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Abstract
Ag nanowires (AgNWs) have shown great application value in the field of flexible electronics
due to their excellent optical and electrical properties, and the quality of its joints of AgNWs in
the thin film network directly plays a key role in its performance. In order to further improve the
joint quality of AgNWs under thermal excitation, the thermal welding process and atomic
evolution behavior of AgNWs were investigated through a combination of in situ experimental
and molecular dynamics simulations. The influence of processing time, temperature, and stress
distribution due to spatial arrangement on nanojoints was systematically explored. What is
more, the failure mechanisms and their atomic interface behavior of the nanojoints were also
investigated.

Supplementary material for this article is available online

Keywords: Ag nanowires, nanocontacts, morphological characteristics, atomic configuration,
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1. Introduction

The rapid development of flexible electronic devices has
brought unprecedented changes to the world. Ag nanowires
(AgNWs) are regarded as the most promising materials owing
to their outstanding electrical, optical, and mechanical proper-
ties and the high-quality AgNW interconnection network is
also widely used in the flexible electronics and transparent
electrode industries. Nanojoining technology greatly enriches
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the preparation of functional nanostructures and nanodevices
to improve the properties of AgNWs networks. Along with
the rapid development of nanotechnology, nanojoining meth-
ods and mechanisms have become research hot spots [1–4].
To achieve high-quality joining of metallic nanomaterials, dif-
ferent nanojoining techniques have been used with various
types of heat sources, including high-temperature annealing
[5–7], Joule heat [8, 9], microwave sintering [10, 11], plasma
sintering [12, 13], and high-energy beams (including electron
beam [14, 15], ion beam [16–18] and laser beam [19–21]),
etc. Regardless of the heat source, nanojoints are ultimately
obtained. Direct high-temperature annealing has been widely
used and investigated as an efficient method to fabricate large-
scale interconnected networks of AgNWs. However, as the
scale of the material shifts to the nanoscale, its thermal sens-
itivity increases significantly. High temperatures affect and
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modify the structures of nanowires and nanojoints to a cer-
tain extent. Low-temperature joining is an important method
for improving the quality and performance of nanojoints.

To reveal the dependence of nanojoint quality on temper-
ature, in previous studies, the homogeneous interconnection
behavior of nanowires containing various metals such as Au,
Ag, and Cu under high-temperature treatment has also been
studied, but the influencing factors affecting the quality of nan-
ojoints in the AgNWs interconnect network are not only the
temperature, and there are few analyzes on its atomic charac-
teristics and welding mechanism. Therefore, to deeply under-
stand and reveal the nanojoining mechanism and improve
joints quality, this paper will investigate through a combin-
ation of in situ experimental and molecular dynamics (MD)
simulations to directly reflect morphological characteristics
and atomic evolution behavior of AgNW joints.

2. Materials and sample preparation

The AgNWs used in this study were purchased from Nanjing
Xianfeng Nanomaterials Technology Co. Ltd. The morpho-
logy of the AgNWs is shown in figure 1. To compare the
influence of the size of AgNWs on their welding character-
istics, the morphology of AgNWs used in this study had two
specifications. One of the AgNWs had an average diameter
of approximately 30–40 nm and a length of 20–30 µm with
the diffraction spot showing a single-crystal nanowire with a
crystal orientation [110]. The other had an average diameter of
120–150 nm and a length of 60–70 µm. Although it also grew
along the [110] crystallographic direction, there were nano-
particles on the surface, and the diffraction spot was elong-
ated, showing the existence of some twinning structures. The
surface of the nanowires was a [111] plane, and the inter-
planar spacing was approximately 0.235 nm. Both nanowires
had a protective layer of polyvinylpyrrolidone (PVP) with a
thickness of approximately 2 nm, which was left over from
the synthesis process. The heating process was mainly car-
ried out in a vacuum tube furnace (heating range: room tem-
perature to 1100 ◦C), and the morphology and atomic inter-
faces were observed conducting scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).

To investigate the morphological characteristics of AgNWs
during thermal induction, the wires were spin-coated and dis-
persed on a clean silicon substrate, and then heated in vacuum
tube furnaces. Morphological changes were observed at vari-
ous temperatures and times. Each sample at different temper-
atures and times was stored at 25 ◦C for 1 d in a vacuum oven
to eliminate the effects of residual temperature and stress, as
well as the effects of atmospheric environmental elements.

3. Experimental results and discussion

3.1. Surface and interface characteristics of AgNWs after
nanojoining

The experimental results show that for the heating-induced
welding method, the final quality of the joint has a strong

sensitive relationship with the initial spacing and orientation
of the arrangement between nanowires. Three types of nan-
ojoints can be obtained during the welding process: head-to-
head, head-to-side (T-type), and side-to-side (X-type) joints.
As shown in figure 2, it is a schematic diagram of three
arrangements of nanowires to be welded. These three types
are divided into two major categories based on their spatial
structure characteristics, for head-to-head joints and T-joints,
since the arrangement of these two joints belongs to the same
horizontal plane, there is no relative positional relationship
between the upper and lower spaces, the main influence on its
welding characteristics is due to their spacing ‘D’ in the hori-
zontal plane. For X-shaped nanojoints, because of their upper
and lower spatial structure characteristics, the distance has
little influence on them, and their joint morphology is mainly
influenced by stress concentration during the welding process
as well as the inhomogeneity of the electrostatic force existing
between the nanowires and the substrate under different con-
figurations. Moreover, under thermal excitation, the X-joint
may have fluid-like capillary features in the vertical pores.

In theory, head-to-head joints are easier to achieve because
they have a higher surface energy at both ends, and more
defects overhang the ends to aid atomic diffusion. Although
the more the overhanging atomic vacancies on the intercon-
nection surface, the easier the interconnection. However, X-
shaped joints are the easiest to achieve in practice. This is
because this form of nanowire ensures close contact spacing
at the intersection, allowing for interdiffusion at lower temper-
atures, and the local stresses at the nanojoint may also assist
the welding process. The head-to-head nanojoints are separ-
ated by a certain distance and fused at the gap by heating and
expanding the diffusion flow. The T-junctions are the most dif-
ficult to obtain. Compared to the head surface, the side surface
of the nanowire needs more energy to be destroyed, and the
spacing between the nanowires also needs to be sufficiently
close.

For AgNWs with a diameter of 30 nm, heated and treated
at 150 ◦C for 30 min, a good interconnection mesh could be
achieved, and no excessivemorphological damage is produced
in the non-junction region, as shown in figures 3(a)–(c). As
shown in figures 3(d)–(f), the interfacial atomic morpholo-
gies of the different types of joints exhibit different atomic
behaviors. Figure 3(d) shows the interfacial characteristics
of the head-to-head nanowires after 30 min of treatment at
150 ◦C. It can be seen that for the head-to-head form of the
nanowire joints, there are a large number of twin structures
at the interface, and there is a tendency for the two sets of
crystal orientations of the nanowires to converge as the weld-
ing process proceeds. Although the PVP layer at the head of
the nanowire induced corresponding amorphous defects at the
joint, the defects gradually moved to the edge of the joint
with the active movement of the head atoms, and the over-
all nanojoining process was less affected by the PVP layer.
Figure 3(e) shows the interfacial characteristics of the T-joint
after 30 min of treatment at 150 ◦C. The results show that
the T-joint has more interfacial defects and a greater number
of amorphous structures compared to the head-to-head joint
form because the PVP layer on the surface of the nanowire
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Figure 1. Initial morphology and atomic distribution characteristics of AgNWs with different sizes. (a)–(c) Diameter of approximately
30–40 nm; (d)–(f) diameter of approximately 120–150 nm.

Figure 2. Schematic diagram of three spatial arrangements of Ag nanowires.

side body cannot be extended along the joint to both sides of
the joint, just like in the case of the head-to-head form of the
joint. Although a residual layer of PVP can be discharged at
the end of the nanowire, some of it remains inside the wel-
ded joint and causes certain defects. The diffusion process
of this type of joint is more inclined to the diffusion of the
head atoms in the T-joint to the vertical nanowire axis body,
whereas some nanoparticles are excited during the heat trans-
fer process, accompanied by the excitation and fusion of Ag
nanoparticles to achieve the complete fusion of the T-joint. As
for the X-type joints, because the PVP layers of both AgNWs
to be welded cannot be avoided by atomic motion during the
welding process, the PVP layers on both sides are preferen-
tially cross-linked owing to the interference of the PVP layers.
As the nanojoining process proceeds, the activity of Ag atoms

intensifies. Some of the excited nanoparticles break through
the PVP layers, and a large number of nanoparticles encap-
sulated with PVP are generated and diffuse into the gap of
the nanowire to facilitate the subsequent welding process, as
shown in figure 3(f). Most of these small-sized nanoparticles
are face-centered cubic (FCC) single-crystal structures; how-
ever, their surfaces are wrappedwith a thick amorphous carbon
layer, resulting in a large number of defects at the joints. For
AgNWswith a diameter of 100–150 nm, the heating temperat-
ure needs to reach 200 ◦C to obtain good nanojoints, as shown
in figures 3(h)–(j). Moreover, compared to smaller nanowires,
the surface of AgNWs with a diameter of 100–150 nm is more
likely to form bumpy nanostructures during the welding pro-
cess, as shown in figures 3(g) and (h). These nanostructures are
consistent with the function of nanoparticles to act as a solder
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Figure 3. Interface and atomic distribution characteristics of nanojoints with different sizes. (a)–(f) Morphology of AgNWs with diameter
of approximately 30–40 nm treated at 150 ◦C for 30 min; (g)–(i) morphology of AgNWs with diameter of approximately 100–150 nm
treated at 200 ◦C for 30 min.

to facilitate complete soldering between nanowires. Eventu-
ally, as the soldering process proceeds, the top and bottom
crossed nanowires gradually spread to a plane, forming a dis-
tinct necked joint, as shown in figure 3(i).

In addition, because of the spatial distribution character-
istics of the X-type joint, it had significantly different char-
acteristics than the other two joints in the welding process.
To further analyze the characteristics of the connection pro-
cess, besides top morphology, we also studied the welding-
side morphology of the X-joint. It can be seen from the experi-
mental results that for nanowires with large diameters and high
aspect ratios, a large number of hole structures are formed
in the vertical direction between the intersecting nanowires.
However, when a higher temperature is applied, with the accel-
erated flow of atoms on the surface of the nanowire, these hol-
low structures gradually become close to the surface. Thus,
a relatively obvious concave–convex structure will be formed
at both ends of the X-joint, causing the atoms of the upper
nanowire to accelerate to the bottom, and gradually wrap the
nanowires in the lower layer, as shown in figure 4. At the

same time, with an increase in the welding process, at the
gap between the nanowire and the substrate, the surface of the
nanowire generates uneven surface flow owing to the temper-
ature gradient, at a certain temperature, as the welding time
increased, the nanowires in the lower layer gradually became
embedded in those in the upper layer. Under the influence of
capillary, electrostatic force, and temperature gradient, mutual
diffusion between atoms is accelerated to form stable nano-
joints.

3.2. Behavior and welding mechanism of AgNWs under
thermal excitation

In order to further explain the welding mechanism of
AgNWs under thermal excitation, we carried out in situ heat-
ing experiments in SEM and TEM systems. As mentioned
earlier, AgNWs will be accompanied by a large number of
Ag nanoparticles during thermal excitation, firstly we ana-
lyzed the microscopic morphology evolution characteristics
of AgNWs under thermal excitation through SEM in situ
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Figure 4. Morphological characteristics of X-joints. (a)–(c) Diameters of 30–50 nm treated at 200 ◦C for 30, 45, and 60 min;
(d)–(f) diameters of 100–150 nm from 70◦ viewing angle.

Figure 5. Morphological evolution of nanoparticles on the surface of Ag nanowires. (a)–(c) In situ heating in SEM; (g)–(h) in situ heating
in TEM systems.

heating experiments, just shown in figures 4(c) and 5(a), we
can observe that when the nanoparticles remaining on the
surface of AgNWs are heated, driven by the surface energy,
the surface of the nanowires will become smooth at first, but
with the heating process, the surface of the AgNWs will re-
excite a large number of nanoparticles. The mechanism of the

formation of nanoparticles may be due to Capillary-induced
surface diffusion and penetration. As shown in figures 4(i)
and 5(d), we conducted in-situ heating experiments in the
TEM system, and the results clearly show the atomic lattice
evolution process of the AgNW interface under thermal excit-
ation. The evolution process video can also be found in movie

5



Int. J. Extrem. Manuf. 5 (2023) 025503 J Cui et al

Figure 6. The stress-driven morphology characteristics of Ag nanowires under thermal excitation. (a) The morphology evolution of Ag
nanowires under in-situ heating at 220 ◦C; (b) the morphology evolution of Ag nanowires under in-situ heating at 250 ◦C; (c) morphological
characteristics of the Ag nanowires at the curvature part and the cross junction after the Ag nanowires were heated at 250 ◦C for 30 min.

1 in the supporting file. At the interface of the nanowires,
accompanied by the thermal motion of the atoms under the
capillary, local raised nanostructures are induced, and the Ag
atoms in these structures will be reoriented under the drive
of the surface energy, interdiffusion between adjacent nano-
structures gradually forms single-crystal nanoparticles. When
these nanoparticles are aligned with the AgNWs, they will be
reabsorbed and rearranged. Therefore, when two nanowires
are being welded, the surface atoms of the nanowires are
rearranged and fused together to obtain a welded joint, this
is why as the heat treatment time increases, the crystal plane
defects at the joint will become less and less. As the temper-
ature increases, the sputtering process of nanoparticles will
become more and more intense.

In addition, as mentioned in the first part, for AgNWs, espe-
cially for crossed nanojunctions, the welding morphology will
be greatly affected by local stress. In order to further study
welding diffusion mechanism of stress on AgNWs, we per-
formed in situ heating experiments just shown in figure 6, we
found that AgNWs will have a certain stress concentration in
the parts with curvature, these parts often show localized dam-
age or fracture under thermal excitation. At the same time, for
crossed nanowires, it often shows the characteristic that the
upper nanowires flow to both sides of the bottom nanowires.
What ismore, simulation results show that themaximum strain
of the upper nanowires is about 0.5%, it is in the elastic stage
and will flow to both sides of the joint under the drive of local
stress. For AgNWs with a certain aspect ratio, when the strain

at the curvature position exceeds the elastic strain range, there
will be a certain plastic deformation. More detailed simulation
information can be found in supporting document.

3.3. Influence of temperature and time on behavior and
characteristics of AgNWs during nanojoining

More importantly, as mentioned earlier, for AgNWs with dia-
meters between 30 and 40 nm, good joints were obtained
after 30 min at 150 ◦C, whereas for T- and X-type nano-
joints, higher energies were required to facilitate the weld-
ing process because of the difference in atomic surface ener-
gies at the contact surface, as shown in figures 7(a)–(c). It
was also found that at the same processing time, with an
increase in the processing temperature of the sample, the flow
of the nanowire will be accelerated, and the interconnection
interface became more sufficient. The suitable interconnec-
tion temperature for nanowires with diameters of 30–40 nm
was 150 ◦C–190 ◦C, and for nanowires with diameters 100–
150 nm, the suitable interconnection temperature was 200 ◦C–
240 ◦C, more detailed welding morphology can be found in
supporting files. The temperature difference may be due to the
size effect and the change in thermal conductivity with size.
The results shows that with an increase in the welding temper-
ature, the size of the head of the nanowire gradually increases
owing to the axial flow of atoms, as shown in figure 7(a),
the T joint and X joint are also welded more and more fully,
especially for the X-joint at this time, under the influence of
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Figure 7. Microscopic morphological characteristics of AgNWs treated at different temperatures and times. (a)–(c) Microscopic
morphological characteristics of AgNWs with diameters of 30–50 nm treated for 30 min at 150 ◦C, 170 ◦C, and 190 ◦C;
(d)–(f) morphological characteristics of AgNWs treated for different times.

thermal excitation and capillary, the nanowires will acceler-
ate to the bottom. Furthermore, there may be some unstable
spatial structures that form high local stresses after cooling.

In addition, to study the effect of time on the morphological
characteristics of the joint at the same temperature, with an
increase in welding time, the atomic diffusion of nanowires
tends to be more stable, as shown in figures 8(d)–(f). For the
X joint, as time increases, the holes in the vertical direction
are gradually filled, and the most stable joints are achieved.
Therefore, increasing the processing time at low temperatures
is more conducive to the formation of stable interconnected
networks than increasing the temperature, which may lead to
the final formation of unstable structures.

For AgNWs with diameters of 30–50 nm, when the heat
treatment temperature exceeded 200 ◦C, the three joints exhib-
ited large morphological changes, and certain thermal damage
and fracture occurred successively. When the samples were
treated at 200 ◦C for 30 min, the T-type joints diffused suffi-
ciently, and the joint morphology exhibits ductile flow along
the axial direction of the nanowires, as shown in figure 8(a).
The results showed that the nanojoining became increasingly
adequate, and the ductility tended to increase with time. How-
ever, for the other two types of joints, the nanowires were
subjected to an increased region of thermal influence. The
nanowires increased in diameter owing to a tendency to shrink
axially, and weak zones begin to appear on both sides of the
upper nanowires in X-type joints, as shown in figures 8(b) and
(c). As the temperature continued to increase, we could clearly
see that some parts of the nanowire started to show obvious
damage, and its surface was surrounded by densely ablated
nanoparticles. With a further increase in temperature, a part
of the X-joint on both sides of the joint begin to fracture, as
shown in figure 8(e), the nanoparticles produced on the sur-
face were partially reabsorbed and fused, and then partially

split into smaller particles. For AgNWs with diameters of
150–200 nm, the aspect ratio was longer. When the solder-
ing temperature exceeds 260 ◦C, as the temperature contin-
ues to increase, it exhibits similar characteristics as small-sized
nanowires, with defects and fractures occurring on both sides
of the X-type joint. As the temperature continues to increase,
the atoms are more inclined to continue to flow along the axial
direction, condensing into large particles at the defect site,
and are not more likely to form nanoparticle arrays due to
Rayleigh instability, just like small-sized nanowires, as shown
in figure 8(f).

To further analyze the damage mechanism of the joint
under thermal disturbance, we made further observations of
its atomic behavior. In the process of X-joint formation, the
upper nanowires flow violently under the influence of high
temperatures and flow along the lower nanowires, resulting
in the most violent flow of nanowires and the weakest flow
on both sides of the joint. Compared to the first two types
of joints, this joint type has the most defects and is the most
prone to later damages owing to thermal disturbances. At a
welding temperature of 210 ◦C, when the broken AgNWs at
the X-joint begin to show obvious axial shrinkage with the
increase in time, and the spacing becomes increasingly farther,
joint fracture is more likely to occur under thermal disturb-
ance at the X-joint. One possible reason is that the X-joint
itself has many defects, and its local thermal stress reaches a
high value. Under thermal perturbation at a certain temperat-
ure, the nanowire first thermally fractured on both sides of the
X-joint of the upper nanowire owing to the Rayleigh instabil-
ity of the nanowire surface and the local stress of the joint.
At the same time, with a further increase in temperature, the
nanowires were completely disrupted and ablated into isolated
nanoparticles, which showed a tendency to polycrystallize,
and the residual PVP layer encapsulated some small particles
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Figure 8. Atomic morphology of AgNWs treated at different temperatures and times. (a)–(c) Morphological characteristics of AgNWs with
diameters of 30–50 nm at 200 ◦C for 30, 45, and 60 min; (d)–(f) morphological characteristics of AgNWs with diameters of 30–50 nm
treated for 30 min at 210 ◦C, 230 ◦C, and 250 ◦C; (g)–(i) atomic interface characteristics of X-type nanojoints.

and prevented further fusion, as shown in figures 8(g)–(i).
However, as the heating time increased, the fusion between
the particles become more sufficient, the shape of the broken
particles became increasingly uniform, and finally, spherical
particles were formed. For the T-type and head-to-head planar
joints, because there was no space for flow, as the temperature
increased, the axial shrinkage of the nanowires intensified and
some large nanoparticles began to split at the welding position.
These nanoparticles have some twinning interfaces, whereas
some amorphous structures remain at the junctions affected
by the residual PVP layer, more detailed TEM can be found in
supporting documents.

4. Simulation results and discussion

4.1. Atomic behavior and configurations during nanojoining
of AgNWs

To better analyze the joint morphology and characteristics of
AgNWs during the nanojoining process at the atomic scale,
the atomic behavior of AgNWs during the thermally induced

process was simulated using the MD. The initial model atoms
were arranged in a standard FCC structure, and the AgNW
lattice constant was set to 0.409 nm. Embedded atomic poten-
tial was used to study the joining process. To achieve a steady
state, the energy of the entire system was minimized so that all
atoms reached equilibrium, thus naturally introducing some
lattice defects and bringing the simulated structure closer to
reality. The diameter of each nanowire in the model was
approximately 3 nm, the length was approximately 30 nm, and
the time step was chosen to be 0.005 ps. First, relaxation was
performed at 300 K for 40 ps, after which the temperature of
the system was increased from 300 K to 450 K. This process
lasted for 40 ps, and then a constant temperature was main-
tained at 450 K for 40 ps, after which the system was cooled
from 450 K to 300 K.

First, we simulated the morphological characteristics of the
head-to-head nanowire welding process. During the previous
experiments, we found that the head-to-head form of nano-
joints, owing to their higher surface activity, will get close
to each other under a certain spacing owing to electrostatic
force, and thus, achieve contact diffusion to obtain nanojoints.

8



Int. J. Extrem. Manuf. 5 (2023) 025503 J Cui et al

Figure 9. Atomic evolution behavior during welding process of (a) head to head; (b) T- and (c) X-joints of AgNWs.

However, when the separation spacing was beyond the range
of the electrostatic force, or when the electrostatic force
could not overcome the friction between the substrate and the
nanowires, the spatial arrangement between the nanowires had
a significant influence on the final joint morphology. To study
the effect of distance on the joint morphology during the weld-
ing process, we set the nanowires to be welded at the same
temperature and different spacing arrangements.When the ini-
tial distribution of the nanowires to be welded has a certain
distance beyond the range of the electrostatic force, with the
radial expansion and axial contraction of the AgNWs, along
with the heat accumulation process, the distance between
the two nanowires increases further, making it impossible to
obtain a joint for head-to-head interconnection, as shown in
supporting document and video 4. When the nanowire spa-
cing is set within the interaction between atoms, as shown in
figure 8(a), head-to-head nanowire joints can be more easily
obtained owing to the accompanying radial thermal perturba-
tion and expansion under the same heat-treatment conditions.
The joints became fully welded over time.

For analysis of the X- and T-joints in figures 9(b) and
(c), at the same temperature setting, the T-joints were welded
together with the diffusion of AgNWs in the radial direction.
The joint size becomes increasingly obvious with the increase
in the joining process, and it can be seen that the atoms in other
parts of the nanowires diffuse towards the joint during the nan-
ojoining process. The atoms at the joint increasingly diffuse
completely, and the size of the weld neck becomes increas-
ingly larger, which is consistent with that in the experiment.
For the X-shaped nanojoint, at the same temperature setting,

the two nanowires were gradually welded together as they dif-
fused radially. However, as the welding process proceeded, the
upper nanowire atoms gradually diffused into the lower layer.
This resulted in a decrease in the thickness of the nanojoint and
the presence of more defects and disordered structures in this
region, causing thermal stress and weakening of the properties
of this part compared to the other parts. Similarly, the atoms
at both ends of the nanowires were accompanied by inward
shrinkage along the axial direction.

4.2. Comparative study of MD and experiment on atomic
evolution behavior and configuration during the nanojoining
of AgNWs

To investigate the damage and rupture behavior of Ag nano-
joints in the experiments shown in figure 3, the factors influ-
encing the thermal failure of single AgNWs under the action
of different temperatures and times were first analyzed. It was
found experimentally that the nanowires were often accom-
panied by axial shrinkage and radial ductility during the join-
ing process; nanowires with a large aspect ratio (length of
160 nm and diameter of 3 nm) were constructed for heat-
ing simulations to better investigate the damage and rupture
phenomenon of AgNWs. The model system was first stabil-
ized by energy minimization and a low-temperature relax-
ation process, followed by a phased ramp-up from 300 K
to 500 K under the NVT system. The simulation results in
figure 9 show that as the temperature increases, the AgNWs
begin to slowly contract axially and produce wave nodes in the
radial direction owing to the Rayleigh instability of AgNWs

9
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Figure 10. Morphological characteristics and atomic evolution behaviour of AgNWs nano-joints under thermal induction. (a) Thermal
instability of AgNWs under thermal excitation; (b) atomic evolution behavior of X-joint at 500 K.

with fluid-like characteristics under thermal excitation, and
sputtered nanoparticles appear. Moreover, as the temperat-
ure continued to increase, the number of particle-like joints
increased and gradually stabilized, while these irregular Ag
nanoparticles gradually split to form separate nanoparticles as
the heating time continued to increase, the results are shown
in figure 10(a), more detailed evolution process can be found
in supporting document videos 5 and 6.

In case of the thermal damage of nanojoints, it is known
from previous experimental results that X-joints, although the
easiest to obtain, are the most likely to fail first, followed by
head-to-head and finally T-joints. This is because Rayleigh
instability occurs on the nanowire surface under the influence
of high temperatures and is often accompanied by axial shrink-
age and radial diffusion. When T- and head-to-head joints are
obtained, both are spatially in the same plane and suffer much
less thermal stress under thermal excitation than X-joints,
while the proportion of disordered structures in the joints is
relatively high because of the spatial diffusion of atoms up
and down in the X-joints. Therefore, in this study, we modeled
the atomic evolution process of X-type joints on an atomic
scale. To develop the initial model for studying the welding
mechanism, two AgNWs with a diameter of approximately
3 nm and a length of approximately 40 nm were constructed
using the same temperature and initial settings as described
above for the single failure temperature setting. The results
are shown in figure 10(b), more detailed evolution process can
be found in supporting document video 6. As the nanojoin-
ing process proceeded, the upper AgNW atoms diffused much
faster than the lower atoms, and their axial shrinkage became
more severe. The atoms on the upper nanowire diffused rapidly

into the joint region and outwards along the lower nanowire,
whereas the lower atoms, although with partial shrinkage, had
a less pronounced shrinkage effect and mainly increased in the
radial direction. Owing to their increased disordered structure
at the joints, the local Rayleigh instability of the nanowires
was already caused to appear at a lower processing temperat-
ure than that of the individual nanowires. This was accompan-
ied by the continued formation of a large number of defect-
ive structures at the joints, with the upper nanowires being the
first to fracture and fail at the ends of the joints as the heating
process progressed, which is similar to previous experimental
results.

5. Conclusions

In this paper, through the analysis of the welding process
of AgNWs with different diameters, the influencing factors
and characteristics of the three joint types of head-to-head,
T-joint, and X-joint in the welding process are systematic-
ally discussed from the perspective of experiment and sim-
ulation, and the atomic interface behavior are also analyzed.
More importantly, through the combination of in situ SEM and
TEM experiments, the evolution and mechanism of the weld-
ing process of AgNWs under thermal excitation are deeply
revealed, the thermal defect characteristics of the joints owing
to the Rayleigh instability and local stress during the high-
temperature process are also discussed. For AgNWs with a
diameter of 30–40 nm, the experimental results show that the
suitable welding process temperature is between 150 ◦C and
200 ◦C, whereas for AgNWs with a diameter of 100–150 nm,
the results show that the suitable soldering process temperature
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is between 200 ◦C and 240 ◦C. In this temperature range, with
an increase in processing time, the atomic flow of the joint
becomes increasingly sufficient, and the quality of the joint
increasingly improves. In the welding process of AgNWs,
in addition to being affected by temperature and time, the
spatial distribution structure of AgNWs also has a signific-
ant influence on the quality of their joints. Compared to flat
joints such as head-to-head and T-joints, the X-joint has upper
and lower space positions during the welding process, there-
fore, it is more likely to be affected by the unbalanced stress
between the various parts during the welding process, thereby
introducing more defects at the joint. What’s more, the upper
nanowires will quickly diffuse to the bottom and wrap the
bottom nanowires, nanofilms are formed inside these vertical
hollow structures, which promotes the formation of a more
stable structure of the nanojoint. The study of these features
can provide support for facilitating the fabrication of AgNW
interconnection networks and their further large-scale micro-
nano device applications.
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