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Abstract: This study employs molecular dynamics simulations under tensile loads to thoroughly
examine how variations in nanowire lengths and twin thicknesses affects the various mechanical
properties; such as yield strength and deformation behaviors; like failure modes with cylindrical
cross-sectioned silicon nanowires. It investigates the effects of nanowire length and twin thickness
variations with the alignment of X3 CTBs along <001> axis. Analysis of nanowire models with
lengths ranging from 70 to 100 nm and twin thicknesses between 2 and 10 nm reveals that longer
nanowires exhibit superior mechanical performance while reduced twin thickness enhances both
strength and ductility. Compared to single-crystal counterparts; longer twinned silicon nanowires
consistently demonstrate significant mechanical improvements outperforming shorter ones. These
variations also affect brittle-to-ductile and ductile-to-brittle transitions among other failure modes.
Plastic deformation analysis indicates that both partial and full dislocation emissions from free
surfaces affect the yield stress. Additionally; accumulation, propagation, and glide of dislocations
near CTBs improved the yield stress and facilitated the ductile-to-brittle transition. This research
provides valuable insights into how twin thickness and nanowire length affect the various
mechanical properties of non-metallic materials and systems.

Keywords: twinned; silicon nanowires; length; mechanical properties; molecular dynamics
simulation

1. Introduction

Because of their excellent nanomechanical properties (such as ultra-high specific strength and
strength-to-weight ratio, for example), 1D metallic nanostructures such as nanowires and nanotubes
have been widely studied. One of the best aspects of 1D metallic nanowires for future applications
has been their unique morphology, which consists of low-energy crystal facets, long segments of
smooth crystal planes, and high defect density. Such applications could include nanoelectrochemical
systems [1], and micro-electromechanical systems (MEMS) or nano-electromechanical systems
(NEMS) [2,3]. Considering Lu et al. initial report [4], the nanotwinned metallic materials constituted
of several coherent twin boundaries (CTBs) with thickness at the nanoscale have been of special
interest. The authors found that the extremely high tensile strength (on the order of 1 GPa (versus 0.
25 GPa for the coarse-grained Cu) and the significant plastic strain (up to 14% for the Cu) obtained
by adding CTBs into the metallic nanowire and metallic nanopillar materials — the ultrafine-grained
face-centered cubic metals (FCC) with low stacking fault energy [5-7]. The mechanical properties of
nanotwinned metals are attributed to the size-dependent interactions between dislocations and CTBs,
as demonstrated experimentally [6,8,9], and molecular dynamics (MD) simulations [10-14]. In
addition, twin boundaries (TBs) and sample size could also increase the strength of nanopillars [15-
19]. As a result, unique defects must be added to NWs to increase the yield strength produced by the
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nucleation of dislocations from free surfaces and the obstruction of dislocations by CTBs without
decreasing sample strength.

So, even though there has been a ton of research on how strong twinned metals can be [20-24],
it turns out that they can achieve some pretty impressive theoretical strengths—like 3.12 GPa in
twinned Au nanowires [20], and 2.43 GPa in twinned Cu nanopillars [21]. These are a big deal,
especially when you compare them to single-crystal metal nanowires or nanopillars [20,25].

Since engineering CTBs came onto the scene, we have dug into the strength of twinned
nanowires. But there is still a lot more to explore, especially about how the mechanical properties,
fracture modes, and deformation processes of twinned non-metallic materials or systems with CTBs
change based on the nanowire length (which is more of an external size factor) and the thickness of
those twins (which is an internal size factor). It looks like the strength of metallic nanowires with
twins gets a boost when the twin thickness increases [19,26,27], and also when the length of the
nanowires increases [21].

Recent in-situ tensile experiments reveal that varying twin thickness leads to a brittle-to-ductile
transition in twinned Cu nanopillars [21], and twinned Au nanowires [22]. Interestingly, the brittle
and ductile fracture modes occur only within opposite twin thickness ranges. For Cu nanopillars,
ductile fracture is observed when the twin thickness drops below a critical value of 3.4 nm, whereas
in Au nanowires, it occurs when the twin thickness exceeds 2.8 nm. Moreover, the failure mode and
brittle-to-ductile transition are influenced by both the nanowire's twin thickness and geometry
[13,21]. In twinned nanowires with orthogonally oriented coherent twin boundaries (CTBs), the yield
strength improves due to dislocation emissions at the CTB surface intersection [19]. Additionally,
differences in dislocation to CTB interactions enhance the mechanical properties and deformation
behavior of various metallic nanowires [20].

In this study, we utilized MD simulations to investigate the mechanical properties on twinned
silicon NWs subjected to uniaxial tensile loading. Nanowires featured <001> oriented coherent twin
boundaries (CTBs) aligned parallel to their axis. Our focus was on understanding the yield strength
fracture behavior and deformation mechanism for both single-crystal and twinned silicon NWs
specifically examining the impacts of nanowire length and twin thickness to analyze the yield and
dislocation mechanisms. We observed atomic configurations to evaluate dislocation emission,
interactions between dislocations and CTBs, dislocation glide along CTBs, and the accumulation of
dislocations at CTBs during plastic deformation.

2. Simulation Models and Methods

The <001> oriented twinned Si nanowires, featuring cylindrical cross-sections, were simulated
by periodically repeating ~3 CTBs along the [001] axis, as illustrated in Figure 1a-b. All nanowires
maintained a fixed diameter of 14.60 nm, while their lengths (L0) varied from 70 to 100 nm and twin
thicknesses (TT) ranged between 2 and 10 nm. The molecular dynamics (MD) simulations were
conducted using LAMMPS [28], employing the Erhart and Albe (EA) [29] potential and the velocity
Verlet algorithm to integrate the equations of motion with a time step of 2 fs. Periodic boundary
conditions were applied along the [001] axis, with the nanowires free in all other directions. Initially,
the nanowires underwent CG minimization at 0 K, followed by equilibration at 300 K for 20 ps under
zero pressure (using a constant NPT ensemble). Subsequently, uniaxial stretching was applied at a
strain rate of 1x10%/s in a canonical (NVT, constant volume and temperature) ensemble at 300 K. The
axial stress was computed using the Virial theorem and deformed atomic volume. Additionally, the
Identify Diamond Structure (IDS) [30] method was employed to detect defects and analyze the
nanowires' microstructure, distinguishing between cubic and hexagonal diamond structures during
deformation.
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Figure 1. Atomic model of twinned Si nanowires with parallel £3 CTBs. (a) full atomic view; (b) sectional view
of CTBs.

3. Results and Discussion

3.1. Length-Dependent Mechanical Properties of Si NWs

Materials like nanowires nanopillars and nanotubes have mechanical properties affected with
intrinsic and extrinsic sizes. Intrinsic size refers to the dislocation density twin boundary spacing and
grain sizes. On the other hand variables like nanowire diameter and length, thin film thickness and
nanopillar diameter influence the size of the test sample. This study examined the impact of twin
thickness which is regarded as an intrinsic size effect and NW length which is regarded as an extrinsic
size effect on the mechanical characteristics and mechanism of deformation of silicon nanowires both
single-crystal and twinned.

Figure 2a-d show the engineering stress-strain curves of four Si <001> nanowires at lengths Lo =
70, 80, 90, and 100 nm. As can be seen from Figure 2a—d, in all cases, the tensile stress increases linearly
with strain up to an elastic stage, followed by a sharp drop in stress in the plastic stage, respectively.
For both twinned and single-crystal Si NWs, the tensile stress increased as the nanowires length
increased from 70-100 nm. The higher-strength (14.26 GPa) are impressive for the 100 nm nanowires
length, whereas the lower-strength (14.17 GPa) are impressive for the 70 nm nanowires length with
twin-structure silicon nanowires. The length-dependent stress—strain curves of the twinned Si
nanowires with TT = 2 nm, 5 nm, and 10 nm are displayed in Figure 2a—c. In Figure 2, the stress—
strain curves of the <001> oriented single crystal Si nanowires are also displayed for comparison. The
outcome showed that both brittle and ductile fracture modes were experienced by all of the twinned
Si nanowires. As can be shown in the stress-strain curves in Figure 2a—c, the nanowires with smaller
lengths (Lo < 70 nm for twinned Si nanowires and Lo < 110 nm for single crystal Si nanowires) display
ductile failure in the ductile fracture mode, showing significant plasticity at the yield point. As the
length of nanowires increased; there is a significant rise in the tensile stress as illustrated by stress-
strain curve in Figure 2(a—d). The curve in Figure 2(a—c) reveal that single-crystal silicon nanowires
with an initial length Lo of 110 nm along with twinned nanowires exceeding 70 nm in length exhibit
brittle-failure characterized by brittle fracture mode suggesting notable flexibility near the peak or
yielding point. The result data shows that both single crystal and twinned silicon nanowires
undergoes a transitions from ductile-to-brittle behavior as their length increases regardless the
thickness of twins; this implies that shorter nanowires failed in a ductile manner while longer ones
failed in a brittle manner. Length-dependent stress-strain characteristics of twinned silicon
nanowires with lengths of 70 nm, 80 nm, 90 nm, and 100 nm are presented in Figure 2a—c.
Additionally; Figure 2d provides a comparison with the stress-strain curves of <001> oriented single-
crystal silicon nanowires. A similar length-dependent ductile-to-brittle transition has been noted in
twinned copper nanowires with coherent twin boundaries [13]. We begin by investigating how the
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length of nanowires affects the mechanical properties of silicon nanowires which is classified as an
extrinsic size effect. The results from molecular dynamics simulations indicate that similar to single-
crystal silicon nanowires the yield strength on twinned silicon nanowires also increases with length
reinforcing the notion that “longer is stronger”. As illustrated in Figure 3, twinned silicon nanowires
(51 NWs) exhibit higher yield stress compared to single-crystal Si NWs. For instance, when the
twinned Si NW has a length of Lo = 70 nm increasing its length to 100 nm results in a rise in yield
strength from 14.17 GPa to 14.26 GPa (9.0% increase). In contrast, single-crystal Si NWs show a
minimal increase in yield strength from 12.72 GPa to 12.81GPa (9.0% increment). Yield stress marks
the onset of plastic deformations with a stress stages divided into elastic, and plastic phases before
and after this point respectively. To uncover the reasons behind the enhanced strength, the atomic
processes occurring during deformations prior of fracture were analyzed, as shown in Figure 3. The
findings reveal that for all nanowires; plasticity is driven by the nucleation of piled-up 1/2<110> {111}
Full dislocations and 1/6<112> {111} partial dislocations. These dislocations interact with twin
boundaries (TBs) and glide along them. This evidence demonstrates that twinned Si NWs possess

superior mechanical properties influenced by a length-dependent size effect compared to their single-
crystal counterparts.
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Figure 2. Engineering stress—strain curves of the twinned Si nanowires with (a) TT=2nm (b) TT=5nm (c) TT =
10 nm (d) Single crystal Si nanowires.
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Figure 3. Yield stress of twinned Si nanowires as a function of nanowire length, showing the size-dependent

mechanical properties.

3.2. Twin Thickness-Dependent Mechanical Properties of Si NWs

Twin thickness is observed to have a significant effect on both the plastic deformation and the
failure mode of the twinned Si nanowires compared to Figure a—d. Figure 4 shows the stress-strain
curves for the twinned Si nanowires with Lo =70 nm, 80 nm, 90 nm, and 100 nm about twin thickness.
This figure illustrates that irrespective of twin thickness, all short, twinned Si nanowires (Lo = 70 nm)
fail via ductile fracture mode, while all long nanowires (Lo = 100 nm) fail via brittle fracture mode.
This phenomenon generally indicates that medium-length twinned Si nanowires, as opposed to short
or long nanowires are more likely to exhibit the failure mode (fracture) and the ductile-to-brittle
transition, which is dependent on the twin thickness. The present results emphasize the significant
correlation between twin thickness and the mechanical properties, along with the ductile-to-brittle
transition, of the twinned silicon nanowires, which are influenced by the length of the nanowires. To
solve the aforementioned problem, more MD simulations were run to determine the critical lengths
for the failure mode and the ductile-to-brittle transition. Figure 4 depicts the failure mechanisms,
fracture, and a transition from ductile-to-brittle behavior in twinned silicon nanowires (Si NWs)
highlighting associated to the failure modes influenced by the twin thickness and length of the
nanowires. Figure 4 categorizes the nanowires into three distinct sections based on their lengths. Our
analysis of the impact of twin thickness on these failure modes and ductile-to-brittle transitions
reveals that long nanowires (Lo > 70 nm) invariably exhibit a brittle failure mode designated as the
brittle fracture mode region regardless of the twin thickness. In contrast, short nanowires (Lo <70 nm)
consistently show a ductile failure mode referred to as the ductile fracture mode region. Notably, a
limited length range of 70 nm to 110 nm twin-free is critical for identifying ductile-to-brittle
transitions, i.e. influenced by twin thickness as illustrated in Figure 4. This indicates that within the
specific length range of 70 to 110 nm (twin-free), a decrease in twin thickness leads to a ductile-to-
brittle transition. Beyond this range long twinned Si NWs continue to display a brittle failure mode
while short twinned Si NWs maintain a ductile failure mode. Conversely, the ductile-to-brittle
transition is consistently observed and remains unaffected by twin thickness when analyzing the
effect of length on the failure mode. According to Figure 4, as the twin thickness increases, so does
the critical length for the failure (fracture) mode and the ductile-to-brittle transition. From 100 nm to
70 nm, the critical length falls gradually when the twin thickness decreases from 10 nm to 2 nm.
Figure 4 illustrates the drastic decrease in thickness. A single atomic layer appears that lies between
two CTBs at the minimum twin thickness of 2 nm, at which point there is an immediate decrease in
the critical length. When the twin thickness decreases to 2 nm, there exists a dramatic reduction in
the critical length, followed by a gradual decrease for the twinned Si nanowires that contained CTBs.
Therefore, we conclude that the nanowires' brittle failure mode (fracture) can be helped by the highest
amount of CTBs. We first explored the effect of NW length and then the effect of NW twin thickness,
which is also known as the intrinsic size effect, on the mechanical properties of Si NWs. The results
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illustrated in Figure 5 indicate that the yield strength of single-crystal silicon nanowires (51 NWs) and
twinned Si NWs exhibited an increase as the twin thickness was increased, thereby supporting the
notion that “longer is stronger”. As illustrated in Figure 5, the twinned silicon nanowires
demonstrated a higher yield stress compared to single crystal counterpart. This research indicated
that in contrast to shorter NWs the longer Si NWs exhibit a significant dependence on twin thickness
which can be interpreted as an intrinsic size effect. Specifically the yield strength of twinned Si NWs
with an initial length Lo = 70 nm increased by 69% relative to single crystal Si NWs while the yield
strength for longer twinned Si NWs with Lo = 100 nm showed a 56% increase. Notably the
strengthening effect was more pronounced in the longer Si NWs. This observation led to the
conclusion that the length of the NWs which includes multiple coherent twin boundaries (CTBs) is
where the strengthening effect is most evident. Recent experimental and molecular dynamics (MD)
simulation studies on face-centered cubic (FCC) metallic nanowires or nanopillars have reported
similar CTBs strengthening effects in longer NWs [13,15,18,20,31-33]. Furthermore; these studies
emphasized the need for future investigations focused on the development of nanotwinned metals
and the design of nanoscale mechanical system consequently the exploration of length-dependent
mechanical behaviors and deformation mechanisms in twinned non-metallic NWs has not been
entirely neglected. This finding is crucial for enhancing our understanding of the yield strength of
one-dimensional twinned NWs and for the advancement of nanoscale nanotwinned non-metallic
materials and systems that incorporate CTBs. This research specifically analyzed the influence of twin
thickness and NW length on the mechanical behaviors, and deformation mechanisms of twinned Si
NWs with CTBs aligned along the <001> direction, addressing a previously identified issue in light
of this prior research challenge [4,13,15,18,20,31-33]. The mechanical properties and deformations
mechanism for twinned Si NWs with CTBs oriented in the <001> direction were thoroughly examined
in relation to twin thickness and NW length [4,13,15,18,20,31-33].
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Figure 4. Engineering stress—strain curves of the twinned Si nanowires with (a) LO = 70 nm; (b) LO = 80 nm; (c)
L0 =90 nm and (d) LO =100 nm.
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Figure 5. Yield stress of twinned Si nanowires as a function of twin thickness.

3.3. Observation of Mechanical and Deformation Behaviors of Si NWs

The atomic configurations of the twinned silicon nanowires were analyzed to investigate the
effect of twin thickness and nanowire length on yield strength and the deformation process. For
example, the first plasticity event is aided by the emission of 1/2 <110> Full and 1/6 <112> {111}. Partial
dislocations at the strain of € = 0.26 for the twinned 5i NWs with Lo =70 nm and twin thickness = 5
nm, as illustrated in Figure 6. A dislocation pile-up occurs at the CTBs at a strain of €=0.26 as a result
of the first dislocation nucleating from the free surface. Before fracture (failure), both full and partial
dislocations begin to glide parallel to the CTBs in twinned Si NWs with CTBs oriented along the <001>
direction under a continuous strain of & = 0.30. All the piled-up dislocations eventually
transmit/penetrate through the CTBs, which become accountable for the augmentation of yield
strength at strains of £ =0.33 and ¢ = 0.36. The results of this study indicate that the yield strength of
twinned silicon nanowires (51 NWs) is consistently superior to that of their single crystal equivalents,
with an increase in yield strength corresponding to greater twin thickness. This observation
highlights the significant strengthening effect of coherent twin boundaries (CTBs). Furthermore, the
research reveals that the yield strength of twinned Si NWs also increases with an increase in nanowire
length. Our analysis demonstrates that the nucleation of dislocations at the free surface, their
accumulation at the CTBs, and their movement parallel to the CTBs before fracture contribute to the
onset of plastic deformation, as depicted in Figure 6.
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transmit through CTBs
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Figure 6. Dislocation behavior of twinned Si nanowires with LO = 70 nm and twin thickness = 5 nm during
stretching at the stain of € =0.26 £ =0.30 £ =0.33 and & = 0.36.
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4. Conclusions

Using molecular dynamics simulations, we examine in this study how the mechanical properties
and deformation mechanisms of both twinned and single-crystal silicon nanowires are affected by
varying nanowire lengths and the thickness of twin structures. The twinned silicon nanowires, which
have a cylindrical cross-section, were created with coherent twin boundaries (CTBs) parallel to the
axis of the nanowires and aligned along the <001> direction.

*  Oursimulation findings indicate that the mechanical properties of the twinned silicon nanowires
are significantly affected by the length of the nanowires, which is regarded as an extrinsic size
effect, and the thickness of the twins, which is considered an intrinsic size effect. This
demonstrates a pronounced impact of both nanowire length and twin thickness on yield
strength and deformation mechanisms. Depending on the effects of the nanowire length and
twin thickness, the twinned Si nanowires undergo ductile as well as brittle failure modes
(fracture) and ductile-to-brittle transition. When the twin thickness is increased, the twinned Si
nanowires undergo a ductile-to-brittle transition as the critical length increases from 70 nm to
100 nm. When compared to single-crystal nanowires, twinned Si nanowires exhibit a strong NW
length effect (longer is stronger) and a strong twin thickness effect (thinner is stronger).

*  The mechanical behaviors for twinned Si NWs were demonstrated to be considerably improved
by X3 coherent twin boundaries (CTBs). It was observed that longer nanowires exhibit a more
pronounced strengthening effect whereas shorter nanowires experience a diminished
strengthening response.

= It was found that 1/2<110> {111} full dislocations and 1/6<112> {111} partial dislocations were
produced from the free surface near the coherent twin boundaries (CTBs) by analyzing atomic
configurations during the early stages of plastic deformation. On the other hand, dislocations
were shown to accumulate at these TBs as they glided parallel to the CTBs under specific strain
levels. As a result, the dislocations' buildup and migration accross the CTBs affect the twinned
silicon nanowires' yield strength.

The present investigation proposes an insight into the mechanical properties and deformation
mechanisms of twinned non-metallic nanowires or systems featuring <001>-oriented L3 coherent
twin boundaries (CTBs) aligned with the axis of the nanowires. This research emphasizes the effect
of twin thickness, regarded as an intrinsic size effect, alongside the length of the nanowires, which is
regarded as an extrinsic size effect.
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