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H I G H L I G H T S

• Particle size decouples elastic stiffness from yield strength in sintered porous Cu.

• Large-particle structures show higher apparent modulus due to improved load-path continuity.

• Small-particle structures exhibit higher yield strength through distributed neck deformation and pore compaction.

• Coarse necks and continuous remaining ligaments enhance fracture resistance under bending.

• MD simulations reveal that closely spaced necks promote dislocation arrest, stacking-fault accumulation, and distributed plasticity.
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A B S T R A C T

Sintered porous Cu contains a heterogeneous particle-neck-pore architecture whose deformation depends strongly 

on loading mode. In this study, porous Cu structures prepared from small particles (184 nm) and large par­

ticles (1451 nm) were examined using micropillar compression, micro-cantilever bending, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and molecular dynamics (MD) simulations. Under 

compression, the large-particle structure exhibited a higher apparent elastic modulus (14.5 ± 0.9 GPa) than the 

small-particle structure (12.7 ± 0.5 GPa), whereas the small-particle structure showed an approximately 80% 

higher yield strength (364 ± 58 versus 202 ± 71 MPa). In contrast, the large-particle structure exhibited an ap­

proximately 245% higher conditional fracture toughness (5.56 ± 0.14 versus 1.61 ± 0.16 MPa ⋅m1∕2) and 1270% 

higher total bending work (8823 ± 1245 versus 644 ± 164 pJ). Microstructural analyses revealed that the refined 

particle-neck network accommodated compression through distributed pore compaction, neck deformation, and 

dislocation accumulation, suppressing strain localization. The coarser network promoted intraparticle slip and 

interfacial sliding under compression, while enhancing remaining-ligament continuity and neck bridging during 

crack propagation. MD simulations reproduced these distinct compressive responses and defect-evolution char­

acteristics. These findings provide guidance for optimizing particle-neck-pore architectures in reliable sintered 

Cu interconnects. 

1 . Introduction

Sintered Cu with porous structure has emerged as a promising mate­

rial for advanced microelectronic [1,2] and power-electronic packaging 

applications [3–6], owing to its high thermal conductivity [7–11], high-

temperature stability [12,13], and cost advantage [7,12]. Compared 

with conventional solder-based interconnects [14–17], sintered Cu can 

form a high-melting-point metallic porous structure through relatively 

low-temperature processing. Considerable efforts have therefore been 

devoted to Cu particle design, sintering conditions, oxidation control, 

densification behavior, and thermal, electrical, and mechanical perfor­

mance [6,18]. However, the mechanical behavior of sintered Cu porous 

structures remains insufficiently understood, particularly how the initial 

particle size modifies the load-bearing neck-pore network and thereby 

affects stiffness, yielding, and fracture resistance at the microscale.
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The motivation for examining particle-size effects stems from the 

particle-derived architecture of low-temperature sintered Cu. During sin­

tering, incomplete coalescence produces a porous load-bearing network 

consisting of sintered necks [19,20], grain boundaries [21], and residual 

pores [22,23]. As a result, the mechanical response of sintered Cu differs 

markedly from that of fully dense Cu [24,25]. In bulk Cu, strength and 

deformation are commonly discussed in relation to grain size [26,27], 

twin-boundary spacing [28–30], and structural gradients [29,31–33], 

because these microstructural length scales regulate dislocation nucle­

ation, storage, and transmission [28–30,34]. At smaller dimensions, 

micro- and submicron-sized metallic specimens may further exhibit ex­

ternal size effects, where limited specimen volume constrains dislocation 

multiplication and storage, giving rise to source-limited plasticity or dis­

location starvation [35–38]. For sintered Cu, the relevant length scale is 

different. The starting particle size is not simply a crystallographic length 

scale, nor is it equivalent to the external dimension of a micro-specimen. 

Rather, it is a processing-defined structural parameter that determines 

the initial packing configuration and subsequently influences neck for­

mation, pore spacing, interparticle contact density, and the continuity 

of load-bearing ligaments [39–41]. These coupled structural features 

are expected to control local stiffness [42], yielding [22], and frac­

ture resistance [20,43] through their effects on neck connectivity, pore 

distribution, and the integrity of the remaining solid framework [6]. 

Particle size in sintered Cu therefore represents a distinct form of size 

effect, separate from those commonly considered in additively manufac­

tured structures and small-scale crystals [44,45]. Importantly, changing 

particle size does not vary a single structural variable in isolation; it 

simultaneously modifies several features of the neck-pore network. It 

remains unclear whether stiffness, yielding, and fracture resistance are 

governed by the same particle-derived architecture, or whether each re­

sponse is controlled by different structural features within the sintered 

Cu network.

Previous studies on Cu particle size have primarily focused on pro­

cessing and joint-level performance, including sinterability, packing 

density, densification, and shear strength in sintered Cu structures [46–

49]. This emphasis is well justified, because smaller Cu particles gen­

erally facilitate low-temperature neck formation through their higher 

surface area and shorter diffusion length [50–53]. Meanwhile, mi­

cro/nano mixed or bimodal Cu particle systems can improve packing 

efficiency and promote more continuous neck-connected pathways, 

thereby enhancing Cu–Cu joint strength and overall interconnect perfor­

mance [3,6]. In this context, Yonezawa et al. [47] identified particle-size 

engineering as a central strategy, highlighting its influence on both sin­

tering kinetics and the final porous structure. Atomistic simulations 

have further confirmed that Cu nanoparticle size affects coalescence 

behavior, neck growth, and microstructural evolution during Cu–Cu 

bonding [50,54]. Moreover, micromechanical studies have shown that 

pore morphology, ligament continuity, and specimen size can strongly 

influence the measured response of porous sintered materials [55,56]. 

For example, Chen et al. [56] demonstrated that the fracture toughness 

obtained from microporous sintered Ag micro-cantilevers depends on 

the ratio between specimen dimensions and the pore-network length 

scale. In sintered Cu nanoparticles, pressure-assisted sintering can 

generate anisotropic neck alignment, non-uniform areal density, and 

direction-dependent mechanical strength [57], while interface-notched 

micro-cantilever studies indicate that interparticle bonding and crack-

path selection play critical roles in fracture behavior [43]. These findings 

suggest that particle size should not be considered only as a process­

ing parameter for improving sintering or joint strength [49]. Rather, 

it may alter the structural units that control different micromechani­

cal responses. To further link the experimentally observed mechanical 

responses to their atomistic origins, molecular dynamics (MD) were em­

ployed to resolve atomic diffusion, interparticle neck formation, defect 

nucleation, stacking-fault evolution, and local pore collapse during sin­

tering and subsequent deformation [57]. However, their limited spatial 

and temporal scales, together with the correspondingly high loading 

rates, prevent direct quantitative prediction of macroscopic mechanical 

properties and long-term service behavior. MD is therefore used pri­

marily to identify comparative particle-size- and morphology-dependent 

deformation trends and elucidate their underlying atomistic mecha­

nisms. Accordingly, it has been widely adopted as a complementary tool 

in Cu-sintering research for interpreting microstructural evolution and 

deformation behavior [19,57,58].

In this study, sintered Cu was prepared from two monomodal spher­

ical particle systems: nano-Cu particles (184 nm) and micro-Cu particles 

(1451 nm). Micropillar compression and micro-cantilever bending tests 

were employed to examine the particle-size-dependent responses un­

der compression- and fracture-dominated local stress states. Scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), 

and molecular dynamics (MD) simulations were used to correlate the 

measured mechanical behavior with neck-pore morphology, particle 

bonding, local crystallography, and deformation localization. By com­

bining these complementary experimental and simulation approaches, 

this work clarifies how particle size influences apparent stiffness, com­

pressive yielding, and fracture resistance in sintered porous Cu, and pro­

vides a micromechanical basis for particle-size selection under different 

reliability-relevant loading conditions.

2 . Experimental and simulation methods

2.1 . Sintered sample preparation

Fig. 1 shows the sintering process and initial particle characteristics 

of the pressure-assisted sintered Cu samples. Cu pastes containing ei­

ther nano- or micro-Cu particles were first transferred into a sintering 

mold (Fig. 1a). The filled mold was then heated to remove the organic 

solvent from the paste (Fig. 1b), followed by pressure-assisted sintering 

Fig. 1. Sintering process and initial particle characteristics of Cu particles: (a) filling of Cu paste into the sintering mold; (b) solvent removal by heating; (c) 

pressure-assisted sintering under uniaxial loading; SEM images of the initial (d) nano-Cu and (e) micro-Cu particles, and (f) corresponding particle-size distributions.
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under uniaxial loading to obtain the consolidated Cu sample (Fig. 1c). 

The local areal pore fractions of the resulting sintered structures were 

quantified from cross-sectional TEM images using ImageJ and were mea­

sured to be 5.28% and 3.16% (shown in Fig. S1) for the small- and 

large-particle samples, respectively. The starting powders consisted of 

two monomodal spherical Cu particle systems, namely nano-Cu par­

ticles (Fig. 1d) and micro-Cu particles (Fig. 1e). The corresponding 

particle-size distributions confirm the clear separation between the two 

systems, with diameters of 184 ± 45 nm and 1451 ± 395 nm, respec­

tively (Fig. 1f). The two particle systems were selected to establish 

a clear comparison between submicrometer and micrometer Cu pow­

ders. Monomodal powders were used to avoid the additional packing, 

densification, and sintering effects introduced by bimodal particle mix­

tures. Accordingly, the present study compared two discrete particle-size 

regimes to identify their respective deformation mechanisms, rather 

than to establish a continuous particle-size dependence.

2.2 . Micromechanical tests

Micropillars and notched micro-cantilevers were fabricated from the 

sintered Cu samples by focused ion beam (FIB) milling using a dual-

beam FEI Helios G4 CX FIB-SEM system for micropillar compression 

tests and micro-cantilever bending tests, respectively [59–61]. All spec­

imens were extracted from the interior regions of the sintered samples 

to minimize edge-related effects associated with pressure-assisted sinter­

ing. Cylindrical micropillars were prepared by annular milling [62–64], 

followed by successive low-current polishing steps to reduce side­

wall tapering, redeposition, and ion-beam-induced damage. Notched 

micro-cantilevers were fabricated by trench milling to define the beam 

geometry, followed by oblique underside milling from both sides to 

release the beam and low-current polishing to improve geometrical sym­

metry [65–67]. A notch was then introduced near the fixed end by line 

milling. The final specimen geometries were characterized by SEM be­

fore testing, and the measured dimensions were used for all subsequent 

stress, strain, and fracture-resistance calculations.

Micropillar compression tests and micro-cantilever bending tests 

were performed at room temperature using an in situ nanoindenter 

system (Alemnis AG, Switzerland) mounted inside a Zeiss Ultra 55 FEG-

SEM. The micromechanical testing configuration and representative 

specimen geometries are shown in Fig. 2. For micropillar compression, 

cylindrical micropillars with a nominal diameter D of 5 µm and height 

H of 12.5 µm were used, corresponding to an aspect ratio H/D of 2.5, as 

shown in Fig. 2(b) and Table S1. Uniaxial compression was performed 

under displacement control using a flat-punch diamond tip with a nom­

inal radius of 10 µm at a constant displacement rate of 10 nm s-1. Before 

loading, the specimens were carefully leveled and aligned under SEM 

observation to ensure axial loading and minimize bending or eccentric 

effects. A small pre-load was applied to establish stable contact between 

the punch and the pillar surface and to reduce the influence of surface 

irregularities. The load–displacement data were continuously recorded 

Fig. 2. (a) micromechanical test setup; SEM images of the (b) micropillar and 

(c) micro-cantilever.

during compression, followed by active unloading at the end of the test. 

The engineering compressive stress and strain were calculated from the 

measured load-displacement data based on the initial pillar geometry. 

These quantities were used to compare the compressive responses of the 

two sintered Cu systems, rather than to represent homogeneous stress 

and strain states during large deformation.

For micro-cantilever bending tests, the key geometrical parameters 

(as shown in Table S2) include notch length (𝑎0), bending moment arm 

(𝐿𝑐), beam width (𝐵), and beam depth (𝑊 ) as indicated in Fig. 2(c). 

Here, 𝐿𝑐  denotes the distance from the notch plane to the loading point, 

𝑊  is the width along the notch front, 𝐵 is the beam depth in the bend­

ing direction and 𝑎0 is the notch length measured from the fracture 

surface. Before testing, the indenter tip was positioned at the loading 

point defined by 𝐿𝑐  under SEM observation. Bending was performed 

under displacement control using a conospherical diamond tip with a 

radius of 1 µm at a constant displacement rate of 10 nm s-1. The load–

displacement data were continuously recorded through the peak-load 

and post-peak stages until fracture or the end of the prescribed test. The 

conditional fracture toughness, expressed as 𝐾𝑄, was estimated from the 

maximum load and beam geometry as follows [56]: 

𝐾𝑄 =
𝑃max𝐿𝑐

𝐵𝑊 3∕2
𝑓
( 𝑎0
𝑊

)

(1)

where 𝑃max is the maximum load, and 𝑓 (𝑎0∕𝑊 ) is the geometry correc­

tion factor [68,69]. Because the micrometre-scale cantilever dimensions 

did not satisfy the dimensional and crack-tip constraint requirements for 

a valid plane-strain fracture toughness 𝐾IC, the calculated values are re­

ported as conditional 𝐾𝑄 and used to compare the two structures tested 

under the same micro-cantilever configuration [70,71]. This limitation 

is particularly relevant for sintered Cu, where the cantilever dimen­

sions, notch geometry, crack-tip plastic zone, and microstructural length 

scales can be comparable. Residual pores, sintered necks, and particle 

units may also be of similar scale to the crack-tip process zone and the 

remaining load-bearing ligament. Therefore, 𝐾𝑄 is used here as a com­

parative measure of fracture resistance under the same micro-cantilever 

geometry.

2.3 . Microstructure characterization

SEM, TEM, precession electron diffraction (PED), and transmission 

Kikuchi diffraction (TKD) were used to characterize the morphology, 

microstructure, and deformation features of the sintered Cu specimens 

(analyzed by OIM Analysis software). SEM was employed to examine 

the morphologies of the micropillars and micro-cantilevers before and 

after micromechanical tests, providing direct evidence of specimen ge­

ometry, deformation mode, and fracture morphology. TEM observations 

were performed on deformed regions to resolve local microstructural 

changes and deformation features at the nanoscale. PED was used 

to characterize the crystallographic structure of sintered necks in the 

small-particle sintered Cu, thereby providing orientation information as­

sociated with neck formation and particle bonding. The crystallographic 

grain-size distribution of the as-sintered small-particle structure was 

quantified from the PED orientation map using MapViewer software. 

Grain boundaries were identified using a misorientation threshold of 

5◦, and a minimum grain size of 30 nm was applied. The area-based 

grain-size statistics were obtained from 733 identified grains within the 

analyzed PED region. TKD was conducted on TEM lamellae prepared 

from deformed micropillars to analyze particle-scale deformation mor­

phology, local crystallographic orientation, grain-boundary distribution, 

and orientation gradients after compression.

2.4 . MD simulation

MD simulations were performed to support the mechanistic inter­

pretation of particle-scale deformation. The particle construction and 

sintering configuration were adopted from our previous protocol [57]. 

The initial particle assemblies were generated by randomly selecting 

Materials & Design 270 (2026) 116856 

3 



C. Gao, L. Du, T. Du et al.

the particle centers within the three-dimensional simulation cell, while 

the particle radii were sampled from normal distributions correspond­

ing to the prescribed particle-size ranges. For each newly generated 

particle, overlap with both the existing particles and their periodic 

images was examined to ensure geometrical consistency across the 

simulation-cell boundaries. Each particle was subsequently assigned a 

random crystallographic orientation. This procedure was repeated until 

the acceptance rate for inserting additional particles became negligible. 

Selected particles were then isotropically expanded until contact with 

neighboring particles was established, followed by energy minimiza­

tion using the conjugate-gradient algorithm to eliminate residual atomic 

overlap and high-energy local configurations. To reproduce the relative 

density of the large-particle experimental specimens, the large-particle 

models were assigned a larger z-dimension than the corresponding 

small-particle models. The Cu particle diameters were 40 ± 20 Å and 

90 ± 10 Å for the small- and large-particle models, respectively; the cor­

responding model dimensions were 300 Å × 300 Å × 1500 Å and 300 Å ×
300 Å × 2000 Å. The initial unsintered configurations and correspond­

ing longitudinal cross-sectional views of the small- and large-particle 

MD models are presented in Fig. S2, confirming the distinct particle-

size regimes prescribed during model construction. All generated models 

contained more than 3.5 million atoms, providing a sufficiently large 

simulation domain to reduce finite-size effects and capture representa­

tive deformation behavior. Following sintering, the particle assemblies 

were sectioned into cylindrical pillar models with aspect ratios match­

ing the experimental specimens. All models were energy-minimized and 

equilibrated at 300 K in an NVT ensemble for 20 ps before mechanical 

loading. Compression was applied along the z-direction at an engineer­

ing strain rate of 1 × 109 s−1 to a total strain of 30%. The deformed 

systems were subsequently relaxed at 300 K for 50 ps to facilitate stress 

redistribution and structural equilibration.

3 . Results and discussion

3.1 . Micropillar compression test

Micropillar compression tests were performed to assess the com­

pressive mechanical response of the sintered Cu structures. As shown 

in Fig. 3(a) and (b), both samples exhibit a well-defined initial linear 

regime, followed by a yield transition and subsequent nonlinear plas­

tic deformation. The apparent elastic modulus was determined from 

the slope of the initial linear portion of each engineering stress-strain 

curve, while the yield strength was extracted using the conventional 

0.2% offset method [72,73]. The stress drops observed at the end of 

the curves correspond to active unloading during testing and therefore 

should not be interpreted as structural instability or fracture. Compared 

with the large-particle sample, the small-particle sample sustains higher 

stresses over most of the plastic deformation range, with several curves 

reaching approximately 700–850 MPa at strains above 30%. In con­

trast, the large-particle sample generally exhibits lower flow stresses, 

mostly below about 600 MPa before unloading, indicating easier post-

yield deformation. The statistical results in Fig. 3(c) and (d) further 

show that the apparent elastic modulus and yield strength follow op­

posite trends. The elastic modulus increases from 12.7 ± 0.5 GPa 

for the small-particle sample to 14.5 ± 0.9 GPa for the large-particle 

sample, suggesting a higher initial resistance to small-strain elastic de­

formation in the coarser sintered network. However, the yield strength 

decreases markedly from 364 ± 58 MPa for the small-particle sample to 

202 ± 71 MPa for the large-particle sample. Notably, the yield strength 

of the small-particle monomodal structure also exceeds the approxi­

mately 120–320 MPa range reported by Du et al. for bimodal sintered Cu 

[19]. This comparison shows that a high compressive yield response can 

be achieved in the fine monomodal system without introducing the ad­

ditional particle-ratio, packing, and contact-topology variables inherent 

to bimodal mixtures. This contrast indicates that the refined particle-

neck network enhances resistance to the plastic deformation, consistent 

with size-dependent strengthening commonly observed in micro- and 

nanoscale metallic structures [74,75]. Nevertheless, the simultaneous 

decrease in apparent elastic modulus and increase in yield strength in 

the small-particle sample indicate that the initial elastic stiffness and 

the resistance to plastic yielding are governed by distinct microstruc­

tural factors; the underlying deformation mechanism will be further 

elucidated through subsequent SEM observations.

Fig. 4 presents the post-compression morphologies and correspond­

ing deformation models. For the small-particle structure, the compressed 

micropillar largely retains its cylindrical geometry, while a moderate 

waist-like deformation zone is formed near the middle region of the pil­

lar (Fig. 4a and b). The initially porous particle network becomes visibly 

compacted after compression, indicating that deformation is mainly ac­

commodated by pore closure, local particle rearrangement and plastic 

deformation of the interconnected necks. No obvious large-scale separa­

tion or dominant side cracking is observed in the examined region. As 

schematically illustrated in Fig. 4(c), the small-particle network contains 

Fig. 3. Micropillar compression response of sintered Cu structures with different particle sizes: engineering stress–strain curves for (a) small-particle and (b) large-

particle samples, and the corresponding (c) elastic modulus and (d) yield strength.
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Fig. 4. Post-compression deformation characteristics of sintered Cu micropil­

lars with different particle sizes: (a, b) SEM morphologies of the small-particle 

structures; (d, e) SEM morphologies of the large-particle structures, with corre­

sponding schematic deformation mechanisms shown in (c) and (f), respectively.

abundant pores with sizes comparable to the constituent particles, to­

gether with a relatively dense population of interparticle necks. Such 

a structural configuration provides multiple load-transfer paths and al­

lows local shear deformation to be distributed over a broader volume. 

The uniformly distributed pores can also serve as accommodation space 

for network compaction, which reduces the tendency for deformation to 

concentrate at a single neck or interface.

In contrast, the large-particle micropillar exhibits more pronounced 

particle-scale deformation after compression (Fig. 4d and e). The pil­

lar is compacted, but local particle extrusion, separation features and 

visible side cracking can be identified, indicating that the post-yield de­

formation is more spatially localized. The schematic model in Fig. 4(f) 

suggests that the coarser network contains fewer effective load-transfer 

paths, so the applied load is more readily concentrated at large necks, 

particle-derived interfaces and pore edges. Once yielding begins, inter­

facial sliding and local displacement can develop over larger structural 

units, promoting stress concentration and crack initiation. This morphol­

ogy explains why the large-particle structure shows a higher apparent 

elastic modulus but a lower yield strength: the coarse skeleton pro­

vides stronger initial resistance to elastic deformation, whereas its 

limited structural redundancy facilitates localized plastic flow after 

yielding. Similar size-dependent plasticity and localized deformation 

have been widely reported in microscale metallic systems, where re­

duced structural dimensions and constrained dislocation activity can 

strongly modify the apparent strength and deformation mode [76]. 

Therefore, Fig. 4 provides morphological evidence that the opposite 

trends in elastic modulus and yield strength arise from different defor­

mation mechanisms before and after yielding, while the detailed crack 

initiation and interfacial sliding processes require further confirmation 

from higher-resolution SEM observations.

3.2 . Micro-cantilever bending test

Micro-cantilever bending tests were further conducted to evaluate 

the fracture resistance of the two sintered Cu structures. As shown in 

Fig. 5(a) and (b), the small- and large-particle samples exhibit markedly 

different load-displacement responses. For the small-particle sample, the 

load increases rapidly during the initial bending stage and reaches a 

maximum load of 500 ± 29 µN at a peak displacement of 0.92 ± 0.10 µm 

(Fig. 5a and c), followed by a relatively steep post-peak load decrease. 

This response indicates that once the crack initiates from the notch, 

the remaining ligament can only sustain limited stable crack growth. 

In contrast, the large-particle sample reaches a much higher maximum 

load of 1700 ± 90 µN, approximately 3.4 times that of the small-particle 

sample, and the peak occurs at a larger displacement of 2.07 ± 0.21 µm 

(Fig. 5b and c). More importantly, the large-particle curves retain a 

considerable load over an extended displacement range after the peak, 

suggesting more stable crack propagation and higher resistance to 

bending-induced damage accumulation. The conditional fracture tough­

ness, 𝐾𝑄, is summarized in Fig. 5(d). The small-particle sample exhibits a 

𝐾𝑄 of 1.61 ± 0.16 MPa ⋅m1∕2, whereas the large-particle sample reaches 

5.56 ± 0.14 MPa ⋅ m1∕2. This pronounced increase indicates that frac­

ture under the notched micro-cantilever configuration is controlled by 

ligament continuity ahead of the notch and crack-propagation stability 

within the particle-derived network, rather than by compressive yield 

strength alone. This explains why the large-particle structure, despite 

its lower compressive yield strength (Fig. 3), shows higher resistance to 

bending-induced fracture (Fig. 5).

In addition, the area under the load–displacement curve was used to 

quantify the external work consumed during micro-cantilever fracture. 

The total bending work (𝑊𝑏) was calculated as [69]: 

𝑊𝑏 = ∫

𝛿𝑓

0
𝑃 (𝛿)d𝛿 (2)

where 𝑊𝑏 is the total external work during bending fracture, 𝑃 (𝛿) is the 

load as a function of displacement curve, and 𝛿𝑓  is the displacement at 

fracture or at the end of the test.

The energy absorption behavior is consistent with the higher frac­

ture resistance of the large-particle structure. The total bending work, 

obtained from the area under the load-displacement curve, increases 

from 644 ± 164 pJ for the small-particle sample to 8823 ± 1245 pJ 

for the large-particle sample. This increase is dominated by the post-

peak contribution, which rises from 378 ± 123 pJ to 6322 ± 1461 pJ, 

accompanied by an increase in the post-peak work fraction from 58% 

to 71%. These results indicate that the large-particle structure not only 

sustains a higher peak load but also retains load-bearing capacity more 

effectively during crack propagation. Therefore, its higher conditional 

toughness is mainly associated with stable post-peak deformation and 

greater energy dissipation within the remaining ligament.

The post-bending fracture morphologies in Fig. 6 further clarify the 

origin of the different load-retention behaviors during notched micro-

cantilever bending. In the small-particle sample, the fracture region 

consists of fine particle-neck units and densely distributed residual pores 

(Fig. 6a and b). Such a highly segmented network reduces the continuity 

of the remaining ligament ahead of the notch, allowing local damage to 

connect neighboring pores and fine necks over short distances. This pro­

motes rapid ligament degradation after crack initiation and is consistent 

with the steep post-peak load drop observed in Fig. 5(a). By contrast, the 

large-particle sample exhibits coarser particle-derived units and more 

pronounced local deformation near the fracture region (Fig. 6c and d). 

The crack path appears to be deflected or interrupted by larger necks 

and particle interfaces, indicating that crack advance requires progres­

sive separation of relatively coarse load-bearing units. These features 

can provide local bridging and maintain partial load transfer across the 

remaining ligament during crack propagation. This fracture mode differs 

from that of dense bulk metals, where crack resistance is commonly gov­

erned by crack-tip plasticity, void growth and coalescence; in the present 

sintered Cu structures, the fracture response is additionally controlled 

by the connectivity and characteristic length scale of the particle-neck-

pore network. Similar ligament-size and connectivity effects have been 

reported in porous metallic networks [71,77].

3.3 . TEM analysis

Fig. 7 shows the TEM morphologies of the small- and large-particle 

sintered Cu structures after micropillar compression, providing direct ev­

idence for particle-scale deformation and local strain accommodation. In 

both samples, the particle-derived networks are visibly compacted after 

loading, and the initially irregular particles become flattened along the 
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Fig. 5. Micro-cantilever bending behavior of sintered Cu structures with different particle sizes: load-displacement curves of the (a) small-particle and (b) large-particle 

samples, and corresponding statistics of (c) maximum load and (d) conditional fracture toughness.

Fig. 6. Fracture morphologies of micro-cantilevers prepared from different 

initial particle sizes: (a, b) small-particle sample; (c, d) large-particle sample.

compression direction, indicating that plastic deformation is accommo­

dated not only by pore closure but also by deformation of the Cu particles 

and sintered necks. In the small-particle sample, the low-magnification 

image reveals a highly refined particle-neck-pore network with densely 

distributed residual pores and a compacted central region (Fig. 7a). The 

magnified images further show fine sintered necks, compressed parti­

cles and pronounced dislocation contrast within and near the particle 

contacts (Fig. 7c and d). The relatively high density of dislocation con­

trast suggests that plastic deformation is distributed among numerous 

small particles and necks. Because the characteristic particle size and 

neck spacing are small, dislocation motion is frequently interrupted 

by particle boundaries, neck regions and residual pores, promoting the 

accumulation of dislocations in localized regions.

In contrast, the large-particle sample displays a coarser and more 

continuous particle-derived framework with fewer but larger resid­

ual pores (Fig. 7b). The magnified regions show well-developed sin­

tered necks, evident interparticle sliding traces and dislocation contrast 

near particle interfaces (Fig. 7e and f). Direct measurements from 

Fig. 7. TEM characterization of sintered Cu structures with different particle 

sizes: low-magnification images of the (a) small-particle and (b) large-particle 

samples, and corresponding magnified regions showing sinter necks, residual 

pores and dislocation structures in (c, d) and (e, f), respectively.

the scale-calibrated TEM images gave representative post-compression 

neck widths of approximately 103 nm and 540 nm for the small- and 

large-particle structures, respectively. Compared with the small-particle 

structure, the larger particles provide longer internal glide distances be­

fore dislocations interact with interfaces or neck boundaries. This favors 

more pronounced slip within individual particles and along particle-

derived interfaces, rather than the formation of a dense and uniformly 

distributed dislocation network. Such localized slip and interfacial slid­

ing provide a plausible microstructural origin for the lower compressive 

yield strength of the large-particle sample, because plastic deformation 

can be activated over larger structural units once the local stress is con­

centrated at coarse necks or particle interfaces. These TEM observations 

indicate that particle size strongly modifies the deformation mode of the 

sintered Cu network: the large-particle structure tends to deform by par­

ticle flattening, interfacial sliding and slip over extended particle-scale 

regions, whereas the small-particle structure promotes more spatially 

distributed plastic strain. Such particle- and neck-controlled deformation 
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Fig. 8. TEM and PED characterization of the as-sintered small-particle Cu struc­

ture: (a) low-magnification TEM image showing residual pores and sintered 

necks; (b, c) magnified TEM images highlighting grain boundaries and local 

lattice distortions; (d) cross-sectional TEM image and (e) corresponding PED 

orientation map.

is consistent with the general understanding that sintered metallic net­

works are governed by the connectivity, neck size and residual porosity 

of the particle skeleton, rather than by the intrinsic response of dense 

bulk Cu [78].

Fig. 8 characterizes the undeformed small-particle sintered Cu 

and establishes the crystallographic baseline for interpreting the 

post-compression TKD results. The bright-field TEM image reveals a 

porous particle-derived network in which adjacent Cu particles are con­

nected by distinct sintered necks while residual pores remain between 

incompletely coalesced particles (Fig. 8a). At higher magnification, 

grain boundaries and associated lattice-distortion contrast are observed 

within the particles and near bonded regions (Fig. 8b and c). The bright-

field image provides a broader view of the connected network (Fig. 8d), 

while the corresponding orientation map reveals a fine polycrystalline 

structure with substantial grain-to-grain orientation variation (Fig. 8e). 

Quantitative analysis of the PED orientation map yielded an area-

weighted average grain size of 133 nm, with a maximum measured 

grain size of 426 nm. The grain-size distribution was concentrated 

mainly between approximately 50 and 200 nm. The average grain size 

was smaller than the mean initial powder diameter of 184 nm, confirm­

ing that powder particle size and crystallographic grain size represented 

different structural length scales. The particle-derived units were not 

necessarily single crystals after sintering, because crystallographic 

boundaries and orientation discontinuities were retained within and 

between the bonded particles. The initial powder size primarily defined 

the geometrical scale of the particle–neck–pore network, whereas the 

crystallographic grain size affected dislocation motion, storage, and 

transmission. The sintered necks therefore cannot be regarded simply as 

geometrical contacts between otherwise undeformed particles; rather, 

they contain crystallographically heterogeneous regions generated dur­

ing particle bonding and consolidation. These local orientation discon­

tinuities are expected to influence subsequent slip transmission because 

dislocations moving between connected particles must interact with 

both crystallographic grain boundaries and particle-derived interfaces.

The post-compression TKD maps are shown in Fig. 9. The small-

particle micropillar retains an exceptionally fine and spatially hetero­

geneous orientation distribution after deformation (Fig. 9a). Its kernel 

average misorientation (KAM) map contains densely distributed regions 

of elevated misorientation throughout the analyzed area (Fig. 9b), in­

dicating widespread deformation-induced lattice curvature. The close 

spacing of grains and particle-derived interfaces restricts the distance 

over which crystallographic slip can proceed without interruption. 

Fig. 9. Post-compression TKD characterization of the sintered Cu structures: 

(a, b) IPF and corresponding KAM maps of the small-particle structure; (c, 

d) IPF and corresponding KAM maps of the large-particle structure, revealing 

crystallographic orientation and local deformation.

Consequently, strain compatibility between adjacent domains requires 

frequent changes in slip direction and the storage of geometrically nec­

essary dislocations. The dispersed KAM contrast therefore supports a 

deformation mode in which plastic strain is partitioned among many fine 

crystallographic units instead of being accommodated by a limited num­

ber of extended slip regions. By comparison, the large-particle micropil­

lar exhibits substantially coarser crystallographic domains (Fig. 9c). 

Several grains contain continuous intragranular orientation gradients, 

whereas the corresponding KAM map shows stronger spatial heterogene­

ity, with elevated values concentrated within selected grains and near 

particular interfaces (Fig. 9d). The average grain size of the large-particle 

structure was 539 ± 124 nm, measured along the direction of the uni­

axial pressure applied during sintering. The substantially smaller grain 

size compared with the initial mean particle diameter of 1451 nm is 

associated with the pronounced deformation and flattening of the par­

ticles along this direction during pressure-assisted sintering. The larger 

characteristic domain size provides a greater distance for dislocation 

glide and lattice rotation before an interface is encountered. Plastic com­

patibility is consequently accommodated over larger regions, producing 

localized orientation gradients rather than the finely dispersed lattice 

curvature observed in the small-particle sample. This crystallographic 

localization complements the previously observed particle-scale slip and 

interfacial deformation without repeating the morphological evidence. 

It also provides a mechanistic basis for the lower yield resistance of the 

large-particle structure: once favorably oriented slip systems are acti­

vated, deformation can propagate across relatively large domains with 

fewer interruptions.

3.4 . Atomic-scale simulations on deformation mechanisms

Fig. 10 presents the atomistic deformation structures of the com­

pressed sintered Cu micropillar models with different particle sizes. In 

the small-particle model, the CNA result reveals abundant stacking-fault-

related features distributed throughout the micropillar (Fig. 10a). The 

corresponding dislocation network is dense and spatially dispersed, with 

dislocations concentrated around particle boundaries and sintered necks 

(Fig. 10b). These closely spaced interfaces interrupt slip transmission 
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Fig. 10. Atomistic deformation analysis of compressed sintered Cu micropillar 

models: (a–c) small-particle structure showing (a) CNA configuration, (b) dislo­

cation network, and (c) atomic strain distribution; (d–f) large-particle structure 

showing (d) CNA configuration, (e) dislocation network, and (f) atomic strain 

distribution.

Fig. 11. MD-simulated compressive stress–strain curves of the small- and large-

particle sintered Cu micropillar models under uniaxial compression.

and promote repeated nucleation and pinning of partial dislocations 

within fine particle-neck units. As a result, the atomic strain field is 

relatively homogeneous, with high-strain regions distributed across the 

micropillar (Fig. 10c). This deformation mode is consistent with the ex­

perimentally observed pore compaction and dislocation accumulation in 

the small-particle structure. By contrast, the large-particle model shows 

fewer stacking-fault features and a less uniform dislocation distribution 

(Fig. 10d and e). The larger particles provide longer glide distances be­

fore dislocations and stacking faults are arrested by particle boundaries 

or neck interfaces. Consequently, plastic deformation is more readily 

localized along extended slip paths and particle-scale interfaces. This 

is reflected in the atomic strain map, where high-strain regions concen­

trate near the side surface and coincide with particle extrusion (Fig. 10f), 

consistent with the SEM and TEM observations of particle flattening, in­

terfacial sliding and localized deformation in the large-particle sample. 

These results indicate that particle size controls the balance between dis­

location glide and interface-mediated plasticity. Atomistic simulations 

of nanocrystalline metals have shown that reducing the characteristic 

structural length scale suppresses long-range intragranular glide and en­

hances boundary-controlled deformation involving partial dislocations 

and stacking faults [79].

Fig. 12. Compression-induced deformation and defect evolution in the small-

particle sintered Cu micropillar model: (a1-a4) CNA configurations; (b1-b4) 

dislocation structures; (c1-c4) enlarged local deformation views at strains of 0%, 

10%, 20% and 30%, respectively.

The simulated stress-strain curves are shown in Fig. 11. After the 

initial elastic response, the stress of the small-particle micropillar rises 

rapidly and then increases gradually to above 500 MPa at 30% strain, 

whereas the large-particle model reaches only about 390 MPa at the 

same strain. This trend is consistent with the experimental micropillar 

compression results in Fig. 3, where the small-particle sintered Cu also 

exhibits a higher yield strength and stronger resistance to post-yield 

deformation than the large-particle sample. The simulated compres­

sion responses qualitatively reproduce the relative mechanical trend 

obtained from the micropillar tests. The small-particle model main­

tains a higher flow stress, consistent with the experimentally measured 

yield strengths of 364 ± 58 MPa and 202 ± 71 MPa for the small- 

and large-particle structures, respectively. This higher resistance arises 

from repeated defect interruption and storage at closely spaced particle 

boundaries and neck regions, whereas the wider interface spacing in the 

large-particle model permits longer intraparticle defect propagation and 

promotes strain localization.

The strain-dependent defect evolution in Fig. 12 reveals the origin of 

this sustained strengthening. In the small-particle model, compression 

from 0% to 30% strain leads to progressive densification of the particle-

neck network, accompanied by continuous generation of stacking faults 

and dislocations. At low strain, defects first appear around particle con­

tacts and neck regions, where local stress is concentrated during load 

transfer. With increasing strain, these defects spread into neighboring 

particles and become increasingly interconnected, forming a distributed 
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Fig. 13. Compression-induced deformation and defect evolution in the large-

particle sintered Cu micropillar model: (a1-a4) CNA configurations; (b1-b4) 

dislocation structures; (c1-c4) enlarged local deformation views at strains of 0%, 

10%, 20% and 30%, respectively.

defect network throughout the micropillar. This behavior is consistent 

with the concept that reducing the characteristic structural length scale 

increases the density of interfaces that can nucleate, absorb and block 

lattice defects, thereby changing plasticity from long-range intragranu­

lar glide to interface-mediated deformation [80,81]. The enlarged views 

further show that individual particles are gradually flattened, while par­

tial dislocations and stacking faults are repeatedly arrested at adjacent 

particle boundaries and necks. Therefore, plastic deformation proceeds 

through successive local events across many fine particle-neck units 

rather than through a single dominant slip path. The strengthening 

mechanism is also analogous to porous metallic networks, where lig­

ament or neck size and connectivity strongly influence the resistance to 

plastic flow by controlling defect storage and load transfer [82]. This 

defect evolution is consistent with the distributed compaction, dense 

dislocation contrast and dispersed lattice curvature observed experimen­

tally in the small-particle structure. Closely spaced particle boundaries 

and neck regions repeatedly interrupt the propagation of partial dislo­

cations and their associated stacking faults, thereby distributing defect 

storage and plastic accommodation across numerous fine particle–neck 

units.

In contrast, Fig. 13 shows that the large-particle model evolves 

through a more localized deformation sequence. At the early stage, 

defects mainly develop within several load-bearing particles and near 

selected interparticle contacts. As compression proceeds, stacking faults 

extend over longer distances inside the larger particles, and slip becomes 

concentrated along specific particle-scale paths. Local particle extrusion 

and interface sliding become more apparent at higher strain, indicating 

that strain accommodation is increasingly controlled by a limited num­

ber of deforming particles and contacts. Compared with the small-

particle network, the lower interface density in the large-particle model 

reduces the frequency of defect interruption and allows more extended 

slip before dislocations or stacking faults are blocked by particle bound­

aries. This progressive localization provides an atomistic explanation for 

the lower flow stress of the large-particle model in Fig. 11 and supports 

the experimental observation that large-particle sintered Cu yields more 

readily under compression. The extended intraparticle defect paths re­

produced in the large-particle model are consistent with the localized 

orientation gradients, particle-scale slip and interfacial displacement ob­

served experimentally. The wider spacing between particle boundaries 

and neck regions reduces the frequency of defect interruption, allowing 

plastic strain to concentrate within selected particles and load-bearing 

contacts. In this context, pinning refers to the repeated arrest of partial 

dislocations at particle boundaries and neck regions, rather than solute- 

or precipitate-induced pinning. These closely spaced barriers shorten 

the effective glide distance and promote defect storage, consistent with 

grain-boundary-controlled pinning–depinning and grain-size-dependent 

hardening reported in FCC metals and polycrystalline Cu [83,84]. The 

experimentally measured structural and mechanical parameters, to­

gether with the corresponding deformation features identified by SEM, 

TEM, TKD, and MD, are summarized in Table S3. Increasing the starting 

particle size from 184 to 1451 nm was accompanied by an increase in the 

representative post-compression neck width from approximately 103 to 

540 nm and a decrease in the local areal pore fraction from 5.28% to 

3.16%. Over the same structural transition, the apparent elastic modulus 

increased from 12.73 ± 0.48 GPa to 14.54 ± 0.92 GPa, whereas the yield 

strength decreased from 364 ± 58 MPa to 202 ± 71 MPa. Together with 

the experimentally observed and atomistically reproduced deformation 

modes, these opposing mechanical trends demonstrate that stiffness, 

yielding, deformation localization, and fracture are governed by differ­

ent aspects of the particle-derived neck–pore architecture rather than by 

a single monotonic particle-size dependence.

4 . Conclusion

The loading-mode-dependent mechanical behavior of pressure-

assisted sintered Cu was systematically investigated using micropillar 

compression tests, micro-cantilever bending tests, SEM, TEM and MD 

simulations. The main conclusions are as follows:

1. The large-particle sample exhibited a higher apparent elastic 

modulus (14.5 ± 0.9 GPa), whereas the small-particle sample 

showed a higher yield strength (364 ± 58 MPa) and greater 

post-yield deformation resistance. This divergence indicates that 

elastic stiffness is governed primarily by load-path continuity, 

while yielding resistance depends more strongly on the char­

acteristic dimensions and spatial distribution of particle-neck 

units.

2. Micro-cantilever bending tests showed superior fracture resis­

tance in the large-particle structure (5.56 ± 0.14 MPa ⋅m1∕2) com­

pared to the small-particle structure (1.61 ± 0.16 MPa ⋅m1∕2). Its 

greater bending work and post-peak load retention indicate that 

coarse necks and improved remaining-ligament continuity stabi­

lize crack propagation. In contrast, the fine pore-neck network of 

the small-particle sample promoted ligament fragmentation and 

accelerated post-peak degradation.

3. Post-deformation characterization (SEM, TEM, TKD) identified 

distinct deformation mechanisms in the two structures. The small-

particle network accommodated compression through distributed 

neck deformation, pore compaction and dislocation accumula­

tion, whereas the large-particle structure exhibited localized slip, 

interfacial sliding and particle extrusion. TKD analyses further 
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associated the fine structure with dispersed lattice curvature 

and the coarse structure with localized intragranular orientation 

gradients.

4. MD simulations reproduced the experimentally observed com­

pression trend and revealed the underlying atomistic deformation 

mechanisms. The small-particle model sustained a higher flow 

stress throughout deformation because closely spaced boundaries 

and necks promoted repeated nucleation, arrest, and accumu­

lation of partial dislocations and stacking faults, leading to 

distributed plasticity. In contrast, longer slip paths in the large-

particle model facilitated intraparticle deformation and strain 

localization.

In summary, this study offers mechanistic insights into the loading-

mode-dependent deformation and fracture of porous sintered Cu. These 

findings highlight a microstructural design strategy for tailoring particle 

size, neck connectivity, and pore morphology to balance compres­

sive strength and fracture resistance in sintered Cu interconnects for 

electronic packaging applications.
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