P L OYAL SOCIETY
OF CHEMISTRY
Nanoscale -

View Article Online

View Journal

How low-temperature welding affects the

‘ '.) Check for updates
| nanostructure of nanowire junctions

Cite this: DOI: 10.1039/d5nr04486¢

Matteo Ferliga, &' Davide Grazioli, ©@ Angelo Simone "2/ * and Lucia Nicola

Depending on the synthesis methods employed, nanowires for flexible electronics are either single crys-
tals or possess a penta-twinned nanostructure. This nanostructure, along with the relative crystallographic
orientation of the nanowires and the welding temperature, determines the degree of interpenetration
between wires and the nanostructure of the junction. This study tracks, by means of atomistic simulations
performed at various temperatures, the formation and evolution of the joint between pairs of nanowires.
The results show that penta-twinned nanowires generally yield the greatest interpenetration between
wires and the most significant nanostructural changes, driven by atomic diffusion facilitated by the pres-
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ence of twin boundaries. In contrast, single-crystal nanowires can form, in specific orientations, nearly
defect-free yet poorly interpenetrated junctions. While surface curvature is an important parameter that
drives atomic diffusion and thus promotes interpenetration, it is the presence of twin boundaries that has

Open Access Article. Published on 09 March 2026. Downloaded on 3/30/2026 7:37:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

1 Introduction

The rapid advancement of transparent and flexible electronic
technologies has stimulated significant interest in nano-
materials, which are suitable for use as both active com-
ponents and conductive interconnects in a wide range of
devices, including energy harvesters,'>*® batteries,>® super-
capacitors,” touch panels,’® light-emitting diodes (LEDs),*>
and solar cells.?? In this context, metallic nanowires'>*7443°
and carbon nanotubes (CNTs)**°* have been widely explored
as alternatives to indium tin oxide (ITO). Although ITO
remains the most widely adopted transparent conductor in
commercial devices, it suffers from intrinsic brittleness that
limits its suitability for flexible applications, as well as from
concerns regarding indium supply and cost. By contrast, trans-
parent electrodes based on metallic nanowire networks—par-
ticularly silver nanowires (AgNWs)—offer a favorable combi-
nation of electrical performance, mechanical flexibility, and
compatibility with scalable, low-cost, solution-based fabrica-
tion processes.'>'®*> The performance of such devices is criti-
cally determined by network properties such as electrical
conductivity,'®"” electrical homogeneity,"”>" and electrome-
chanical resilience."®*> Although these properties depend on
both the intrinsic characteristics of the nanowires and the
spatial organization of the network, inter-nanowire junctions
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a dominant role in triggering nanostructural variation in the nanowires during welding.

often play a decisive role in determining the most performant
configuration."® Consequently, junctions are key determinants
of both the electrical and mechanical performance of the
network, yet the mechanisms governing their formation and
evolution remain poorly understood. Here, we use atomistic
simulations to systematically explore how the nanostructure of
silver nanowire junctions evolves. While previous studies have
investigated nanowire pairs with fixed crystallography and
specific orientations,”?®3%3%57 such cases do not capture the
full range of junction configurations that can form in a
network. The range of junction configurations that can arise in
a network is determined by three key factors: the nanowire
structure, which may be single-crystal (SC) or penta-twinned
(PT); the deposition technique employed to assemble the
nanowires onto the substrate, which determines their mutual
orientation;*> and the welding process conditions, in particu-
lar the temperature, which affects atomic diffusion and thus
interpenetration.’® PT nanowires generally show enhanced
mechanical properties compared to SC nanowires,’*® but
there is no clear evidence that they outperform SC nanowires
in nanowire networks.>”27:37:44,50,63

Deposition techniques such as spin coating,®® spray
coating,*® bar coating,” ink-jet printing,® and gravure print-
ing” introduce a wide distribution of relative orientations
between nanowires, which can affect the nanostructural evol-
ution during welding. Radmilovi¢ et al*® experimentally
showed that, for PT nanowires with a pentagonal cross-
section, the junction is deeper when a facet of one nanowire
contacts a twin plane of the other, rather than when two facets
are in contact. Nian et al.*° demonstrated through atomistic
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simulations that junctions formed by perpendicularly crossed
single-crystal nanowires can develop an ordered crystalline
structure with a distinct grain boundary after welding. Nguyen
et al.®® also performed atomistic simulations and found that
SC nanowires with a (001) orientation form stronger welded
junctions, with shorter dislocation lengths, compared to those
with (110) and (111) orientations. While these studies have
explored specific nanowire orientations and their effects, a sys-
tematic analysis of how junction formation depends on the
relative crystallographic orientation is still lacking.

Finally, welding conditions play a decisive role in shaping
the final junction structure. Localized heating welding (LHW)
processes, such as electron beam welding,’® Joule heating,**>*
and light-induced methods,*'>?”** can be used to weld nano-
wires and form a network. These techniques ensure that only
the junctions are affected by an increased temperature that
induces welding, while the surrounding nanowire network
remains at low temperature and thus unaltered. Although
temperature is a key factor in welding, the literature does not
report the temperatures reached at junctions during LHW.
Garnett et al.™ estimated that local temperatures must exceed
150 °C for their optical nanowelding process, while Peng
et al®® analytically predicted junction temperatures of
435-445 °C during laser irradiation of Ag-nanoparticle films.
In addition, Park et al** numerically found that junction
temperatures during plasmonic welding exceed the substrate
temperature by approximately 300 °C. Although these esti-
mates span a broad range, all reported values remain below
the melting temperature, suggesting that junctions form via
diffusion-assisted sintering without applied pressure. In the
following, we will continue to use the term “welding” to refer
to the process leading to the formation of the junction,
although the temperatures involved are always maintained
below the melting temperature.

In this work, we use atomistic simulations to systematically
explore the evolution of silver nanowire junctions as a function
of their initial nanostructure (single-crystal or penta-twinned),
relative crystallographic orientation, and welding temperature.
By considering a wide range of conditions, our results offer
broader insight than previous studies and provide design-rele-
vant guidelines for optimizing nanowire network performance.

2 Methods

2.1 Numerical simulations overview

We perform MD simulations to mimic low-temperature loca-
lized welding between individual pairs of NWs. The numerical
simulations are performed using Ag NW pairs with either SC
or PT nanostructure, characterized by non-coplanar, perpen-
dicular longitudinal axes, as shown in Fig. 1. The relative
orientation of the nanowires is defined through the angles 6,
and 6, that express the relative rotations of NW; and NW,
about their own longitudinal axes. The nanowires have dia-
meter d,, = 5 nm for circular cross-sections and d,, = 5.4 nm for
pentagonal ones. The effect of nanowire length was assessed
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Fig. 1 NW pair in a perpendicular arrangement. The yellow region
denotes the atoms subject to heating, whereas the purple regions indi-
cate the atoms kept at room temperature. Simulations are conducted
for various values of the angles 6; and 6,, as well as different target
temperatures.

by considering [, in the range 25-90 nm, corresponding to
aspect ratios [,,/d,, % 5-18. Unless otherwise stated, the simu-
lations reported in this work were performed for d,, = 5 nm
and [, = 45 nm. This choice is supported by additional simu-
lations with [,€{20, 45, 90} nm, which revealed negligible
differences between the two longest wires. Periodic boundary
conditions are applied at the ends of the NWs, corresponding
to the simulation of a periodic array of junctions with axial
spacing equal to the nanowire length, [,. Localized heating-
induced welding is simulated by raising the temperature of the
group of atoms shown in yellow in Fig. 1 to the target tempera-
ture, Tiarger, While maintaining both ends of the NWs (rep-
resented by purple atoms) at room temperature. The bottom
NW (NW,) is assumed to adhere to a substrate, restricting its
movement. This constraint is applied to all atoms within 5 A
of the bottom surface. The top NW (NW,), positioned 1 nm
away from the first, is free to deform.

All numerical simulations involve three stages: heating,
holding, and cooling. During the heating stage, the tempera-
ture is increased from room temperature to the target tempera-
ture Tiarger, given as a fraction of the melting temperature of
silver, Ty, = 962 °C. Temperature is kept at Tirgee during the
holding stage and brought back to ambient temperature in the
cooling stage. The heating stage lasts 0.9 ns, whereas the post-
welding stage includes a free cooling toward room temperature
followed by relaxation, such that the overall post-welding dur-
ation (cooling plus relaxation) is 1.0 ns. The holding stage is
the longest, lasting 75.9 ns, as an extended duration is
required to ensure completion of the sintering process and
attainment of the final configuration. The total duration of the
welding process (heating-holding-post-welding) is thus 76.9
ns, significantly exceeding the timescales investigated in pre-
vious MD studies on NW welding (e.g., 0.12 ns,” 0.4 ns,*®
0.75 ns (ref. 39)). This extended simulation time is essential to
capture all the nanostructural changes that occur within the
junctions while being held at the target temperature.
Regarding the range of target temperatures explored (0.37y,

This journal is © The Royal Society of Chemistry 2026
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0.6T,, and 0.85T,,), these values correspond to distinct
diffusion regimes in terms of homologous temperature. At
0.3Ty, diffusion is expected to be limited; at 0.6Ty,, diffusion
becomes substantial while preserving the overall nanowire
structure; and at 0.857Ty,, diffusion becomes very rapid,
approaching conditions where morphological instabilities
(e.g., Rayleigh-type effects) may occur. These temperature
ranges are consistent with a posteriori estimates reported in
the experimental literature for localized welding processes.'>**
In experiments, the junction temperature is typically reached
locally and controlled indirectly through welding parameters
(e.g., illumination power/duration or current density and
thermal coupling to the substrate), whereas in our MD simu-
lations we prescribe Tiarger/ T to Systematically probe different
local thermal conditions and diffusion regimes.

To quantify the degree of interpenetration between the
NWs, we define the interpenetration factor IF = (kY — hf)/h,
where £ is the vertical component of the distance between the
centers of mass of the NWs at the onset of the heating phase,
and /i is the vertical component at any time step. The limiting
cases of null and full penetration correspond to IF = 0 and IF =
1, respectively. Although neck size has been used in the
literature®?® as a measure of nanowire connection, we prefer
to opt for the IF, as determining the neck size for non-planar
surfaces leads to ambiguity. For additional details on the IF
the reader is referred to section 1 of the SI.

Atomic mobility in FCC crystals is strongly dependent on
crystallographic orientation. Diffusion on {111} planes is gen-
erally more favorable, facilitated by mechanisms such as
simple atomic exchange or chain-like processes." In contrast,
diffusion on {100} planes requires more complex mechanisms
leading to significantly lower mobility.”® This entails that
diffusion, and thus interpenetration, can be more or less pro-
nounced depending on the relative orientation of the nano-
wires, as shown in Fig. 1. In particular, there exist specific
orientations, hereafter denoted as “notable”, in which identi-
cal crystallographic planes face each other at the junction.
These cases provide the lower and upper bounds of diffusivity
and interpenetration in FCC crystals. However, they are rarely
encountered in actual networks, where random orientations
are most likely to occur. We will thus distinguish in the follow-
ing between “notable” and “generic” orientations, the first
defining limiting cases, i.e., determining the lower and upper
bounds, and the latter representing the majority of junctions
in real nanowire networks.

In addition to crystallography and temperature, the local
surface curvature at the junction can further modulate
diffusion rates, and its role is specifically investigated in
section 4.3.

2.2 Simulation details

To simulate a local heating process, we enforce a gradual
temperature increase of the atoms within a central region of
length [, = 6 nm, while keeping 10 atomic layers at both ends
of each NW at room temperature. This prescribed temperature
profile is imposed by applying a Langevin thermostat®* only to
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the atoms in the heated region and in the cold boundary
layers (yellow and purple atoms in Fig. 1). Periodic boundary
conditions are enforced at the NW ends, whereas the nano-
wires are free to expand or contract radially. All other atoms
are not directly thermostatted by Langevin and evolve under
the system-level dynamics. The equations of motion are inte-
grated in the NPT ensemble using a Nosé-Hoover thermostat
and barostat.>>*

The simulation of the welding process consists of three
stages: heating, holding, and cooling. During the heating stage
the temperature is brought from room temperature to a target
value corresponding to either 0.3T,,, 0.6Ty, or 0.85Ty,, being
Tm = 962 °C for Ag. This stage lasts for 0.9 ns with a time step
of 0.002 ps to ensure a controlled and progressive temperature
increase, such that the system converges to the prescribed
Tiarger by the end of the heating phase. The final junction
nanostructure and the interpenetration factor IF are primarily
governed by the holding stage at Tiarget, Which is held constant
until IF reaches a plateau. At 0.3Ty, and 0.6Ty,, the holding
stage ends at equilibrium, determined using a convergence cri-
terion (for details see section 1 of the SI), which is found to
occur after 47.9 ns and 75.9 ns, respectively. However, to main-
tain consistency and facilitate a comparison of results, the
simulations at 0.3Ty, are extended to match the convergence
time of those at 0.6T,,. At 0.85T,,, the stage is manually
stopped at 75.9 ns to prevent Rayleigh instability, ensuring full
NW interpenetration as discussed in section 3.

During the holding phase at Tiager, the time step is set to
0.015 ps, the maximum value deemed reliable for our simu-
lations. Exceeding this threshold results in unstable particle
motion due to significant truncation errors in the integration
process, leading to a critical increase in the total energy of the
system.'*?! The cooling stage follows, during which the ther-
mostat target temperature is set to room temperature and the
system is allowed to cool down freely in the NPT ensemble.
The cooling time is not imposed a priori and varies depending
on the target temperature at which sintering occurred. After
cooling, the system is kept at room temperature in the NPT
ensemble for the remaining time, such that the overall post-
welding time (cooling plus relaxation) is 1.0 ns. For these
phases, the time step is set to 0.002 ps. The cooling stage and
subsequent relaxation are introduced to progressively remove
thermal fluctuations and avoid quenching-induced artifacts.
Their total duration is selected to ensure a sufficiently gradual
temperature decrease, thereby minimizing the influence of the
post-welding cooling on the resulting nanowire junction nano-
structure. Additional details on the preliminary procedures
required for nanowire construction and junction assembly are
provided in section 2 of the SI.

The interaction between atoms is described through the
embedded-atom method (EAM). The potential formulated by
Williams et al.®® is applied to model the interactions among
silver atoms. The simulations are performed using the GPU
package® of the Large-scale Atomistic/Molecular Massively
Parallel Simulator (LAMMPS).*” The simulated structures are
visualized by means of the Open Visualization Tool (OVITO).>®
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3 Welding NWs with generic
orientations across target temperatures

This section aims to provide an initial assessment of interpe-
netration and nanostructural changes in nanowires subject to
different target temperatures, while also contrasting the behav-
ior of SC and PT nanowires. To this end, two generic orien-
tations of the nanowires are considered, namely 6; = 0°, 0, =
35° for SC and 6, = 0°, 6, = 18° for PT, and three target temp-
eratures: 0.3T,, 0.6T},, and 0.85T,,. The variation of the inter-
penetration factor during the welding process is presented in
Fig. 2(a) for both types of NWs. The nanostructure of the junc-
tion obtained at the end of the simulation is shown in
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Nanoscale

Fig. 2(b), where the target temperature increases from the left
to the right panel. The images show the cross-section of the
nanojunction, sliced in half by the xz plane. The atoms are
colored according to the Common Neighbor Analysis
(CNA):"'?! green atoms represent an FCC configuration, red
atoms indicate an HCP configuration while gray atoms do not
belong to any of the recognized crystalline structures included
in the CNA classification.

Three main observations can be made: (1) higher target
temperatures result in greater interpenetration for both types
of nanowires (SC and PT); (2) at all temperatures, PT nanowires
exhibit a larger interpenetration factor compared to SC nano-
wires; (3) higher target temperatures lead to more pronounced
nanostructural changes at the junction.

(a) 0.5 2
— PT 0.85T,, — SC 0.85T,, post
L PT 0.6 T, --- SC0.6Tn welding
= I PT 03T, == SC 0.3T, -
03
=
0.2
0.1
0 2
0 5 10 15 2065 70 75
t [ns]
(b) |1 SC0.3T,, ||1I SC 0.6 T}, || 11T SC 0.85 T},

v PT 037w ||V

PT 0.6T5, || VI PT 0.85T},

Fig. 2 Effect of the target temperature. (a) Evolution of the interpenetration factor IF during the welding process at various target temperatures
Ttarget/ Tme{0.3, 0.6, 0.85}. The time intervals corresponding to the heating stage and the post-welding stage (cooling followed by relaxation at room
temperature) are highlighted in red and blue, respectively. Part of the data corresponding to the holding stage is omitted for the sake of readability.
(b) Cross-sectional views of the modeled junctions at the end of the post-welding stage. The atoms are colored according to the common neighbor
analysis: green atoms represent an FCC configuration, red atoms indicate an HCP configuration while gray atoms do not belong to any of the recog-

nized crystalline structures included in the CNA classification.
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When the junction is formed at 0.3Ty,, both types of nano-
wires exhibit minimal interpenetration and maintain their
original nanostructure after welding; the connection occurs
through a grain boundary, since NWs in generic orientations
do not present the same crystallographic plane either in the xy
or in the yz section of the weld. When the target temperature
is 0.6Ty,, the nanowires exhibit greater interpenetration, con-
necting through a grain boundary and showing minor nanos-
tructural changes, such as a few defects at the connection
between SC NWs and a slight growth of one of the upper twin
boundaries for the PT pair. These junctions closely resemble
those observed in experimental results reported in the litera-
ture, as they display significant interpenetration with negli-
gible structural changes. Park et al.** observed a similar con-
figuration in their experiments, where fast Fourier transform
patterns of the junction revealed two orientations corres-
ponding to the original NWs, confirming that the two NWs
remained crystallographically distinct.>*

The top nanowire fully grows into the bottom one only at a
target temperature of 0.857,,. This is evident in the case of the
PT NW junction in the bottom right panel of the figure. The
growth of one wire into the other was also observed experi-
mentally by Garnett et al.,'> who reported that, after the plas-
monic welding process, a single orientation was present after
illumination of the junction, suggesting the complete growth
of one NW into the other.

For the numerical simulations conducted at 0.3T,, and
0.6Ty,, the holding stage is terminated once the system reaches
equilibrium at the target temperature Tiarger, determined using
a convergence criterion based on IF, as detailed in section 1 of
the SI. Equilibrium is achieved more rapidly in simulations
performed at 0.3T,,. However, to ensure a consistent and struc-
tured presentation of results, these simulations are extended
to match the convergence time of the 0.67, simulations,
which is 75.9 ns.

For the higher target temperature, the simulations indicate
a significant increase of interpenetration during holding for
both nanowire types. In fact, the nanostructure obtained at the
end of the process would further evolve if one would permit
longer times. We have stopped the simulation because at longer
times (or higher temperatures), owing to the high diffusion
rate, the nanowires would become very thin close to the junc-
tion and finally break due to the Rayleigh instability.”>®4%>8

The welding process, at the temperatures considered in this
study, does not involve melting and solidification but is
similar to a sintering process without applied pressure: the
driving mechanism is heat-induced atomic diffusion.

Atomic diffusion is driven by the reduction of the total
surface energy of the system. In particular, according to the
Gibbs-Thomson effect, surface regions characterized by higher
curvature (i.e., smaller radius of curvature) exhibit a higher
chemical potential. This provides a thermodynamic driving
force for atomic transport from highly curved regions toward
flatter ones, promoting neck growth and reducing the overall
surface area, consistently with classical solid-state sintering
mechanisms.

This journal is © The Royal Society of Chemistry 2026
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Even when two identical Ag nanowires are brought into
contact, the contact geometry creates a strong surface-curvature
contrast around the incipient neck; diffusion is therefore driven
by surface free-energy minimization (Gibbs-Thomson effect)
despite the absence of any chemical or compositional gradients.

While curvature provides the thermodynamic driving force,
diffusion kinetics are strongly dependent on crystallography as
discussed in section 2.1. This orientation-dependent mobility
explains why different junction configurations exhibit mark-
edly different interpenetration factors, even under identical
thermal conditions, as shown in Fig. 2(a). A systematic com-
parison across junction types is presented in section 4.2 and
illustrated in Fig. 7.

To conclude, the simulations show that a target tempera-
ture of Tiarger = 0.6Ty, is sufficiently high to ensure that the ato-
mistic reorganization process observed in the experiments is
triggered, resulting in a final nanostructure where the NWs are
well-connected yet remain distinguishable.** Furthermore, at
0.6Ty, the process is more easily controllable than at 0.85T,,
since the junction reaches its final nanostructure gradually
during the holding stage, and there is no risk of premature
breaking due to Rayleigh instability. Moreover, the junction
obtained at higher temperature is more prone to failure during
use, as diffusion leaves thinned vulnerable wires next to a
thick, highly resistant junction (as widely reported by experi-
mental studies in literature®”'>>”). For this reason we will con-
sider in the rest of the manuscript only the intermediate target
temperature 0.67,,. The two configurations identified in this
section are retained for subsequent use throughout the manu-
script and are hereafter denoted as SC-G and PT-G as indi-
cated in Fig. 2. As a disclaimer, it is important to stress that
temperatures and times in atomistic simulations are not
directly transferable to experiments.

4 Effect of crystalline orientation

To establish the upper and lower bounds of interpenetration
and, at the same time, gain insight into variations in junction
nanostructure, it is critical to consider notable orientations.
Considering the whole spectrum of possible nanostructures is
relevant because the nanostructure controls the electrical and
mechanical responses of the individual junction; moreover,
inhomogeneities in the nanostructures might affect the percola-
tion network and thus the global behavior of the device."”"*"

4.1 Notable orientations

Three configurations, illustrated in Fig. 3 and 5, are considered
for the PT and SC NW pairs. The various orientations are
obtained by rotating the nanowires around their longitudinal
axes by 0; and 6, (Fig. 1). The starting configuration for the PT
nanowires, 6, = 6, = 0, is taken such that the center of the
“faces” of two twin sectors are in contact; this is referred to as
the PT-FF configuration, where “face” denotes the surface
region of the cylindrical sector between two twin boundaries
as shown in Fig. 4.
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PT-TT

Fig. 3 Various PT nanowire configurations prior to welding: on the left-hand side, top and bottom NW are touching face-to-face (PT—FF), in the
middle, twin-to-face (PT-TF), and on the right-hand side, twin-to-twin (PT-TT). Angles 6, and 6,, defined in Fig. 1, specify the orientations of the

nanowires relative to the reference PT—FF configuration.

In the second configuration, ; = 36° and 6, = 0°, a twin
plane of NW; touches a face of NW, and is thus referred to as
PT-TF. The third configuration, 6, = 8, = 36°, has two twin
planes in contact and is referred to as PT-TT.

These notable configurations are referred to as PT-FF, PT-
TF, and PT-TT, and they encompass all distinct junction types
that arise from symmetry considerations (Table 1). The origin
of these configurations can be understood by examining the
fivefold symmetry of the PT nanowire cross-section, which con-
sists of five isosceles triangular sectors with vertex angle 36°.
As a result, the set of representative junction configurations
reduces to three distinct configurations: PT-FF (corresponding
to contact between two faces), PT-TF (describing the inter-
action between a twinned plane and the “center” of a face),
and PT-TT (corresponding to contact between two twinned
planes), as shown in Fig. S3 in the SI.

For completeness, we also consider a generic configuration
denoted PT-G, corresponding to a relative misorientation of
18° from PT-FF, which is used as a representative generic mis-
orientation. During welding, we observe a rigid rotation of the
top nanowire that progressively reduces this misorientation,
such that the resulting junction nanostructure becomes
similar to that of PT-TF. It should be noted, however, that
although the final junction nanostructure is similar for con-
figurations with initial misorientations between 0° and 18°,
the interpenetration factor IF remains dependent on the extent
of the rotation undergone by the nanowire.

NW;

(111)-twin plane
Fig. 4 Penta-twinned NW structure. Purple atoms highlight the surface

region of the cylindrical sector between two twin boundaries, which we
refer to as the “face”.

Nanoscale

Table 1 Nomenclature and classification of junction types used in this
study

Cross
section Label Junction description
Penta- Circular PT-FF Face-to-face
twinned PT-TF Twin-to-face
PT-G Twin-to-face (generic
misorientation, off-centered)
PT-TT Twin-to-twin
Pentagonal PT-SS Side-to-side
PT-VS Vertex-to-side
PT-VV Vertex-to-vertex
Single Circular SC 0-0 (110)-to-(110)
crystal SC-G Generic misorientation
SC90-90  (001)-to-(110)
SC35-35  (111)-to-(110)
Pentagonal SC-SS Side-to-side
SC-VS Vertex-to-side
SC-vv Vertex-to-vertex

The configurations of the SC NWs are instead selected such
as to align specific crystallographic orientations. As all NWs are
grown in the (110) direction, their cross-sectional areas corres-
pond to (110) planes. Rotations of the nanowires about their
longitudinal axes permit to join different crystallographic planes,
as illustrated in Fig. 5. The first configuration corresponds to 8; =
0, = 0, is named SC 0-0, and the yz cross-section of the junction
lies in both nanowires on a (110) plane, while the xy cross-
section lies on a (001) plane. In the second configuration, SC
90-90, with 6; = 0, = 90°, the xy cross-section of the junctions lies
on the (110) planes, while the yz section cuts the (001) planes of
the top nanowire and the (110) plane of the bottom one. For the
third configuration, SC 35-35, the xy cross-section of the junction
lies on the (211) plane and cuts the top nanowire along the (111)
plane and the bottom nanowire along the (110) plane.

The nanojunctions obtained after welding at the target
temperature of 0.6T,, are presented in Fig. 6. For comparison,
the junctions with generic orientations previously obtained at
0.6Ty, (section 3) are also included. These are labeled as PT-G
and SC-G (formerly PT 0.67,,, and SC 0.6T,,; see Fig. 2). From
these results, three main observations can be drawn.

(1) When the crystallographic planes lying on the yz section
are both (110) (case SC 0-0 or PT-FF), a commensurate inter-
face forms without a grain boundary. In all other cases, a grain

This journal is © The Royal Society of Chemistry 2026
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SC 35-35

61 = 35°

Fig. 5 Specific configurations for the SC NWs: on the left-hand side, the SC 0—0 configuration has both wires disposed such that the (110) planes
lie on yz sections while (001) planes lie on xy sections; in the middle configuration, SC 90-90, the xy section cuts both wires along (110) planes,
while the yz section cuts the top wire along (001) planes and the bottom nanowire along the (110) plane; on the right hand side, the NWs in the SC
35-35 configuration are cut by xy planes on the (211) planes, while the yz plane cuts the top nanowire along a (111) plane and the bottom along a

(110) plane.

boundary and other defects, such as stacking faults and/or dis-
locations, are present around the weld.

(2) The degree of interpenetration depends on the initial
orientation of the nanowires, as atomic diffusion is strongly
influenced by this orientation.

(3) For PT nanowires, the top nanowire can undergo a rigid
rotation about its longitudinal axis during welding. This
rotation is configuration-dependent, as shown in Fig. S4 in the
SI, which reports the evolution of the rigid rotation angle. The
rotation is negligible for PT-FF and PT-TF (panels IV and V in
Fig. 6), whereas it becomes significant for PT-G (panel V in

Fig. 2) and PT-TT (panel VI in Fig. 6), reaching approximately
20° and 34°, respectively. These rotations are mainly driven by
the presence of twin boundaries: the top nanowire adjusts its
orientation to reduce the initial misorientation and prevent its
twin planes from being obstructed by those of the bottom
nanowire during interpenetration. This progressive reorienta-
tion drives the junction nanostructure toward a similar twin-
to-face contact geometry, close to PT-TF. In actual networks,
however, such rotations are expected to be restricted because
nanowires are connected to multiple junctions simultaneously,
suggesting that our results represent upper bounds.

I SC0-0 || 11

SC 90-90 || III SC 35-35

Fig. 6 Effect of the relative orientation of the crystalline structure of NWs on the resulting junction. Cross-sectional views at the center of the junc-
tion by the yz plane. The panels show the nanostructure of the junction at the end of the post-welding stage.

This journal is © The Royal Society of Chemistry 2026
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4.2 Interpenetration of notable and generic orientations

The final values of IF for all configurations studied so far are
compiled in Fig. 7. The lower bound value, IF = 0.04, is the
same for SC and PT nanowires and is achieved when the
atomic spacing is commensurate and the grain boundary does
not form. Note that these junctions are not necessarily worse
than the others from an electrical and mechanical viewpoint,
as the absence of defects delays plasticity and does not impair
electrical conductance.

The PT NWs span a broader range in IF values, with the
upper bound, IF = 0.38, reached by the PT-TT configuration.
Note also that, in generic orientation, PT nanowelds achieve
greater interpenetration than their SC counterparts. Since the
spectrum of generic orientations is much wider than that of
the notable ones, we conclude that the interpenetration of PT
nanowelds is generally larger than that of SC nanowelds. The
results provide a complete picture of the possible interpenetra-
tions of nanowires, since intermediate cases all fall within the
range reported here, with interpenetration values more likely
to cluster around the SC-G and PT-G cases.

The data reported in Fig. 7 have been sampled after conver-
gence, by measuring the interpenetration of nanowires held
for 75.9 ns at 0.6Ty,, as shown in Fig. S5 in the SI. The plateaus
in the curves in Fig. S5 confirm that this holding time is
sufficient. Further, the ordering PT-TT > PT-G > PT-TF > PT-
FF underscores the role of twin-plane involvement at the
contact: interpenetration increases from face-to-face contact
(PT-FF), to twin-plane-face contact (PT-TF and PT-G), to twin-
to-twin contact (PT-TT). Note that both PT-TF and PT-G
involve one twin plane contacting a face: in PT-TF the twin
plane is aligned with the face center, whereas in PT-G it is lat-
erally offset (generic misorientation), which results in a
different interpenetration level.

4.3 The role of surface curvature and twin boundaries

Experimental micrographs reveal significant variability in the
geometry, shape, and resulting nanostructure of junctions
within NW networks.®”** This variation arises from differ-

View Article Online

Nanoscale

wire diameters can differ by up to 50 nm,'” leading to vari-
ations in the thermal energy required for sintering each junc-
tion. Also, the cross-section of penta-twinned nanowires can
be either circular or pentagonal with slightly rounded corners,
allowing the range of surface curvatures within the nanowire
network to vary widely. As surface diffusion depends on curva-
ture, the curvature of each nanowire in the junction will con-
tribute to the final interpenetration and overall nanostructure.

Experimental work reported by Radmilovié¢ et al.*® shows
that the formation of a junction between PT AgNWs pairs with
pentagonal cross-sections is promoted when the contact
involves a facet and a vertex but is hindered when the contact
occurs solely at facets. In these pentagonal nanowires, the ver-
tices correspond to twin planes. The enhanced welding
observed at the vertices was attributed to the role of curvature,
as increased curvature was shown to promote diffusion. In our
previous simulations (section 4.1), we employed circular cross-
sections, thereby eliminating the influence of curvature as a
variable. This allowed us to focus solely on the effect of twin
boundaries. Our results show that configurations involving
twin planes (PT-TT, PT-TF, PT-G) exhibited significantly
deeper interpenetration compared to those without twin plane
involvement (PT-FF).

These findings raise a critical question: is the observed
interpenetration—and consequently the enhanced diffusion—
primarily driven by the presence of twin boundaries, by curva-
ture, or by an interplay of both factors? To address this ques-
tion, we replicate several simulations from section 4.1 using
both PT and SC nanowires with pentagonal cross-sections.
These cross-sections are defined as the largest pentagon
inscribed within a circle of diameter d,, = 5.4 nm. This specific
diameter is chosen to minimize surface roughness along the
pentagon’s edges while ensuring that the nanowires contain
the same number of atoms as those with circular cross-sections.

Three orientations are considered for both SC and PT nano-
wires: side-to-side, where the nanowires touch at their flat
facets; vertex-to-side, where the junction involves the flat facet
of one nanowire and the vertex of the other; and vertex-to-
vertex, where both nanowires touch each other at their tips.

ences in the original shapes and dimensions of the nanowires, These configurations are denoted as SS, VS, and WV,
which also affect the welding conditions. For instance, nano- respectively.
0.4 °
0.3 ®
- [
0.2 r o
= .
[ J
0.1 r
[ o
00 1 1 1 1 1 1 1 1
SC 0-0 SC-G SC 90-90 SC 35-35 PT-FF PT-TF PT-G PT-TT

Fig. 7 Final IF for notable and generic configurations, the latter are named SC-G and PT—G. The data points for the single crystals are in red, for

the penta-twinned nanowires in black.
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We start by simulating SC nanowires with pentagonal cross-
sections, maintaining the same structural and crystallographic
orientation as the SC 0-0 wires. Although this geometry has
not been reported in the literature and is not observed during
typical synthesis processes, it was included in our study as an
ideal case that can be directly contrasted to the PT nanowire
with identical shape to assess the effect of the twin
boundaries.

At the end of the post-welding stage, the IF values for the
SC-SS, SC-VS, and SC-VV configurations reached 0.02, 0.08,
and 0.12, respectively as shown in Fig. 8. The vertex-to-vertex
(SC-VV) and vertex-to-side (SC-VS) nanojunctions exhibited
interpenetration values that were 3 and 2 times greater,
respectively, than those observed in the circular SC 0-0 con-
figuration. In contrast, side-to-side nanojunctions (SC-SS)
resulted in half of the interpenetration observed in the SC 0-0
configuration. The results are in agreement with the descrip-
tion by Radmilovié et al.*: higher curvature (smaller radius of
curvature) induces greater interpenetration, even in SC, ie.,
when twin planes are absent.

We then extended our simulations to PT nanowires with
pentagonal cross-sections. At the end of the post-welding
stage, the IF values reached 0.02 for PT-SS, 0.21 for PT-VS,
and 0.48 for PT-VV, as shown in Fig. 8. Notably, the interpene-
tration in the vertex-to-vertex nanojunctions (PT-VV) is 1.26
times higher than that in the circular PT-TT configuration and
2.82 times higher than PT-TF. In contrast, the side-to-side
nanojunctions (PT-SS) exhibited half the interpenetration of
the circular PT-FF. Table 2 lists the interpenetration factor
values for all configurations considered in this study.
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The atomistic configurations after the post-welding stage
indicate outcomes similar to those observed for their circular-
section counterparts, as reported in Fig. S6 in the SI. Junctions
formed by SC NWs consistently exhibit a commensurate inter-
face without grain boundaries, irrespective of the configur-
ation (SC-SS, SC-VS, and SC-VV). For PT NWs, the PT-SS con-
figuration results in a continuous and regular pattern across
the junction. In contrast, the PT-VS and PT-VV configurations
undergo structural rearrangements similar to those observed
in their circular-section counterparts. Furthermore, the PT-VV
configuration exhibits a rotation of the top nanowire about its
longitudinal axis of approximately 30°, closely aligned with the
rotation observed in the PT-TT configuration.

These simulation results confirm the findings of
Radmilovi¢ et al.*® and extend them by demonstrating that the
impact of curvature on interpenetration varies with the nano-
wire structure. For SC nanowires, higher curvature enhances
interpenetration by an average factor of 2.5, computed as the
mean of the ratios IFgc_ys/IFsc 0-0 = 0.08/0.04 = 2 and IFgq_yv/
IFsc 9-0 = 0.08/0.04 = 3. For PT nanowires, the increase is more
modest, at approximately 1.25, computed as the mean of
IFpr_ys/IFpr_re = 0.21/0.17 = 1.24 and IFprv/IFprrr = 0.48/
0.38 =1.26, i.e., using as reference the closest circular configur-
ations with the same type of twin-plane involvement.

Consequently, we conclude that curvature plays a dominant
role in determining the depth of the junction in SC nanowires,
whereas for PT nanowires, the relative orientation of the crys-
talline structures is the primary factor influencing the struc-
ture and depth of the resulting junction. The effect of twin
boundaries is more pronounced than that of curvature in

0.5 ]
04 r
- 03 r
-
0.2 + °
([ J
0.1 °
0.0 ’ 1 1 , 1 1
SC-SS SC-VS SC-VV PT-SS PT-VS PT-VV
Fig. 8 Final IF for SC (in red) and PT (in black) nanowires with pentagonal cross-section.
Table 2 Interpenetration factor values for each junction type
Penta-twinned (PT) FF TF G TT SS \'S A%
IF 0.04 0.17 0.25 0.38 0.02 0.21 0.48
Single crystal (SC) 0-0 G 90-90 35-35 SS VS \'A%
IF 0.04 0.14 0.20 0.30 0.02 0.08 0.12
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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influencing variations in the nanostructure of the nanowires at
the junction.

5 Discussion and final remarks

Our atomistic simulations provide indirect indicators linking
to the mechanical and electrical performance of nanowire
junctions, as discussed below.

In general, a larger interpenetration factor IF corresponds to
a larger neck, which usually improves electrical and mechanical
connectivity. An exception occurs in commensurate SC inter-
faces (e.g., SC 0-0 in Fig. 7). Here the IF is small, yet the two lat-
tices are perfectly aligned across the junction, with no grain
boundary. This atomic continuity could ensure low contact re-
sistance and enhance mechanical stability, even though the
visible overlap is limited. This observation underscores that
interpenetration alone does not fully describe junction quality
and should be interpreted together with the defect content of
the welded region. The simulations reveal the presence of
defects within the junctions, mostly in the form of irregular
grain boundaries and dislocations, which correspond to regions
where the electrical and mechanical responses are expected to
be inhomogeneous. Electrically, defects are known to scatter
electrons and increase resistance; mechanically, they might act
as nucleation sites for plastic deformation or crack initiation.

For PT nanowires, an additional mechanism contributes to
junction evolution. Junctions involving twin planes in PT
nanowires (PT-TF and PT-TT) show deeper interpenetration
(Fig. 7). During welding, the upper nanowire may undergo a
rigid rotation to align its twin planes with those of the lower
one, reducing obstruction and promoting further penetration
(Fig. S4 in the SI). This configuration-dependent rotation pro-
vides a pathway toward a more favorable local twin-to-face
contact geometry and therefore contributes to the larger inter-
penetration observed in PT junctions.

In real networks, however, such rotations are often
restricted because wires are connected to several junctions at
once. This limitation prevents misalignments from being
relaxed, leading to local stress build-up and increased varia-
bility in junction quality. Overall, these observations suggest
that commensurate SC junctions can provide low resistance
and mechanical robustness despite their limited overlap,
while PT junctions achieve larger interpenetration but also
exhibit wider variability. For PT networks, controlling orien-
tation or restricting unwanted rotations may improve both
electrical and mechanical reliability.

Overall, our simulations identify the upper and lower
bounds of interpenetration achievable when forming junctions
between SC and PT nanowires at a temperature that promotes
sintering without inducing melting or major disruption of the
original nanowire nanostructure. The resulting junction nano-
structure and interpenetration depend strongly on the nano-
wire internal structure (SC versus PT), and simulations
restricted to single-crystal nanowires are therefore not repre-
sentative of the broader behavior of penta-twinned

Nanoscale
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nanowires.””**° In addition, the relative crystallographic
orientation prior to welding plays a decisive role, implying that
single-configuration studies cannot capture the variability
expected in realistic networks. While the lower bound of IF is
similar for SC and PT nanowires, PT junctions exhibit a higher
upper bound and therefore a broader variability, which is
expected to translate into a wider distribution of junction qual-
ities in PT-based networks. Finally, comparing circular and
pentagonal cross-sections confirms that, although surface cur-
vature contributes to diffusion-driven interpenetration, the
presence and arrangement of twin boundaries in PT nanowires
play the dominant role in promoting nanostructural evolution
during welding.
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