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ABSTRACT

Cu sinter bonding using fine particles is a promising technology for advanced
semiconductor packaging requiring enhanced thermal reliability. However, oxi-
dation during the bonding and subsequent high-temperature exposure critically
degrades joint integrity. Conventional oxidation mitigation methods employ-
ing either high bonding pressures or protective atmospheres present practical
limitations for applications. This study demonstrates a low-pressure bonding
approach utilizing submicron Cu particles mixed with reducing solvent-based
pastes to impart oxidation resistance through the intentional retention of resid-
ual solvents in the sintered structure. We systematically investigated the effect
of bonding atmosphere (either air or nitrogen) on the post-bonding oxidation
resistance during prolonged exposure to ambient air at 250 °C. Joints bonded in
air rapidly oxidized, forming continuous Cu,O layers accompanied by severe
mechanical degradation and a tenfold increase in electrical resistivity. In contrast,
joints bonded under nitrogen exhibited remarkable oxidation resistance due to
suppressed solvent combustion, resulting in residual solvent preservation within
the sintered matrix. Thermal and microstructural analyses confirmed that these
retained solvents actively inhibited oxidation during subsequent high-tempera-
ture storage. The preserved metallic Cu network ensured sustained mechanical
integrity and electrical conduction. This low-pressure approach effectively lever-
ages residual reducing solvents, demonstrating substantial potential for achieving
oxidation-resistant Cu sintered joints suitable for highly reliable next-generation
semiconductor packages.
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Introduction

Sinter bonding using metallic fine particles has
attracted attention in next-generation semicon-
ductor packaging technologies that require high
thermal resistance and reliability. As the particle
size decreases to the nanoscale, the sinterability is
enhanced owing to the increase in specific surface
area [1, 2]. Accordingly, sinter bonding processes
employing nano to microscale particles—particularly
Ag and Cu—have been developed. Cu sintering pro-
cesses are more desirable for industrial applications
due to their lower cost and improved resistance to
electrochemical migration compared to Ag [3]. How-
ever, its higher chemical affinity for oxygen makes it
particularly susceptible to oxidation during bonding
and during device operation.

Thus, conventional approaches for Cu sinter bond-
ing have typically relied on increasing bonding pres-
sure to improve densification and limit oxygen dif-
fusion [3-6], or on conducting bonding in reducing
or inert gas atmospheres [3, 7-10]. Furthermore, it
has been reported that porous Cu-sintered structures
exposed to temperatures above 200 °C in air undergo
progressive oxidation to form Cu,O and CuO [11-13],
which degrades both electrical and thermal conduc-
tivities [14]. Additionally, oxidation-induced outward
diffusion of Cu atoms can generate voids within Cu
cores [15, 16], leading to deterioration in mechani-
cal properties. Therefore, achieving a Cu-sintered
structure with suppressed oxidation under low-
pressure bonding conditions is considered essential
for the development of high-performance electronic
packages.

Recent studies have revealed that interparticle sin-
tering during the Cu sintering process is facilitated by
nanoscale bridging between reduced Cu derived from
Cu oxides [8, 17-20]. Notably, pressureless bonding
has been successfully achieved through the in situ gen-
eration of Cu nanoparticles via reduction of thin sur-
face oxide layers on submicron Cu particles [21, 22].
Furthermore, Cu oxides can be effectively reduced not
only in reducing gas atmospheres but also via redox
reactions with polyol-based organic solvents [17, 20,
23]. Previous reports have indicated that organic sol-
vent residues effectively suppress post-bonding oxida-
tion under high-temperature storage in air [23]. Simi-
larly, introducing organic compounds into bonding
pastes or applying organic protective layers has also
been reported to delay oxidation [5, 6, 9, 24].
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Based on these findings, fabricating oxidation-
resistant Cu-sintered joints under low-pressure con-
ditions would be achievable through redox reactions
involving organic solvents and mildly oxidized sub-
micron Cu particles. In particular, suppressing com-
bustion of organic solvents during bonding to ensure
their residual presence is expected to further delay
oxidation during subsequent exposure to high-tem-
peratures in air. Thus, the present study investigates
the influence of bonding atmosphere on the oxidation
behavior of Cu-sintered joints fabricated from submi-
cron Cu particles and reducing solvent-based pastes
during subsequent exposure to air at 250 °C, a condi-
tion known to accelerate Cu oxidation.

Experimental procedure

Submicron Cu particles (particle size: 300-500 nm) [21]
were used for bonding. Figure 1 shows the field-emis-
sion scanning electron microscopy (SEM), high-resolu-
tion transmission electron microscopy (TEM) images,
and the X-ray diffraction (XRD) pattern of Cu particles,
where a slight Cu,O layer was formed on the surface
of raw particles. Submicron Cu particle paste was pre-
pared by mixing Cu particles with polyethylene glycol
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Figure 1 Submicron Cu particles. a SEM image. b High-reso-
lution TEM image. ¢ XRD pattern showing a slight presence of
Cu,0.
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400 (PEG400) as a reducing organic solvent and terpi-
neol as a viscosity modifier.

For the sinter bonding experiments, bare Cu disks
(5 mme x 2 mmt and 10 mm¢ x 5 mmt) were used as
the bonding specimens. Cu paste with a thickness of
50 um was screen-printed on the lower Cu disk and
preheated to 120 °C for 10 min in air atmosphere to
evaporate any excess organic solvent. After the pre-
heating, the sample was heated to the bonding tem-
perature of 300 °C at a rate of 1 °C/s under air or N,
atmosphere and held for 5-30 min at a bonding pres-
sure of 0.3 MPa. The sintered joint was stored at 250 °C
in a high-temperature chamber under air atmosphere
to evaluate its thermal durability.

Die-shear strength and resistance measurements of
joints were performed before and after the high-tem-
perature storage test. The joint strength was measured
by a shear test with a displacement rate of 0.1 mm/s
using a bond tester. Figure 2 shows the resistance
measurement using the 4-terminal method to measure
the resistance between holes. Volume resistivity p can
be expressed as p = (R — Rgef) X A/L, where R is the
measured resistance value including the sintered lay-
ers, Ry, is the resistance value excluding the sintered
layers, A is the cross-sectional area, and L is the total
thickness of the sintered layers.

To evaluate the reaction behaviors of the bonding
pastes, simultaneous thermogravimetry and differ-
ential thermal analysis (TG-DTA) measurements at a
heating rate of 1 °C/s were performed. The fractured
surface after the shear test and the joint cross-section
were observed using stereomicroscopy (SM) and FE-
SEM. XRD measurement using the two-theta/theta
method was also performed on the bonding materi-
als and fractured surfaces to investigate the oxidation
behavior of joints bonded in air and N, atmosphere.

Unit: mm

Resistance meter

Figure 2 Schematic illustration of the resistance measurement
of the sintered layer.
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The detailed microstructure of the sintered joint was
investigated using TEM and scanning TEM (STEM)
observations. The joint cross-section was prepared by
Ar-ion milling using a cross-section polisher, and the
TEM specimen was fabricated by a focused-ion-beam
SEM (FIB-SEM). A composition analysis was per-
formed using energy-dispersive X-ray spectroscopy
(EDX) and nanobeam electron diffraction analyses
under STEM observation.

Results and discussion
Characteristics of initial joints

Figure 3 shows the strength results of Cu-Cu speci-
mens bonded under low-pressure conditions at 300 °C
in both air and N, atmospheres. It was observed that
bonding in air resulted in higher joint strength com-
pared to bonding in N,. On the other hand, with
increasing holding time during bonding, the joint
strength increased in the N, atmosphere, whereas a
decreasing trend in joint strength was observed for
bonding in air.

Figure 4 presents the stereomicroscope observa-
tions of the fracture surfaces after shear testing, as
well as SEM observations of the copper-sintered
regions on the same surfaces. The stereomicroscope
results revealed that, for bonding in air, the central
part of the joint exhibited a copper-colored fracture,
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Figure 3 Shear strength of joints bonded in air and N, atmos-
pheres, depending on the holding time during bonding.
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Figure 4 SM and SEM images of the fractured surface of joints bonded in a air and b N, atmospheres, depending on the holding time.

indicative of sintered copper fracture, while the joint
edge showed a black region corresponding to a frac-
tured copper oxide area. Furthermore, as the holding
time increased, a reduction in the central-sintered cop-
per region was observed. In contrast, for bonding in
N, atmosphere, oxidation at the joint edges was not
observed, even with an increase in holding time. SEM
observations of the fractured sintered copper regions
indicated that no significant changes in the sintered
structure were observed for bonding in air. However,
for bonding in N,, necking of the sintered grains pro-
gressed with increasing holding time. Additionally,
residual organic solvent was observed to cover the
sintered structure, even after prolonged holding times.

Previous studies have reported that oxidation dur-
ing Cu sintering can be suppressed under pressurized
conditions of 5 MPa [23]. However, as shown in this
study, under low-pressure conditions where densifica-
tion is difficult to achieve, suppressing the ingress of
air is insufficient. Consequently, oxidation is thought
to have progressively advanced into the joint interior

with increasing holding time, for bonding in the air
atmosphere.

In contrast, for bonding in the N, atmosphere,
although high joint strength was not achieved due
to the low availability of oxygen, oxidation did not
progress. This lack of oxygen also prevented the com-
bustion of the organic solvent, leading to its residual
presence on the sintered structure.

Figure 5 shows the cross-sectional SEM images of
sintered joints bonded in air and N, atmosphere by
varying the holding time. As for the bonding in air, the
thickness of the sintered layer increased with increas-
ing holding time (Fig. 5a). The increase in sintered
layer thickness is attributed to the volume expansion
associated with the oxidation from Cu to Cu,O [12].
Nanoparticles of several tens of nanometers were
observed on the sintered surface after 5 and 15 min,
but not after 30 min. These observations suggest that
the nanoparticles observed during shorter holding
times were Cu,O formed via oxidation during bond-
ing, and that these Cu,O nanoparticles grew to form

@ Springer
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Figure S Cross-sectional SEM images of the joints bonded in a air and b N, atmospheres, depending on the holding time during bond-

ing.

a continuous Cu,O film on the surface of the sintered
layer. Thus, it is hypothesized that the oxidation of Cu
proceeded progressively from the surface of the sin-
tered layer in the low-pressure bonding process in air.

At a holding time of 5 min, the joints bonded under
a nitrogen atmosphere exhibited a porous sintered
structure, indicating insufficient bonding between
Cu particles and with the substrate. As the holding
time increased to 15 min, the sintered layer became
thinner and more compact. With further increases in
holding time, the thickness remained nearly constant,
while the microstructure continued to densify. The
initial reduction in layer thickness is attributed to the
evaporation of residual organic solvent, which is less
prone to combustion under nitrogen, and the subse-
quent shrinkage due to sintering between particles. As
sintering progressed, the rate of shrinkage decreased,
leading primarily to an increase in density rather than
a further reduction in thickness.

It is noted that the joints bonded under N, atmos-
phere still contained the organic solvent even at the
holding time of 30 min compared to joints bonded
in air. To evaluate the remaining organic solvents
after bonding, TG-DTA analyses were performed on
the bonding paste heated under air and N, atmos-
pheres (Fig. 6). Under an ambient atmosphere, a
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Figure 6 TG-DTA curves for bonding paste measured in a air
and b N, atmospheres.

minor exothermic reaction accompanied by a slight
weight loss was observed around 260 °C, followed
by a prominent exothermic peak near 340 °C. After
this point, the sample exhibited a weight increase.
This indicates that complete combustion of the
organic solvent occurs around 340 °C, leading to
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the re-oxidation of Cu. In contrast, under a nitro-
gen atmosphere, an exothermic peak was observed
around 270 °C, while no significant high-tempera-
ture exothermic reaction was detected. Therefore, the
reaction occurring at 260-270 °C is attributed to a
redox reaction between the organic solvent and the
surface oxide layer. The high-temperature reaction
observed only in air corresponds to the complete
combustion of the organic solvent and the subse-
quent reoxidation of Cu induced by atmospheric
oxygen.

These thermogravimetric and calorimetric analyses
suggest that, under nitrogen, the combustion of the
organic solvent is substantially suppressed, resulting
in the retention of residual solvent within the bonded
structure after the sintering process. This residual sol-
vent is expected to delay the oxidation of the sintered
Cu structure during subsequent thermal aging in air.

Characteristic changes
during high-temperature storage

For the evaluation of heat resistance, Fig. 7 shows the
changes in the shear strength of joints and the poros-
ity in the joints subjected to high-temperature storage
tests after bonding in air or N, atmosphere. The poros-
ity was determined from cross-sectional observations
of the sintered layers, as described later. Similar to
the effect of holding time during bonding shown in
Fig. 3, the joint strength decreased as the storage time
increased for bonding in air. In contrast, for bonding
in N,, the joint strength increased with longer storage
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Figure 7 Changes in the shear strength of joints and the porosity
of the sintered layer after high-temperature storage.
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times. Porosity in the air-bonded joints decreased
immediately after high-temperature storage, whereas
in the nitrogen-bonded joints, it was initially main-
tained but gradually decreased with increasing stor-
age time. It is noteworthy that the trend in strength
variation does not necessarily coincide with that of
porosity change.

The relationship between changes in joint strength
and oxidation behavior during the high-temperature
storage test was investigated through fractographic
observations and XRD analyses of the fractured sur-
faces. In the XRD analysis, oxidation progression was
quantified using the intensity ratio of Cu,O(111) to
Cu(111) in the XRD profile as an indicator.

Figure 8 presents the analytical results of the frac-
ture surfaces following the shear test. Figure 8a and b
present the XRD profiles obtained from the fracture
surfaces after high-temperature storage tests and
the corresponding oxidation progression over time,
respectively. Initially, the joints exhibited negligible
Cu,0 peaks revealing low oxidation progression,
whereas oxidation progressed upon high-temperature
storage. The extent of this increase was dependent on
the bonding atmosphere: in air, a substantial rise in
the Cu,0 peak intensity was observed, whereas in
N,, the increase in Cu,O intensity remained marginal.
Figure 8c and d presents the stereomicroscopic and
SEM observations of the fracture surfaces after 1000 h
of storage. The fracture surfaces of air-bonded joints
exhibited a distinct black coloration, and detailed SEM
observations revealed the presence of fine nano-oxide
layers covering the Cu substrate. In contrast, the frac-
ture surfaces of N,-bonded joints showed traces of
ductile fracture, such as elongated sintered Cu grains,
even after 1000 h of storage.

Based on the oxidation progression and fracto-
graphic analyses, it can be concluded that, for air-
bonded joints, oxidation progressed significantly with
increasing high-temperature storage time, resulting in
the formation of brittle regions. On the contrary, in
N,-bonded joints, although oxidation occurs to some
extent, excessive oxidation is effectively suppressed.
Furthermore, grain boundary sintering progresses
within the sintered layer, thereby contributing to
improved joint strength.

Figure 9 presents the microstructural evolution of
the sintered Cu layer during the high-temperature
storage in ambient air and N, atmospheres. Signifi-
cant densification of the sintered layer was observed
in both conditions; however, distinct differences in
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Figure 8 Oxidation behavior of joints bonded in air and N, (111). Representative fractured surfaces after 1000 h of storage

atmospheres after high-temperature storage. a XRD patterns observed by ¢ SM and (d) SEM
of the fractured surfaces. b Intensity ratio of Cu,O (111) to Cu

Figure 9 Microstructural evolution of the sintered Cu layer during the high-temperature storage in ambient air and N, atmospheres. a
Overview of microstructural evolution. b Difference in the sintered structure after 250 h of storage.

oxidation behavior and crack formation were identi-  the interface. In contrast, no significant crack forma-
fied (Fig. 9a). In air-bonded joints, coarse cracks were tion was observed at the interface of joints bonded
observed at the interface. Enlarged images after 500 h  in N,, indicating that sufficient interfacial bonding
of storage revealed the formation of an oxide layer at ~ was maintained. Figure 9b compares the sintered
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microstructure within the sintered layer after 250 h of
storage, highlighting the differences in the structure
between bonding in air and in N, atmosphere.

For air-bonded joints, the structure exhibited a mix-
ture of regions with different contrasts. In particular,
dark regions near voids appeared to penetrate and
erode the bright regions within the sintered grains.
Based on XRD analysis and fractographic observa-
tions after high-temperature storage, it is considered
that densification in air-bonded joints was primarily
caused by oxidation. According to previous research
[25], the oxidation of Cu joints progresses from voids
during high-temperature storage. The brittle Cu oxide
that forms exhibits a larger molar volume than the sin-
tered Cu formed during bonding, resulting in com-
pressive stress within the oxide layer during storage.
Upon cooling to room temperature, the difference in
the coefficient of thermal expansion (CTE) between
Cu and Cu,0O, where Cu exhibits greater shrinkage,
causes thermal compressive stress within the oxide
layer. Consequently, stress induced by the differ-
ences in molar volume and CTE between Cu oxides
and sintered Cu is suggested to cause crack formation.
Similarly, in the air-bonded joints of this study, oxida-
tion progressed from voids at the interface, and cracks
are considered to have developed during the cooling
process due to the stress generated by differences in
molar volume and CTE between Cu and Cu,O.

In contrast, for joints bonded in N, atmosphere,
the structure did not appear to be a fully mixed phase
as observed in air-bonded joints. Instead, a distinct
two-phase structure with different contrasts was
identified. After 1000 h of storage, some expansion
of the dark regions and the formation of small voids
within the sintered phase were observed. This sug-
gests that the bright regions correspond to the original
Cu-sintered phase, while the dark regions are associ-
ated with oxidation-induced phases. However, unlike
air-bonded joints, the two phases did not progress
toward a fully mixed and single-phase structure. In
other words, although oxidation progressed from ini-
tial void regions in the sintered layer, the progression
rate was significantly lower than that observed in air-
bonded joints, and interfacial oxidation severe enough
to induce crack formation was effectively suppressed.

Figures 10 and 11 present TEM images of Cu-sin-
tered joints bonded in air and N, after thermal storage
for 500 h. Figures 10b and 11b display high-resolution
TEM images for both joints obtained from Region A in
Figs. 10a and 11a. Fast Fourier Transform (FFT) images
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of Regions C (sintered layer) and D (substrate) show
the formation of Cu,O in the vicinity of the interface
even for the joint bonded in N,. The oxidation results
were confirmed by EDX elemental maps, analyzing
region B, as shown in Figs. 10c and 11c. However,
oxidation behavior in joints bonded in N, differed
from that in air. Figures 10d and 11d present STEM
images of sintered joints and nanobeam diffraction
(NBD) patterns obtained at Points E and F. While the
joint bonded in air exhibited that the sintered layer
was thoroughly oxidized to Cu,O, the joint bonded
in N, comprised both Cu and Cu,O nanocrystalline
grains, revealing the suppression of oxidation, which
was consistent with SEM observation results.

Figure 12 shows the change in volume resistivity
with increasing thermal storage time. As expected
from the observation results, the resistivity of joints
bonded in air increased tenfold after storage compared
with that before the storage. In contrast, the resistiv-
ity of joints bonded in N, was maintained even after
storage and was rather improved compared with the
initial value.

As shown in Fig. 7, porosity decreased with increas-
ing storage time. In general, a decrease in porosity is
generally accompanied by a reduction in electrical
resistivity. However, based on the microstructural
and XRD analyses, the porosity reduction observed
in Fig. 7 is attributed to the volume expansion associ-
ated with Cu oxidation, during which Cu is replaced
by Cu,O, which possesses inherently higher resistiv-
ity. Under these conditions, the influence of poros-
ity reduction on maintaining electrical conductivity
is expected to be insignificant, as confirmed by the
increase in resistivity observed in the air-bonded
joints. Accordingly, we successfully suppressed the
degradation of the electrical properties of low-pres-
sure Cu sinter joints during high-temperature storage
in air by utilizing the Cu sinter bonding process under
N, atmosphere with the use of PEG400.

We discuss the possible mechanism governing the
development of oxidation resistance in the present
Cu sinter bonding process as shown in Fig. 13. For
joints fabricated under ambient air conditions, par-
tial coverage of the sintered Cu particle surfaces by
an organic residue film occurs due to interfacial reac-
tions between the oxidized Cu and PEG400. However,
under prolonged thermal exposure, direct contact of
the exposed Cu surfaces with atmospheric oxygen is
expected to accelerate oxidation. The growth of oxide
regions over time induces stress accumulation at the
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Region B Regians

200 nm

Figure 10 TEM analyses of Cu sintered joints bonded in air
after thermal storage for 500 h. a BF-STEM overview image of
the sintered layer. b HR-TEM image of the interface and corre-
sponding FFT patterns obtained from Regions C and D. ¢ EDX

Cu/Cu,0 interfaces, primarily due to mismatches in
molar volume and coefficients of thermal expansion
[25]. These interfacial stresses are likely to promote
crack initiation and propagation within the joint. Con-
sequently, both mechanical properties and electrical
conductivity deteriorate as degradation progresses.
In contrast, in the joints bonded under a nitrogen
atmosphere, the reductive bonding environment
enables residual PEG400 to remain in the vicinity
of the sintered microstructure. Organic protective
layers formed on the surface of Cu particles have
been proposed as an effective strategy for suppress-
ing oxidation during Cu sinter bonding. In particu-
lar, the formation of such layers on the sintered Cu
structure —either through particle surface treatment

@ Springer

500 nm

J Mater Sci (2025) 60:19236-19248

Regfton G

~

11’1D ~

B=(110)cv0 220
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highlighting structures identified by nanobeam diffraction at
Points E and F.

or paste modification using reducing solvents—has
been actively investigated [5, 6, 9, 24]. Wang et al.
employed lactic acid to impart both reductive func-
tionality and oxidation resistance to Cu nanoparticle
joints. Lactic acid effectively removed surface oxides
from the synthesized Cu nanoparticles and formed
copper lactate, which inhibited oxidation during the
heating and holding stages of the bonding process.
At elevated temperatures, the copper lactate subse-
quently decomposed into metallic Cu, resulting in a
purified Cu structure [9].

During subsequent thermal aging in ambient air,
this residual reductant reacts with incoming oxygen
and/or surface oxides, which in turn delays the pro-
gression of oxidation compared to the air-bonded
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Region B

200 nm

Figure 11 TEM analyses of Cu-sintered joints bonded in N,
after thermal storage for 500 h. a BF-STEM overview image of
the sintered layer. b HR-TEM image of the interface and corre-
sponding FFT patterns obtained from Regions C and D. ¢ EDX
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Figure 12 Electrical resistivity of joints after high-temperature
storage.
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elemental maps of Cu and O for the joint. d BF-STEM image
highlighting structures identified by nanobeam diffraction at
Points E and F.

joints. As a result, oxidation remains localized rather
than widespread, and the sintered structure retains a
composite morphology comprising metallic Cu and
Cu,O. Within this structure, the remaining metallic Cu
forms a continuous skeletal network that ultimately
governs both mechanical load transfer and electrical
conduction, defining the overall performance of the
joint.

Accordingly, this study demonstrated that the
retention of residual reductants enhances the post-
bonding oxidation resistance of low-pressure Cu
sintered joints. However, joints bonded in nitrogen
exhibited relatively low initial strength, highlight-
ing the need for further densification of the sintered
layer. As discussed above, this can be achieved by
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Figure 13 Schematic of
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prolonging the holding time during bonding to pro-
mote sintering without oxidation. For shorter bonding
durations, on the other hand, particle-packing strate-
gies that secure a sufficient fraction of organic solvents
capable of resisting oxygen ingress during high-tem-
perature exposure are considered effective. In terms
of long-term stability, not only PEG400 itself but also
its reaction residues, as reported in previous studies,
are considered to contribute effectively to oxidation
resistance. Nevertheless, the organic solvent employed
in this study may not necessarily be the most effective
option. Further exploration of oxidation-inhibiting
organic solvents will be important for achieving even
greater improvements in oxidation resistance.

Taking these approaches into account, the improved
oxidation resistance identified in this work is expected
to not only ensure high-temperature durability but
also enhance the thermal reliability and fatigue life
of electronic packages, including power devices and
integrated modules, thereby facilitating the industrial
implementation of Cu sinter bonding in applications
demanding high reliability.

attributed to the inhibited combustion of reducing
solvents.

Under ambient air bonding conditions, rapid oxida-
tion occurred within the sintered Cu joints during
high-temperature exposure at 250 °C. This oxidation
led to the formation of brittle Cu,O layers, which sig-
nificantly reduced both the mechanical integrity and
electrical conductivity of the joints.

Bonding in a nitrogen atmosphere effectively sup-
pressed oxidation due to the presence of residual
reducing solvents. The retained organic solvents
effectively delayed oxidation progression, thereby
preserving mechanical strength and electrical con-
ductivity even after prolonged thermal storage in air.
Microstructural analyses revealed the formation of a
composite microstructure consisting of metallic Cu
and localized Cu,O phases under nitrogen bonding
conditions. The metallic Cu phase remained struc-
turally continuous, providing the mechanical load-
bearing capacity and electrical conduction pathway,
thus maintaining the joint’s overall performance.

Data and code availability

The datasets generated and analyzed during the current

Conclusions

study are available from the corresponding author upon

reasonable request.

With increasing bonding time, joints bonded in
nitrogen retained residual organic solvents in
the sintered layer, enabling continued sintering,
whereas those bonded in air experienced structural
degradation due to oxidation.

TG-DTA analyses demonstrated that oxidation sup-
pression in nitrogen-bonded joints was primarily
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