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Abstract

As an important component of flexible electronic devices, flexible interconnect
wires printed with nanoparticle-based conductive silver ink require investigation
into how their microstructure affects mechanical behavior, which is of great sig-
nificance for improving the service reliability of flexible electronic products. A
random circular packing algorithm was used to establish a two-dimensional fi-
nite element model of the microstructure of nanoparticle-based silver wires, and
a cohesive zone model was adopted to describe the bonding force between parti-
cles. The effects of microstructures composed of different average particle sizes
(30-80 nm), standard deviations (0-45 nm), and porosities on the mechanical
properties of silver wires during tensile deformation were investigated. The re-
sults show that the standard deviation of particle size is the main factor affecting
the porosity of silver wires, and that the mechanical properties of nanoparticle
silver wires are significantly improved as their microscopic porosity decreases.
The effects of the average particle size and proportion of small particles on the
mechanical behavior of silver wires with particle sizes following a bimodal nor-
mal distribution were further analyzed. The results indicate that, owing to their
smaller average particle size, small particles can be better embedded in the gaps
among packed large particles, thereby reducing the porosity of silver wires and
significantly improving their mechanical properties.
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Abstract: Flexible interconnecting wires printed with nanoparticle conductive
silver ink, serving as important components of flexible electronic devices, are
of great significance for improving the service reliability of flexible electronic
products by studying how their microstructure affects their mechanical behavior.
A two-dimensional finite element model of the microstructure of nanoparticle
silver wires was established using a random circular-packing algorithm, and
the bonding force between particles was described using a cohesive-zone model.
The effects of microstructures composed of different average particle sizes (30-80
nm), standard deviations (0-45 nm), and porosities on the mechanical properties
of silver wires during stretching were investigated. The results show that the
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standard deviation of particle size is the main factor influencing the porosity of
silver wires, and the mechanical properties of nanoparticle silver wires improve
significantly as their microscopic porosity decreases. The effects of the average
particle size and the proportion of small particles on the mechanical behavior
of silver wires in which particle sizes follow a bimodal normal distribution were
further analyzed. The results show that, because small particles have smaller
average particle sizes, they can be more readily embedded into the gaps of large-
particle stacks, thereby reducing the porosity of silver wires and significantly
improving their mechanical properties.
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Abstract: The flexible interconnecting wires printed by nanoparticle conduc-
tive silver ink are an important component of flexible electronic devices. Study-
ing the influence of their microstructure on mechanical behavior is of great
significance for improving the service reliability of flexible electronic products.
The two-dimensional finite element model of the microstructure of nanoparticle
silver wire was carried out based on the random circular stacking algorithm, and
the bonding force between the particles was modeled by cohesive zone model.
The effect of microstructure composed of particles with different average particle
sizes (30-80 nm), standard deviations (0-45 nm), and porosity on the mechanical
properties of silver wires
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during stretching was studied. The results indicate that the standard deviation
of particle size is the main factor affecting the porosity of silver wires, and the
mechanical properties of nanoparticle silver wires significantly improve with the
decrease of their micro porosity. In addition, the wire composed of particles
with bimodal normal distribution was modeled, and the impact of the average
particle size and proportion of the small particles on the mechanical behavior of
silver wires were analyzed. The results show that particles with smaller average
size can be well embedded in the gaps of large particles, which can lead to
the reducing of porosity of the silver wires, and significantly improving their
mechanical properties.

Key words: printed silver wire; nanoparticles; cohesive zone model; porosity;
mechanical behavior

Flexible electronics, as an emerging microelectronic technology, can maintain
the original functions of electronic devices under various complex deformation
conditions such as bending and stretching[~1-4]. In recent years, with the de-
velopment and application of new materials and new processes, related flexible
electronic products, such as flexible displays[~5-8], flexible sensors[~9-12], and
flexible solar cells["13-16], have begun to emerge and enter people’ s lives. How-
ever, before large-scale commercialization, the long-term service reliability of
flexible electronic products is a key problem that must be solved. As a key com-
ponent, flexible silver conductors are a crucial link determining the performance
of flexible electronic products.

Direct-writing printing technology based on nanoparticle conductive silver ink
is an important method for preparing flexible silver conductors. Nanoparticle
conductive silver ink is composed of silver nanoparticles, solvents (water or al-
cohols), surfactants, dispersion stabilizers, and other additives mixed in certain
proportions[~17]. A conductive pattern is obtained after printing and sinter-
ing. Studies have shown that the content of silver nanoparticles is an important
factor determining the conductivity of printed patterns; the higher the silver
content, the better the conductivity["18]. In addition, the particle-size distri-
bution of nanoparticles in silver ink is also an important factor affecting the
performance of printed silver conductors. Liu et al.[719] mixed two types of
nanoparticles, 10 nm and 50 nm, in different proportions to prepare silver ink;
the results showed that when the mass ratio of the two was 2:1, the conductivity
of the printed silver conductor was optimal. Ding et al.[~20] used nanoparticle
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Fig. 1 Physical image of the micro morphology of silver nanoparticle wires

Figure 1: Fig. 1 Physical image of the micro morphology of silver nanoparticle
wires

silver inks with different size distributions to print flexible silver conductors, and
concluded that a broad particle-size distribution helps improve the conductivity
of printed silver conductors. Tang et al.["21-22] proposed a microwave-assisted
reaction method to prepare multiscale nanoparticle silver ink; the results showed
that multiscale silver nanoparticles can enable printed silver conductors to ob-
tain higher packing density and thus better conductive performance. However,
the above studies focused only on the conductivity of printed silver conductors,
and there are still relatively few studies on the mechanical properties of printed
silver conductors in relation to the composition of nanoparticle silver inks. Liu
et al.[719] showed that silver conductors printed with inks containing a mixture
of two nanoparticle sizes have better bending-fatigue resistance than silver con-
ductors with a single particle size. Li et al.["23] conducted bending-mechanics
experiments on silver conductors printed with nanoparticle silver inks of dif-
ferent concentrations; the results showed that excessively high microstructural
compactness leads to a decrease in the bending-fatigue resistance of the silver
conductors.

Shang et al.["24] studied the mechanical properties of silver conductors
printed with nanoparticle silver inks of different size distributions. The
results showed that as the average diameter of the silver nanoparticles in the
conductor increased, the resistance of the silver conductor decreased, but its
bending-deformation resistance and bending-fatigue performance also decreased
correspondingly.

However, the mechanism by which the size and composition of nanoparticles in
the conductor affect its stretchability and fatigue performance is still not very
clear, and systematic studies are still lacking. Therefore, in this study, a mul-
tiscale nanoparticle structure of printed silver conductors is established by the
finite element method. A cohesive model is applied to describe the interaction
between particles, and the influence of different nanoparticle size distributions
on the mechanical properties of printed silver conductors is analyzed.

1 Finite Element Modeling

After nanoparticle silver ink is printed on a flexible substrate and then sintered
and solidified, a good bonding state is formed between particles. Figure 1 shows
the microscopic morphology of a nanoparticle silver conductor after sintering
and solidification.

Fig. 1 Physical image of the micro morphology of silver nanoparticle wires

In the finite element simulation process, in order to simplify the interaction
between particles, all silver nanoparticles are simplified as spheres, and the
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Fig. 2(a) Silver-particle particle-size normal distribution pattern
Figure 2: Fig. 2(a) Silver-particle particle-size normal distribution pattern
Fig. 2(b) Tangent packing effect of scaled particles

Figure 3: Fig. 2(b) Tangent packing effect of scaled particles

bonding force between particles is described using a cohesive model. Based
on Python, a two-dimensional parametric model of the microstructure of the
nanoparticle silver conductor is established. The specific procedure is as follows.

1) Define the average particle radius 7 and standard deviation S. According
to the normal distribution, randomly generate a series of silver nanopar-
ticles with different particle sizes, as shown in Fig. 2(a). The particle
radius is denoted as r; (i =1 ~ N), where N is the total

number.

2) Scale the radii of all silver particles proportionally according to r; = r; /¢,
¢ > 1, and then use a random circular packing algorithm to densely pack
the scaled particles within the specified region, ensuring that adjacent
circles are tangent to each other, as shown in Fig. 2(b).

3) Enlarge the packed circles to restore their original sizes, r; = r;. Import
them into Abaqus and use Boolean operations to combine all circles into
a single entity; identify the intersection points of all circles and draw the
intersecting lines. Segment the circular particles and at the same time cut
the edges, obtaining the particle-packing microstructural model shown in

Fig. 2(c).

Normal distribution pattern of silver-particle size

)
)

(c) Particle-packing microstructural model
)

Meshing and insertion of zero-thickness cohesive elements between parti-
cles

2 HEKFHNIRSLBIRITEE
Fig. 2 2D silver nanoparticle wire finite element modeling

4) Mesh the model, and use the “insert cohesive seams”function in the Abaqus
software to insert zero-thickness cohesive elements at the intersecting lines

Fig. 2(c) Particle-packing microstructural model

Figure 4: Fig. 2(c) Particle-packing microstructural model
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Fig. 2(d) Meshing and insertion of zero-thickness cohesive elements between
particles

Figure 5: Fig. 2(d) Meshing and insertion of zero-thickness cohesive elements
between particles

of all particles, as shown in Fig. 2(d).

All the above modeling procedures are implemented through Python scripts,
enabling rapid finite-element modeling of the microstructure of silver conductive
wires with different particle-size distributions. By assembling the parametrically
generated silver conductive wire structure with the substrate, a finite-element
model of a flexible silver conductive wire can be obtained.

In the simulation process, the stress-strain relationship of the silver particles
[25—26] is

Ee, 5§%

o= N 1
o _c 5>U—Y ()
Y\oy/E) E

where the elastic modulus is £ = 83 GPa, the Poisson’ s ratio is 0.36, the yield
strength is o = 35 MPa, and the hardening exponent is N = 0.26. The in-
teraction between particles is described using a cohesive model. The substrate
material is selected as a PI (polyimide) film, with elastic modulus E, ;, = 3 GPa.
In the simulation process, the silver conductive wire and the substrate are con-
sidered to be ideally bonded, and interfacial fracture failure behavior between
them is not considered.

2 Cohesive Model

The cohesive zone model (CZM) was first proposed by Dugdale 27, By estab-
lishing a functional relationship model between interfacial traction and opening
displacement, it characterizes the progressive damage and fracture process at
an interface. After years of development, the cohesive model has become an im-
portant method for analyzing interfacial fatigue, damage, and fracture behavior
in materials. When a cohesive model is used to simulate interfacial damage
behavior, three characteristic parameters usually need to be determined: the
initial stiffness of the element, the failure threshold, and the damage evolution
parameter. The Abaqus finite-element software provides various methods for
defining failure thresholds and damage evolution criteria. As shown in Fig. 3,
this is a bilinear traction-displacement law, in which K, and K, denote the
initial stiffnesses in the normal and tangential directions, respectively; the two
are usually assigned the same value. 69, &) and 80, 6tf are the damage-initiation
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Fig. 3(a) Normal traction-displacement law
Figure 6: Fig. 3(a) Normal traction-displacement law
Fig. 3(b) Tangential traction-displacement law

Figure 7: Fig. 3(b) Tangential traction-displacement law

displacement and fracture displacement in the normal and tangential directions,
respectively.

(a) Normal traction-displacement law
(b) Tangential traction-displacement law
3 RARARIEER
Fig. 3  Bilinear cohesive force model
Because the cohesive element is not an actual interlayer matrix, its stiffness

cannot be calculated using the actual substrate stiffness; in essence, it is a
penalty stiffness. Turon et al.
28

derived the cohesive element stiffness as

where FE is the elastic modulus of the adjacent substrate layer; t is the thickness
of the adjacent substrate layer; and « is the penalty factor, usually taken as
a > 1. In this study, « is set to 10, and ¢ is taken as the average radius of the
silver nanoparticle particles.

For two-dimensional finite element models, commonly used failure criteria in-
clude the maximum nominal stress/strain criterion and the quadratic nominal
stress/strain criterion. In this study, the quadratic nominal stress criterion is
adopted to define the damage-initiation behavior of the cohesive model, namely

(o) 2 2

amax Tl’l’laX
max and 7, denote the normal and tangential stress thresholds at
the onset of damage in the cohesive element, respectively; these are interface

parameters that must be defined in the simulation. In this study, 0. = Tmax =
150 MPa.

where o

The damage evolution of the cohesive element adopts an energy-based exponen-
tial evolution criterion, namely
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where J,, is the equivalent opening displacement. For a two-dimensional model,

Oy =/ (0n) + 0F;

m
o, is the equivalent tensile force; 60, and 6 are the equivalent opening dis-
placements at damage initiation and at fracture, respectively; G, and G, are
the energy release rates at damage initiation and at complete fracture, respec-
tively. For mixed normal-tangential modes,

1 1
Go=GY+GY = K002 + S K0 (5)

my\” my\”
1 2

+
(&) + (&)
where m; = G, /(G, + G,), my = G,/(G, + G,); G, and G, are the normal
and tangential energy release rates, respectively; the exponential coefficient
is usually taken as 2; and GY and G are the normal and tangential energy

release rates at complete failure of the interface, respectively. In this study,
G¢ =G =1x10"% mJ/mm?.

/B

G, =1/ (6)

3 Results and Discussion

3.1 Simulation Analysis of the Mechanical Behavior of Nanoparticle
Silver Conductive Wires

Figure 4 shows the established finite element model of the flexible silver conduc-
tive wire. Tensile displacement loading is applied to analyze its stress-strain
behavior. To reduce the computational cost in the simulation, the selected
nanoparticle silver conductive wire has dimensions of 1 pm x 2 pm. At the
same time, considering both the accuracy of the computational results and the
computational efficiency, the mesh size was finally unified as 10 nm, and the
structure was partitioned. To analyze the influence of the substrate on the me-
chanical behavior of the silver film, finite element simulations were performed
using different substrate thicknesses. During the simulation, because cohesive
elements with damage evolution were used, implicit calculation is prone to non-
convergence. Therefore, this study adopts an explicit algorithm and applies
quasi-static loading to the silver conductive wire. During the tensile process,
the tensile load F' is borne jointly by the silver film and the substrate, and the
loads are denoted as F, and F,,,, respectively. Thus,
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Fig. 4 Finite element model and loading diagram of flexible silver wire

Figure 8: Fig. 4 Finite element model and loading diagram of flexible silver
wire

F= FAg + Fsub = UAgAAg + UsubAsub (7)

Figure 4 Finite element model and loading diagram of flexible silver wire
Fig. 4 Finite element model and loading diagram of flexible silver wire

Assuming that the substrate remains in the elastic stage during the loading
process, the stress-strain relationship of the silver conductive wire can be derived
from the above equation as

F Es bAs b
Opg = — S S0 (8)
A8 Ay, Apg

where A,, and Ay, are the areas of the silver film and the substrate, re-
spectively. Since the stress-strain behavior of flexible silver conductive wires
is essentially the same in the width direction during tensile and bending de-
formation, the stress in the width direction can be neglected. Moreover, the
two-dimensional cohesive model is only applicable to plane-stress problems and
cannot describe the influence of the stress in the width direction on interface
failure behavior. Therefore, two-dimensional plane-stress elements are used in
the simulation process, with the default thickness set to 1. Thus, Eq. (8) can
be transformed into

_ F EsubHsub

That is, the stress-strain relationship of the nanosilver-particle silver film can
be separated from the load-displacement data of the specimen.

Figure 5 shows the stress-strain curves obtained by tensile finite element sim-
ulation for silver conductive wires with the same particle-size distribution at-
tached to substrates of different thicknesses. It can be seen from the figure that,
compared with the silver conductive wire without a substrate, the silver conduc-
tive wire supported by a substrate exhibits better mechanical properties; with
increasing substrate thickness, both the strength limit and ductility increase
slightly. Moreover, when the substrate thickness exceeds twice the silver-film
thickness, the stress-strain curve of the silver conductive wire changes hardly at
all. Therefore, in subsequent simulations, the substrate thickness is set to twice
the silver-film thickness.

Figure 5 Stress-strain curves of silver nanoparticle wires under different sub-
strate thicknesses
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Figure 5: Stress-strain curves of silver nanoparticle wires under different
substrate thicknesses

Figure 9: Figure 5: Stress-strain curves of silver nanoparticle wires under differ-
ent substrate thicknesses

Figure 6: Stress distribution cloud diagrams

Figure 10: Figure 6: Stress distribution cloud diagrams

Fig. 5 Stress-strain curves of silver nanoparticle wires under different substrate
thicknesses

Asshown in Fig. 6, the figure presents stress distribution cloud diagrams of silver
wires without a substrate and with a substrate when loaded to different positions.
It can be seen that, at the initial stage of loading, the stress distribution cloud
diagrams of the two are basically the same, as shown in Fig. 6(a) and Fig. 6(c).
This is consistent with the complete overlap of the stress-strain curves of the
two before point A shown in Fig. 5. Figures 6(b) and 6(d) show the stress-field
distributions of the two before fracture. It can be seen that the maximum stress
value in the silver wire with a substrate (338.5 MPa) is slightly smaller than the
maximum stress value in the silver wire without a substrate (352.5 MPa). This
indicates that the presence of the substrate can, to a certain extent, suppress
strain localization in the silver wire and improve the ductility of the silver wire.

(a) Stress distribution cloud diagram of a silver wire without substrate loaded
to point A

(b) Stress distribution cloud diagram of a silver wire without substrate loaded
to point B

(c) Stress distribution cloud diagram at point A when the substrate is 2 times
the thickness of the silver film

(d) Stress distribution cloud diagram at point B when the substrate is 2 times
the thickness of the silver film

Unit: N/pm?

Figure 6 Stress distribution cloud diagrams of silver wires without substrate
and with substrate thickness twice the silver-film thickness, loaded to A and B,
respectively

Fig. 6 Stress distribution cloud diagram of silver wire without substrate and
with substrate thickness twice the thickness of silver film loaded to A and B
3.2 Effect of particle size distribution on its mechanical properties

Porosity is an important parameter affecting the mechanical behavior of
nanoparticle silver wires [29-32]. The radius scaling factor ¢ used in the
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Figure 7: Stress-strain curves obtained from simulation analysis and tensile
experiments

Figure 11: Figure 7: Stress-strain curves obtained from simulation analysis and
tensile experiments

particle-stacking operation during finite element modeling is a major parameter
affecting the porosity of the silver wire in the finite element model. At the same
time, the average particle size r and standard deviation S also have certain
effects on porosity. Figure 7 shows the stress-strain curves obtained from
simulation analysis and tensile tests with an average particle size 7 = 50 nm,
standard deviation S = 10 nm, and scaling factor ¢ = 1.1 (SIM1-10 are
simulation curves, and EXPT1-3 are experimental curves). It can be seen that
the stress-strain curves of the simulation results and the experimental results
have a relatively high degree of agreement, and the curves differ only slightly
in the stress-decreasing stage. This verifies the rationality of the simulation
model and the selected parameters.

Figure 7 Stress-strain curves obtained from simulation analysis and tensile ex-
periments

Fig. 7 Stress-strain curves obtained from simulation analysis and tensile exper-
iments

It can be seen that, due to the randomness of the silver-particle size distribution
and stacking -

--therefore, the mechanical properties of the silver wire also show a certain
randomness. In order to study the variation trend of the mechanical properties
of the silver wire under different modeling parameters, each group of parameters
was subjected to 10 random modeling analyses. The maximum nominal stress
during the tensile process of the silver wire and its corresponding nominal strain
were taken as the fracture strength and fracture strain of the silver wire, and
the influence of the microstructural parameters of the nano-particle silver wire
on the mechanical behavior of the silver wire was analyzed through statistical
regularity.

As shown in Fig. 8(a), when the mean particle size is ¥ = 50 nm and the stan-
dard deviation is S = 10 nm, the fracture strength and fracture strain of the
silver wire obtained by modeling simulation vary with the particle-size scaling
coefficient . As the scaling coefficient increases, both the fracture strength and
fracture strain of the silver wire increase significantly. Further, the porosity
was calculated from the actual effective area of the silver wire by simulation
software, and the results are shown in Fig. 8(b). It can be seen that the poros-
ity of the silver wire shows an approximately linear decreasing trend with the
increase of the particle-size scaling coefficient, verifying the positive correlation
between the mechanical properties of the printed silver wire and the density of
its microstructure.
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Fig. 8(a)
Figure 12: Fig. 8(a)
Fig. 8(b)

Figure 13: Fig. 8(b)

(a) Variation curves of the fracture strength and fracture strain of silver-wire
fracture with the particle-size scaling coefficient

(b) Variation curve of the porosity of the silver wire with the particle-size
scaling coefficient

Fig. 8 Curves of fracture strength, fracture strain, and porosity of the silver
wire with particle-size scaling coefficient

Fig. 8 Curve of fracture strength, fracture strain, and porosity with particle
size scaling coeflicient of silver wire

Using normally distributed particles with different mean particle sizes (7 = 30 ~
80 nm, S = 0.27, ¢ = 1.1), modeling simulations were carried out for the nano-
particle silver wire. The resulting variation curves of fracture strength, fracture
strain, and porosity of the silver wire with mean particle size are shown in Fig.
9. From Fig. 9(a), it can be seen that the change in the mean particle size of
the silver particles has almost no influence on the fracture strength and fracture
strain of the silver wire. Further analysis of the variation trend of the porosity
of the silver wire, as shown in Fig. 9(b), shows that with the change in the mean
particle size of the silver particles, the microporosity of the silver wire basically
remains unchanged. This is consistent with the conclusion in packing theory
that the packing density of spheres is independent of sphere diameter.

(a) Variation curves of the fracture strength and fracture strain of silver-wire
fracture with mean particle size

(b) Variation curve of the porosity of the silver wire with mean particle size

Fig. 9 Variation curves of the fracture strength and fracture strain of silver-wire
fracture and porosity with mean particle size

Fig. 9 Curve of fracture strength, fracture strain, and porosity with average
particle size for silver wire fracture

Furthermore, nano-particle silver wires were modeled and simulated using the
same particle size but different particle-size standard deviations (7 = 50 nm,

Fig. 9(a)

Figure 14: Fig. 9(a)
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Fig. 9(b)
Figure 15: Fig. 9(b)

Figure 10(a): Curves of fracture strength and fracture strain of silver wire
versus particle-size standard deviation

Figure 16: Figure 10(a): Curves of fracture strength and fracture strain of silver
wire versus particle-size standard deviation

S =0 ~ 45 nm, ¢ = 1.1), and the results are shown in Fig. 10. It can be
seen that, as the standard deviation of the silver particles increases from 0 to 45
nm, the fracture strength and fracture strain of the silver wire exhibit relatively
obvious fluctuations, as shown in Fig. 10(a). Moreover, when the particle-size
standard deviation increases from 10 nm to 45 nm, the porosity of the silver wire
shows an obvious decreasing trend and gradually tends to stabilize, as shown
in Fig. 10(b). When the particle-size standard deviation is 0, the structure
belongs to uniform sphere packing, which forms a very regular microstructure
and a relatively low porosity, giving the silver wire very high fracture strength
and fracture---

strain at fracture.

(a) Curves of the fracture strength and fracture strain of silver wire as func-
tions of the particle-size standard deviation

(b) Curve of the porosity of silver wire as a function of the particle-size stan-
dard deviation

Figure 10 Variation curves of the fracture strength, fracture strain, and porosity
of silver wire with the particle-size standard deviation

Fig. 10 Curve of fracture strength, fracture strain, and porosity of silver wire
with standard deviation of particle size

As shown in Fig. 11(a), when the particle-size standard deviation is 5 nm, the
microstructure obtained by finite-element modeling of the silver wire shows that
both the particle size and the pores are essentially uniformly distributed. There-
fore, during tensile deformation, the stress-strain distribution also tends to be
uniform, and at this time the silver wire exhibits good ductility and fracture
strength. When the particle-size standard deviation gradually increases (5-15
nm), the silver wire begins to transform from a relatively regular microstruc-

Figure 10(b): Curve of porosity of silver wire versus particle-size standard
deviation

Figure 17: Figure 10(b): Curve of porosity of silver wire versus particle-size
standard deviation
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Figure 11(a): Microstructure at S=5 nm
Figure 18: Figure 11(a): Microstructure at S=5 nm
Figure 11(b): Microstructure at S=15 nm

Figure 19: Figure 11(b): Microstructure at S=15 nm

ture to a disordered microstructure, as shown in Fig. 11(b). During loading,
regions with relatively high porosity are prone to localization of stress-strain
behavior, causing a clear decreasing trend in the fracture strength and frac-
ture strain of the silver wire. As the particle-size standard deviation further
increases, the difference in the silver-particle diameters becomes larger, so that
silver particles with smaller diameters can be located in the gaps formed by the
packing of larger silver particles. This increases the microscopic compactness
of the silver wire, and the bonding between particles becomes tighter, as shown
in Fig. 11(c). Therefore, the fracture strength and fracture strain of the silver
wire show a certain degree of enhancement. When the standard deviation is
too large (30-45 nm), the particle-size difference further increases, the disor-
der of the microstructure increases sharply, and larger pores are readily formed
around the large particles, as shown in Fig. 11(d). This makes the silver wire
more likely to develop strain localization during extended deformation, thereby
reducing its fracture strength and fracture strain.

(a) S =5 nm, relatively uniform microstructure
(b) S =15 nm, increased microstructural disorder

(¢c) S = 25 nm, a large number of small particles fill the gaps among large
particles

(d) S = 35 nm, relatively large pores form around large particles

Figure 11 Microstructure diagrams of silver wire obtained by modeling with
different particle-size standard deviations

Fig. 11 Microstructure diagram of silver wire obtained by modeling the standard
deviation of different particle sizes

3.3 Mechanical properties of silver wire with a bimodal particle-size
distribution

The finite-element analysis results show that, for nanoparticle silver wire whose
particle sizes follow a single normal distribution, changes in the average particle

Figure 11(c): Microstructure at S=25 nm

Figure 20: Figure 11(c): Microstructure at S=25 nm
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Figure 11(d): Microstructure at S=35 nm
Figure 21: Figure 11(d): Microstructure at S=35 nm
Figure 13

Figure 22: Figure 13

size have almost no effect on the microscopic porosity and mechanical properties
of the silver wire. An increase in particle-size standard deviation can, to a certain
extent, improve the microscopic porosity of the silver wire, but the improvement
in mechanical properties is quite limited. The main reason is that increasing
the particle-size standard deviation allows more small particles to fill the gaps
among large particles, but at the same time it also causes relatively large pores
to form around more large particles.

large pores. To solve this problem, this section uses two groups of particles
with different average particle sizes for mixed modeling, and studies the effect
of a bimodal normal particle-size distribution on the mechanical behavior of
nano-silver wire. Figure 12 shows an ideal model in which small particles fill
the gaps between large particles. According to the geometric relationship, r; =
(2/v/3 —1)R, 4 = (v/2 —1)R. When the small-particle radius r € [ry,r,],
a relatively ideal effect can be obtained in which small particles fill the pores
between large particles, increasing the compactness. Therefore, small particles
with particle sizes following a random normal distribution (average particle size
r = 7.5 ~ 20 nm, standard deviation 0.2r) and large particles with particle
sizes following a random normal distribution (average particle size R = 50 nm,
standard deviation 0.2R) are mixed according to different number ratios, and
random stacking modeling is carried out with a particle-size scaling factor ¢ =
1.1, to study the influence law of the microstructure of nano-silver wire on its
mechanical properties.

(a) Triangular stacking model

(b) Quadrilateral stacking model
Figure 12 Ideal model of small particles filling gaps between large particles
Fig. 12 Ideal model of small particles filling large particle gaps

Figure 13 shows the variation curves of the modeled microscopic porosity of
silver wire with the average particle size of small particles and the mixing ratio.
The mixing ratio is the ratio of the number of small particles to the number of
large particles. A mixing ratio of 0 indicates stacking modeling using only large
particles with a single average particle size of 50 nm.

Figure 13 Variation curves of the microscopic porosity of silver wire with the
average particle size of small particles and the mixing ratio
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Fig. 13 Micro porosity curve of silver wire as a function of average particle size
and mixing ratio of small particles

It can be seen that, when the average particle size of small particles is 7.5
nm and 10 nm, as the number of small particles increases, the porosity of the
silver wire decreases significantly; whereas when the average particle size of
small particles is 12.5 ~ 20 nm, the porosity of the silver wire shows a trend of
first decreasing and then slowly increasing. This is because, during the random
stacking process, the smaller the particle size of the small particles, the more
easily they fill the voids around the large particles, causing the porosity of the
silver wire to decrease significantly, as shown in Fig. 14(a). However, when
the small particles have larger particle sizes and are more numerous, the small
particles instead separate the large particles, forming more voids near the large
particles, as shown in Fig. 14(b), resulting in an upward trend in the microscopic
porosity of the silver wire.

(a) Microstructure diagram with an average small-particle size of 10 nm;
porosity is 3.38%

(b) Microstructure diagram with an average small-particle size of 20 nm;
porosity is 4.99%

Figure 14 Microstructure diagrams formed by random stacking with a bimodal
normal particle-size distribution, for small-particle average particle sizes of 10
nm and 20 nm, respectively, and a mixing ratio of 3

Fig. 14 Microstructure diagram of small particles with average particle size of
10 nm and 20 nm, mixing ratio of 3, randomly stacked with double peak normal
distribution of particle size

Figure 15 shows the variation curves of the fracture strength and fracture strain
of the silver wire with the average particle size of small particles and the mixing
ratio. It can be seen that when the average particle size of the small particles
is 7.5 nm and 10 nm, the fracture strength and fracture strain of the silver wire
both increase significantly with the increase in the number of small particles;
whereas when the average particle size of small particles is 12.5 ~ 20 nm, the
fracture strength and fracture strain of the silver wire overall show a decreasing
trend as the number of small particles increases.

The reason is that when the average particle size of the small particles is too
large, only a relatively small number of small particles fill the voids in the large-
particle stacking, while most small particles separate the large particles during
random stacking, forming more pores, as shown in Fig. 14(b), resulting in a
decline in mechanical properties. When the average particle size is less than 10
nm, the small particles can be better embedded in the stacking gaps of the large
particles, and the large particles still maintain a good bonding state with each
other, as shown in Fig. 14(a); therefore, the mechanical properties are better.

(a) Variation curve of the fracture strength of silver wire with the average
particle size and mixing ratio of small particles
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Fig. 15(a) Curve of fracture strength of silver wire as a function of the average
particle size and mixing ratio of small particles

Figure 23: Fig. 15(a) Curve of fracture strength of silver wire as a function of
the average particle size and mixing ratio of small particles

Fig. 15(b) Curve of fracture strain of silver wire as a function of the average
particle size and mixing ratio of small particles

Figure 24: Fig. 15(b) Curve of fracture strain of silver wire as a function of the
average particle size and mixing ratio of small particles

(b) Variation curve of the fracture strain of silver wire with the average particle
size and mixing ratio of small particles

Fig. 15 Curve of the fracture strength and strain rate of silver wire as a function
of the average particle size and mixing ratio of small particles

4 Conclusion

1) In this study, a random packing algorithm using circular particles with a
normal particle-size distribution was adopted to conduct two-dimensional
finite element modeling of the microstructure of nanoscale-particle silver
wire. The bonding strength between particles was characterized by a
cohesive-force model, providing a new method for investigating the in-
fluence of the microstructure of nanoscale-particle silver wire on its me-
chanical reliability.

2) Finite element simulation was used to investigate the effects of the aver-
age particle size and standard deviation of normally distributed nanopar-
ticles on the microscopic porosity and mechanical properties of silver wire
formed by random packing. The results show that the standard deviation
of particle size is the main factor affecting the porosity of silver wire. The
larger the standard deviation of particle size, the denser the microstruc-
ture formed. The average particle size has almost no effect on porosity.
The mechanical properties of silver wire are basically negatively correlated
with porosity; however, an excessively large standard deviation makes it
easy for larger pores to form around large-diameter particles, intensifying
the occurrence of strain localization and thereby leading to a decline in
mechanical properties.

3) Particles with a bimodal normal distribution, in which the average particle
size of large particles is 50 nm and that of small particles is 7.5-20 nm,
were modeled. The influence of the average particle size and mixing ratio
of small particles on the microscopic porosity and mechanical properties of
silver wire was analyzed. The results show that when the average particle
size of the small particles is 7.5 nm and 10 nm, the microscopic porosity of
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the silver wire decreases as the number fraction of small particles increases;
meanwhile, the mechanical properties are significantly improved.
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