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ABSTRACT
Sintered Cu nanoparticles (Cu NPs) are promising interconnection materials for high-temperature 
power electronics, yet how their authentic three-dimensional pore architecture governs microscale 
deformation remains unclear. Here, synchrotron nano-computed tomography (nano-CT) was com-
bined with in-situ micropillar compression, explicit dynamic elastoplastic finite element analysis, and 
TEM/TKD characterization to interrogate sintered Cu NPs. The nano-CT voxel size was 45 nm, and the 
reconstructed volume corresponded to a cylinder 16 µm in diameter and 10 µm in height. The aver-
age sectional porosity was 12.44%, with a systematic discrepancy between two-dimensional and 
three-dimensional porosity quantification. During loading, the porosity decreased to 9.55% while 
the pore aspect ratio increased from 1.82–2.35. Finite element analysis further showed pronounced 
pore-adjacent stress/strain localization at the elastic–plastic transition, with local stress and equiv-
alent plastic strain reaching 650MPa and 1.7× 10−2, compared with 250MPa and 1.1× 10−3 in 
adjacent regions. The GND density increased by 95.9% at a compressive strain of 26%, linking pore-
induced strain gradients to dislocation accumulation. These results quantitatively connect authen-
tic three-dimensional pore architecture, local deformation localization, and dislocation-mediated 
strengthening in sintered Cu NPs.

Highlights

• Synchrotron nano-CT (45 nm voxel size) reconstructed a 16× 10 µm cylindrical volume of sintered 
Cu NPs and resolved the authentic 3D pore network.

• Sectional porosity was 12.44%, and 2D/3D quantification showed a systematic discrepancy, 
with porosity decreasing to 9.55% and pore aspect ratio increasing from 1.82 to 2.35 during 
compression.

• Pore-adjacent localization was quantified at the elastic–plastic transition, with local stress/PEEQ 
reaching 650MPa and 1.7× 10−2 versus 250MPa and 1.1× 10−3 in adjacent regions.

• A 95.9% increase in GND density at 26% compressive strain links pore-induced strain gradients to 
dislocation accumulation and strain-gradient-driven strengthening.
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1. Introduction

The rapid development of wide-bandgap power devices 
has imposed stringent reliability requirements on inter-
connection materials operating under high temperatures, 
large currents, and severe thermal cycling conditions [1]. 
Sintered copper nanoparticles (Cu NPs) have emerged as 
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one of the most promising candidates to replace conven-
tional solder owing to their high thermal conductivity, 
high melting point, and excellent resistance to electro-
migration [2,3]. However, the long-term reliability of 
sintered Cu NPs is strongly governed by their intrinsic 
microstructural features. Pore morphology, distribution, 
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and connectivity not only dictate the static mechani-
cal response but also strongly influence failure modes 
under thermal aging and fatigue conditions [4–6]. Pre-
vious studies have experimentally evaluated the mechan-
ical behavior of sintered Cu NPs, but mechanistic expla-
nations remain limited [7,8]. Thus, achieving an in-
depth understanding and accurate characterization of 
their three-dimensional (3D) microstructure is essential 
for assessing both mechanical performance and service 
reliability.

Current characterization techniques, however, remain 
insufficient. Conventional two-dimensional microscopy 
provides only sectional information and fails to cap-
ture authentic 3D pore networks [9–11]. Computa-
tional approaches, such as quartet structure generation 
set algorithm [12] and molecular dynamics simulations 
[6,9,13], have been employed to construct virtual sintered 
structures, yet they cannot reproduce the morphological 
complexity and spatial distribution of real pores. Serial 
sectioning by focused ion beam (FIB) offers higher reso-
lution reconstructions but is destructive, expensive, and 
time-consuming, restricting its applicability [14]. Con-
sequently, an efficient, non-destructive method is still 
lacking, which limits reliable input for microstructure-
dependent studies spanning electrical, thermal, mechan-
ical, and reliability domains.

Synchrotron-based X-ray nano-computed tomogra-
phy (nano-CT) offers a promising solution to this chal-
lenge. Compared with conventional micro-CT, nano-
CT achieves higher resolution while maintaining high 
throughput and non-destructive imaging [15,16]. In con-
trast to FIB-based sectioning, it avoids labor-intensive 
sample preparation and destructive milling, enabling 
rapid and faithful reconstruction of the pore network 
[17,18]. Although nano-CT has already been applied 
to porous metallic systems [19], and microscale in-
situ mechanical studies on sintered Cu-based materials 
have also been reported [7,8], these efforts have rarely 
been integrated to directly correlate the authentic three-
dimensional pore architecture of sintered Cu NPs with 
their pore-controlled local deformation behavior. Unlike 
prior studies that focus on surface or post-mortem anal-
ysis, this work directly quantifies porosity evolution dur-
ing in-situ compression.

This study combines synchrotron nano-CT, in-situ 
micropillar compression, explicit dynamic elastoplastic 
finite element analysis, and TEM/TKD characterization 
to interrogate how the authentic three-dimensional pore 
architecture of sintered Cu NPs governs local deforma-
tion. Specifically, it quantifies the discrepancy between 
sectional and volumetric porosity, characterizes pore-
adjacent stress/strain localization during compression, 

and links the resulting local strain gradients to geomet-
rically necessary dislocation (GND) accumulation and 
strengthening. The study thus establishes a direct struc-
ture—deformation—strengthening correlation for sin-
tered Cu NPs and provides a quantitative framework for 
understanding pore-controlled micromechanical behav-
ior.

2. Methodology

3D microstructural reconstruction of sintered Cu NPs 
was performed at the BL18B beamline of the Shang-
hai Synchrotron Radiation Facility (SSRF) using full-
field transmission X-ray microscopy (TXM) [20]. A 
bending-magnet source provided hard X-rays, and the 
setup (Figure 1(a)) incorporated an ellipsoidal mono-
capillary condenser, a Fresnel zone plate objective, and an 
sCMOS-based detector system. Nano-tomography was 
carried out at 8.4 keV with an effective voxel resolution 
of ∼45 nm. Each dataset was collected from 360 pro-
jections between 0° and 180° at a step size of 0.5° and 
an exposure time of 1.5 s. Segmentation of the pore net-
work was conducted in Avizo, where a watershed-based 
thresholding method was employed to delineate pores 
from the metallic matrix (Figure 1(b)). Quantitative anal-
ysis provided 2D and 3D pore morphology, which were 
subsequently used for explicit dynamic elastoplastic finite 
element analysis.

The detailed material composition and formulation of 
the slurry system used in this study were previously estab-
lished [21]. Sintered Cu NPs were fabricated by pressure-
assisted sintering (Sinterstar Auto-F-XL-HC, Boschman) 
at 250°C and 20MPa for 3 mins under nitrogen [7]. The 
sintered layer used in this study had been previously ver-
ified to possess good uniformity and consistency [7]. In-
situ micropillar compression tests were performed using 
a dual-beam FIB-SEM (Helios 5 DualBeam, Thermo 
Fisher Scientific) equipped with a nano-indentation sys-
tem [7]. In-situ mechanical tests were performed in 
micropillar compression mode under continuous load-
ing at a strain rate of 0.006 s−1 . TEM characterization was 
conducted in an aberration-corrected transmission elec-
tron microscope (Spectra 300, Thermo Fisher Scientific). 
Explicit dynamic finite element simulations of micropil-
lar compression were implemented in ABAQUS/Explicit 
2021.
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Figure 1. (a) Experimental setup of the synchrotron-based nano-CT; (b) 3D geometric reconstruction of sintered Cu NPs.

3. Results and discussion

3.1. 3D microstructural reconstruction of sintered 
Cu NPs

Synchrotron-based nano-computed tomography (nano-
CT) was employed to achieve non-destructive 3D recon-
struction of sintered Cu NPs, thereby providing direct 
insight into their intrinsic microstructural features. The 
reconstructed volume encompassed a cylindrical speci-
men with a diameter of 16 µm and a height of 10 µm, as 
shown in Figure 2(a). To validate the reconstruction, a 
representative XY section extracted from the 3D nano-
CT dataset was compared with an FIB-prepared cross-
section from the same specimen, as shown in Figure 2(b). 
Although the two sections were not taken from exactly 
the same spatial location, they showed comparable pore 
characteristics, and the porosity measured from the FIB 
cross-section (12.99%) closely matched the average sec-
tional porosity extracted from the 3D dataset (12.44%), 
supporting the reliability of the nano-CT reconstruction.

To further probe local variations, five micropillars 
(labeled a–e) were virtually sectioned from the recon-
structed volume. Each micropillar had a diameter of 
3 µm and a height of 7.5 µm, and they were extracted at 
intervals of 2 µm along the Z-axis of the sintered body. 

The two-dimensional relative density of each micropil-
lar was evaluated slice by slice along its height direc-
tion (Z-axis), as shown in Figure 2(e,f). The average 
sectional relative densities of micropillars a–e ranged 
from 0.812–0.892, compared with a global average sec-
tional value of 0.875. Linear fitting of the relative den-
sity trends revealed slopes ranging from −2.58× 10−4 to 
4.62× 10−4, indicating that the overall microstructure of 
the sintered body exhibited no significant porosity gra-
dient along the pressing direction. Instead, the porosity 
remained broadly uniform at the mesoscale, while indi-
vidual micropillars exhibited larger sectional fluctuations 
owing to their smaller sampling volumes and thus greater 
sensitivity to local structural variations.

In addition, the average sectional porosity of micropil-
lars a–e did not show any systematic trend with respect 
to their spatial positions in the XY plane, as presented in 
Figure 2(f), indicating similar porosity levels across the 
lateral positions. In contrast, volumetric analysis gave 3D 
relative densities of 0.779–0.892 for micropillars a–e and 
an overall 3D average of 0.816, lower than the average sec-
tional value of 0.875. This quantitative difference demon-
strates that two-dimensional sectional analysis tends to 
overestimate relative density and thus underestimate the 
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Figure 2. 3D reconstruction and analysis of sintered Cu NPs by synchrotron nano-CT. (a) Overall 3D reconstructed volume. (b) Com-
parison between a representative nano-CT sectional porosity map and an FIB-prepared cross-section. (c) Locations and dimensions of 
micropillars a–e. (d) Morphologies of micropillars. (e) Variation of sectional relative density. (f ) Average sectional relative density.

true void fraction in the sintered Cu NP structure. Sim-
ilar discrepancies between two-dimensional and three-
dimensional porosity evaluation have also been reported 
in previous studies [22].

In summary, synchrotron nano-CT enabled a compre-
hensive 3D reconstruction of sintered Cu NPs, revealing 
clear quantitative differences between sectional and vol-
umetric porosity while also capturing local pore fluctua-
tions at the micropillar scale.

3.2. Microscale mechanistic insights from 
FEM—experiment integration

The constitutive response of sintered Cu NPs under 
compression was established based on engineering 
stress–strain curves obtained from in-situ micropillar 
compression tests. An elastoplastic constitutive law was 

derived and subsequently implemented in finite ele-
ment simulations of micropillars a–e, which were vir-
tually extracted from the nano-CT reconstructed vol-
ume, as shown in Figure 3. The simulated stress–strain 
curves captured the essential features of the experimental 
response, thereby validating the accuracy of the consti-
tutive model for describing the compressive behavior of 
sintered Cu NPs at the microscale (Figure 4(a)).

The TEM/SAED results for the pre-sintered, sintered, 
and compressed states (Figure 5) indicate that the mate-
rial remains predominantly FCC Cu throughout the 
process, without distinct copper-oxide diffraction fea-
tures. Consistently, EDX analysis (Figs. S1–S3 and Tables 
S1–S3) shows only low oxygen contents, while the higher 
pre-sintering C signal markedly decreases after sinter-
ing due to the removal of residual organics or surface 
adsorbates.

Morphological evolution (Figure 3(a–h)) revealed that 
both experiment and simulation exhibited pronounced 
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Figure 3. Experimental and simulated results of sintered Cu NPs micropillar compression. (a–h) Morphological evolution: (a, e) SEM 
morphologies; (b, f ) SEM cross-sections; (c, g) FEM models reconstructed from nano-CT; (d, h) FEM sections. (i–n) Evolution of stress and 
strain fields from the elastic–plastic transition to the plastic deformation stage: (i, m) stress distributions; (j, n) equivalent plastic strain 
(PEEQ) distributions. (k–p) Crystallographic characterization by TKD: (k, o) inverse pole figures; (l, p) dislocation-density distributions.

plastic deformation when compressed to 26% (experi-
ment) and 24% (simulation), forming a barrel-shaped 
profile indicative of excellent plasticity in the sintered 
Cu NPs. To quantitatively relate the mechanical response 
to the structural evolution, the porosity and pore aspect 

ratio were statistically analyzed during compressive load-
ing, as shown in Figure 4(b). The porosity decreased from 
12.44% before compression to 9.55% after loading, while 
the average pore aspect ratio increased from 1.82–2.35. 
These results indicate that, as the applied compressive 
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Figure 4. Mechanical response and pore evolution during compression of sintered Cu NPs. (a) Stress–strain curve; (b) Porosity and pore 
aspect ratio; (c) GND density evolution; (d) Gibson–Ashby prediction versus experiment.

stress increased, internal pores progressively closed and 
the remaining pores became more elongated. During 
deformation, small pores gradually closed, whereas larger 
pores elongated and deformed, consistent across SEM 
and FEM observations.

At the elastic–plastic transition (point b in Figure 
4(a)), the von Mises stress maps (Figure 3(i)) show 
pronounced pore-adjacent stress localization. In the 
local magnified view, the concentrated region reaches 
650MPa, whereas the adjacent region remains at
250MPa. Consistently, the PEEQ contours in Figure 
3(j) reveal early strain localization near the pores, with 
local values of 1.7× 10−2 compared with 1.1× 10−3

in the adjacent region. These quantitative results sup-
port pore-scale stress/strain localization during the elas-
tic–plastic transition and are consistent with the early 
closure of nearby small pores observed experimentally 
(Figure 3(b)). Upon entering the plastic regime (point 
c), the stress field becomes more broadly distributed but 
remains concentrated in the central region (Figure 3(m)), 
accompanied by a clearer specimen-scale strain-gradient 
pattern. This may help explain the earlier pore closure 

observed in the mid-section relative to the top and bot-
tom regions. The nano-CT-based FEM results thus pro-
vide a quantitative basis for understanding the strain-
localization behavior observed in the in-situ experi-
ments.

At the microscale, TEM and TKD characteriza-
tions confirmed these findings. The geometrically nec-
essary dislocation (GND) density increased 95.9%, from 
1.21× 1015 m−2 before compression to 2.37× 1015 m−2

afterward. This increase aligns with the strain-gradient 
fields predicted by FEM, suggesting that pore-induced 
strain gradients may play an important role in GND for-
mation. TEM observations of the as-prepared, sintered, 
and compressed states (Figure 5) show well-developed 
sintering necks but no obvious post-compression debond-
ing or neck fracture. Instead, the post-compression 
microstructure is characterized by pore collapse/elonga-
tion and occasional thin micro-cracks near incompletely 
collapsed void boundaries, consistent with localized plas-
tic collapse rather than debonding- or neck-fracture-
dominated separation. These observations suggest that 
strain-gradient-driven GND generation and accumula-
tion are important contributors to the strengthening 
behavior of sintered Cu NPs [23].
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Figure 5. TEM characterization of sintered Cu NPs pre-sintered, sintered and after compression. (a–c) TEM images; (d–f) HRTEM images; 
(g–i) SAED patterns.

Comparison with the Gibson–Ashby model [24,25] 
shows overpredicted modulus but underpredicted
strength (Figure 4(d)), indicating a clear deviation from 
the response of traditional metallic foams and sup-
porting the strain-gradient-driven strengthening mech-
anisms identified here.

In summary, the explicit dynamic simulations based 
on synchrotron nano-CT effectively uncover the pore-
induced strain-gradient–driven dislocation strengthen-
ing mechanism of sintered Cu NPs that has been 
observed experimentally but remained difficult to explain 
[7].

4. Conclusion

This work establishes a synchrotron nano-CT-based 
framework for linking the three-dimensional pore

architecture of sintered Cu nanoparticles to their
microscale compressive deformation. By integrating 
non-destructive 3D reconstruction, in-situ micropillar 
compression, finite element analysis, and TEM/TKD 
characterization, it is shown that pore morphology is 
closely associated with local plastic deformation, strain-
gradient evolution, and GND accumulation during com-
pression. The results therefore provide a microstructure-
informed understanding of the interplay between pore 
evolution and dislocation-mediated strengthening in sin-
tered Cu nanoparticle structures.

This study also has several limitations. The nano-
CT analysis is constrained by spatial resolution and 
acquisition conditions, and the reconstructed volume 
represents only a finite region rather than the entire 
sintered layer. Direct identification of internal load-
transfer pathways requires DVC or equivalent full-field 
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techniques and is beyond the scope of this study. In 
addition, the present work focuses on microscale com-
pressive behavior and does not directly address ten-
sile, fatigue, thermal-cycling, or long-term reliability 
responses. Accordingly, the present framework should 
be regarded as a microstructural and mechanistic basis 
for future reliability-oriented studies, rather than a direct 
substitute for dedicated reliability evaluation.
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