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ARTICLE INFO ABSTRACT

Keywords:

In high power electronics packaging, sintered silver nanoparticle joints suffer from thermal-humidity- electrical-

Silver chemical joint driven corrosion in extreme environments. In this paper, we conducted aging tests on sintered

B. SEM

B. Modelling studies
C. Sulphidation

C. Oxidation

C. Interface

silver nanoparticles under high-temperature, high-humidity, and high-sulphur conditions. The results show that:
(1) the sample under the dry high-sulphur conditions at a high temperature exhibited the highest degree of
sulphidation; (2) Reactive force field (ReaxFF) molecular dynamics (MD) simulations of sintered silver nano-
particle sulphidation revealed the sulphidation layer was formed by silver atoms upward migration. This work

paves the way for further investigation on sintered silver nanoparticles corrosion considering multi-physics

coupling effects.

1. Introduction

More than Moore (MtM) refers to technology that is beyond the
limitations of Moore’s Law based upon or derived from silicon tech-
nologies [1]. As a key part of MtM, high power electronics technology is
rapidly developing towards high power densities, more functionaliza-
tion, and miniaturization. However, the harsh operating conditions
create challenges for high electronics packaging [2,3]. Based on the
restriction of hazardous substances (RoHS) directive, lead-free solders
with great reliability at high temperatures are emerging [4,5]. Thus, an
interconnection material with superior mechanical properties, electrical
conductivity, and thermal dissipation ability is urgently required.

Recently, sintering nanomaterials, represented by silver nano-
materials, have received extensive attention [6]. Nano-silver materials
have low sintering temperatures, and the sintered structures take
advantage of the high melting point and excellent electrical and thermal
conductivities. To date, extensive studies on nano-silver sintering have
been carried out [7-10]. Joints sintered by silver nanoparticles (NPs)
have been reported with excellent thermal and electrical properties
compared to the commonly used Pb-free joints [11-13].

However, silver is prone to electrochemical migration behaviour
[14] and suffers from tarnishing issues [15]. Corrosion failure thus be-
comes a severe issue for reliable performances [16]. Atmospheric
corrosion of bulk silver has been widely studied [16,17]. Silver becomes
tarnished at ambient pressure when exposed to atmospheric environ-
ments due to the presence of corrosive substances, such as SO2, SO3, O2,
and O3 [18,19]. In addition, the influence factors, such as the relative
humidity and concentrations of sulphur and ozone, have also been
widely reported [20-22]. Furthermore, a considerate amount of litera-
ture has been published on silver tarnishing simulations. Despite the
complex reactions, the adsorption site energetics for sulphur and oxygen
on various silver surfaces have been calculated by density function
theory [23]. Molecular dynamics (MD) simulations have high potential
to handle large, complex simulation systems for silver tarnishing [24,
25]. Reactive force field (ReaxFF) MD, as an empirical force field
method to study chemical reactions, enriches the approximations with
an adequate interatomic potential utilizing the reactive bond order [26].
Utilizing ReaxFF, Saleh et al. revealed the formation mechanism of silver
oxide and silver sulphide and developed the related Ag/S and Ag/O
force fields [27]. However, the corrosion in sintered silver nanoparticles
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has barely been reported in experiments or simulations.

In this study, the pressure-assisted sintering of silver nanoparticles
was performed, and the samples were divided into four groups to study
the effects of high-temperature, high-humidity, and high-sulphur con-
tent on corrosion. The electrical conductivity and microstructural evo-
lution were monitored to evaluate the corrosion degree. In addition,
ReaxFF MD simulations were conducted to investigate the sulphidation
behaviour in the sintered silver nanoparticles.

2. Experimental methodology
2.1. Sintering experiments

As shown in Fig. 1a, silver nanoparticles with an average particle size
of 50 nm (Tide Powder) were used in this study. To obtain the sintered
sample, a fixture and mould were self-designed, as shown in Fig. 1b. All
the sintering experiments were then performed in a vacuum muffle
furnace (SK3-5-12-10, Hangzhou Zhuochi Instrument Company)
shown in Fig. 1c.(Fig. 2).

For each sample, 0.8 g of silver nanoparticles were weighed and then
put into the designed mould. An auxiliary pressure of 30 MPa was
applied by adjusting the fixture. After this, the packed mould was loaded
into the furnace. The sintering profile adopted in this study is shown in
Fig. 1d. The sample was heated at a rate of 6.25 °C/min to the maximum
temperature of 275 °C. The dwell time was set to 50 min to promote
sintering. After sintering, the sample was unmoulded and cooled at room
temperature. The whole sintering process was performed in air.
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2.2. High-sulphur aging experiments

To study the effects of high-sulphur and high-humidity environments
on silver corrosion, four groups (A-D) were set up under different aging
conditions, as presented in Table 1. To reduce the influence of random
error, each group contained 30 samples, with sizes of
30 mm x 6 mm x 1 mm. All the groups were kept at 100 °C to accel-
erate the aging process. Furthermore, high-sulphur and high-humidity
with 100% RH environments were used for groups B and C, respec-
tively. In group D, both high-sulphur and high-humidity environments
were introduced to investigate the coupled effect. Sulphur powder
(Fig. 3a) was used as the pollutant for sulphidation corrosion.

In groups A and B, the samples were placed on glasses, which were
loaded into the bottom of a stainless-steel reactor, as shown in Fig. 3b.
For group B, there was an additional beaker containing sulphur powder
in addition to the samples to create a high-sulphur environment. As for
groups C and D, where high-humidity environment was considered, the
aging reactions occurred in another type of reactor (Fig. 3c). The sam-
ples were placed in beakers and then put in a Teflon tank, which on
bottom was filled with deionized water for group C and a mixture of
deionized water and sulphur powder for group D. The packed Teflon
tank was placed in the reactor. All the aging temperatures were
controlled at 100 °C in the oven. The aging period was 168 h for each
group.

2.3. Characterization methodology

To evaluate the corrosion degree, every 24 h, the electrical re-
sistances of all the samples were measured, and two samples were
removed for subsequent surface analysis. In terms of resistance
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Fig. 1. (a) Purchased silver nanoparticles. (b) Self-designed fixture and mould. (¢) Vacuum muffle furnace. (d) Temperature profile of low-temperature sintering.
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Fig. 2. (a) Sg powder, (b) non-high-humidity environment reactor, and (c) high-humidity environment reactor.

Table 1
Overview of the aging conditions used in this study.

Group High Temperature High High humidity (100%
No. (100 °C) sulphur RH)

A v - -

B v v -

C Vv - v

D v v v

measurements, a power supply (Keithley 2200) was employed to
generate a 1-A direct current for larger voltage signal due to the excel-
lent electrical conductivity of silver. Meanwhile, the instantaneous
resistance was measured by a multimeter (Keysight 34411 A). The sur-
faces and cross sections were observed by scanning electron microscopy
(SEM, JSM-6360). Energy-dispersive X-ray spectroscopy (EDX, Qualtec)
was performed to determine the composition in the target area.

3. Computational methods
3.1. MD methodology

In this study, MD simulations of the pressure-assisted sintering of
silver nanoparticles and further sulphidation were conducted. The
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPs)
was employed to conduct all the simulations [28]. The configurations
were visualized using three-dimensional visualization software, the
Open Visualization Tool (OVITO) [29].

To simulate the pressure-assisted sintering, the classical embedded
atom method (EAM) potential developed by Foiles et al. [30] was
applied to describe the interactions between Ag atoms. This EAM po-
tential has been proven to be able to calculate properties, such as the
cohesive energy, phase diagram, lattice constant, and elastic constant of
silver atoms, accurately. The total energy E,,; can be expressed as follows
[31]:

Eo = ZFI' (ph,i) +%ZZ®U (Rif)’ @

i j(#)

where py,; is the host electron density of atom i, F;(p) is the energy to
embed atom i into the background electron density p, and @;; (R;) is the
core—core pair repulsion between atoms i and j with a distance of Ry.

However, the EAM is not capable of describing reactive chemistry,
such as bond formation and breaking of bonds. The ReaxFF with the Ag/
S parameters developed by Saleh et al. [27] was adopted in this study.
This force field has been confirmed to describe the sulphurisation
behaviour on an Ag slab surface correctly. The total energy term in the
ReaxFF force field can be expressed as follows [32]:

Esyxlem = Ebond + Eover + Eunder + EH—bnnd + Elp + Eval + Elurs + EvdWaals + ECou[amb~
@

The total energy of the system consisted of bond-order-dependent or
covalent interactions and non-bonded interactions. Bond-order-
dependent terms include the bond energy (Ep,q), over coordination
(Eover), undercoordination (Engr), and hydrogen bond interactions
(Ep_pona)- Energy penalty terms include the torsion angle energy (Eys),
valence angle energy (E,q), and lone pair energy (Ej), whereas the non-
bonded terms are the van der Waals energy (E,qwqas) and Coulomb en-
ergy (ECoulomb)~

3.2. Simulation details

All the systems simulated in this study adopted periodic boundaries,
and the conjugate gradient algorithm was used for energy minimization.
To simulate the pressure-assisted sintering, a symmetric multi-Ag
nanoparticle system was established, containing 15,688 atoms in total.
The diameter of each Ag nanoparticle was 3.6 nm, and the atomic
spacing was set at 3.5 A. The dimensions of the simulation cell were
80 A x 80 A x 80 A. The system was relaxed using the NVE (micro-
canonical) ensemble at 300 K for 100 ps. The system was then heated
from 300 to 575 K within 500 ps using the NPT (isothermal-isobaric)
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Fig. 3. Surface and cross-sectional SEM images of the sintered Ag samples exposed to different aging conditions for 48, 96, and 144 h.

ensemble by controlling the pressure on the simulation box to 30 MPa.
To promote the sintering, an extra 1.5-ns dwell period was included,
which also used the NPT ensemble at a constant 30 MPa. Eventually, the
sintered structure cooled to room temperature (300 K) in another
500 ps. Meanwhile, the pressure on the box was released to atmospheric
pressure.

The NVT ensemble was employed to simulate sulphurisation. Tem-
peratures were controlled through the Nose-Hoover thermostat. The
time step was chosen as 0.5 fs, and the damping constant was selected as
100 fs. Two temperatures, 373 and 750 K, were selected to investigate
the effect of temperature. At first, atoms were assigned random veloc-
ities at the target temperature, with a Gaussian distribution. The system
was then kept at the target temperature for 500 ps for further reaction
and sulphur diffusion. Trajectories were analysed by the mean-square
displacement (MSD), defined as follows:

MSD = - Z |76y =) 3

where N is the number of particles, t is the time, and ri(t) —r{(0) is the
vector distance travelled by atom i.

4. Results and discussion
4.1. Morphological characterization

The morphological evolutions of the different group samples exposed
for 48, 96, and 148 h were inspected by SEM, and the results are shown
in Fig. 3. The samples of groups A and C showed similar results. From the
surface morphology, several dendritic corrosion products were evident,
but they did not cover the whole surface. Furthermore, the sizes and
number of the corrosion products did not extensively change during
longer exposure. However, in the sample from group B, a large number
of agglomerated amorphous features appeared. When the exposure
increased to 96 h, a large amount of sulphide product appeared around
the agglomeration regions of the sintered Ag. Upon further sulphidation,
at an exposure time of 144 h, a large sulphide crystal was observed,
indicating a high degree of sulphidation on the outer surface. In contrast,
in the sample from group D, small crystals were found at the exposure
time of 96 h. However, the sulphidation products did not further grow
into large crystals, but a uniform corrosion layer was formed.

The results for the cross section were consistent with the surface
morphology changes. In groups A and C, a thin corrosion layer was
observed, and its thickness did not increase with longer exposure.
However, in the samples exposed to a high-sulphur environment, a thick
corrosion layer was observed. Group B experienced the highest degree of
corrosion at 48 h, and an interface was formed between the corrosion
products and the sintered Ag. At 96 h, corrosion product rupture at the
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interface was evident, as well as the appearance of a large sulphide
crystal. The cross section at 144 h exhibited a delaminated surface on
which the sintered Ag was covered by a uniform layer of amorphous
features. In addition, in group D, no delamination was observed because
large corrosion product crystals had not formed. Consequently, at 144 h,
a solid and uniform corrosion layer formed with a thickness of ~1 pm.

Furthermore, EDX was performed on the cross section at 48 and
144 h to detect the presence of the corrosion products shown in Fig. 4.
On each cross section, two areas were selected, one in the body of the
sintered Ag and the other at the surface. The results were consistent with
the morphological results. In the areas in the body of the sintered Ag, no
evident corrosion products were detected. Furthermore, in the groups
under the aging conditions without sulphur, the corrosion product
contents were negligible on the surface at both 48 and 144 h. In contrast,
in group B, at 48 h, no sulphur was detected on the surface, but 9.16 at%
sulphur was detected in the sample at 144 h. In group D, at 48 h, sul-
phidation products were present on the surface with 4.29 at% sulphur.
However, this content of sulphur did not increase, and as a result, at
144 h, the surface corrosion products contained 4.87 at% sulphur.

The results presented above suggested that the aging condition
without sulphur resulted in limited corrosion products. Furthermore, the
presence of high humidity was likely to slow down the formation of large
sulphide crystals.

4.2. Resistivity analysis

Fig. 5 shows the resistivity evolution throughout the tests, where the
error bars represent standard deviations. As a reference, the average
resistivity of the sample at 0 h was 1.64 x 10~ Q«cm. As shown in
Fig. 5a, the resistivities of the samples in group B significantly increased
due to the presence of sulphur vapour. The vapour pressure is estimated

Group A

Group B

Corrosion Science 192 (2021) 109846

by the Antoine equation as 13.8 Pa at 100 °C [33]. The evolution of the
sample resistivity can be divided into three stages. In the first stage
before 48 h, the resistivity grew steadily to 4.57 x 10~* Qecm. Then, a
sudden increase to 6.79 x 1073 Q.cm was recorded from 48 to 144 h,
indicating a faster corrosion rate. Consequently, the increase in the re-
sistivity slowed and reached 7.17 x 1073 Q.cm at 168 h, which was 43
times higher than that of the uncorroded sample. In group A, the curve
was almost flat, and the resistivity slightly increased to 2.31 x 10~*
Qe«cm after 168 h of corrosion at a high temperature. Thus, the presence
of sulphur vapour in a dry environment enabled a significant increase in
the resistivity, indicating a high corrosion rate.

To investigate the influence of sulphur vapour with the presence of
moisture-saturated air, the resistivity changes were plotted, as shown in
Fig. 5b. A large gap between the two groups was also observed. In group
D, the development of the resistivity also underwent three stages. First,
it followed a growing trend, gradually increasing to 6.4 x 10~* Q.cm at
48 h. A plateau appeared after 48 h, where the resistivity was almost
unchanged. After 96 h, the resistivity began to rapidly increase and
consequently reached 2.44 x 1073 Q.cm at 168 h, nearly 14 times the
initial value. However, in group C, with the high humidity, the re-
sistivity changed gradually during the whole test process until 120 h.
After this, it experienced a slight increase to 2.11 x 10~* Q.cm at 168 h.
Therefore, under high-humidity aging conditions, the presence of
sulphur vapour also enabled severe corrosion.

Thus, in the groups containing sulphur vapour, the conductivity
degradation was significant. There is a huge difference between the
resistivities of silver oxide (~50 Qecm) and silver sulphide (~
1 MQecm) [34,35]. In addition, under an O, exposure environment, the
molecular or atomic oxygen is only chemisorbed on the surface instead
of being quickly incorporated into the silver [36], whereas the chemi-
sorption of molecular or atomic sulphur on the silver surface is stronger

Group C Group D

48 h
Element A9 0] S Ag 0] S Ag o S Ag 0 S
(at. %) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
Areal 100 / / 100 / / 100 / / 100 / /
Area 2 100 / / 100 / / 100 / / 95.71 / 4.29
144 h
Element A9 0 S Ag 0 S Ag o 5 Ag 0 S
(at. %) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%) (at.%)
Areal 100 / / 100 / / 100 % / / 100 / /
Area 2 100 / / 90.84 / 9.16 100% / / 95.13 / 4.87

Fig. 4. Energy-dispersive X-ray spectroscopy (EDX) results of material compositions for samples under different aging conditions at 48 and 144 h.
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Fig. 5. Evolution of resistivity under different aging conditions: (a) effect of sulphur vapour in a dry environment, (b) effect of sulphur vapour in a wet environment,
(c) effect of humidity on sulphur vapour, and (d) effect of humidity without sulphur vapour.

than that on oxygen [37].

In Fig. 5¢, by comparing the resistivity evolution in groups B and D,
the effect of high humidity on the sulphidation was studied. Before 48 h,
the resistivity of the two groups showed few deviations. However, from
48 t0 120 h, the conductivity of group B showed significant degradation,
while there was a plateau in group D. Consequently, at 168 h, the re-
sistivity of group D was one-third of the resistivity of group B, indicating
that less corrosion occurred. This result was consistent with the
morphological characterization results mentioned before, where less
sulphur was detected on the sample surface. Thus, moisture slowed the
sulphidation corrosion in the sintered Ag nanoparticles. This may have
been because, in the case of Sg as a pollutant, high humidity inhibited
the diffusion of oxygen and sulphur near the outer surface [38].

Finally, under the aging condition without sulphur, the resistivity
experienced 40.9% and 28.7% increases in groups A and C, respectively,
as shown in Fig. 5d. These results were in agreement with the
morphological characterization results for these groups described
above, which showed limited corrosion degrees and slight differences
between the surface and cross-sectional images.

The abovementioned results suggest that under atmospheric aging
conditions at 100 °C, sintered Ag is not significantly oxidized by O,.
Furthermore, the humidity plays an insignificant role in the corrosion of
sintered Ag at 100 °C, both for oxidation or sulphidation corrosion.

4.3. Molecular dynamics simulations

4.3.1. Atomic model construction

As the 30-MPa pressure-assisted sintering process occurred, atoms
travelled to the necking area between the nanoparticles, and a dense
structure was obtained. The initial configuration and the configuration
of the sintered system are shown in Fig. 6a. The sintering degree was
characterized by the evolution of the MSD, as shown in Fig. 6b. When
pressure was applied, the NPs quickly sintered at 300 K. The MSD then
increased as the temperature increased. Consequently, the MSD became
stable during the 300-K relaxation process, indicating that a stable sin-
tered microstructure was formed. The density of the sintered micro-
structure was 5.95 g/cm>, which was 56.7% of the value of bulk Ag.

In the sulphurisation simulations, to reduce the computational cost,
one-fourth of the sintered structure was extracted for further simulation.
Meanwhile, a single crystal of Ag with the same dimensions was created.
An 80-A vacuum layer was added on the top and bottom sides, where
150 Sg molecules were randomly placed. The Sg molecule was selected
here because, according to the experiments, most sulphur vapour mol-
ecules were in the form of Sg, and it was previously reported that the
aging condition with sulphur vapour is more severe than that with
hydrogen sulphide gas [39]. The Sg molecule was pre-relaxed at 750 K
for 50 ps. Every added Sg molecule maintained a distance of not less
than 3 A with any existing atom. The assembled system shown in Fig. 6¢
had a size of 38.7 A x 38.7 A x 237.7 A, containing 4529 and 7189
atoms, respectively, for the model with the sintered Ag and the bulk Ag.
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Fig. 6. Pressure-assisted sintering: (a) mean-square displacement (MSD) and temperature evolution, (b) atomic configuration evolution, and (c) atomic configuration

for sulphidation simulation.

Silver and sulphur atoms are coloured silver and orange, respectively.

4.3.2. Sulphurisation simulations

The reaction mechanism of sulphide was revealed to be the
following. First, sulphur molecules physisorbed on the surface of the
silver, where significant charge exchange did not occur. Next, Sg
dissociation occurred on the surface and resulted in chemisorbed S
atoms by reaction with Ag. Then, the thickening of the sulphide layer
was not only contributed to by the S atoms diffusing into the Ag layer but
surface Ag atoms were also dragged out of their original positions and
continuously migrated upwards. As shown in Fig. 7, a selected Ag atom
was lifted by one atomic layer in a short period. The reaction was
confirmed by the change in the atomic charge. The atomic charge
rapidly increased from 0.158e to 0.263e in 2.5 ps and then remained
stable, indicating an equilibrium state. The resulting vacancy was then
filled with S atoms. This result is consistent with previous reports [40,
41]. The formation of surface sulphides was the main reason for the
electrical resistance degradation.

4.3.2.1. Porous structure effect. To investigate the influence of porous
structures on sulphur corrosion, models with different microstructures
were simulated at 750 K for 500 ps. Silver sulphidation occurred at the
surface, and the sulphide layer was formed by the diffusion as well as the
upward migration of silver atoms. Eventually, a thicker sulphide layer
was found in the model with sintered Ag after 500 ps. The thickness of
the sulphide layer was defined as the distance between the lowest and
topmost silver atoms along the z-axis. The atomistic configuration after

sulphurisation, as well as the evolution of the sulphide layer thickness, is
shown in Fig. 8a.

At the end of the simulation, the thicknesses of the sulphide layer in
the model with sintered Ag and the model with single-crystal Ag were
25.3 and 11.2 A, respectively, as shown in Fig. 8b. The steady increase
rate had a minor difference between the two models. This was because
the diffusivity of sulphur in silver was based on the intrinsic properties of
the material, which was independent of the porous structure.

The greater sulphidation corrosion in the sintered Ag was attributed
to two factors. When the simulation began, a non-uniform sulphide layer
abruptly formed. This was confirmed by the cross section snapshots
shown in Fig. 9. A sulphur molecule (coloured red) quickly diffused into
the pore within 3 ps. It then climbed around on the inner surface for a
short time and then adsorbed on the surface. Meanwhile, the sulphida-
tion on the surface was ongoing. Consequently, it reacted with the Ag
atoms in the pore, as dissociation of the Sg molecule was observed.

In addition, in the model with sintered Ag, sulphurisation lasted
longer, while in the model with single-crystal Ag, the thickness of the
sulphide layer became stable after 370 ps. This was because the porous
structure had more reaction sites than the defect-free structure. The
sulphidation corrosion was an electrochemical reaction with electron
exchange between silver and sulphur atoms. Thus, the degree of sul-
phidation could be described by the evolution of the total charge of the
sulphur atoms, as shown in Fig. 10a. According to the slope of the charge
evolution, the model with sintered Ag exhibited more electrochemical
activity. As a result, after the 500 ps simulation, the model with single-
crystal Ag lost 135.1 e worth of charge, while this number was more than

Fig. 7. Ag sulphidation mechanism for surface Ag atoms. Only a selected Ag atom is coloured based on its atomic charge.
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Fig. 9. Snapshots for the fast formation of sulphide layer at the beginning of the simulation (cross section).

double in the model with sintered Ag (295.6 e). This result was consis-
tent with the abovementioned difference in thickness. Furthermore, the
distribution of silver and sulphur atoms along the x-axis after the
simulation is shown in Fig. 10b. In the model with single-crystal Ag, the
distribution of sulphur and silver atoms shared the same trend. The area
with fewer atoms was contributed to by the sulphidation process,
wherein the silver continuously diffused into the sulphide layer [40].
However, in the model with sintered Ag, due to the existence of pores,
fewer Ag atoms were present in the middle area. In contrast, S atoms
were better distributed in this area, indicating the accumulation of S
atoms in the pores. Thus, the sintered Ag showed more significant sul-
phidation corrosion due to the greater number of reaction sites created
by the pores.

4.3.2.2. Temperature effect. Furthermore, the effect of temperature on
the sulphidation was also investigated. For the model with sintered Ag,
another sulphidation simulation at 373 K (100 °C) was conducted. The
post-sulphidation atomistic configuration and the evolution of the sul-
phide layer thickness are shown in Fig. 11a.(Fig. 12).

A large number of Sg molecules accumulated on the outer surface of
the sintered silver awaiting further reaction. As a result, the final sul-
phide layer thickness at 373 K was 14.2 A, while this number was 25.3 A

at 750 K. In Fig. 9b, a rapid increase at the beginning of the simulation
was found at both temperatures. However, the sulphidation rate at
373 K was slower than that at 750 K. In the case of 373 K, the growth of
sulphide layer formed several plateaus during the sulphidation. This
explains the non-uniformity of the sulphide layer. The evolution of the
charge difference showed that the total charge transfer at 373 K was
12.99 e, which was 1/22 the value at 750 K. This indicated that less
sulphidation occurred at 373 K, and the reaction rate was much slower.
To directly view the distribution of S atoms, the atomic coordinates
along the Z-axis are shown in Fig. 11b. In the histogram of the Ag atoms,
the lower bars indicate the positions of the pores. At 373 K, the over-
lapping region between the S and Ag atoms mainly existed at the edge.
Thus, it was confirmed that the Sg molecule that diffused into the pore
did not diffuse further, and at this moment, most of the sulphide formed
at the outer surface. In contrast, at 750 K, there were more overlapping
bars, which meant that more sulphide formed as well as diffused S atoms
in Ag body. Therefore, it was concluded that higher temperature could
extensively accelerate the growth of the sulphide layer, resulting in
greater sulphidation corrosion.

In summary, the sulphidation corrosion on silver depended on the
microstructure as well as the sulphidation temperature. The sintered Ag
was prone to sulphidation corrosion due to its porous structure. Sulphur
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molecules can transport into the sintered Ag body through pores and
react on the inner surface. Besides, high sulphidation temperature
extensively promotes the sulphidation rate. The practical applications of
power electronics packaging, such as in electrical vehicles and the power
grid, are usually at high operating temperatures. Thus, sulphidation
corrosion is an important factor that should be considered during
package design.

5. Conclusion
In this paper, the aging of sintered silver nanoparticles under high-

temperature (100 °C), high-sulphur (13.8 Pa), and high-humidity
(100% RH) aging conditions was conducted. The degradation was

evaluated by monitoring the electrical resistivity and microstructural
evolution. The results can be concluded as: Firstly, the sintered samples
were highly corroded in the high-sulphur environment at high temper-
ature with the presence of a layer of crystalline sulphide. Furthermore,
the samples in the high-humidity environment exhibited less corrosion
compared to the samples in the dry environment. Moreover, ReaxFF MD
simulations were performed to examine the sulphidation on the sintered
silver nanoparticles. The sulphidation mechanism was revealed to be the
upward migration of surface silver atoms to the sulphur-rich layer as
well as sulphur atom diffusion into the silver body. In addition, the
porous structure suffered more severe sulphidation due to large inner
surface area. The pore was found to have slight effect on the sulphida-
tion rate, whereas the aging temperature was a dominant factor.
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