinsic effect and axial extension effect

will be employed.

2. Numerical and theoretical basics

2.1 Molecular dynamics setting

The study was conducted by large-scale MD simulations on doubly clamped Ag NWs subjected to
bending deformation using LAMMPS [29]. Square cross-section Ag NW was considered with the x, y

and z coordinate axes represent the lattice directions of [100], [010] and [001], respectively. No

periodic boundary condition was adopted. The simulation model is schematically shown in Fig. 1,

which was established according to the AFM-bending method proposed by Wu et al. [25, 30].
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Specifically, the bending is achieved by applying a constant velocity (1 m/s) to the cylindrical
diamond tip, as shown in Fig. 1. To note that, loading rate exerts critical influence to the bending
behaviors of NWSs, and a velocity smaller than 10 m/s is recommended according to previous work
[16]. The embedded-atom-method (EAM) potential [31] was used to describe the Ag-Ag atomic
interactions, which was fitted to a group of parameters, including cohesive energy, equilibrium lattice
constant, bulk modulus, and others [32]. For the Ag-C atomic interactions, a Morse potential [33] was
adopted. During each simulation, NWs were first relaxed to a minimum energy state using the
conjugate gradient energy minimization and then the Nose-Hoover thermostat [34, 35] was employed
to equilibrate the NW at 0.01 K under canonical (NVT) ensemble. A time step of 2 fs was applied. To
recognize the partial dislocation and stacking fault (SF) during the bending deformation, the centro-
symmetry parameter (CSP) was adopted [36], which is defined by

CSP= 3[R +R.q[ (1)

i=1,6
where R, and R, , are vectors corresponding to the six pairs of opposite nearest neighbors in FCC

lattice. The CSP value increases from zero for perfect FCC lattice to positive values for defects and
for atoms close to free surfaces.

-=— Rigid tip

Fig. 1. The three-point bending simulation model. The two boundary regions are fixed in all
directions to mimic the clamped end condition, with the rest as the deformation region. A rigid
diamond cylindrical tip is employed, with the initial distance between the tip and NW as one Ag
lattice constant. The diameter and length of the tip are 2.454 nm and 8.18 nm, respectively.

For each simulation, the size of the NW was uniformly chosen as 12ax<12ax184a, a is the Ag lattice
constant, which equals 0.409 nm [31]. As two lattice constants length was fixed as boundary regions
at two ends, hence, the effective length is 180a. The considered pre-existing surface defects were
similar to the surface notch investigated by Doyama [37] and Tyagi et al. [38], or the defect of
vacancies studied by Chang [39], which are schematically illustrated in Fig. 2. Different defects were
introduced to the NW by removing certain number of atoms from the surface. For discussion
convenience, the defect’s quantity is referred by the fraction dg=n/N, where n is the row number of
the removed atoms, and N is the total row number of the atoms in the lateral direction for a prefect
atomic layer. For the NW considered in this work, N equals 361. The orientation of the defect is
defined according to its relative position with the NW’s axial direction, and capital letters ‘H’, ‘V’,
‘T” and ‘E’ denote horizontal, vertical, tilt (45°) and edge defects, respectively. According to this

convention, all studied defects are summarized in Table 1.
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Fig. 2. Schematics of different surface defects. (a) A perfect (100) atomic layer; (b) Surface layer with
vertical defect dg-V=3/361; (c) Surface layer with horizontal defect dg-H=3/361; (d) Surface layer

with tilt defect dg-T=3/361; (e) Surface layers with edge defect dg-E=3/361. Gray atoms refer to the
removed atoms.

Table 1. Summary of the testing models.

Location Bottom surface Side & Top surfaces
Orientation dg-H dg-V dg-T dg-E dg-V dg-T dg-E
Quantity (1/361) 1 3 5 7 9 11 3 3 3 3 3 3

2.2 Theoretical basics
Apparently, the NW studied in current work can be simplified as a doubly clamped thin beam bended
by a central load F (with the size denoted as h>h>d). According to the classical Euler-Bernoulli beam
theory (shorted as EBT-Classical) [40], the beam maximum displacement d and the applied load F is
described by
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where El is the flexural rigidity, and L is the beam length. Obviously, equation (2) demonstrates a

F d (2

linear relationship between F and d for a given NW. It is known that when a beam is displaced, an
axial tensile force is inherently induced due to the stretching. Results from both experiments [41] and
MD simulations [16] suggest that, when the size is down to nano-scale, such stretching force exerts
significant influence to the NW’s bending behaviors and the F-d curve becomes increasingly
nonlinear as the displacement passes one cross-section size h. Furthermore, due to the extreme large
aspect ratio, the surface stress also exerts remarkable influence to the properties of NWs. Several
novel surface-driven mechanical behaviors and properties of NWs such as phase transformations [42,
43], pseudoelastic behavior [44], and shape memory effect [32, 45] have been reported. Recently,
Liang et al. [46] found that the nonlinear elasticity of NW core plays a considerably large role in
determining the elastic modulus of NWs subjected to uniaxial loads. Other researchers also reported
that, the magnitude of the residual intrinsic stress induced by the residual surface stress is on the order
of MPa to GPa in NWs [47]. In consideration of these factors, the classical beam model is augmented
with the contributions from surface stress, intrinsic stress, as well as the axial extension effect by
Zhan and Gu [48], predictions from which agrees well with the MD results. Specifically, this

modified beam model (referred as EBT-ASI) gives a nonlinear relationship between F and d as [48]
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where (EN)*=Eh*/12+2E:h/3 and (EA)*=EA+4Eh, which are the effective flexural rigidity [49] and
the effective extensional rigidity [50], respectively. Here, E; is the surface Young’s modulus, which
equals 1.22 N/m for the {100} Ag surface [51]. A and h are the cross-sectional area and size,
respectively. u is a constant, and chosen as 0.25 for Ag NW [48]. Meanwhile, the yield strength can
be deduced from the F-d curves according to [40]

Y =3FyL/(4h3) (4)
where Fy is the yield force or critical force.

3. Results and discussion

3.1. Influence of defect’s quantity

Firstly, six Ag NWs with different quantities of horizontal defects that located at the bottom surface
are considered. As seen in Fig. 3(a), comparing with the perfect NW, all defected NWs appear a
coincident portion of the F-d curve before the onset of the plastic deformation or yielding. However,
an apparent decrease of the critical force is observed due to the existence of defects (the critical force
refers the force when the NW enters plastic deformation). The most striking finding is that the
increase of the defect’s quantity does not actually lead to the increase of the critical force reduction.
For instance, the critical forces are around 23 nN and 23.6 nN for dq-H=3/361 and dg-H=7/361,
respectively. To explore the mechanisms behind this phenomenon, the atomic configurations of NWs
at different displacements will be investigated in the following context.

Fig. 3(b) shows the comparisons between MD results and fitting results from both EBT-Classical and
EBT-ASI for the NW with dg-H=1/361. The same procedure adopted by previous researchers is
employed [16, 41] to do the fitting, i.e., using the data at small displacement to fit, and extend to
include increasingly larger displacement. Just as expected, the F-d curve exhibits a nonlinear
relationship, which is out of the description of the classical beam model, and the modified beam
model shows excellent fitting results. Recall the results in Fig. 3(a), it is concluded that the presence
of defects does insignificant influence to the nonlinear-elastic behavior of the NW. It is worthy to
mention that, the nonlinearity of the F-d curve is arisen from the axial stretching and increases with
the increase of displacement. In other words, when the bending displacement is relatively small (say d
is smaller than half of the cross-section size), the stretching effect should be ignorable [41], in such
circumstance, the classical beam model should still be suitable to describe the bending behavior of the
NW, as revealed in Fig. 3(b).
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Fig. 3. (a) The F-d curves of NWs with different quantities of horizontal defects that located at the
bottom surface. Inset figure enlarged the F-d curves of the perfect NW and the NW with dg-H=3/361
around the critical force. All curves are smoothed. (b) Comparisons between MD results and fitting
results from EBT-Classical and EBT-ASI for the NW with dg-H=1/361.

Due to the similarity of the deformation process, only the perfect NW and the NW with dg-H=3/361
are compared in Fig. 4. Evidently, for the perfect NW, no dislocation is identified before the onset of
yielding (Fig. 4(a)), which implies that the NW is under elastic deformation. When the displacement
exceeds 7.51 nm (point ‘A’ in the inset of Fig. 3), partial dislocations begin to nucleate. From Fig.
4(b), the active nucleation and propagation of partial dislocations have generated a great amount of
intrinsic stacking faults (iSFs). This deformation process continues at the bending displacement of
8.41 nm as illustrated in Fig. 4(c). For the NW with dg-H=3/361, the perfect crystal structure retained
at the beginning, indicating an initial elastic deformation (Fig. 4(d)). The increase of the displacement
finally leads to the yielding of the NW. From Fig. 4(e), two Shockley partial dislocations are found to
intersect with each other, and with the NW’s bottom and side surfaces simultaneously, which induce

the formation of a stair-rod dislocation and a Lomer-Cottrell (LC) lock from the dislocations reaction
[52] a/6[112]+a/6[112]=a/3110] (LC-hl). The Lomer-Cottrell lock has provided a strong

barrier to the further glide of the dislocations on the two corresponding slip planes, which hardens the
NW. As pointed out in the inset of Fig. 3 (point ‘B’), the force exhibits a resumption process. From
Fig. 4(f), another stair-rod dislocation (a/3[110]) and Lomer-Cottrell lock (LC-h2) is formed with

further loading, which results the second hardening process (point ‘C’ in the inset of Fig. 3).
Meanwhile, the intrinsic stacking fault (iSF) in Fig. 4(e) (iSF-bl) is vanished, which signifies the
occurrence of full dislocations. Apparently, the plastic deformation of either the perfect NW or the
NW with dg-H=3/361 is dominated by the nucleation and propagation of partial dislocations, and the
existences of both iSF and extrinsic stacking fault (eSF) are observed for the defected NW (dg-
H=3/361).

In-depth inspection of the plastic deformation of all NWs reveals that, the formations of the stair-rod

dislocations and Lomer-Cottrell lock not only existed in the perfect NW (Fig.s 4(b) and (c)), but also
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existed in other defected NWs. Hence, it is concluded that, the existences of these structures have
thwarted attempts of the NW from an early yielding, which leads to the phenomenon that more
defects does not necessarily mean a lower critical force. Additionally, for the defected NWs, it is

found that the dislocation embryo initiates from the locations of the defects.
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Fig. 4. Atomic configurations of NWSs. Perfect NW: (a) d=7.51 nm; (b) d=7.81 nm; (c) d=8.41 nm;
NW with dg-H=3/361: (d) d=6.90 nm; (e) d=6.99 nm; (f) d=7.87 nm. Atoms with their CSP value
between 0 and 12 are viewed in figures a and d. Other figures are colored with CSP between 0.5 and
12, which only reveals the part with plastic deformation.

3.2 Influence of defect’s orientation

Different orientations of the defect are then considered. Fig. 5 compares the F-d curves of NWs with
dg-H=3/361, dg-V=3/361, dg-T=3/361 and dg-E=3/361. Evidently, all NWs share almost an identical
F-d curve before yielding, and a notable reduction of the critical force is observed for all defected
NWs, except the NW with an edge defect (dg-E=3/361).
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Fig. 5. The F-d curves of NWs with different orientated defects that located at the bottom surface.
Inset figure enlarged the F-d curve of the NW with dg-T=3/361 around the critical force. All curves
are smoothed.

The snapshots of the NW with dg-T=3/361 at different displacements are presented in Fig. 6. As is
seen, the crystal structure of the NW remains unchanged before yielding. As illustrated in Fig. 6(b), a
relatively large stair-rod dislocation and Lomer-Cottrell lock (LC-A) are firstly formed, which
contributes to the resumption of force at the displacement around 7.14 nm (point ‘A’ in the inset of
Fig. 5). However, this lock appears not effective enough to prevent the further movement of
dislocations. From Fig. 6(c), LC-A is vanished due to the increasing load from the tip, and a smaller

lock (LC-B) is formed. This process is reflected by the load decrease event as pointed out in the inset
of Fig. 5.
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Fig. 6. Atomic configurations of the NW with dg-T=3/361. (a) d=7.02 nm; (b) d=7.14 nm; (c) d=8.03
nm. Atoms with their CSP value between 0 and 12 are viewed in figure a. Other figures are colored
with CSP between 0.5 and 12, which only reveals the part with plastic deformation.

3.3 Influence of defect’s location

The defects of dg-H=3/361, dg-V=3/361 and dg-T=3/361 that located at the NW’s side surface (the
surface parallel to the bend direction) and top surface (the surface underneath the tip) are also
investigated. Again, all F-d curves are almost overlapped with each other before yielding. As seen in
Fig. 7, the critical force has received an obvious reduction for NWs with the dg-H=3/361 and dg-
T=3/361 on the side surface. Most interestingly, F-d curves of the NWs with defects on the top
surface (dg-V and dg-T) almost overlap with the perfect NW, indicating an insignificant influence
induced by the defects, and a hardening phenomenon is even observed for the NW with dg-H=3/361
on the top surface.

— Perfect NW

95! Side Top dg=3/361
=207
§ .ﬂ/‘,/’
i
15¢ ]
10 Lz ‘ ) ) )
4 5 6 7 8

Displacement (nm)
Fig. 7. The F-d curves of NWs with defects on the side and top surfaces. All curves are truncated at
the displacement of 4 nm. All curves are smoothed.

Basically, all six defected NWs appear similar deformation mechanisms as the perfect NW, i.e., NW
deforms elastically before yielding, the major deformation is achieved by the nucleation and
propagation of partial dislocations, and the formations of stair-rod dislocations and Lomer-Cottrell

lock are emerged.

3.5 Comparisons and discussions

Since the presence of defects might affect both NW’s Young’s modulus and moment of inertia, thus,
the effective flexural rigidity (EI)* is taken as an parameter to assess the influence from different
defects. As is seen, due to the term of the effective extensional rigidity (EA)*, the effective flexural

rigidity is unable to be isolated from equation (3). Therefore, equation (2) is employed to conduct the

9



estimation of (EI)* by considering bending displacements that is smaller than half of the cross-section
size (i.e., d<h/2). Fig. 8(a) depicts the changing pattern of the relative flexural rigidity Rg due to the

different pre-existing defects on the NW’s bottom surface. Rg, is defined as the ratio of the effective

flexural rigidity between the defected NW and the perfect NW, i.e., Ry, =(El); / (El);. It is found

that, the presence of the pre-existing defects does not always lead to a weakening effect to the NW
flexural rigidity. For NWs with dg-H equals 1/361, 5/361 and 9/361, an even enhanced flexural
rigidity (Rg>1) is observed. In the meanwhile, the increase of the defect quantity also doesn’t mean
an increasing reduction to the flexural rigidity, e.g., for the NW with dg-H equals 3/361, Rg is
estimated around 0.9634, while a larger Rg, about 0.9974 is found for the NW with dg-H equals
11/361. For the same defect quantity, the horizon defect is found to induce the largest reduction,
followed by the edge defect and then the vertical defect. Specifically, an enhanced flexural rigidity is
observed for the NW with a tilt defect.

Fig. 8(b) illustrates the influences from three different orientated defects (dg-H, dg-V, dg-T) when
they are introduced to different surfaces. It is uniformly found that, the horizontal defect induces the
largest weakening effect, followed by the vertical defect, and then the tilt defect. Particularly, the tilt
defects located on all three surfaces even show a positive influence to the flexural rigidity. Just as
expected, the defects on the surface that parallels to the bend direction (side surface) exert less
influence to the flexural rigidity than the defects on the surface that perpendicular to the bending
direction (bottom and top surfaces). In summary, the influence on the flexural rigidity that induced by
the pre-existing surface defects is insignificant (within 349%). This result, in the other hand indicates
that the Young’s modulus is insensitive to the pre-existing defects, which is consistent with the results

obtained under tension [26] by previous researchers.
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Fig. 8. Comparisons of the relative flexural rigidity (Rg,) between the perfect NW and defected NWs.
(a) Defects located at the bottom surface; (b) Defects located at the bottom surface, side surface and
top surface.

In the end, we compare the yield strength among different cases, which is calculated from equation
(4). For the perfect NW, the yield strength is estimated as 13.11 GPa. Unlike the flexural rigidity, a

relative large decrease of the yield strength is observed, as revealed in Fig. 9, e.g., the yield strength

10



of the NW with dg-H=1/361 is only around 10.08 GPa, which indicates a 23% reduction. As
previously discussed, the reduction of the yield strength does not increase with the defect quantity.
From Fig. 9(b), defects on the top surface exert the least effect to the yield strength, with the defects
on the bottom surface cause the largest influence. The highest yield strength is found from the NW
with dg-H=3/363 on the top surface.

14
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(a) Defect quantity (1/361) ) Surface

Fig. 9. Comparison of the yield strength (Y) between the perfect NW and defected NWs. (a) Defects
located at the bottom surface; (b) Defects located at the bottom surface, side surface and top surface.

4. Conclusions

Based on the large-scale MD simulation, the classical Euler-Bernoulli theory and the modified Euler-

Bernoulli beam model (augmented with a comprehensive consideration of surface/intrinsic effect and

axial extension effect), the influence on the bending properties of Ag NWs from different pre-existing

surface defects is thoroughly investigated. Considered NWSs contain pre-existing surface defects either

located at different surfaces (bottom, side and top surfaces), or with different orientations or with

different quantities. Major conclusions include:

1)

2)

3)

4)

For the considered defects, the load-displacement (F-d) curves of different defected NWs appear
almost consistent with the perfect NW before the onset of plastic deformation, which indicates the
nonlinear-elastic deformation, as well as the flexural rigidity of the NW is insensitive to the
surface defects;

Due to the presence of the defects, the yield strength received an evident decrease. Just as
expected, the defects on the surface that perpendicular to the loading direction show larger
influence than the defects on surfaces that parallel to the loading direction;

At the beginning of yielding, dislocation embryos initiate from the locations of the defects, and
the plastic deformation is dominated by the nucleation and propagation of partial dislocations;
During the plastic deformation, the generation of stair-rod partial dislocations and Lomer-Cottrell
lock are normally observed for all NWs under the considered temperature. The formation of these
structures has thwarted attempts of the NW to an early yielding, which leads to the phenomenon

that more defects does not necessarily mean a lower critical force.
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