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ABSTRACT

Power modules applied in offshore applications are facing risks of corrosion failures on die-
attach materials due to high humidity and H,S exposure. To investigate such corrosion
behavior for sintered die-attach materials, we conducted a study with four groups of
samples fabricated using copper and silver metal particles under different solvent systems.
Such samples were firstly subjected to high-humidity-H,S conditions for 168 h to simulate
the harsh offshore environment. After undergoing corrosion, the primary compounds
formed were CuO/Cu,0O and Ag,S through SEM, XRD, and XPS analysis. Notably, the
incorporation of epoxy resin into sintered copper joints resulted in a remarkable reduction
in corrosion and a substantial improvement in electrical conductivity after the reaction. In
contrast, while the addition of epoxy did not evidently reduce corrosion in silver joints, it
did lead to a significant increase in shear strength. Furthermore, to gain further insights
into the effect of epoxy resin on corrosion behavior, electrochemical analysis, and mo-
lecular dynamics simulations were conducted. Finally, the mechanical reliability of the
corroded copper and silver joints was evaluated through thermal shock tests. In summary,
sintered copper joints exhibited better anti-corrosion behaviors than sintered silver under
high humidity and H,S exposure, especially with the addition of epoxy resin. However, the
corrosion products of sintered copper suffered from a sharp decrease in shear strength
after thermal shock tests than sintered silver, which is probably due to the coefficient of
thermal expansion mismatch.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With the development of wide band-gap semiconductor ma-
terials, power modules fabricated with silicon carbide and
gallium nitride are gradually being promoted into numerous
applications [1-3], especially for applications under harsh
working environments [4,5]. Consequently, these advance-
ments present significant challenges to the surrounding elec-
tronic packaging materials [6]. Traditional lead-tin solders
used to connect chips and substrates violate environmental
regulations, while optimized lead-free solders suffer from low
melting points, leading to creep failures during service [7,8].
Therefore, die-attach materials with improved reliability
capable of withstanding high temperatures, currents, and high
voltages are continuously being explored and developed [9].

Recent years, the Low-Temperature Joint Technology
(LTJT) based on metal particle sintering has gained significant
attention from both scholars [10,11] and industry. Silver is
widely recognized for its excellent electrical and thermal
conductivity [12], and sintered silver joints have exhibited
superior reliability compared to common solder joints in
various studies [13]. Additionally, copper exhibits similar
properties to silver at a lower cost [14]. Consequently, sintered
silver and sintered copper materials have been extensively
investigated concerning sintering mechanism, process, and
reliability [15,16]. However, studies on the corrosion behavior
of these sintering materials, which aim to minimize high costs
and maintenance difficulties in offshore applications, are still
in their early stages.

With the continuous development of marine resources,
power modules have broad application prospects in energy
fields such as offshore wind power and photovoltaics [17,18].
This brings corrosion challenges caused by water, salt, and

hydrogen sulfide (H,S) to die-attach materials. While some
research has focused on maritime environmental corrosion for
sintered silver [19,20], limited work has been done to investigate
the effect of H,S. Hydrogen sulfide (H,S) is a corrosive and
harmful gas that exists in trace amounts in the air [21]. Due to
human production activities, iron plants, and chemical fiber
factories, a large amount of exhaust gas containing H,S has
been emitted in recent years, leading to a higher concentration
of H,S in the air [22,23]. It has been known that the aging of
sintered metal joints accelerates with oxygen, water vapor, and
H,S [24], and corrosion failure plays an important role in reli-
ability [25]. An example of the failure diagram of the power
module in offshore wind power is shown in Fig. 1. Firstly, sin-
tering materials vary in their corrosion mechanism due to their
intrinsic properties. Silver is easily corroded by sulfides and is
prone to electrochemical migration behavior with water vapor,
while copper is highly susceptible to oxidation in the air [26,27].
Secondly, solvent systems of sintered materials have been
found to be influential in reliability. Research has shown that
the addition of epoxy resin to solder paste is effective for water
vapor insulation, thereby alleviating the short circuit problem
caused by metal whisker formation [28]. Jung et al. applied
epoxy resin to the sintered silver paste and copper paste for high
shear strength and oxidation resistivity, particularly for sin-
tered copper under a high-temperature storage test [29,30].
They also pointed out that a limited amount of epoxy (e.g. 10 wt
%) shared a limited effect on the reduction of electrical con-
ductivity [30]. However, the anti-corrosion effect of solvent
systems on sintered copper or sintered silver joints aged in high-
humidity-H,S environments has been barely reported.

In this study, four groups of pressure-assisted sintered
samples were firstly fabricated, namely copper paste, epoxy-
added copper paste, silver paste, and epoxy-added silver
paste. The samples, after aging in high-humidity-H,S

power systems:
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Fig. 1 — The failure diagram of the power module in offshore wind power application.
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Fig. 2 — SEM photos of (a) Cu particles and (b) Ag particles.

conditions, were compared and analyzed through their
appearance, weight, shear strength, cross-section, and resis-
tance before and after the corrosion. After that, the corrosion
mechanism of each group of joints was further analyzed
through various techniques, including Scanning Electron Mi-
croscopy with Energy Dispersive X-ray Spectroscopy (SEM/
EDS), X-Ray Diffraction (XRD), X-ray Photoelectron Spectros-
copy (XPS), and electrochemistry technique. Additionally,
molecular dynamics (MD) simulation combined with a force
field (ReaxFF) was used to investigate the atomistic details
during corrosion. Finally, for a deep understanding of the
reliability of corroded sintered joints during operation, the
sintered copper and silver joints were evaluated for thermal
shock tests. The results of this work provide insights into the
research and development of anti-corrosion sintered joints for
power modules of offshore applications.

2. Experiments and methodology
2.1. Materials and corrosion test

2.1.1. Preparation of sintering pastes

Flake copper powder and silver powder, with diameters ranging
from 1 to 3 pm, were selected for this study from Guangzhou
Hongwu Material Technology, as shown in Fig. 2. Two solvents
were prepared to investigate the anti-corrosion effect of epoxy-

(a) 100 | Weight (%) 4180
Heat Flow (W/g)

80 |- -+ 60

60 - - 40

Weight (%)

40 L 420

Heat Flow (W/g)

20 |- 40

Epoxy free solvent

! . L
0 100 200 300 400
Temperature (°C)

(b) 1w

added sintering paste. One solvent was epoxy-free, primarily
consisting of a mixture of terpineol and polyethylene glycol
(Shanghai Aladdin Biochemical Technology). The other solvent
was doped with an epoxy system and compound thinner from
Heraeus GmbH. The epoxy system constituted one-third of the
solvent mass and included epoxy resin sourced from KUKDO
Chemical (Kunshan), a curing agent (methyl-tetrahydro
phthalic anhydride)) and an accelerator (2-Ethyl-4-
methylimidazole) for epoxy obtained from Jiaxing Nanyang
Wanshixing Chemical. The mass ratio of resin, curing agent,
and accelerator was 10:9:0.9. The thermal performance of these
solvents was shown in Fig. 3. Thermogravimetric Analysis-
Differential Scanning Calorimetry (TG-DSC) testing was car-
ried out using an SDT-Q600 Synchronous Thermal Analyzer (TA
Instrument Company, New Castle, DE) under a nitrogen at-
mosphere, and heated to 400 °C ata ramp rate of 10 °C/min. The
results showed that the epoxy-free solvent did not exhibit any
obvious endothermic or exothermic phenomenon before
250 °C, which was the sintering temperature set in this study.
Additionally, its weight decreased around 140 °C, with the mass
loss reaching 42.1% at 250 °C, as shown in Fig. 3(a). Conversely,
the mass loss of the epoxy-added solvent was 52.8% at 250 °C,
indicating that organic residues were present in both joints
after sintering. Simultaneously, the heat flow curve of the
epoxy-added solvent in Fig. 3(b) showed an endothermic peak
after the beginning of the heating process, which was caused by
the curing of the resin. The analysis of solvents not only

80

60 -

Weight (%)

Heat Flow (W/g)

20 - Epoxy added solvent

1
0 100 200 300 400
Temperature (°C)

Fig. 3 — Thermal performance analysis of (a) epoxy-free solvent and (b) epoxy-added solvent.
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Table 1 — Overview of the pastes prepared in this work.

Paste Particles Solvent

Cu-1 Copper Epoxy free (5 wt% terpineol+10 wt% polyethylene glycol)
Ag-1 Silver Epoxy free (5 wt% terpineol+10 wt% polyethylene glycol)
Cu-2 Copper Epoxy added (5 wt% epoxy+10 wt% thinner)

Ag-2 Silver Epoxy added (5 wt% epoxy+10 wt% thinner)

illustrated the degree of organic residues but also provided the
basis for setting parameters in the subsequent pre-drying
process.

After that, four types of paste were prepared, and the sol-
vent accounted for 15% of the total weight of the paste. The
composition information of the pastes is shown in Table 1.
Agate mortar combined with a centrifuge was applied to mix
particles and the solvent. The dispersion time of each paste
was more than 40 min.

2.1.2. Preparation of sintered samples

In this work, pressure-assisted sintered samples of each paste
were prepared for shear strength analysis and discrete sin-
tered samples with cylinder shapes were prepared for elec-
trical conductivity analysis. As shown in Fig. 4(a), the
preparation process involved stencil printing on Direct
Bonding Copper (DBC) substrates, pre-drying in a nitrogen
atmosphere, and the application of dummy chips with sizes of
2 mm x 2 mm x 0.25 mm to replace the actual power chips,
which were then placed over the sintering paste. The back of
the dummy chips has a silver coating with a thickness greater
than 0.1 pm. The sandwich structure was sintered under the
pressure of 20 MPa at 250 °C for 900 s, using Boschman Sin-
terstar Innovate-F-XL. Finally, sintered joints were success-
fully fabricated. To test the conductivity of the sintered layer
and obtain the corrosion products of the sintered material,
discrete sintered samples with cylinder shapes were produced
at the same time. Similar to the process for preparing sintered
joints, cylindrical sintered samples were fabricated with
approximately 12.7 mm in diameter and 0.5-1.5 mm in
thickness on ceramic substrates, as shown in Fig. 4(b). It is
worth mentioning that the solvent without epoxy was dried at
140 °C for 20 min, and the solvent containing epoxy was dried
at 90 °C for 15 min, according to the thermal analysis of the
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Mask Stencil Print
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Dry, Die-attach
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two solvents in Section 2.1. The specific sintering process of
each paste is shown in Table 2. The purpose of setting the pre-
drying step is to evaporate part of the low-boiling organic
matter as much as possible, which reduces the organic
residuary in the joint after the final sintering is completed.

2.1.3. Hydrogen sulfide gas corrosion experiments

To investigate the anti-corrosion effect of sintered copper or
sintered silver joints with the addition of epoxy, four groups of
samples were aged in high-humidity-H,S conditions using
Gas Corrosion Test Equipment (YAMASAKI, GH-180). The
temperature was maintained at 45 °C during the 168-h
corrosion period. The aging process was accelerated by
maintaining high humidity at 85% RH and introducing 100
parts-per-billion (ppb) of H,S into the environment. All four
groups of samples were aged simultaneously under these
conditions.

2.2. Characterization methodology

2.2.1. Characterization of the properties of the joints

To compare the macro changes of various samples before and
after corrosion, an Optical Microscope (OM, KEYENCE) was
applied to record the appearance of the samples. In terms of
shear strength measurement, Push-pull Testing Machine
(DAGE) was employed. A four-probe tester (RTS-8) was utilized
to analyze electrical conductivity change at a temperature of
(25 + 5)°C and 65%RH.

2.2.2. Characterization of the corrosion products

To investigate the difference in corrosion mechanism among
joints, Scanning Electron Microscopy with Energy Dispersive
X-ray Spectroscopy (SEM/EDS, Zeiss) was introduced to
observe and analyze the element distribution of the surface

Pressure Assisted Sintering

= - =

N
Dummy chip

Dry Pressure Assisted Sintering

—) — ) - D

Fig. 4 — Schematic diagram of (a) sintered joint sample preparation and (b) cylindrical sintered sample preparation.


https://doi.org/10.1016/j.jmrt.2023.07.098
https://doi.org/10.1016/j.jmrt.2023.07.098

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:6593—-6612

6597

Table 2 — Overview of the sintering processes in this work.

Paste Pre-drying

Pressure assisted sintering

Cu-1 (epoxy free)
Ag-1 (epoxy free)
Cu-2 (epoxy added)
Ag-2 (epoxy added)

140 °C, 20 min, Nitrogen atmosphere
140 °C, 20 min, Nitrogen atmosphere
90 °C, 15 min, Nitrogen atmosphere
90 °C, 15 min, Nitrogen atmosphere

20 MPa, 15 min, 250 °C, Nitrogen atmosphere
20 MPa, 15 min, 250 °C, Nitrogen atmosphere
20 MPa, 15 min, 250 °C, Nitrogen atmosphere
20 MPa, 15 min, 250 °C, Nitrogen atmosphere

and cross-sections. Subsequently, the crystal structure
change of the sintered samples was characterized by an X-ray
Diffractometer (XRD, BRUKER) using Cu Ko radiation
(A = 0.15418 nm). An X-ray Photoelectron Spectroscopy (XPS,
Thermo Fischer, ESCALAB Xi+) equipped with an Al Ka exci-
tation source (hv = 1486.6 eV) was employed to study the
chemical structure of elements Cu, Ag, C, O, and S in sintered
samples after corrosion.

2.2.3.  Electrochemical measurement

The corrosion behavior of the samples was characterized by
potentiodynamic polarization curves and electrochemical
impedance spectroscopy (EIS), operated on the EC-Lab elec-
trochemical workstation (Biologic VSP-3e) in the corrosive
solution at 45 + 1 °C with a conventional three-electrode cell.
Prior to the electrochemical measurements, the solutions
were saturated with corrosion gas by being in contact with air
and H,S gas. However, after the measurements, the electro-
lyte was no longer aerated. The potentiodynamic polarization
curves were measured within the range of —0.4 Vto 0.3 V (vs.
SSCE) at a scan rate of 120 mV/min. For the EIS test, we applied
the frequency range from 100 kHz to 100 MHz with a distur-
bance amplitude of 5 mV.

2.2.4. Thermal shock tests

Thermal shock behavior is very important when evaluating
die-attach for high-power applications. In this work, the
JESD22-A104 standard was selected, which lasted 500 tem-
perature cycles within a range of —50 to 150 °C, with a cycling
rate of 2 cycles per hour.

2.3. MD simulation methods and details

2.3.1. ReaxFF-MD simulation

It is challenging to track the atomic-level changes during the
corrosion process in experiments. Hence, MD simulations
based on the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPs) was considered as an ideal tool to shed
light on the corrosion mechanism. The Open Visualization
Tool (OVITO) software was utilized to realize three-
dimensional visualization of the calculation results.

Since the corrosion process involves chemical reactions,
the ReaxFF was developed by Van Duin et al. [31] including
bonding and breaking chemical bonds was utilized in this
work. Similar to the nonreactive force field, the total energy of
the ReaxFF force field is divided as follows:

Esystem = Epond + Eover + Eunder + Eva + Epen + Etors + Ecunj + Evawaals

+ ECoulomb

(1)

where Eyong is the bond energy; E,y.r is the correction term of
over coordination; E,nger 1S the correction term of under-
coordination; E,q is the bond angle term; Ey., is the extra en-
ergy loss of the two double bond systems; Ei,s is the torsion
angle term, E.n; is the conjugate energy. The above energy
terms are related to the order of the bond and the environ-
ment. And the last two non-bonded terms are the van der
Waals force term (Eygwaas) and the Coulomb force term
(ECoumolb)-

2.3.2. Simulation details

To simulate the effect of adding epoxy resin on the corrosion
behavior, a three-layer composite system was established.
The first layer consisted of a corrosive gas mixture containing
oxygen, water, and hydrogen sulfide. The second layer was an
organic layer, which was simplified based on the thermogra-
vimetric analysis conducted in Section 2.1.1. The remaining
organic matter was approximated to polyethylene glycol (Cu-
1, Ag-1) and epoxy resin (Cu-2, Ag-2), respectively. The third
layer was a metal layer, comprising silver (Ag-1, Ag-2) and
copper (Cu-1, Cu-2), respectively. The simulation cell di-
mensions were approximately 52 A x 52 A x 65 A and con-
tained 9728 atoms (Ag-1), 10,656 atoms (Ag-2), 11,440 atoms
(Cu-1), and 12,368 atoms (Cu-2), respectively.

To mimic the conditions of H,S gas corrosion, the system
temperature was maintained at 318 K to investigate the
reaction-diffusion of the corrosive gas. The NVT ensemble
was employed to simulate the corrosion process. The simu-
lation time step was set as 1 fs, the number of steps was
5 x 10° and the total duration was 500 ps. In the simulation
process, periodic boundary conditions were applied in the x, y,
and z directions. The temperature was controlled with the
nose-Hoover thermostat.

3. Results and discussion
3.1.  Analysis of properties changes after corrosion
3.1.1. Appearance and weight analysis

During the corrosion process, significant changes were
observed in both the surface and weight of the specimens. To
accurately record these changes, four groups of sintered joints
were fabricated on DBC substrates using four different types
of sintering paste. Each group consisted of 2 DBC substrates
and 6 sintered joints with dummy chips on each sample. To
document the condition of the samples before and after
corrosion, optical micrograph photos were taken and pre-
sented in Fig. 5. As illustrated in Fig. 5(a) and (b), the joints
sintered with paste Cu-1 and paste Ag-1 were surrounded by
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After corrosion -

Fig. 5 — OM photos of the surface before and after corrosion (a) Cu-1; (b) Ag-1; (c) Cu-2; (d) Ag-2.

dark corrosion residues. Notably, the epoxy-added solvent
system provided significant protection to the substrate sur-
face around the chip compared to the epoxy-free solvent
system. This protective effect was clearly observed in Fig. 5(c)
and (d), where the copper substrate around the chips was
protected while the other substrate areas were corroded. The
results of this study demonstrated that the epoxy resin
exhibited an excellent protective effect on the edge of the
sintered layer and the surrounding substrate.

In addition, weight change was selected as another indi-
cator of the occurrence of corrosion due to the formation of
oxides and sulfides. Table 3 recorded the weight change of
samples before and after corrosion. Moreover, the average
weight change of the four groups of samples was compared in
Fig. 6. The data showed that the weight of the samples
increased after aging. Specifically, the average weight of Cu-1,
Ag-1, Cu-2, and Ag-2 increased by 0.0217%, 0.0322%, 0.0200,%
and 0.0175%, respectivel. In combination with the inspected
surface changes, it can be concluded that epoxy provided
effective corrosion protection for the sintered joints. However,
when considering DBC boards with joints, the macroscopic
mass increment can be influenced by various factors. Firstly,
based on the OM photos, it is observed that a significant area
of exposed copper on the DBC board's surface undergoes
corrosion and appears blackened. This factor also contributes
to the increase in mass. Secondly, the presence of water-
stained patterns of varying degrees on the substrate surface,
resulting from corrosion in a high-humidity environment,
also cause variations in mass. Furthermore, the quantity of
sintered material utilized in the joint is relatively small, and
any excess slurry could act as a protective barrier, slowing

0.040

0.035 4
0.0322

0.030 4

0.025 4

0.0217
0.020 - 0.02

0.015 4

0.010 4

Average weight change (%)

0.005 -+

0.000
Copper Silver

Powder

Fig. 6 — Comparison of the average weight change of the
samples.

down the corrosion process of the copper substrate sur-
rounding the epoxy joint. As a result, it leads to a reduction in
mass gain after corrosion. Therefore, we consider that the
mass increment observed in DBC with joints serves as a direct
indicator of corrosion. However, it certainly could not be
solely relied on to determine the degree of corrosion when
studying sintered materials. It is crucial to consider additional
factors that may influence the macroscopic mass changes in
such systems, such as corrosion of the substrate and water
stain residue.

Table 3 — Record of the weight change of samples before and after corrosion.

Sintered Sample 1 Sample 1 Sample 2 Sample 2 Average
joints Before After Before After Weight
(with DBC) Corrosion (g) Corrosion (g) Corrosion (g) Corrosion (g) Change (%)
Cu-1 5.7543 5.7553 5.7461 5.7476 0.0217
Ag-1 5.7559 5.7579 5.7229 5.7246 0.0322
Cu-2 5.7597 5.7608 5.7399 5.7411 0.0200
Ag-2 5.7257 5.7268 5.7242 5.7251 0.0175
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Fig. 7 — Average shear strength of the sintered joints before
and after corrosion.

3.1.2.  Shear strength analysis

Shear strength is the most commonly applied metric for
evaluating the mechanical properties of joints. The average
shear strength of the sintered joints before and after corrosion
was compared in Fig. 7. The Cu-1 samples showed a clear
decrease in shear strength, from 36.88 MPa to 30.11 MPa, while
the Cu-2 samples exhibited an increase of 10.4%, which is
probably related to the addition of epoxy resin. For the Ag-1
samples, the shear strength increased by 17.95%, which was
more significant compared to the Ag-2 samples which only
increased by 1.1%. In general, silver sintered joints studied in

this work exhibited a higher shear strength before and after
the corrosion. Though the shear strength of copper joints in
this work could not reach the same level, they remained over
30 MPa both before and after the corrosion, which are usually
considered fair enough for die attach investigations.

At the same time, OM images of the shear fractured surface
before and after corrosion were presented in Fig. 8. The frac-
ture modes (Fig. 8(e)) of the sintered joints in the Ag-1and Ag-2
samples were consistent before corrosion, exhibiting adhesive
fractures at the substrate. This indicated that the internal
sintering connection strength of silver was greater than the
connection strength between the sintered body and the sub-
strate, thereby not affecting the fracture mode. However,
upon the addition of epoxy, the bonding effect between the
sintered substrates was significantly enhanced, resultingin a
fracture still occurring at the substrate, but with improved
shear strength. Conversely, in the case of the copper joints,
the fracture mode changed from cohesive fracture to adhesive
fracture at the substrate after the addition of epoxy. This
change indicated that the matrix connection was insufficient,
while the connection at the substrate was stronger, leading to
internal failure in Cu-1. With the addition of epoxy, the in-
ternal connection was strengthened, enabling it to withstand
shear forces exceeding those of the substrate, resulting in
fractures occurring at the substrate. However, the addition of
epoxy did not improve the connection between the sintered
copper and the substrate, resulting in no significant
improvement in the shear performance of Cu-2. After corro-
sion, the fracture patterns of Cu-1, Ag-1, and Ag-2 sintered
joints remained unchanged. However, the fracture failure
mode of the Cu-2 sintered joint after corrosion was altered,
with a combination of substrate adhesive fracture and inter-
nal fracture. This phenomenon is presumed to be caused by a

Adhesive break
on the substrate

Cohesive break in
the sinter layer

Adhesive break
on the chip

Fig. 8 — OM photos of the shear fractured surface before and after corrosion (a) Cu-1; (b) Ag-1; (c) Cu-2; (d) Ag-2. (e) Schematic

diagram of the fracture modes.
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Table 4 — Electrical conductivity after corrosion.

Cylindrical sintered Electrical Conductivity

sample After Corrosion (s/cm)
Cu-1 7.16%10*
Ag-1 2.36%10°
Cu-2 7.99%10*
Ag-2 2.13*10°

decrease in the internal strength of the sintered body due to
the presence of corrosion products.

By integrating the analysis of surface changes, weight
changes, and fracture modes, we speculated that the charac-
teristics and formation of corrosion products were the pri-
mary factors contributing to the variation in shear strength.
The decline in the shear strength of the Cu-1 joint could be
attributed to the presence of a significant quantity of copper
corrosion products in the absence of epoxy protection.
Conversely, in the case of the epoxy-protected Cu-2 joints, a
minimal amount of copper corrosion products that fill the
pores was likely responsible for the slight increase in strength.
However, for the silver joints, it was plausible that the greater
quantity of corrosion products generated under the prevailing
corrosion conditions was the reason behind the observed in-
crease in joint strength.

3.1.3.  Electrical conductivity analysis

As a type of electronic packaging material that connects chips
and substrates, the sintered layer is required to carry high
currents. Therefore, it is crucial to evaluate the changes in the
electrical conductivity of the connection material after un-
dergoing corrosion. As detailed in Section 2.2, standard discrete
sintered samples with cylinder shapes were prepared under
the same process conditions and subjected to the same
corrosion conditions mentioned above for the purpose of
conducting electrical conductivity tests. The electrical

conductivity of the samples after corrosion was presented in
Table 4. The conductivity of sintered silver was higher than
that of sintered copper. This observation is consistent with
the electrical conductivity of bulk silver (6.3 x 10° S/cm) being
superior to that of bulk copper (5.9 x 10° S/cm) [12,14]. The
existence of pores in the sintered samples caused a reduction
in their electrical conductivity. Prior research indicates that
epoxy resin typically reduces conductivity, which is why the
conductivity of Ag-1 (2.36 x 10° S/cm) was higher than that of
Ag-2 (2.13 x 10° S/cm). However, the electrical conductivity of
Cu-1 (7.16 x 10* S/cm) was lower than that of Cu-2
(7.99 x 10* S/cm), most likely due to the product having low
electrical conductivity after corrosion. Further analysis was
conducted in Section 3.3.

3.2. Cross-section analysis

To investigate the corrosion conditions in chip connection
structures, cross-sectional samples were prepared and
observed using Scanning Electron Microscopy (SEM). Cross-
section SEM photos were presented in Fig. 9. Fig. 9(a)
revealed severe corrosion along the edge of Cu-1, as well as
collapse at the corner of the cross-section sample, ultimately
leading to decreased shear strength. Additionally, black
corrosion products were observed on the edge of Ag-1. The
presence of cracks on the fracture surface is shown in Fig. 9(b).
However, adding epoxy resin to the paste resulted in intact
joint edges in Cu-2 and relatively complete cross-section
edges in Ag-2 with only a slight burst (Fig. 9(c) and (d)).

3.3.  Analysis of the corrosion products

The effects of high-humidity (85% RH)-H,S (100 ppb) condi-
tions on the appearance, weight, shear strength, electrical
conductivity, and cross-section of sintered samples were

Fig. 9 — Cross section SEM photos of the joints after corrosion (a) Cu-1; (b) Ag-1; (c) Cu-2; (d) Ag-2.


https://doi.org/10.1016/j.jmrt.2023.07.098
https://doi.org/10.1016/j.jmrt.2023.07.098

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;25:6593—-6612

6601
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Fig. 10 — Surface SEM photos of the cylindrical sintered samples fabricated by (a)Cu-1; (b)Ag-1; (c)Cu-2 and (d)Ag-2 pastes.

previously reported and analyzed. Further investigations were
conducted to shed light on the underlying mechanisms.

Firstly, the surface of the cylindrical sintered samples was
examined through SEM, and the surface morphology char-
acterization was presented in Fig. 10. Comparing the images,
it was observed that a considerable amount of loose corro-
sion products appeared on the surface of the Cu-1 sample
after the reaction, as shown in Fig. 10(a). In contrast, the
surface of the Cu-2 sample was well coated with epoxy resin,
as illustrated in Fig. 10(c). Moreover, as depicted in Fig. 10(b)
and (d), there was no significant difference in the surface
morphology of the Ag-1 and Ag-2 samples after the reaction,
although traces of resin coating were evident on the surface
of the Ag-2 sample. These morphological differences indi-
cated that epoxy resin had the potential to effectively protect
sintered copper from corrosion. However, the addition of an
epoxy-based solvent had a minimal anti-corrosion effect on
sintered silver.

Secondly, Energy Dispersive X-ray Spectroscopy (EDS) was
employed to investigate the elemental composition of the
surface. Table 5 listed the surface element distribution, while
Fig. 11 displayed the elemental mapping images of the surface
of cylindrical sintered samples before and after corrosion. The
elemental analysis revealed that the element that increased
significantly after corrosion on the surface of sintered copper
samples was oxygen. Furthermore, the proportion of oxygen
distribution on the surface of the sintered sheet without the
addition of epoxy resin increased from 5.6 wt% to 17.6 wt%,
which was over three times that of the epoxy-added sample,
which only showed a 3.6 wt% increase. Thus, we inferred that
the corrosion products of copper joints were mainly copper
oxides, and the addition of epoxy resin effectively prevented
the formation of oxides during the corrosion process. Con-
cerning the sintered silver samples, the mass-specific gravity
of the sulfur element showed a more apparent change. The
sulfur element on the surface of Ag-1 and Ag-2 etched sam-
ples increased by 5.2 wt% and 5.7 wt%, respectively. These
results demonstrated that the corrosion product on the silver
surface was sulfide, and the effect of epoxy resin on the sur-
face corrosion resistance was insignificant.

Next, X-ray diffraction (XRD) was performed to identify the
corrosion products of each cylindrical sintered sample. The
product resulting from sintering copper in an atmosphere of
hydrogen sulfide and water vapor was indexed to a mixture of
CuO and Cu,0 (JCPDS: 02-1076), as illustrated in Fig. 12(a). Small
peaks of the mixture phase of CuO and Cu,0 were observed in
the reaction product of the Cu-1 sample based on the sintered
copper (JCPDS: 04-0836). Notably, the peaks of the Cu-2 sample
after corrosion were nearly identical to the initial surface. The
results confirmed the protective effect of epoxy resin on sin-
tered copper. Furthermore, as presented in Fig. 12(c), possible
reactions of the sintered copper under high-humidity (85% RH)-
H,S (100 ppb) corrosion conditions were listed, and the corre-
sponding reaction energy changes were calculated. The data of
4G utilized in the calculation were obtained from Lange's
Handbook of Chemistry [32]. Based on the change of Gibbs free
energy, the oxide energy of copper was lower than that of
sulfide. Thus, the main product was oxide, which was in
agreement with the results of XRD and EDS. In contrast, both
samples of sintered silver after corrosion exhibited distinct
phase peaks of Ag,S (JCPDS: 14-0072), as shown in Fig. 12(b), and
the Ag,S peaks of the Ag-2 sample were slightly lower. The test
results of XRD were consistent with the EDS analysis, indi-
cating that Ag,S was highly active, and the protective effect of
epoxy on sintered silver was not apparent. When combined

Table 5 — EDS results of material compositions for the

surface of cylindrical sintered samples before and after
corrosion.

Sintered samples Cu Ag (@ (0] S
(%wt) (%wt) (%wt) (%wt) (%wt)
Cu-1-Before corrosion  79.2 = 21.5 5.6 =
Cu-1-After corrosion 46.1 = 35.0 17.6 1.3
Ag-1-Before corrosion  — 94.8 3.0 2.3 =
Ag-1-After corrosion = 82.5 7.4 5.0 5.2
Cu-2-Before corrosion  77.9 = 18.7 33 =
Cu-2-After corrosion 64.4 = 24.8 7.0 3.8
Ag-2-Before corrosion  — 93.0 44 2.6 =
Ag-2-After corrosion = 82.6 9.7 2.0 5.7
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Fig. 11 — EDS elemental mapping images of the surface of cylindrical sintered samples before and after corrosion (a) Cu-1;
(b) Ag-1; (c) Gu-2 and (d) Ag-2.

with the calculation results of the Gibbs free energy of possible calculated results were in accordance with the XRD and EDS
products in Fig. 12(d), the free energy of the process from silver characterization outcomes.
to silver sulfide was significantly reduced, implying that silver Subsequently, the corroded surface of the samples was

sulfide was the main product under corrosion conditions. The further analyzed using X-ray photoelectron spectroscopy
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(XPS). Fig. 13(a)—(d) showed the Cu 2p, C 1s, O 1s, and S 2p XPS
spectra of sintered copper after being exposed to 85%RH hu-
midity and 100 ppb H,S at 45 °C for 168 h. From the Cu 2p XPS
spectrum in Fig. 13(a), the Cu 2p peak shape on the surface of
the Cu-1 sample had a strong satellite peak, indicating the
presence of divalent copper compounds on the surface [33].
Conversely, in the results of the Cu-2 sample, the satellite

(a) ; Cu-2-After Corrosion
| CuO/Cu,0 JCPDF 02-1076

peak disappeared, indicating that the surface was almost
unreacted. Further information about the products of Cu-1
after the reaction was determined by analyzing the XPS
spectra of O 1s (Fig. 13(c)) and S 2p (Fig. 13(d)). The peak at
530.9 eV in the O 1s XPS spectrum belonged to the Cu—0O bond
of oxides mixture of copper, which corresponds to the results
of XRD [34]. However, peaks at 161.1 eV (S 2ps/») and 162.5eV (S

(b) Ag-2-After Corrosion
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Fig. 12 — XRD test results of the sintered structures before and after corrosion: (a)Cu-1 and Cu-2; (b)Ag-1 and Ag-2. Possible
reactions of the sintered (c)copper and (d)silver during corrosion.
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Fig. 13 — (a) Cu 2p, (b) C 1s, (c) O 1s, (d) S 2p XPS spectra of sintered copper after corrosion; (e) Ag 2p, (f) C 1s, (g) O 1s, (h) S 2p

XPS spectra of sintered silver after corrosion.

2p1s2) in the S 2p spectrum should be assigned to the Cu—S
bond of CuS, indicating that a trace amount of CuS also
appeared on the reacted surface [35]. Nevertheless, for the
corroded Cu-2 sample surface, the XPS results showed that
neither copper oxides nor sulfides were formed on the surface.

o

Lg(|Current//mA)
I |

Cu-1 after corrosion

Cu-1 before corrosion

|
w
T

Cu-2 after corrosion

Cu-2 before corrosion

|
N
T

-0.3 -0.2 0.1 0.0 0.1 02 03
Potential(V)

The peaks at 161.3 €V (S 2p3/,) and 162.8 eV (S 2p,/,) in the S 2p
XPS spectrum corresponded to the S—H bond [36], and that at
163.0 eV (S 2p3/,) and 164.3 eV (S 2py/,) were assigned to C—S
[37], illustrated that epoxy resin in Cu-2 sample may have
reacted with H,S. The peak at 2889 eV in the C 1s XPS
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Fig. 14 — The polarization curves of (a) copper-based sintered paste and (b) silver-based sintered paste before and after

corrosion.
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Table 6 — The characteristic parameters obtained by polarization curves of copper-based sintered paste and silver-based

sintered paste before and after corrosion.

Samples Ba Icorr,a Bc Icorr,c EO (\/) EC Icorrr Rp/Q
(mA) (mA) V) (mA)
Cu-1-Before corrosion 0.054 0.546 —0.0524 0.507 0.049 0.047 0.526 7.930
Cu-1-After corrosion 0.0493 0.277 —0.1035 0.34 0.029 0.036 0.318 18.547
Cu-2-Before corrosion 0.0784 1.029 —0.0759 0.975 0.074 0.071 1.002 18.563
Cu-2-After corrosion 0.0465 0.443 —0.0606 0.467 0.063 0.064 0.457 46.800
Ag-1-Before corrosion 0.0676 0.137 —0.0777 0.147 0.107 0.109 0.142 4.655
Ag-1-After corrosion 0.0525 0.025 —0.0596 0.025 -0.26 —0.259 0.025 4.159
Ag-2-Before corrosion 0.1264 0.191 —0.0556 0.211 0.074 0.077 0.197 12.567
Ag-2-After corrosion 0.0649 0.024 —0.0652 0.023 -0.22 -0.221 0.024 3.625

spectrum (Fig. 13(b)) also proved the existence of the C—Sbond
[38]. After corrosion, both samples presented peaks at
167.9 eV (S 2ps/2) and 169.2 eV (S 2py/,) that were attributed to
S03-, produced by the oxidation of H,S [39]. To sum up, the
addition of epoxy to the sintered copper paste effectively
prevented further oxidation and corrosion of copper, as the
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epoxy on the surface reacted with H,S first in the corrosion
environment.

The corroded surfaces of sintered silver samples were also
ingested through XPS, as illustrated in Fig. 13(e)—(h). The Ag
3d, O 1s, and S 2p XPS spectra of sintered Ag-1 and Ag-2
samples displayed similar peak shapes. The Ag 3d XPS
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Fig. 15 — Initial EIS spectra of (a) Cu-1, (b) Cu-2, (c) Ag-1, and (d) Ag-2 sintered pastes before and after corrosion. An inset
equivalent circuit of R;(CPE;R,) (CPE, (R3W;)) is used to simulate the resistances. Among them, R, is the ohmic resistance of
the solution, R, and R; are the charge-transfer resistance of samples, CPE; and CPE, are the double-layer capacitance, and

W, is the Warburg impedance.
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spectrum (Fig. 13(e)) indicated the presence of two peaks at
368.0 eV (Ag 3ds/2) and 373.9 eV (Ag 3ds/,), which corresponded
to the silver compound [40]. The S 2p XPS spectrum (Fig. 13(h))
exhibited two peaks at 161.1 eV (S 2p3/2) and 162.3 eV (S 2p1/2),
which were well-matched to the Ag—S bond of Ag,S [40]. The
XRD results confirmed the presence of Ag,S as the primary
corrosion product. However, no sulfate traces were detected
in the S 2p XPS spectrum. Moreover, the C—S bond was also
observed in the C 1s XPS spectrum (Fig. 13(f)). In conclusion,
distinct peaks of Ag,S were observed on the surfaces of both
sintered Ag-1 and Ag-2 samples, and evidence of the reaction
of epoxy resin with H,S was found only in the Ag-2 sample.

3.4.  Electrochemical analysis

To investigate the influence of epoxy resin addition and the
appearance of corrosion products on further corrosion, an
electrochemical analysis was employed. Fig. 14 illustrates the
polarization curves of sintered copper and sintered silver flake
samples, both before and after H,S gas corrosion. The corre-
sponding values calculated from the polarization curves,
including anodic and cathodic Tafel slopes (8, and g. respec-
tively), corrosion potentials (E.,), and corrosion current
densities (I.o;r) are presented in Table 6.

It was observed that the E,, of both sintered copper and
sintered silver samples shifts to a negative potential direction
after H,S corrosion. This change in thermodynamic corrosion
tendency was mainly caused by the destruction of the dense
structure on the surface of the samples. Additionally, the I,
of the sintered paste displayed a downward trend after
corrosion, mainly due to the formation of porous corrosion
products with low electronic conductivity on the surface.
These products were not conducive to further electrochemical
corrosion reaction, leading to a kinetic decline in reaction rate.
It is noteworthy that the change in g, before and after corro-
sion was more significant than that of 8., indicating that the
corrosion mainly occurred in the anode (i.e., the sintered paste
sample). Interestingly, the change in E.,, of sintered copper

Cu-1 t=0 Cu-2 t=0

Cu-1 t=200 ps

Cu-2 t=200 ps

before and after corrosion was much smaller than that of
sintered silver, suggesting that the former had a significant
advantage in corrosion resistance. Furthermore, it showed a
higher E.,, for Cu-2 and Ag-2 after corrosion, benefiting from
the physical anti-corrosion protection provided by the epoxy
resin.

To further explore the corrosion resistance (Ry) of sintered
copper and sintered silver samples, the electrochemical
impedance spectroscopy (EIS) tests were conducted on each
sample, both before and after corrosion. The results are
shown in Fig. 15. The transfer resistances for sintered copper
samples increased after corrosion (Fig. 15(a—b)). This increase
suggests that the attachment of corrosion products on the
surface may have inhibited further corrosion reactions.
Conversely, the sintered silver samples exhibited the opposite
trend after corrosion (Fig. 15(c—d)). This phenomenon con-
firms the excellent corrosion resistance of sintered copper.
Additionally, it is noteworthy that both Cu-2 and Ag-2 sam-
ples, which have better physical and chemical stability due to
the epoxy resin, show better corrosion resistance than Cu-1
and Ag-1 samples. This observation is also consistent with
the polarization curve analysis.

3.5.  Molecular dynamics simulations

In order to investigate the interaction between organic resi-
dues and sintered copper or silver surfaces, the corrosion
behavior of four samples was simulated using molecular dy-
namics simulation under high-humidity-H,S conditions, as
depicted in Fig. 16. The statistical results of corrosion behavior
are presented in Fig. 17, wherein (b), (d), (f) and (h) demon-
strate the relationship between the diffusion depth of the
corrosive elements (S, O) and simulation time. The simulation
time was observed to be 200 ps, during which all four systems
were found to be fundamentally stable and were thus selected
for subsequent simulation analysis. Moreover, the slopes of
the Cu models in Fig. 17 (b), (d), (f), and (h) were generally
higher than those of the Ag models, indicating a rapid

o
o

o

Ag-1 t=0

Ag-2 t=0

©O ® ¢ ¢
2

Ag

Ag-1 t=200 ps

Ag-2 t=200 ps

Fig. 16 — (a)—(d) The initial configurations of the simulation model. (e)—(h) Configurations after corrosion simulation (200 ps).
(Red is oxygen, white is hydrogen, yellow is sulfur, black is carbon, brown is copper, and gray is silver.).
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generation of a stable diffusion depth for the reactions be-
tween copper and corrosive medium. The conclusion is
consistent with the order of metal activity, thereby validating
the rationality of the model.

Fig. 17 (a), (c), (e), and (g) depicted the initial and final dis-
tributions of copper or silver in each model after 200 ps. It is
evident that the samples coated with epoxy resin (Cu-2, Ag-2)
retained more metal atoms. Furthermore, the analysis of S
and O reaction-diffusion depth indicated the occurrence of
both oxidation and vulcanization reactions. In the case of
copper, the oxidation trend was more pronounced, while for
silver, the vulcanization reaction played a dominant role,
which was consistent with the experimental findings of
corrosion product characterization. Simultaneously, simula-
tion results revealed that the reaction depths of Cu-1and Ag-1
without epoxy resin were 10.5 A, whereas, for Cu-2 and Ag-2
with epoxy resin, they were approximately 8 A and 9 A,
respectively. The results reaffirmed the protective effect of
epoxy resin against corrosion, and the anti-corrosion effect on
copper was more significant due to the shallower corrosion
depth.

3.6.  Corrosion mechanism analysis

Based on previous observations and analyses, this study
speculates on the corrosion mechanism of four types of chip
connection materials in the high-humidity (85% RH)-H,S
(100 ppb) environment. The speculated schematic diagram of
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the corrosion process is shown in Fig. 18. When samples were
placed in the gas corrosion test chamber, a water film formed
on their surfaces due to high humidity, as shown in Fig. 18(a).
Trace amounts of oxygen from the air dissolved in the water
film, while hydrogen sulfide also dissolved and ionized H™,
HS™, and S*". For the surface of sintered copper (Fig. 18(b)),
oxygen-absorbing corrosion mainly occurred, as shown in
Egs. (2) and (3).

Cathode electrode : O, +4H"* +4e~ —4H,0

(2)

Anode electrode : Cu — Cu®* + 2e~

3)

Cu®" ions and S$* formed insoluble CuS. CuS was then
converted into more stable copper oxides (CuO/Cu,0) due to
the presence of oxygen. The electrical conductivity of CuO/
Cu,0 is poor, so their production in large quantities signifi-
cantly reduced the conductivity. The structure of copper ox-
ides is loose, leading to a noticeable decrease in the shear
strength. In addition, it is worth mentioning that copper oxide
is an excellent catalyst and is sensitive to H,S [41]. Afterward,
H,S enriched on the surface of the sintered copper was
oxidized by oxygen in the air under the catalysis of the
generated oxide [42—44]. Thus, the SO;~ detected in the XPS
test was generated. However, with the accumulation of copper
oxides, more H,S reacted with O, instead of ionizing in water
to produce S?~. Therefore, the process of generating CuS was
effectively suppressed, and the corresponding process of
copper loss of electrons and the process of generating oxides

H,0 e y 0,
LN & )
H,0 H* HS- S= 0,

Sample Surface

0, \
Step 3 \
h Suppresgi:n CuO/Cu,0
Step 4
HS = o, SOz

Fig. 18 — Schematic diagram of (a)changes in the surface of the sample after the corrosion; (b)corrosion mechanism of
sintered copper surface; (c)corrosion mechanism of sintered silver surface; (d)the mechanism of copper oxide to further

suppress copper corrosion.
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Fig. 19 — Average shear strength of the sintered joints
before and after temperature shock.

was also inhibited, as shown in Fig. 18(d). Under this
assumption, the corrosion process of copper was gradually
slowed down. For the Cu-2 sample, the addition of epoxy resin
effectively prevented contact between the copper surface and
the corrosive medium. The small amount of H,S reaching the
surface first reacted with the surface oxide generated in the
process, avoiding the corrosion of the internal copper and
achieving an evident anti-corrosion effect. Similarly, Fig. 18(c)
illustrated the corrosion mechanism of the sintered silver
surface. Like sintered copper, oxygen-absorbing corrosion
also dominated, as shown in Egs. (4) and (5).

Cathode electrode : O, + 4H" +4e~ —4H,0 (4)

Anode electrode : Ag — Ag' +e” (5)

The generated silver ions reacted with S*~ to form Ag,S
solid deposit. However, as shown in Fig. 11(d) for the Gibbs
free energy calculation, Ag,S is highly stable. Therefore,
Ag,S does not react further with oxygen and is easily
formed. In addition, Ag,S formed a dense layer on the
surface of the silver. The observed increase in shear
strength, despite the occurrence of corrosion, is believed to
be a result of the formation of the Ag/Ag,S interfaces and
the porous structure in the sintered silver material. This
suggests that the corrosion process does not necessarily
lead to a deterioration of the material's mechanical prop-
erties. The Ag/Ag,S interfaces, which formed due to the
reaction between the silver and sulfur species in the cor-
rosive environment, may contribute to the enhanced
strength by acting as a barrier that impedes the propaga-
tion of cracks. Furthermore, the porous structure that ari-
ses during the sintering process can act as a stress
concentrator, which increases the local strength of the
material. Moreover, the corrosion rate of the silver inside
with epoxy protection was slowed down. The effect of
epoxy resin in sintered silver was commonly reflected in
enhancement shear strength and the reduction of electrical
conductivity.

3.7.  Reliability analysis under thermal shock

For the WBG power modules, the actual operating tempera-
ture usually switches from room temperature up to 150 °C
Therefore, it is crucial to conduct further research on the
corroded joint reliability under thermal shock testing
regarding the performance of the four types of joints. In this
study, four groups of joints aged by H,S as mentioned in
Section 2.1.3 were further tested based on the JESD22-A104

sintered silver

Fig. 20 — SEM photos of the joints after thermal shock (a)Cu-1; (b)Ag-1; (c)Cu-2; (d)Ag-2.
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Fig. 21 — SEM photos of the sintered layer in the joints after thermal shock (a)Cu-2; (b)Ag-1; (c)Ag-2.

standard, with a total of 500 temperature cycles within a range
of —50 to 150 °C, with a cycling rate of 2 cycles per hour.

The reliability evaluation of such sintered joints was pri-
marily based on the shear strength indicator. Fig. 19 compared
the average shear strength of the sintered joints before and
after the thermal shock tests. The shear strength of Cu-1 and
Cu-2 samples exhibited a significant decrease, dropping from
30.10 MPa to 40.81 MPa—2.75 MPa and 4.06 MPa, respectively.
This corresponds to a change range of 90.86% and 90.06%. In
contrast, the decrease in the shear strength of the Ag-1 and
Ag-2 samples was only 5.32% and 8.28%, respectively. There-
fore, it is concluded that silver sintered joints demonstrated
excellent thermal shock resistance based on the changes in
shear strength.

Furthermore, the morphology changes of the joint samples
after thermal shock were analyzed using SEM, as depicted in
Figs. 20 and 21. After thermal shocks, significant cracks were
observed at the interface between the sintered layer and the
DBC substrate in the copper-sintered joints as shown in Fig. 20
(a) and (c). Moreover, the chip of the Cu-1 sample even de-
tached (Fig. 20 (a)), and cracks appeared in the sintered layer of
the Cu-2 sample (Fig. 21(a)). Such failure is speculated to the
extensive copper oxidation during the H,S corrosion, which
leads to a high coefficient of thermal expansion (CTE)
mismatch with copper and copper-related corrosion products
during thermal cycling tests. In contrast, Ag,S was reported to
share a similar CTE with Ag. Therefore, Ag-1 and Ag-2 showed
better thermal shock resistance. Moreover, the cross section
morphology changes in silver joints were much less pro-
nounced (Fig. 20 (b) and (d), Fig. 21 (b) and (c)). It is worth
mentioning that the shear strength decrease of the Ag-2
sample was slightly higher than that of the Ag-1 sample. It
is hypothesized that this strength decrease is due to the
thermal mismatch caused by the epoxy filling. These findings
provided an evaluation of the rusted sintered joints’ reliability
regarding thermal shock tests, that silver joints exhibited less
shear strength decrease compared to copper joints.

4, Conclusions

In this work, a comparison was made between epoxy-free
solvent systems and epoxy-added solvents for sintered cop-
per and sintered silver, respectively, to investigate their aging
behavior under high-humidity (85% RH)-H,S (100 ppb)

corrosion conditions. The mechanisms of the corrosion were
analyzed using XRD, XPS, SEM, electrochemical measure-
ments, and ReaxFF-MD simulation. The main conclusions are
summarized as follows.

(1) The addition of epoxy resin to sintered copper joints
evidently prevented the corrosion of both the surface and
interior, resulting in an improvement in the electrical
conductivity to 7.99 x 10* S/cm after the reaction. The
shear strength of Cu-2 with epoxy resin increased after
corrosion, while decreased for Cu-1 without epoxy.
However, the connection strength and mechanical reli-
ability of corroded sintered copper joints under thermal
shock need to be further enhanced. For sintered silver
samples, the anti-corrosion effect of the epoxy resin on
the joints was not obvious, while the enhancement of the
epoxy on the shear strength was significant. Moreover,
corroded silver sintered joints exhibited excellent ther-
mal shock resistance, which indicates additives through
solvent adjustment could be prosperous for future work
to enhance its corrosion resistance.

(2) Oxygen-absorbing corrosion was dominated in both
sintered copper and silver. The results of EDS, XRD, XPS
spectra, and the calculation on Gibbs free energy of re-
actions indicated that the reaction product of the sin-
tered copper was mainly the mixture of CuO and Cu,O
converted by CuS, while the reaction product of the
sintered silver was predominantly Ag,S.

(3) The results of electrochemical testing and ReaxFF-MD
simulation demonstrated that the presence of epoxy
resin effectively reduced the occurrence of corrosion. In
addition, for copper, the transfer resistances after corro-
sion suggested that the attachment of corrosion products
on the surface could inhibit further corrosion reactions.

This study focused on the optimization of the anti-
corrosion behavior of sintered die-attach materials, particu-
larly in the comparison of sintering copper and silver, with the
addition of epoxy resin. This research is highly relevant to
practical off-shore applications, especially for accelerating the
adoption of sintering materials in power modules. Further
investigations could be conducted to explore the influence of
varying amounts and types of epoxy resin on the corrosion
protection of the joints, and the improvement of the reliability
performance for corroded sintered joints.
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