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ARTICLE INFO ABSTRACT

Keywords: This study investigates the interface strength and fracture behavior of sintered copper (Cu) nanoparticles
Sintering Cu nanoparticles (NPs) for all-Cu integration in advanced microelectronics packaging. Micro-cantilever bending tests on three
Interface strength configurations (Cu NP-notched, interface-notched and un-notched micro-cantilevers) were analyzed using

Micro-cantilever bending test
Transmission Kikuchi diffraction
Cohesive zone model

scanning electron microscopy (SEM), transmission electron microscopy (TEM), transmission Kikuchi diffraction
(TKD) and cohesive zone model (CZM). The interface-notched micro-cantilevers demonstrate superior fracture
resistance, with a stress intensity factor (K,) of 2.88 + 0.10 MPa m'/?, compared to 2.12 + 0.11 MPa m!/2
for Cu NP-notched micro-cantilevers. Simulation results, consistent with experimental results, reveal that Cu
NP-notched micro-cantilevers exhibit lower fracture resistance due to porosity and stress concentrations, while
interface-notched micro-cantilevers show enhanced strength, attributed to robust bonding and reduced void
distribution. Un-notched micro-cantilevers display superior load-bearing capacity, with cracks bypassing the
interface and propagating through porous regions. Moreover, in un-notched micro-cantilevers, a synergistic
deformation mechanism is observed, where crack propagation through the sintered Cu NPs coexists with plastic
slip deformation in the Cu substrate. These findings highlight the strong interfacial bonding and effective stress
transfer at the Cu substrate-sintered Cu NP interface, validating the feasibility of direct sintering using Cu NPs
without additional coatings.

1. Introduction scalability and surpassing solder-based joints in thermal stability. Fur-
thermore, direct sintering using Cu NPs onto a Cu substrate obviate the

All-copper (Cu) integration utilizing Cu nanoparticles (NPs) has requirement for silver (Ag) or nickel (Ni) coating layers in power elec-
emerged as a promising technology for both advanced 3D integra- tronics packaging, offering comparable adhesion performance while
tion [1-4] and power electronics packaging [5-7]. In 3D integration, reducing material costs [11,12]. Despite these advantages, the large-
direct Cu-to-Cu bonding with sub-10 um offers superior interconnect scale industrial implementation of all-Cu integration using Cu NPs

density and enhanced electromigration resistance compared to con-
ventional solder-based interconnects [8-10]. However, traditional bulk
Cu bonding necessitates high temperatures (>300 °C) and substantial
pressures, which pose risks of dielectric layer degradation, particu-
larly in large-scale applications. In contrast, Cu NPs-based bonding
enables scalable integration at significantly reduced thermal budgets
(160-250 °C) and pressures through nanoscale sintering. Recent stud-
ies [2,4] indicate that Cu NPs achieve robust mechanical strength (60
MPa) without requiring costly chemical mechanical polishing (CMP), microscale, providing critical insights into localized deformation and
outperforming conventional thermo-compression bonding in process failure mechanisms [13-22]. These tests are particularly effective for

remains limited due to insufficient quantitative data on their interfacial
reliability, particularly at the microscale level. This study addresses this
critical gap by employing micro-cantilever bending tests to quantita-
tively assess interface strength, elucidating fracture behaviors that are
essential for real-world packaging applications.

Micro-cantilever bending tests have become a widely used tech-
nique for evaluating interface strength and fracture toughness at the
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probing material interfaces due to their ability to simulate stress states
involving both tensile and compressive loading, making them ideal
for quantifying interfacial adhesion and mechanical reliability. For
example, Matoy et al. [13] applied micro-cantilever bending tests
to investigate the fracture behavior of thin-film interfaces, success-
fully determining energy release rates and critical stress intensities
for SiO,-metal interfaces. Heuer et al. [21] extended this approach
to functionally graded materials, demonstrating its applicability for
characterizing fracture toughness in heterogeneous systems. Addition-
ally, Armstrong et al. [23] employed micro-cantilever tests to evaluate
embrittled grain boundaries in Cu, showcasing its utility in detecting
localized failure mechanisms.

Despite these advancements, studies on sintered Cu NPs remain lim-
ited. Extensive research has focused on in-situ tensile [24,25], micro-
pillar [26] and compression tests [27,28] to investigate the mechanical
properties and deformation mechanisms of sintered silver (Ag) and
Cu NPs. These studies have provided valuable insights into viscoplas-
ticity, creep behavior and microstructural evolution under loading.
However, they have largely overlooked the interface strength of Cu
NPs, particularly under bending conditions, leaving a critical gap in
the understanding of interfacial fracture mechanisms. Liu et al. [29]
examined Cu-Cu joints fabricated via low-temperature sintering of Cu
NPs and highlighted the role of metallurgical bonding and sintered
neck formation in enhancing mechanical strength. While their work pri-
marily focused on bulk shear strength, quantitative characterization of
localized interfacial fracture properties remains unexplored. This gap in
the literature motivates the present study, which aims to provide a de-
tailed understanding of the mechanical reliability and fracture behavior
of sintered Cu NPs and their interfaces using micro-cantilever bend-
ing tests. These insights are critical for advancing all-Cu integration
technologies in microelectronics and structural applications.

Crack propagation in sintered NPs is critically influenced by pore
distribution, grain boundaries, and microstructural heterogeneities.
Consequently, computational modeling of fracture in such systems
necessitates methods capable of resolving complex crack paths while
accounting for material stochasticity. To address this challenge, sev-
eral approaches have been developed, including phase-field fracture
model [30-37], extended finite element method (XFEM) [38-42],
discrete element method (DEM) [43-46], and the cohesive zone model
(CZM) [47-50]. Phase-field fracture model, which represent cracks as
diffuse interfaces via energy minimization principles, excel in simulat-
ing arbitrary crack nucleation, branching, and coalescence in hetero-
geneous media—a key feature for sintered NPs with stochastic poros-
ity [51]. However, phase-field model lacks explicit interface elements,
limiting their ability to simulate interfacial failure propagation [52,53].
XFEM supports discrete crack growth without remeshing and incorpo-
rates plasticity, making it suitable for ductile fracture analysis [38].
Nonetheless, its reliance on predefined enrichment functions limits
its applicability in systems with unpredictable crack paths [54], and
it faces difficulties in modeling crack branching and merging due to
the need for explicit geometric representation of discontinuities [55].
DEM, ideal for granular fragmentation and flow simulations, struggles
with continuum-scale stress field resolution and thermo-elasto-plastic
coupling, compounded by prohibitive computational costs for large-
scale microstructures [56]. In contrast, CZM are particularly well-suited
for simulating interfacial crack propagation in sintered Cu NPs, as they
explicitly model decohesion at material interfaces through traction—
separation laws [48,49]. This approach enables precise modeling of
interface failure mechanisms, addressing critical gaps in phase-field and
XFEM frameworks for heterogeneous systems with complex interfacial
interactions.

This study investigates the interface strength and fracture behavior
of sintered Cu NPs to assess their potential for all-Cu integration in
advanced microelectronic applications. Micro-cantilever bending tests
are conducted to evaluate localized deformation and fracture toughness
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at the interface, highlighting its critical role in ensuring mechani-
cal reliability. Detailed microstructure characterization using scanning
electron microscopy (SEM), transmission electron microscopy (TEM)
and transmission Kikuchi diffraction (TKD) reveals the influence of
sintered neck formation and porosity on stress transfer and crack
resistance. Furthermore, CZM is employed to simulate crack propaga-
tion and stress distributions, providing insights into damage evolution
and interface defects. These findings offer a deeper understanding
of the mechanical behavior and reliability of sintered Cu interfaces,
supporting the development of all-Cu integration for next-generation
microelectronics.

2. Experimental and simulation method
2.1. Micro-cantilever fabrication

A die-attach structure, consisting of an aluminum (Al) film, a sin-
tered Cu nanoparticle (NP) layer and a Cu substrate was fabricated
using pressure-assisted sintering technology [57]. First, the Cu NP paste
was uniformly printed onto a Cu substrate using an automatic screen-
printing system and a steel stencil with a thickness of 100 um (Fig. 1a).
Then, the printed paste was dried in a nitrogen atmosphere at 120 °C
for 5 min to remove organic solvents. Subsequently, an Al film was
applied to the surface of the dried Cu paste to substitute the Cu dummy
die, facilitating its removal after the sintering process. Pressure-assisted
sintering (Fig. 1b) was performed at 250 °C under 20 MPa uniaxial
stress for 5 min in a reducing atmosphere (5% H,/N,). After sinter-
ing, the samples were cooled to room temperature before removing
the Al film and sectioning the samples along the centerline using a
diamond saw (Fig. 1c). The sintered samples were then prepared for
micro-cantilever fabrication.

Micro-cantilever bending tests provide an effective approach for
probing the microscale mechanical properties of sintered Cu NPs. Figs.
1d-f illustrates the design and fabrication of three types of micro-
cantilevers (Cu NP-notched, interface-notched and un-notched) used
in this study. These micro-cantilevers were designed to investigate
fracture behavior under different conditions, with each configuration
targeting specific material interfaces and regions of interest. In Fig. 1d,
the first micro-cantilever is fabricated entirely within the sintered Cu
NP region and includes a notch at the base of the cantilever to assess
crack initiation and propagation. The geometric parameters, including
length (L), width (W), height (B), and length of notch/interface to
nanoindenter (L,), along with the notch length (a), were carefully
controlled during fabrication to ensure consistency. Fig. 1e shows the
second configuration, where the micro-cantilever spans the interface
between the sintered Cu NPs and the Cu substrate. A notch was in-
troduced at the interface to investigate the interfacial strength and
crack propagation behavior. Fig. 1f illustrates the third configuration,
which also spans the Cu NP-substrate interface but without a notch,
enabling the evaluation of intrinsic material deformation and failure
mechanisms without pre-existing flaws. The micro-cantilevers were
fabricated using a focused ion beam (FIB) milling process. The fabri-
cation steps involved milling U-shaped trenches, tilting and rotating
for undercutting, polishing for symmetry, and final cleaning to reduce
damage [58]. The dimensions of all micro-cantilevers were determined
through SEM images and are presented in Table S1. Notably, a con-
sistent dimensional variation of approximately +0.2 pm was observed
across the micro-cantilevers, demonstrating good reproducibility in
their fabrication.

2.2. Micro-cantilever bending tests

Micro-cantilever bending tests were conducted at room tempera-
ture using an in-situ nanoindenter system (Alemnis AG, Switzerland)
integrated into a Zeiss Ultra55 FEG-SEM (Fig. 2a) [59]. Represen-
tative SEM images of the three micro-cantilevers are presented in
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Fig. 1. Sintering process: (a) screen printing; (b) pressure-assisted sintering; (c) removal of the Al film. Schematic of micro-cantilevers: (d) Cu NP-notched micro-cantilever; (e)

interface-notched micro-cantilever; (f) un-notched micro-cantilever.

Figs. 2b-d, while the complete set of images for all micro-cantilevers
is provided in Fig. S1. Prior to testing, the SEM was employed to
precisely align the indenter tip with the fiducial mark located on
the top surface of each micro-cantilever. The bending tests were con-
ducted in displacement-controlled mode, maintaining a constant dis-
placement rate of 10 nm s for all specimens. The tests proceeded
until fracture was observed, ensuring consistent testing conditions. A
conospherical diamond tip (radius = 1 pm) was utilized to apply the
bending load, as shown. Compared to sharp-tipped indenters, such
as the Berkovich indenter, the conical geometry with a spherical tip
was selected to minimize stress concentrations and reduce indentation-
induced surface damage, thereby improving the accuracy of mechanical
property measurements [16]. The nanoindenter system provided high-
resolution displacement tracking with drift rates maintained below
10 nm/min, enabling reliable acquisition of load-displacement data.
Throughout the experiments, synchronized video recordings and SEM
image sequences were captured to continuously monitor the deforma-
tion process, facilitating correlation between the applied displacement,
measured load and the progression of crack initiation and propagation.
This experimental setup ensured precise measurements of mechanical
behavior while minimizing artifacts associated with tip geometry and
system drift.

2.3. 3D reconstruction

To investigate the internal microstructure of sintered Cu NPs, FIB-
SEM tomography was performed using a dual-beam FEI Helios G4 CX
system [60]. Prior to milling, a protective Pt layer (1 pm thick) was
deposited over the region of interest (ROI), and fiducial markers were
fabricated to ensure precise alignment during sequential milling (Fig.
3a). The sample was tilted to 52° to enable perpendicular FIB milling at
30 kV and 40 pA, while SEM imaging was conducted at 10 kV using a
secondary electron detector. A U-shaped trench was milled adjacent to
the ROI to accommodate redeposited material. Automated slicing and
imaging were controlled via Auto Slice and View software, generating
15 nm-thick cross-sectional slices. Approximately 300 high-resolution

SEM images were acquired (Fig. 3b), and processed using Avizo soft-
ware for 3D reconstruction [61]. Image alignment and threshold-based
segmentation revealed porous regions (highlighted in blue, Fig. 3c),
with a calculated porosity of approximately 10.5%. The reconstructed
volume of 6 x 3.5 x 4 pm® (Fig. 3d) effectively captured the sin-
tered Cu NP domain and void distribution, demonstrating sufficient
representativeness to resolve microstructural features.

2.4. TEM and TKD characterization

The localized deformation behavior and grain orientation of sin-
tered Cu NPs were characterized using TEM (Cs-corrected Titan Themis)
and TKD (Zeiss GeminiSEM 360 and Hitachi Regulus8230). TKD was
prioritized over conventional electron backscatter diffraction (EBSD)
due to its enhanced spatial resolution (< 5nm), sensitivity to weak
crystallographic signals, and compatibility with ultrathin specimens—
critical advantages for resolving nanocrystalline microstructures [62,
63]. This technique enabled precise mapping of grain orientations and
strain distributions in both as-sintered and deformed interfacial regions,
providing insights into plasticity mechanisms at the nanoscale.

2.5. Random porous structure modeling

The porous structures of sintered Cu NPs exhibit inherent random-
ness in pore size, shape and distribution due to particle rearrangement
and coalescence during the sintering process. From a microstructural
perspective, sintered Cu NPs can be conceptually represented as a
two-phase solid system comprising metallic particles and distributed
pores [64]. Accurate modeling of random porous structures is essential
for capturing the stochastic characteristics of sintered Cu NPs. To
accurately capture this stochastic nature, a Gaussian Random Field
(GRF)-based approach was employed to simulate the two-dimensional
microstructures [36,37,65-67]. The GRF method effectively models
spatial heterogeneity by defining a random field Z(x) through a mean
function m(x) and a covariance function C(x;,x,). In this study, the
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Fig. 2. (a) In-situ SEM setup with indenter; (b-d) representative SEM images of Cu NP-notched micro-cantilever, interface-notched micro-cantilever, and un-notched micro-cantilever,

respectively.

mean function was set to zero (m(x) = 0) to ensure spatial neutral-
ity, while an exponential covariance function controlled the spatial
correlation of the random field. The covariance function is expressed as:

—-x
C(xl,x2)=0'2 exp (—M) s (€8}
where 62 represents the variance and / determines the correlation
length. A threshold function F, was applied to classify the GRF values
into solid and pore phases, enabling direct control over porosity. The
indicator function ¥(x) used to separate the phases is given by:

?’(x):{l’ Z 2 Fy, )
0, Z(x) < F,

This probabilistic framework allowed the generation of pore dis-
tributions that closely resemble the experimental microstructures ob-
served in SEM and TEM analyses of sintered Cu NPs. The computational
implementation of the GRF model was performed on a 2D square
domain of size 160 x 760 with fine grid discretization to ensure spatial
accuracy. Initially, random values following a Gaussian distribution
were assigned to each grid point. Gaussian smoothing was then applied
to introduce spatial correlations, with the kernel width and correlation
length calibrated to control pore size distributions. The smoothed field
was converted into binary solid and pore regions using a threshold func-
tion, and the resulting structures were meshed to facilitate mechanical
simulations (Figs. 4b-d). This process enabled precise adjustments to
porosity and morphology, matching experimental observations.

2.6. Cohesive zone model

In this study, the crack propagation behavior of sintered Cu NPs
was simulated using a classical bilinear traction-separation law within
the Cohesive Zone Model (CZM) framework [48,68], as illustrated
in Fig. 4a. The constitutive relation is characterized by two criti-
cal displacement parameters: the critical separation displacement (6,),
corresponding to the peak traction (r;,,,), and the ultimate failure
separation displacement (§,). The critical fracture energy, equivalent to
the area under the traction-separation curve, serves as a fundamental
parameter governing material failure. For the pure mode I fracture

conditions examined here, the cohesive zone response is defined exclu-
sively by 7.« and §,. This simplification arises from the assumption
of a constant tangent stiffness (k;) during the elastic loading phase
prior to damage initiation, ensuring a bilinear constitutive response
without additional variables influencing the pre-failure regime. k; and
k, are the interface stiffness which are computed as k| = 7,,,/6. and
ky = Tiax/ (5t - 60)'

k6 0<6<3,
7(8) =3ky(6—-6,) 6, <6<8, 3)
0 526

As shown in Figs. 4b-d, 2D models with randomly distributed pores
is used to simulate the mechanical properties and fracture behavior.
The dimension of the model is 4.8 pm X 22.5 pm with quadrilateral
elements of 0.03 pm X 0.03 pm. The green regions correspond to the Cu
material, while the white regions represent voids, simulating the poros-
ity inherent in the material after sintering. Fig. 4b-d shows the three
finite element mesh (4 nodes CPS4) structures, namely, Cu NP-notched,
interface-notched and un-notched micro-cantilevers. The initial crack
length of the notched micro-cantilevers was set as 2 pm. Bend loading
was applied along the right edge (denoted by directional arrows) to
simulate bending stress conditions. The mechanical properties for our
simulations were directly extracted from the experimental stress—strain
curves presented in Fig. 5b.

3. Results and discussion
3.1. Mechanical properties

Fig. 5a presents the load—displacement curves for the micro-cantile
vers. The experimentally recorded loading and displacement data of un-

notched micro-cantilevers can be transformed into bending stress and
bending strain, respectively, through the following equations [69-71]:

4-F-L, @
o= ————
W . B?
6=3-B~u (5)
2.12

b
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Fig. 3. (a) FIB milling of the sample with a protective Pt layer deposited; the imaging area is indicated; (b) sequential SEM cross-sections forming an image stack for 3D
reconstruction; (c) reconstructed volume highlighting porous regions (blue); (d) sintered Cu NP domain with dimensions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Typical bilinear law of CZM; (b) Cu NP-notched model; (c) interface-notched model; (d) un-notched model with boundary conditions.
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Fig. 5. (a) Load-displacement curves; (b) stress-strain curves of un-notched micro-cantilevers; (c) stress intensity factors.

<

Fig. 6. Fracture morphology and crack propagation in sintered Cu NP micro-cantilevers: (a, d) NP-notched; (b, e) interface-notched; (c, f) un-notched specimens. (g-i) Schematics

of corresponding crack propagation mechanisms.

where F, L,, w and B denote the applied force, moment arm, beam
width and thickness, respectively. The corresponding stress—strain
curves are shown in Fig. 5b. The measured elastic modulus of ap-
proximately 54 + 2.4 GPa is consistent with values reported for sin-
tered NPs [28] but lower than those observed in Cu thin films and
single-crystal Cu micro-cantilevers [72,73]. Similarly, the yield stress,
determined via the 0.2% offset criterion [70] to be 639 + 29 MPa,
agrees well with prior micro-cantilever bending studies on sintered
Cu NPs [28]. In contrast, this value exceeds reported yield strengths
for bulk Cu—derived from micro-cantilever bending [74], compres-
sion [75], and shear tests [76], which typically range from 180 to 350

MPa, depending on grain size and crystallographic orientation.

As illustrated in Fig. 5a, interface-notched micro-cantilevers ex-
hibit superior mechanical performance to those NP-notched micro-
cantilevers, suggesting enhanced interfacial integrity and crack prop-
agation resistance at the interface. To quantitatively evaluate the frac-
ture resistance, the stress intensity factor K, (conditional fracture
toughness) was computed based on linear elastic fracture mechanics
(LEFM) in mode I [27,77].

FL a
ko= /() ©)

The geometry factor f was derived as a function of crack length
and micro-cantilever height, utilizing finite element (FE) modeling data
provided by Igbal et al. [78]. This analysis standardizes the load-
displacement data, enabling direct comparison of fracture behavior
across different micro-cantilever configurations. As shown in Fig. 5c,
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Fig. 7. Deformation behavior of un-notched micro-cantilevers: (a, b) Crack propagation through sintered Cu NPs with concurrent slip deformation in Cu substrate; (c) TEM sample

preparation location; (d) fabricated TEM sample.

the stress intensity factor for NP-notched micro-cantilevers is approxi-
mately 2.12+0.11 MPa m!/2, which is notably lower than the 2.88+0.10
MPa m'/2 measured for interface-notched micro-cantilevers.

The disparity in K, values highlights the superior crack resistance
at the Cu substrate-Cu NP interface, which serves as a more effective
barrier to crack propagation compared to the sintered Cu NPs. These
findings strongly support the feasibility of all-Cu integration, as the
superior interface strength ensures improved mechanical reliability. To
investigate the strengthening mechanisms underlying the interfacial
fracture toughness of the sintered Cu NPs, crack propagation and
localized deformation mechanism were systematically analyzed in next
parts.

3.2. Fracture analysis

Fig. 6 delineates the fracture mechanisms of the three micro-
cantilever configurations subjected to bending. In notched specimens
(Figs. 6a, b, d and e), crack propagation preferentially follows the
sintered Cu NPs, evidenced by elongated sintering necks—a hallmark
of ductile fracture. Notably, interface-notched micro-cantilevers ex-
hibit a higher critical stress intensity factor (2.88 + 0.10 MPa m!'/2)
than those NP-notched micro-cantilevers (2.12 + 0.11 MPa m!/2). This
disparity stems from microstructural heterogeneity: NP-notched micro-
cantilevers (Figs. 6a, d) display elevated porosity distribution near the
notch tip than interface-notched micro-cantilevers. Increased porosity
amplifies localized stress concentrations, reducing fracture resistance
and accelerating crack propagation through the porous NP matrix.

Un-notched micro-cantilevers (Figs. 6¢, f) further validate this mech-
anism. Crack paths deviate from the Cu-substrate interface, instead
propagating through the sintered Cu NPs. This deflection underscores
the dominance of stress concentrations within the porous NP layer
over interfacial adhesion, confirming the sintered NPs’ lower cohesive
strength compared to the monolithic Cu substrate. Complementary

schematics (Figs. 6g-i) illustrate how porosity governs crack initiation
and growth, with stress concentrations nucleating at high-porosity re-
gions and propagation modulated by the sintered network’s tortuosity.
These findings emphasize the critical role of microstructural defects in
dictating fracture resistance in hierarchical systems.

Figs. 7a and b reveals a synergistic deformation mechanism in
un-notched micro-cantilevers, where crack propagation through the
sintered Cu NPs coexists with plastic slip deformation in the Cu sub-
strate. The substrate (Fig. 7a) exhibits distinct slip bands, indicative
of dislocation glide under tensile bending stresses. Concurrently, the
NP layer (Fig. 7b) undergoes crack propagation preceded by localized
plastic deformation, evidenced by elongated sintering necks. This dual
behavior highlights mechanical compatibility: the substrate accommo-
dates strain via crystallographic slip, while the NP layer redistributes
stress through ductile neck elongation prior to fracture.

The absence of interfacial delamination confirms robust bonding
between the NPs and substrate. However, fracture localization within
the NP layer demonstrates that residual porosity and microstructural
heterogeneities (e.g., incomplete sintering necks) act as preferential
stress concentrators, overriding the interfacial adhesion strength. This
underscores the sintered Cu NPs’ role as the performance-limiting
phase, constrained by their inherent porosity. The coexistence of sub-
strate plasticity and NP-layer cracking further suggests that sintering
parameters must be optimized to enhance neck connectivity, thereby
improving load-transfer efficiency without compromising interfacial
integrity.

3.3. Interfacial deformation mechanisms

To elucidate the microstructural and interfacial deformation mech-
anisms in sintered Cu NP systems, a correlative analysis was conducted
using TEM and TKD. Investigations were focused on two representative
regions: an undeformed interface, and a deformed interface located at
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Fig. 8. Grain orientation analysis of sintered Cu NPs at the interface: (a) TKD band contrast map showing pattern quality; (b) initial grain orientation map; (c) bright-field TEM
image of deformed region with slip bands and elongated sintered necks; (d) post-deformation grain orientation map.
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the root of a bent micro-cantilever (Figs. 7c, d and S3). TKD mapping of
the undeformed region (Figs. 8a, b) revealed a randomized grain orien-
tation distribution within the sintered Cu NPs, indicative of the absence
of preferential crystallographic alignment. This structural randomness,
coupled with a minimal presence of interfacial voids or discontinuities,

suggests the formation of robust metallurgical bonding between the
sintered NPs and the underlying Cu substrate.

Post-deformation analyses of the interfacial region (Figs. 8c, d)
reveal substantial microstructural reorganization within the NP layer.
Bright-field TEM imaging (Fig. 8c) confirms the occurrence of local-
ized plastic deformation, manifested by the elongation of sintering
necks. This morphological evolution is attributed to stress concen-
trations facilitated by the intrinsic porosity of the sintered network.
Simultaneously, the appearance of slip bands within the Cu substrate
(Fig. 8c) reflects the activation of dislocation glide, a primary plastic
deformation mechanism in face-centered cubic (FCC) metals subjected
to tensile stress [79,80]. The corresponding TKD map (Fig. 8d) illus-
trates a heterogeneous grain structure, characterized by a mixture of
equiaxed and elongated nanograins, along with deformation-induced
lattice distortions that adversely affect diffraction pattern quality. These
distortions—likely stemming from dislocation tangles and residual
stress accumulation—complicate orientation indexing and highlight the
intrinsic difficulty of characterizing highly strained microstructures.

Importantly, deformation twinning was observed in the substrate
(Figs. 8¢, d), signifying the activation of secondary plastic deformation
mechanisms under bending stress. Despite the evident plasticity and
microstructural evolution within the sintered NP layer, the integrity
of the particle-substrate interface remained preserved. These results
emphasize the necessity of optimizing sintering parameters — such as
the application of external pressure during processing — to reduce
porosity, enhance interparticle neck growth, and ultimately improve
the mechanical load-bearing performance of the sintered NP layer
without compromising interfacial cohesion.
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Fig. 10. Crack propagation path and distributions of von Mises stress: (a-c) Cu NP-notched micro-cantilever (a, 0-728 MPa; b, 0-601 MPa; ¢, 0-696 MPa); (d-f) interface-notched
micro-cantilever (d, 0-569 MPa; e, 0-598 MPa; f, 0-650 MPa); (g-i) un-notched micro-cantilever (g, 0-725 MPa; h, 0-678 MPa; i, 0-735 MPa).

3.4. Numerical simulation of crack propagation

Fig. 9 illustrates the load—-displacement responses obtained from the
simulation, highlighting the influence of notch location. For Cu NP-
notched micro-cantilevers, the load-displacement curve demonstrates
a significantly lower peak value. In contrast, interface-notched micro-
cantilevers exhibits higher strength due to fewer voids, indicating that
interface bonding plays a crucial role in mechanical integrity. The un-
notched micro-cantilevers achieve the highest load values. These find-
ings align well with experimental results presented in Fig. 5, confirming
the influence of void distribution and notch location on strength.

Fig. 10 provides a detailed view of crack propagation path and
von Mises stress distribution, revealing localized stress concentrations
that act as precursors to crack initiation. The subfigures in Fig. 10
corresponds to the points on the load-displacement curves shown in
Fig. 9. The results underscore the significant role of voids in crack
propagation, consistent with findings on sintered Ag NPs [27], where
porosity governs fracture paths and reduces structural stability. Similar
to observations by Su et al. [36] and Chen et al. [27], the porous

distribution in sintered Cu NPs creates stress hot spots that accel-
erate failure. The observed stress localization emphasizes the need
to optimize sintering parameters, such as pressure and temperature,
to minimize porosity, improve sintering neck formation and enhance
mechanical uniformity.

The agreement between CZM and experimental results (Figs. 6 and
7) further validates these observations. Fracture morphologies in Fig. 6
depict crack propagation through porous regions and weakened sinter-
ing necks, paralleling the CZM predictions. Additionally, the elongated
sintered Cu NPs and localized deformation near stress concentrators
observed in Fig. 7 align with the stress patterns in Fig. 10. The presence
of porosity in the sintered Cu NPs introduces stress concentrators, re-
ducing overall structural stability. In conclusion, this analysis highlights
the robust bonding and effective stress transfer at the Cu substrate
interface, reinforcing the feasibility of directly sintering Cu NPs onto
a Cu substrate without additional coatings. This approach ensures
mechanically reliable, all-Cu integration, making it highly promising
for advanced electronic packaging applications.
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4. Conclusion

In this study, the interface strength and fracture behavior of sintered
Cu NPs were systematically investigated using micro-cantilever bending
tests, SEM, TEM, TKD and CZM. This integrated experimental and
computational approach enabled a comprehensive analysis of crack
initiation and propagation mechanisms of sintered Cu NPs. The main
conclusions are as follows:

1. The Cu substrate-sintered Cu NP interface exhibits higher fracture
resistance than the sintered Cu NPs, with a stress intensity factor K, of
approximately 2.88 +0.10 MPa m'/2 compared to 2.12 +0.11 MPa m'/2
for cracks propagating within the sintered Cu NPs. This highlights the
robust bonding and effective stress transfer at the interface, supporting
the feasibility of direct sintering of Cu NPs to a Cu substrate without
the need for other coating.

2. Fracture surface analyses reveal that in both types of notched
micro-cantilevers, crack propagation preferentially follows the sintered
Cu NPs, evidenced by elongated sintering necks. For un-notched micro-
cantilevers, interestingly, synergistic deformation mechanism in un-
notched micro-cantilevers, where crack propagation through the sin-
tered Cu NPs coexists with plastic slip deformation in the Cu substrate.

3. TKD analysis demonstrates that the sintered Cu NPs exhibit
random crystallographic orientations, while the negligible interfacial
void density indicates robust metallurgical bonding with the underlying
Cu substrate. Complementary TEM and TKD characterization reveals
substrate plastic deformation through both slip band formation and
sintering neck elongation at the interface.

4. CZM results demonstrate that notch location significantly impacts
mechanical properties. Cu NP-notched micro-cantilevers exhibit lower
fracture resistance due to increased porosity and stress concentra-
tions, while interface-notched micro-cantilevers show higher strength,
attributed to robust bonding and reduced void distribution. Cracks pre-
dominantly bypass the interface, propagating through porous regions in
the sintered Cu NPs, demonstrating the interface’s ability to effectively
transfer stress and resist fracture. This performance underscores the po-
tential of direct sintering of Cu NPs onto Cu substrates as a reliable and
efficient method for all-Cu integration, without requiring additional
coatings, for advanced applications in microelectronics and packaging
technologies.
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