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The power semiconductor joining technology through sintering of copper nanoparticles is well-suited for die
attachment in wide bandgap (WBG) semiconductors, offering high electrical, thermal, and mechanical perfor-
mances. However, sintered nanocopper will be prone to degradation resulting from corrosion in sulfur-
containing corrosive environments such as offshore areas. In this study, experiments, including aging test and
corrosion characterization, and simulations based on density functional theory (DFT) studies were conducted to
explore the corrosion behavior and mechanism of elemental sulfur (Sg) and hydrogen sulfide (H2S) on sintered
nanocopper. The experimental results indicated that loose corrosion products were observed on the sintered
nanocopper during the ageing process involving Sg, and compact layered corrosion products formed during the
ageing process involving H,S. Furthermore, similar corrosion product compositions (Cus0, CusS, CuO, CuS, and
potentially CupSO4 or CuSO4) were observed in both the Sg- and HyS-ageing processes. However, the Sg-ageing
process exhibited more noticeable corrosion penetration. This was explained in simulations results: the unsat-
urated Cu sites on the oxide layer [CupO(111)] of the sintered nanocopper could adsorb both HjS and Sg, while
the saturated Cu sites only exhibited the potential to adsorb Sg.

1. Introduction

Silicon carbide (SiC) is a kind of wide bandgap (WBG) semiconductor
material, SiC dies offer significant advantages in terms of high-
temperature resistance, enhanced energy efficiency, and elevated
switching frequency for power devices [1-3]. These devices have found
extensive applications in various domains [4,5], including new energy
vehicles and renewable energy generation/storage. However, at present,
two critical issues persist, impeding the broader adoption of SiC-based
electronics in demanding environments such as offshore areas. First,
conventional tin-based solder, as a die-attachment material, cannot
meet the high-temperature durability requirements of SiC [6,7]. Then,
in corrosive environments containing sulfur, electronic devices are
susceptible to degradation caused by corrosion [8-10].

Electronic devices operating in ambient air will be inherently sus-
ceptible to corrosion from factors such as humidity, oxygen, corrosive
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gases, dust, and pollutants. This will be especially evident in challenging
environments such as coastal and offshore areas [11,12] with high salt
levels and corrosive gases containing S, such as Sg and HjS. Similarly,
facilities such as mines, paper mills, wastewater/garbage treatment
plants, farms, and fertilizer factories exposed to high pollutant concen-
trations will face heightened corrosion risks [13,14].

The corrosion behaviors of sintered silver under outage and voltage
bias conditions have been extensively investigated in different envi-
ronments, including air, electrolyte, and corrosive gases. The corrosion
study of sintered Ag under outage conditions is firstly introduced. C.T.
Chen et al. [15] conducted a 1000 h high-temperature ageing study at
250 °C in ambient air on sintered Ag. They observed that ageing leads to
a coarsening of the microstructure of the sintered silver. However, the
ageing process does not significantly affect the shear strength of the
joints. E. Kolbinger et al. [16] conducted research on the corrosion be-
haviors of sintered Ag with varying sintering pressures in artificial
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seawater and found that higher sintering pressures resulted in reduced
corrosion degree of the sintered Ag. H. Gong et al. [17] demonstrated
that the shear strength of sintered Ag joints significantly decreases with
the increase in ageing time in a 3 % NacCl solution at 50 °C. D. Hu et al.
[18] conducted experiments and simulations to determine the corrosion
process of sintered Ag by Sg vapor. The researchers found that higher
temperatures accelerated sulfidation, while increased humidity inhibi-
ted sulfidation reactions. The simulations also showed that Sg had a
greater propensity for penetrating the porous structure of sintered Ag
compared to solid bulk Ag.

Next, the corrosion study of sintered Ag under voltage bias condi-
tions is presented, wherein sintered Ag mainly experiences corrosion
characterized by Ag migration. The corrosion behavior of sintered Ag on
aluminum oxide substrates was also investigated by G.Q. Lu et al.
[19,20], and the study showed that applying a voltage of 50 V to the
sintered silver electrodes in dry air resulted in the formation of Ag
migration dendrites at temperatures above 250 °C. Interestingly, within
the temperature range of 250-400 °C, Ag dendrites grew from the anode
to the cathode, while at 500 °C, dendritic growth was reversed, occur-
ring from the cathode to the anode. The presence of oxygen was iden-
tified as a crucial factor in facilitating Ag migration in dry air. They also
[21] used the thin electrolyte layer (TEL) method to investigate the
corrosion behavior of sintered silver electrodes under a voltage bias of 3
V in NaCl solutions with different concentrations. The study found that
increasing the NaCl concentration led to longer short-circuiting times of
the silver electrodes. In addition, mechanistic analysis [22] revealed
that in low-concentration electrolytes, silver dendrites, and cloud-like
Ago0 precipitates formed, while high-concentration electrolytes hin-
dered Ag,0 formation, resulting in the presence of more Ag elements as
dendrites. At higher concentrations, limited Ag" ions would combine
with CI™ to form AgCl, depositing on the anode and impeding further
dissolution. D. Minzari et al. [23] found corrosion in power modules
used in pig farms, particularly in sintered contact pads. The corrosion
was caused by sulfur-containing corrosive gases penetrating the silicone
gel layer, leading to the growth of AgsS dendrites on the pad edges under
a bias voltage of 450 V. Furthermore, some studies have also reported
methods to mitigate Ag migration. Riva et al. [24] applied a 20-pm
parylene coating on sintered Ag electrodes and aluminum oxide sur-
faces, effectively mitigating Ag migration. In addition, Wang et al. [25]
and D. Li et al. [26] introduced Pd and Si nanoparticles into nano Ag
paste, respectively, to enhance resistance against migration in sintered
silver. In the studies, Pd and Si demonstrated preferential reactivity with
Ag over Oj.

Due to its relatively recent development, the current research on
sintered Cu primarily focuses on enhancing its initial performance
[27,28], with limited attention given to its corrosion properties. The
following section will present the corrosion behavior and protection
methods of bulk copper. T.T.M. Tran et al. [29] conducted corrosion
experiments on copper samples in an HyS-containing gas environment,
with the analysis of the corrosion products revealing the predominant
formation of Cu,0, Cu,S, and a small amount of CuO. The concentration
of HsS, temperature, and humidity accelerated the production of
corrosion products, with CuyO showing greater sensitivity to humidity
compared to CupS. T.N. Wassermann et al. from Infineon [30] discov-
ered that under high humidity, high voltage, and HyS environmental
conditions, Cu dendritic growth occurred between DBC Cu electrodes,
with the dendrites growing from the anode toward the cathode direc-
tion. Methods to mitigate corrosion in bulk Cu have also been reported
in some studies. Tang et al. [31] also synthesized polyvinylbutyral
anticorrosive coatings with SnS nanosheets, and found that incorpo-
rating 0.1 wt% SnS nanosheets provided optimal corrosion protection
for Cu substrates. Using density functional theory (DFT) and reactive
force field (ReaxFF) simulations, D. Kumar et al. [32] investigated the
corrosion inhibition mechanism of imidazole, adenine, and purine on
Cu. The study demonstrated the formation of stable chemical bonds
between the Cu atoms and the adsorbed N atoms, highlighting the
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underlying mechanism of corrosion inhibition.

Despite extensive research on the corrosion phenomena and pro-
tection strategies involving S in sintered Ag, the corrosion mechanisms
of Sg or HyS for sintered Cu have not been clearly elucidated. In this
study, the corrosion phenomena and products of sintered Cu induced by
Sg or HyS were experimentally investigated. Subsequently, the adsorp-
tion characteristics of Sg or HyS on the Cuz0 oxide layer of sintered Cu
were explored using DFT simulation.

2. Experimental details
2.1. Sample preparation

The Cu quasi-nanoparticles (QNPs) synthesized using the physical
vapor deposition (PVD) method were selected as the raw materials in
this study. The Cu QNPs were nearly spherical in shape and 150-300 nm
in diameter, as shown in Fig. 1(a). The Cu QNPs were treated with
carboxylic acids (99.0 %, Aladdin Reagent Co., Ltd.) to remove Cu oxide.
After treatment, a nanometer-thick coating layer of reducing substance
formed on the particle surfaces, as shown in Fig. 1(b).

To investigate the corrosion mechanism, 5 x 5 x 1 cm?® sintered Cu
plates were prepared. Fig. 2 shows the sample preparation process,
which consisted of the following steps. (1) The Cu QNP paste and sin-
tering mold were first prepared. The Cu QNP paste consisted of Cu QNPs,
ethylene glycol (99.5 %, from Aladdin Reagent Co., Ltd.), and terpinol
(95.0 %, from Aladdin Reagent Co., Ltd.), while the mold was composed
of 304 stainless steel and consisted of a baseplate, square hole plate, and
pressure block. (2) A certain amount of Cu QNP paste was injected into
the mold. (3) The mold containing Cu QNP paste was then heated in a
vacuum oven (DZF-6012, YIHENG) at 120 °C for 30 min, (4) and sub-
jected to pressure-assisted sintering at a temperature of 250 °C and
pressure of 20 MPa for 25 min, using the industrial standard sintering
machine (Sinterstar Innovate-F-XL, Boschman) [see Fig. 2(b)]. (5)
Samples were obtained after well-controlled laser cutting, and Fig. 1(c)
and (d) depict the surface and cross-sectional morphologies of the sin-
tered sample, indicating its highly dense and robust structure. Based on
Fig. 1(d), the porosity of the sintered sample was quantified as 9.3 %
calculated by image processing software (Fiji ImageJ, National Institutes
of Health).

2.2. Experiment setup
In order to assess the impact of Sg or HoS on the corrosion of the

sintered Cu QNP samples, this study employed two distinct ageing
conditions, namely, (1) 100 °C + 100 % relative humidity (RH) + Sg

Fig. 1. Morphology characterization of the Cu QNPs and sintered sample: (a)
SEM image of the Cu QNPs [33]; (b) transmission electron microscope (TEM)
image of the Cu QNPs [33]; (c) surface image of the sintered sample; (d) cross-
section image of the sintered sample.
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Fig. 2. (a) Schematic diagram depicting the sample sintering preparation process and (b) sintering machine.

vapor ageing and (2) 45 °C + 85 %RH + 100 ppb HsS ageing. The setup
for the 100 °C + 100 % RH + Sg vapor ageing condition is illustrated in
Fig. 3(@). In this setup, 30 mL of deionized water and 10 g of chemically
pure Sg were added to a 150-mL PTFE sealed tank, and a glass beaker
containing the sintered samples was placed inside the sealed tank. A
metal fixture was then used to securely clamp the sealed tank, ensuring a
gas-tight seal. To create the 100 % RH condition with Sg vapor, a high
temperature of 100 °C was applied to the setup. During the ageing, 5
sintered samples were removed every 168 h, As shown in Fig. 3(b),
ageing at 45 °C + 85 %RH + 100 ppb H,S was conducted in a com-
mercial gas corrosion test chamber (GH-180, YAMASAKI). All samples
were retrieved upon completion of the test.

2.3. Characterization methodology

2.3.1. Morphology characterization

To examine the evolutionary changes in the macrotopography
characteristics, the surface information of the sintered samples before
and after ageing was captured using an optical microscope (OM)
(BX53M, OLYMPUS). The microtopography and elemental composition
of the corrosion products were then observed and analyzed using
scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM/EDS) (SU8010, HITACHI).

2.3.2. Crystallography analysis

To further analyze the corrosion product composition, the crystal
structure changes in the sintered samples were characterized by an X-ray
diffractometer (XRD) (D8, BRUKER) with Cu Ka radiation (A = 0.15418
nm). MDI Jade was utilized to analyze the XRD test data.

2.3.3. Chemical elemental analysis

The chemical states of the elements present in the corrosion products
were investigated by X-ray photoelectron spectroscopy (XPS) (Axis
Supra+, SHIMADZU) equipped with an Al Ka excitation source (hv =
1486.6 eV). Thermo Avantage was utilized for the XPS spectrum
deconvolution.

2.3.4. Mechanical properties analysis
The mechanical properties of the sintered samples before and after
ageing were compared by a nanoindentation test system (iNano, KLA).

2.4. DFT simulation details

In this study, the interatomic behavior between different atoms was
calculated using DFT implemented in Materials Studio (Accelrys, Inc.).
The Perdew-Burke-Ernzerhof (PBE) function with the generalized
gradient approximation (GGA) method was used to describe the
exchange-correlation energy [34]. Core electron relativity effects were
considered by using the all-electron method. Brillouin-zone integration
was performed on a 2 x 2 x 1 k-point grid, which was generated
automatically using the Monkhorst-Pack method [35]. During the
calculation process, the electronic self-consistent field (SCF) conver-
gence threshold was set to 2E — 6 eV, and a smearing value of 0.01 Ha
was chosen to enhance SCF convergence. Additionally, the energy
convergence tolerance, maximum force, and maximum displacement
were set to 1E — 5 Ha, 0.002 Ha/A, and 0.005 A, respectively. Geometry
optimization was performed using the DMoL? module with double nu-
merical basis sets, including the polarization functions (DNP) and basis
file 4.4. Charge density difference (CDD), charge difference (CD), and
density of states (DOS) analyses were conducted using the CASTEP
module, with a plane wave basis set.

To quantitatively access the interaction strength between Sg or HyS
and CuzO0(111), the adsorption energy (Eqqs) was calculated by the
following equation [34,36]:

Eads = Lsiab+gas — Lslab — Egas (1)

where Egqp + gas, Esiap, and Eg,s denote the total energies of Cuz0(111)
with gas adsorption, clean CupO(111), and isolated gas molecules,
respectively.

Metal

-~ fixture

1

Z . Seal
* tank

» Beaker

~ Samples
Deionized

7 water

Sulfur
" powder

Temperature chamber

Samples
...

)

Fixture

v

Fig. 3. Accelerated ageing test setup diagrams: (a) 100 °C + 100 %RH + Sg and (b) 45 °C + 85 %RH + 100 ppb H,S.
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3. Results and discussions

In this section, the corrosion behavior of the sintered nanocopper
induced by Sg- or HyS-ageing was assessed by OM and SEM/EDS. Sub-
sequently, the compositions of the corrosion products that formed under
the two ageing conditions were explored by XRD/XPS. Then, the me-
chanical performance changes of the two aged samples were analyzed
by nanoindentation. Finally, the corrosion mechanisms of Sg- or HsS-
ageing on sintered Cu was explored by DFT simulations.

3.1. Corrosion processes analysis

3.1.1. Sg-ageing corrosion

The corrosion behavior of the sintered samples during Sg-ageing was
first analyzed using OM. Fig. 4 illustrates the temporal evolution of the
macroscopic surface morphology of the sintered samples following the
Sg-ageing process. Based on Fig. 4(a)-(h), it can be deduced that the
corrosion of the sample could be divided into three distinct stages.

Stage I, known as the reaction controlled rapid corrosion stage,
occurred from O to 96 h [see Figs. (a) to (e)]. During this stage, with the
progression of ageing time, the unevenly distributed corrosion products
gradually covered the sintered sample surface, leading to complete
coverage. Simultaneously, the colour of the sample transformed from its
original reddish-brown colour to black.

Stage II, referred to diffusion controlled slow corrosion stage,
occurred from 96 to 144 h [see Figs. (e) to (g)]. During this stage, the
corrosion rate was significantly reduced due to the coverage of corrosion
products on the sample surface, which hindered the penetration of
corrosive agents. At 144 h of corrosion, a slight detachment of corrosion
products could also be observed in the area enclosed by the red circle in
Fig. 4(g). The surface of the sample remained black in this stage.

Stage III, called the corrosion product detachment stage, occurred
from 144 to 168 h [see Figs. (g) to (h)]. Due to the loose structure of the
corrosion products, the accumulated corrosion products gradually
partially detached from the corroded surface. As a result, the colour on
the surface of the sintered sample changed from black to an alternating
distribution of black and reddish-brown colour. It should be noted that
while corrosion products are detaching, the surface of the sintered
sample continues to undergo corrosion.

The weight loss method was used to characterize the mass of the
corrosion products, which involved the following steps. (1) A balance
(CP214, OHAUS) was used to measure the weight of the aged sintered
sample. (2) For ultrasonic cleaning, an ultrasonic cleaning instrument
(YA008G, YUNYI) was employed, and the aged sintered sample under-
went a 20-min ultrasonic cleaning process. This step helped to eliminate
corrosion products from the sample surface. (3) Then, the cleaned
sample was placed in a temperature-controlled oven for drying, and
dried at 60 °C for 30 min to remove any residual moisture within the
sample. (5) Then the samples were weighed again, once the dried sample
had cooled, using the balance to measure the weight. The difference in
mass between pre- and post-cleaning represented the mass of the

lmm 4 3, n Imm

Materials & Design 240 (2024) 112876

corrosion products.

Fig. 5 presents the variations in corrosion product mass over time. To
ensure data consistency, repeated testing was conducted on the five
samples at each time point. By linear fitting the data, the relationships
between the mass of corrosion products and time in both Stages I and II
could be obtained:

Instagel : y = 0.3733 4 0.04759x 2)
Instagell -y = 2.2 + 0.2685x, 3)

where x and y denote the corrosion ageing time (h) and the mass of the
corrosion products per unit area (mg/cm?), respectively. According to
Eq. (2), it was inferred that the mass of the corrosion products per unit
area for the aged sample at 168 h was 8.37 mg/cm?, assuming rapid
corrosion and no detachment occurred.

In Stage I, the mass of the corrosion products rapidly increased
proportionally with the corrosion time. However, in Stage II, the accu-
mulation rate of the corrosion products gradually decreased. The slope
of the fitted curve in Stage II decreased from 0.04759, which was the
same as that in Stage I, to 0.02685, representing a decrease rate of 43.58
%. Additionally, in Stage III, the mass of the corrosion products actually
decreased, due to the detachment of the corrosion products. The vari-
ation in the corrosion products mass further confirms the rationality of
dividing the corrosion process into 3 Stages.

The surface microstructural characteristics of the 168 h aged sample
were analyzed by SEM, and the results are shown in Fig. 6(a)-(c). Three
distinct microstructural features were observed on the corroded sample
surfaces: (1) densely packed multi-faceted cone-shaped crystals, as
shown in Fig. 6(a), (2) loosely arranged rod-like amorphous structures,
as shown in Fig. 6(b), and (3) loosely arranged multi-faceted prism-
shaped crystals, as presented in Fig. 6(c). EDS analysis was performed on
the selected points within the three features, as indicated in Fig. 6(a)—
(c), and the test results are summarized in Table 1. All three points
exhibited a relatively higher proportion of O and Cu elements. The S

=@ Experimental data = Fitting curve for Stage I = Fitting curve for Stage II

X |8.37
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Fig. 5. Variations in corrosion product mass over Sg-ageing time.
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Fig. 4. Surface morphology evolution with corrosion Sg-ageing time.
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Fig. 6. The surface microstructural characteristics for the 168-h Sg aged sample: (a) feature 1; (b) feature 2; (c) feature 3.

Table 1
Surface elemental composition in the different regions of the 168-h Sg-aged
sample.

Point Cu (at%) O (at%) S (at%)
1 59.6 39.47 0.93
2 55.21 16.49 28.3

3 21.33 70.57 8.1

content values at Points 2 and 3 were 28.3 % and 8.1 %, respectively,
while Point 1 exhibited an extremely lower S content of only 0.93 %.
Hence, we concluded that Feature 1 predominantly consisted of Cu-O
compounds, while Features 2 and 3 indicated the presence of both Cu-
O and Cu-S compounds, which led to further inference. During the
ageing process of Sg, the surface of the sintered Cu underwent initial
oxidation, resulting in the formation of Cu-O compounds. Subsequently,
the Cu-O compounds reacted with Sg, resulting in the formation of
loosely packed mixtures composed of Cu-O and Cu-S compounds.

To evaluate the depth of corrosion penetration in the sintered sam-
ples during Sg-ageing, resin embedding followed by metallographic
grinding was employed to obtain the cross-sectional profiles of the 168-h
aged samples. The process of preparing cross-section samples will
disrupt the corrosion product layer on the sintered sample surface. These
cross-sectional profiles were subsequently analyzed by SEM/EDS to
observe the internal structure and elemental composition of the samples.
As shown in Fig. 7(a), the sample surfaces exhibited varying degrees of
corrosion, with the presence of severe corrosion-induced pits. The areas
beneath these pits appeared darker in colour, indicating deeper corro-
sion penetration.

Additional analysis was conducted on the selected regions on the
sample surface, including the pit region (Regions 1 and 2) and smooth
region (Region 3), as shown in Fig. 7(a). The SEM magnified images
corresponding to Region 1, Region 2, and Region 3 are depicted in Fig. 7

Fig. 7. Cross-sectional images of the 168-h Sg-aged sintered samples: (a)
overall image, (b) magnified image of Region 1, (c) magnified image of Region
2, and (d) magnified image of Region 3.

(b), (c), and (d), respectively. In Region 1, positions located at a distance
of 10 pm from the surface displayed extensive darker regions, which
became more uniform in colour with extension in the deeper region,
distinguishing it from Regions 2 and 3. According to the marked posi-
tions in the figures, specific points were chosen within each region for
elemental analysis, and the results are presented in Table 2. In Region 1,
a small amount of S was observed, while S was not detected in Region 2.
Within the corroded crater region, S extended into the sample to a depth
of approximately 10 pm, as shown in Fig. 7(b). In Region 3, the absence
of S implied that within the smooth region of the corroded surface, the
depth of S penetration was shallow or the quantity of S penetration was
minimal, rendering it insufficient for detection. Notably, the O content
in Region 1 was noticeably higher than in Regions 2 and 3, providing
further evidence that sulfidation reactions occurred following the
oxidation reactions.

3.1.2. Hj,S-ageing corrosion

Fig. 8 shows the surface morphologies of the unaged and 168-h H,S-
aged sintered samples. As shown in Fig. 8(a) and (b), the colour of the
sample transformed from its original colour of reddish-brown to a
purple-green, following 168 h of H,S ageing. The surface of the sample
was coated with a layer of corrosion products, as depicted in Fig. 8(b).
Notably, this corrosion product layer exhibited a distinct wrinkled
morphology, which was characterized by numerous protrusions. This
phenomenon could be attributed to the lower density of the corrosion
products compared to the substrate material, low density implies the
forming of more corrosion products. As the corrosion products accu-
mulated and their volume increased, the accumulated stress eventually
exceeded the adhesive strength between the corrosion products and the
sample surface, resulting in detachment of the corrosion products from
the surface [see Fig. 8(c)]. This detachment resulted in the observed
wrinkled and protruded morphology on the surface. Utilizing the weight
loss method, the average value of the unit mass of corrosion products for
a set of 13 samples subjected to 168 h of H,S-ageing was calculated to be
1.32 mg/cm?, with a corresponding variance of 0.108.

SEM analysis was used to investigate the microstructural character-
istics of the corroded sample surfaces, as presented in Fig. 8(c). The SEM
image revealed the presence of layered corrosion products on the HyS-
aged sintered sample surface, with localized areas showing partial
detachment of the laminar corrosion product layer from the underlying
substrate. A similar detachment phenomenon was observed in Ref. [37]
and Ref. [38]. EDS analysis was performed on the exposed sintered
nanocopper substrate, corresponding to Region 1 in Fig. 8(b), and the
intact corrosion product layer, corresponding to Region 2 in Fig. 8(b).
The EDS analysis results are presented in Table 3, which showed that
both Regions 1 and 2 contained O elements, while Region 1 exhibited

Table 2
Cross-section elemental compositions for the different regions of the 168-h Sg-
aged sample.

Point Cu (at%) O (at%) S (at%)

1 74.89 25.04 0.07
97.12 2.88 0.00
98.73 1.27 0.00
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Fig. 8. The surface morphologies of the sintered sample: (a) macroscopic OM view of the unaged sintered sample, (b) macroscopic OM view of the 168-h H,S-aged
sample, and (c) microscopic SEM view of the 168-h H,S-aged sample. The area revealed after the detachment of the corrosion film was labeled as “region 1”, while

the region containing the corrosion film was labeled as “region 2”.

Table 3
EDS analysis results of the exposed sintered nanocopper substrate and corrosion
product layer subjected to 168-h H,S-ageing.

Region Cu (at%) O (at%) S (at%)
1 71.54 28.46 0.00
2 62.06 14.06 23.93

significantly higher O content compared to Region 2. Notably, S ele-
ments were not detected in Region 1, while Region 2 exhibited sub-
stantial sulfur content of 23.93 at%. These findings supported the
conclusion that similar to the Sg-ageing process, the initial stage of HoS-
ageing involved the formation of Cu-O compounds on the sintered
nanocopper surface. Subsequently, the Cu-O compounds reacted with
H,S, leading to the formation of a mixture comprised of Cu-O and Cu-S
compounds. Notably, the corrosion products generated during the HyS-
ageing process demonstrated a distinct morphology characterized by
compactness and a laminar structure. These corrosion products accu-
mulated in layers, gradually reaching a critical point where they un-
derwent detachment from the underlying substrate in a laminar manner.

To assess the depth of corrosion penetration within the sintered
samples during the H,S-ageing process, SEM was utilized to observe the
cross-sectional profiles of the 168-h HyS-aged sintered sample. Accord-
ing to Fig. 9(a), the corroded surface of the sample displayed a relatively
smooth morphology, indicating a limited extent of penetration corro-
sion. Two regions (region 1 and region 2) adjacent to the corroded
surface were selected for further analysis using SEM/EDS, as illustrated
in Fig. 9(a). The SEM images in Fig. 9(b) and (c) demonstrated a uniform
colour distribution in both regions, suggesting the absence of detectable
H,S penetration into the internal structure of the sintered sample. EDS

Fig. 9. Cross-sectional images of the 168-h H,S-aged sintered samples: (a)
overall view, (b) magnified view of Region 1, (c) magnified view of Region 2.
Regions 1 and 2 are positioned at distances of approximately 1.9 and over 15
um, respectively, from the surface of the sintered nanoCu substrate.

analysis was performed on selected points in Fig. 9(b) and (c), and the
results are shown in Table 4. No S elements were detected in either re-
gion, indicating the absence of sulfur-based corrosion products. In the
H,S-aging process, no S element penetration into the penetration of the
sintered Cu samples was detected, which contrasts with the results from
Sg-aging. Additionally, the O content in both regions remained relatively
low and comparable, suggesting a similar level of O.

Following the detachment of the corrosion product layer, along with
the higher O content compared to the corrosion product layer on the
sintered nanoCu substrate, the absence of S elements on the exposed
sintered nanocopper substrate surface provided additional evidence
supporting the preferential reaction of sintered nanoCu with oxygen
rather than sulfur during the HyS-ageing process.

3.1.3. Corrosion product analysis

Certain products formed on the sintered samples in Sg and HjS en-
vironments were analyzed using XRD, aiming to identify their crystal-
lographic information, with probing depths spanning tens of
micrometers. Fig. 10 shows the XRD patterns of the unaged, Sg-aged, and
HjS-aged sintered samples. Three peaks were observed for the unaged
sample at approximately 43°, 50°, and 74°, which matched well with the
powder diffraction file (PDF) information of Cu (PDF#85-1236).
Additionally, a very weak peak near 36° corresponding to CuyO was
observed (PDF#99-0041). In the HyS-aged sintered sample, the in-
tensity of the CuyO peak increased, while the intensity of the Cu peak
slightly decreased. Similar changes were observed in the Sg-aged sam-
ple, with a more significant increase in Cuy0 peak intensity. Sg-aging led
to more pronounced corrosion in sintered Cu compared to HyS-aging,
resulting in a weaker XRD peak of CuyO observed in the HyS-aged
samples.

XPS analysis was utilized to further verify the elemental composition
of the corrosion products from each sintered sample, with probing
depths limited to tens of nanometers. Fig. 11 presents the XPS spectra of
the unaged, Sg-aged, and HyS-aged samples. As shown in Fig. 11(a), the
corrosion surfaces of all three sintered samples contained O, Cu, and C
elements. However, the presence of S elements was only observed in the
Sg-aged and HyS-aged sintered samples. As demonstrated in Fig. 11(b),
all three samples exhibited a peak at 932.3 eV, indicating the presence of
metallic Cu [39]. Moreover, the spectra of the Sg-aged and HyS-aged
samples showed an additional peak at 934.4 eV, indicating the forma-
tion of CuO [40,41]. The presence of satellite peaks and their corre-
sponding starting and ending positions further confirmed the presence
of CuO. Furthermore, as shown in Fig. 11(c), the unaged sintered sample
did not display a typical S 2p spectrum. In the Sg-aged and H»S-aged
sintered samples, the presence of CuyS was confirmed by the observed

Table 4
Cross-section elemental compositions for the different regions of the 168-h H,S-
aged sample.

Point Cu (at%) O (at%) S (at%)
1 89.60 10.40 0.00
90.29 9.71 0.00
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Fig. 10. XRD patterns of the sintered samples.

peaks at 162.9 and 161.7 eV for Cu'-S 2p1/2 and Cu'-S 2p3/2,
respectively [42]. The presence of CuS was supported by the peaks at
around 163.6 and 162.2 eV for Cu?*-S 2p1/2 and Cu®*-S 2p3/2,
respectively [43,44]. Furthermore, the peaks around 168.14 and 169.24
eV confirmed the presence of SO%’ in these two sintered samples [45].
Specifically, the corrosion products that formed on the Sg-aged and HjS-
aged sintered nanocopper were similar, encompassing Cuy0, CusS, CuO,
CuS, and potentially CuySO4 or CuSOy4.

The possible reactions involved in Sg-ageing and HyS-ageing will be
deduced based on the previous test and analysis results. When the
relative humidity of the air was higher than 80 %RH, micro-droplets of
water, consisting of several layers of water molecules, formed on the
surface of the sintered sample [46]. These micro-droplets provided the
necessary conditions for electrochemical reactions to occur. Trace
amounts of oxygen from air and Cu on the sintered sample surface would
dissolve in the micro-droplets, generating OH™ and Cu" ions. The re-
actions involved are shown in Egs. (4) and (5):
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Cathode : O, +2H,0 +4e¢” —-40H™ 4)

Anode : Cu—Cut + e~ 5)

Cu™ reacted with OH™ in the solution to generate Cu,0 [37], and a
small amount of Cu" could react with OH™ to form CuO. The reactions
involved were shown in Egs. (6) and (7).

2Cu* + 20H —Cu,0+ H,0 (6)

2Cu™ + 20H —=2CuO+2H" + 2e~ )

Both in Sg- and HyS-ageing, the oxidation and sulfidation reactions of
Cu occurred simultaneously. In Sg-ageing, a trace amount of Sg mole-
cules dissolved in water, producing S*. Cu™ reacted with $% to form
Cu,S, and an even smaller amount of Cu™ could react with S to produce
CuS. The reactions involved were shown in Egs. (8), (9), and (10):

Ss+ 16e = —»85% (8)
2Cu™ 4+ 5= Cu,S (C)]

Cut 4+ 5" >CuS+e” (10)

In HyS-ageing, HoS molecules dissociated in water, producing HS". A
trace amount of Cu™ reacted with HS to form Cu,S [29], and an even
smaller amount of Cu™ could react with HS™ to produce CuS. The re-
actions involved were shown in Egs. (11), (12), and (13):

H,S + OH —HS™ +H,0 1)
2Cu" +HS —»Cu,S+H" 12)
2Cu™ + 2HS —2CuS+2H" +2e” 13)

Notably, Cuz0 could further react with Sg or HsS to form CuyS [47].
The reactions involved were shown in Egs. (14) and (15).
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Fig. 11. XPS spectra of the sintered samples: (a) full spectrum, (b) Cu 2p spectrum, and (c) S 2p spectrum.
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8Cu,0 + 83 +8H,0 + 16e” —8Cu,S + 160H™ 14)

CUZO + HQS—> CU2S + HzO (15)
3.1.4. The influence of Sg- and H2S-ageing on mechanical performance

Ss- and HyS-induced corrosion altered the surface morphology and
elemental distribution of the sintered samples, resulting in various de-
grees of penetration corrosion. Nanoindentation test was used to assess
the impact of corrosion on the surface elastic modulus (E) and hardness
(H), revealing insights into the mechanical property changes of the
corroded samples.

Each sample, including the unaged, Sg-aged, and HyS-aged samples,
was subjected to 40 nanoindentation tests, with indentation positions
arranged in a 4 x 10 array pattern. The indentations positions were
spaced 40 pm apart in both the x and y directions, resulting in a total
indentation region of 120 x 320 pm, as shown in Fig. 12(a). The
nanoindentation test was conducted in accordance with the ISO 14577
standard. The test employed a test load of 50 mN and loading rate of 5
mN/s.

Table 5 presents the E and H results of the different samples
following indentation testing. The mean E values of the unaged, Sg-aged,
and HjS-aged samples were 160.53, 110.94, and 117.71 GPa, respec-
tively. The Sg-aged and HyS-aged samples showed a decrease in E values
of 30.89 % and 26.68 %, respectively, compared to the unaged sample.
Similarly, the mean values of H for the unaged, Sg-aged, and HyS-aged
samples were 1.72, 1.42, and 1.51 GPa, respectively. The Sg-aged and
HaS-aged samples demonstrated a decrease in H values of 17.40 % and
12.42 %, respectively, compared to the unaged sample.

Fig. 12(b) and (c) illustrate the distributions of E and H within the
test region, respectively. As shown in Fig. 12(b), distinct variations in E
values were observed across the different regions of each sample surface,
and more obvious discrepancies were observed in the Sg-aged samples.
This was further supported by the larger standard deviation of E values
in the Sg-aged samples, indicating a higher level of heterogeneity in the
material surface properties resulting from the ageing process. As shown
in Fig. 12(c), the surface region of the unaged sample exhibited a high
degree of consistency in H values, indicating uniform hardness distri-
bution. However, the Sg and H»S-ageing processes led to non-uniform

(a)

Unaged

W

AN
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Table 5
Elasticity modulus and hardness comparison of the unaged, Sg-aged, and H,S-
aged sintered samples.

Sample Averaged E Standard Averaged H Standard
(GPa) deviation of E (GPa) deviation of H
(GPa) (GPa)
Unaged 160.53 20.39 1.72 0.10
Sg-aged 110.94 37.10 1.42 0.60
H,S- 117.71 19.44 1.51 0.22
aged

distributions of surface H, with the Sg-aged samples showing more
pronounced irregularity in H distribution.

In general, the corrosion of both Sg and H5S led to a reduction in the E
and H of the sintered nanocopper surface, with a greater decrease rate
observed in Sg aging. Besides, the effects of both Sg and H3S corrosion on
the surface properties of the samples were not consistent. The Sg-aged
samples exhibited more significant variations in both E and H values,
indicating a higher degree of heterogeneity in surface performance.

3.2. Potential of Sg or H5S absorption on Cuz0

3.2.1. Surface model selection

Numerous studies have indicated that copper metal surfaces will
undergo oxidation in ambient air at room temperature, leading to the
formation of a Cup0 layer [48-52]. Consistent with the prevailing body
of research, the tests conducted in this study yielded identical outcomes.
Fig. 10 shows Cuz0 on the surface of the unaged sample, and Fig. 11(b)
indicates the absence of CuO on the unaged sample surface. As indicated
in Ref. [51], within a short timeframe of 30 min, a layer of CupO film
would form on the Cu surface when exposed to air, measuring tens of
nanometers in thickness. In a corrosive environment, the Cu0 oxidation
layer on the sintered Cu samples stored in air underwent an initial re-
action with the corrosive medium present in the environment. There-
fore, Cup0 was selected for DFT research in this study.

Previous studies [34,53,54] demonstrated that the Cu,O(111) sur-
face will exhibit a significantly lower surface free energy, indicating
high stability. As a result, the CupO(111) surface has been frequently
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Fig. 12. (a) The morphologies of the different nanoindentation test regions, (b) elasticity modulus (E) and (c) hardness (H) distributions in each test region.
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selected as an ideal model system for investigating stability, structure,
and adsorption properties. Besides, the XRD spectra depicted in Fig. 10
demonstrate that both unaged and aged samples are primarily composed
of the Cuz0 (111) plane, as the peak at around 36° exhibits the highest
intensity. In this study, the CupO(111) surface was intentionally
selected and modeled with an 11-layer slab derived from a (3 x 3)
supercell to determine the adsorption potential of Sg and H,S on CuzO
(111). The calculated bulk lattice constants for Cu,O were determined
as 4.269 A, which consistently aligned with the experimental values of
around 4.270 A [55,56]. Asillustrated in Fig. 13, the CupO(111) surface
exhibited four distinctive adsorption sites, namely, the unsaturated Cu
site (Cuysa), the saturated Cu site (Cusy,), the surface O site (Og), and the
subsurface O site (Oge).

3.2.2. Adsorption of Sg on Cuy0(111)

The adsorption properties of Sg on the CupO(111) surface were
investigated, taking into account four potential absorption sites
including Cuygss, Cugy, Of, and Ose. As shown in Fig. 14(a), four ab-
sorption models were used for the study, namely, Sg-Cuysa, Sg-Cug,, Ss-
Of, and Sg-Oge. An Sg molecule was positioned on each adsorption site on
the Cuy0O(111) surface, with the Sg molecule arranged parallel to the
Cu0(111) surface, and one S atom from the Sg molecule positioned
directly above the adsorption site at a distance of 3.5 A.

After geometry optimization, the lowest-energy structures of the four
absorption models were obtained, as shown in Fig. 14(b). The distances
between S and the respective absorption sites underwent transformation
from 3.5 A to 2.177, 2.001, 3.462, and 3.68 A. After geometry optimi-
zation, significant dissociation of the Sg molecules and surface recon-
struction of Cuz0O(111) were observed in the Sg-Cuys,, Sg-Cug,, and Sg-
Oge adsorption models. In the Sg-Cuys, and Sg-Cug, adsorption models,
chemical bonding interactions formed between the S atoms and their
corresponding adsorption sites. Notably, in the Sg-Oge model, a novel
bonding configuration emerged between the S atom and the Cuyg, site,
rather than at the anticipated adsorption site (Os), suggesting a non-
conventional adsorption mechanism. Furthermore, the Sg-Cug, model
exhibited bonding interactions between the S atom and the Cuyg, site,
highlighting the complexity of the adsorption process and the possibility
of multiple bonding configurations.

The CDD and CD were assessed to evaluate electron exchange be-
tween the atoms in the four stable models, and the results are shown in
Fig. 14(c) and (d). In the CDD results, the yellow regions represented
electron accumulation, while the blue regions indicated electron
depletion. As illustrated in Fig. 14(c), electron transfer was observed
between the two atoms involved in bond formation, resulting in electron
accumulation around the bonded S atoms and electron depletion around
the Cuysa and Cug, sites. By contrast, the non-bonded Og and O, sites
remained electrically neutral without any electron gain or loss.
Furthermore, an overlap of electron clouds in the Sg-Cuys,, Sg-Cug,, and
Sg-Ose stable models was observed, as shown in Fig. 14(d), which also
confirmed bond formation.

To evaluate the bonding characteristics between the atoms, the DOS
was calculated for the Sg-Cuys, and Sg-Cug, stable models. As shown in
Fig. 15(a), overlap between the d orbital of Cuys, in CupO(111) and the
p orbital of S in Sg was observed, indicating bond formation between S
and Cuys, facilitated by hybridization between the d orbital and p
orbital. Similarly, as shown in Fig. 15(b), overlap between the d orbital

Fig. 13. Slab model of Cu,O(111) p(3*3), indicating the four absorption sites.
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of Cug, in CupO(111) and the p orbital of S in Sg occurred, leading to
bonding between S and Cug, driven by hybridization between the d and
p orbitals. Notably, the overlap area between S and Cuys, was larger than
between S and Cug,, implying a stronger bonding strength in S-Cuys,
interactions. Sg-Cuys, adsorption showed a larger adsorption energy
(Eqqgs) value of — 4.35 eV compared to — 3.60 eV in Sg-Cug, adsorption, as
shown in Table 6. This result indicated that the Cuys, site had a stronger
adsorption capacity for Sg than the Cug, site.

3.2.3. Adsorption of H5S on Cux0(111)

The adsorption behavior of HsS on the four potential adsorption sites
was investigated, and Fig. 16(a) illustrates the four absorption models,
namely HyS-Cuyg, HoS-Cusa, HoS-Of, and HyS-Oge. An HoS molecule was
positioned on each adsorption site on the CuyO(111) surface, with the
H,S molecule arranged parallel to the CupO(111) surface, and the S
atom in the H2S molecule positioned directly above the adsorption site
at a distance of 3.5 A.

Following geometry optimization, the most energetically favorable
stable structures were obtained, as presented in Fig. 16(b). The distances
between the S atom and corresponding adsorption sites underwent
transformation from 3.5 A to 2.226, 3.388, 4.304, and 3.779 A. Notably,
no significant dissociation of the H,S molecule or surface reconstruction
of the CuyO(111) surface were observed in the post-optimization re-
sults. In the HyS-Cuys, adsorption model, chemical bonding interaction
was observed between the S atom and its corresponding adsorption site
(Cuysa), and no new bond formation was observed in the other absorp-
tion models.

The four stable models were subjected to CDD and CD analyses, and
the results are presented in Fig. 16(c) and (d). Notably, Fig. 16(c)
revealed a distinct electron transfer phenomenon between the S atom in
H,S and the Cuyg, atom in CupO(111), resulting in electron accumula-
tion around the bonded S atom and electron depletion in the vicinity of
the Cuyg, site. Conversely, the non-bonded Cug,, Og, and Os. sites
showed electrical neutrality, with no observable electron migration.
Moreover, as shown in Fig. 16(d), a clear overlap of electron clouds
within the HS-Cuyg, stable model occurred, providing further evidence
of bond formation. To assess the bonding nature between the atoms,
DOS was calculated for the HS-Cuy, stable model. As shown in Fig. 15
(c), a pronounced overlap was observed between the d orbital of Cuyg, in
Cuz0(111) and the p orbital of S in HjS. This implied that bonding
between S and Cuys, was primarily driven by hybridization between the
d orbital of Cuys, and the p orbital of S. Subsequently, the adsorption
energy for HyS-Cuys, adsorption was determined as — 3.78 eV (see
Table 6), reflecting a favorable adsorption process with strong binding
interactions between S and the Cuyg, site.

In summary, the adsorption behavior of the Sg molecule on Cuy0
(111) revealed the possibility of chemical adsorption at both the Cuyg,
and Cug, sites, with higher adsorption performance observed at the Cuyg,
site. Conversely, the HyS molecules could only exhibit chemical
adsorption on the Cuys, site of CuaO(111). Based on the analysis of the
stable adsorption models and adsorption energies, we concluded that
Cuz0(111) exhibited a stronger adsorption capability toward Sg
compared to HyS. For a higher amount of corrosion products and more
significant mechanical performance deterioration, Sg-aging resulted in
more severe corrosion to the sintered samples compared to HyS-aging.
The trends of the simulation and experimental results were consistent,
confirming the accuracy of the simulation.

4. Conclusions

In this study, the ageing experiments on sintered Cu involving Sg or
H,S were conducted first. Then, the corrosion phenomena, corrosion
products, and changes in mechanical properties after corrosion were
assessed using SEM/EDS, XRD, XPS, and nanoindentation techniques.
Finally, DFT simulations were used to investigate the adsorption char-
acteristics of copper oxide [CuzO(111)], which formed on the sintered
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Eoas (eV) 435 _3.60 _3.78 similar compositions as the Sg-aged samples, but with a more compact

nanocopper surface, toward to Sg or HzS. The main conclusions of this
study were as follows: (1) After undergoing 100 °C + 100 %RH + Sg
vapor ageing, the sintered sample surface exhibited the formation of
loose and easily detachable corrosion products, with variations in the

10

layered structure. Sg-aging resulted in more severe corrosion in the
sintered samples compared to HyS-aging, due to a higher amount of
corrosion products and more significant mechanical performance dete-
rioration. (2) The surface mechanical properties of the sintered samples
were determined using nanoindentation tests. Compared to the unaged
samples, both Sg- and HyS-aged samples showed a significant reduction
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Fig. 16. Absorption model, stable model, CDD, and CD of H,S absorption on CuyO.

in the elastic modulus (E) and hardness (H) values, with a more pro-
nounced decrease observed in the Sg-aged samples. And, in the H,S-aged
samples, the reduction rates of E and H values were more consistent
across different surface regions compared to the Sg-aged samples. (3)
Sintered nanocopper underwent oxidation and formed a CuyO layer on
its surface. Both the unsaturated and saturated Cu sites on Cu,O(111)
could chemically adsorb Sg, which was facilitated by the hybridization
of the p orbital of S in Sg with the d orbital of Cu in CupO(11 1), resulting
in the formation of new chemical bonds. Conversely, HaS could only be
adsorbed by unsaturated Cu sites on CuzO(111), also through the hy-
bridization of the p orbital of S in HyS with the d orbital of Cu in Cuy0O
(111), leading to the formation of new chemical bonds. CuyO(111)
exhibited a higher adsorption capacity for Sg compared to that for HsS.
Generally, this study provided a fundamental investigation into the
corrosion of sintered nanocopper in Sg and HyS environments, providing
significant insight into the corrosion mechanisms. The findings of this
study offer significant implications for the development of sulfur-
resistant electronic devices, ensuring the reliability of electronic sys-
tems operating in harsh environments.
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