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 A B S T R A C T

Particle morphology is a critical structural variable in pressure-assisted sintering because it controls packing, 
pore topology, interparticle bonding and load transfer. Here, copper (Cu) was used as a model system to 
examine how monomodal spherical, bimodal spherical and flake-shaped particle assemblies, processed under 
identical conditions, form porous structures with distinct mechanical responses. Micro-pillar compression 
reveals low effective elastic moduli of 7.5–12.5 GPa and high yield strengths of 403–450 MPa. The deformation 
pathways are strongly morphology dependent. The monomodal structure accommodates strain through 
distributed pore collapse and particle deformation, leading to progressive densification hardening. The bimodal 
structure exhibits size-partitioned deformation, with large particles forming the main load-bearing backbone 
and smaller particles accommodating local rearrangement, embedding and shear compaction. The flake-
shaped structure undergoes geometry-guided deformation, where extended face-to-face bonding enhances 
local load bearing, while inter-flake misalignment concentrates strain and promotes shear localization. Post-
compression transmission electron microscopy (TEM) and transmission Kikuchi diffraction (TKD) analyses 
link these modes to pore collapse, neck deformation and grain-scale strain accommodation. TKD further 
gives average Geometrically Necessary Dislocations (GND) densities of 4.36 × 1014 m−2, 3.69 × 1014 m−2 and 
4.11 × 1014 m−2 for the monomodal, bimodal and flake-shaped structures, respectively. Molecular dynamics 
(MD) simulations reproduce the corresponding strain-localization patterns and reveal morphology-controlled 
load-transfer pathways dominated by Shockley partial dislocations. These results establish particle morphology 
as a design parameter for tuning stiffness, strength and damage tolerance in sintered porous metals.

1. Introduction

Sintered porous metallic particles, featuring large surface-area-to-
volume ratio, low-temperature processability, and tailorable mechani-
cal properties, have been widely applied in biomedical engineering [1–
3], energy conversion and storage [4–8], catalysis [9,10], flexible 
electronics [11–13], and electronic packaging [14–16]. Nevertheless, 
the mechanical performance of sintered porous metals remains strongly 
constrained by the inherent porous microstructure and the associ-
ated sintered neck network [17–21]. Such microstructural features are 
largely dictated by particle morphology (shape and size), sintering 
conditions and material composition [22]. Extensive efforts have fo-
cused on optimizing sintering conditions to regulate process-structure–
property-performance relationships, while parallel studies have ex-
plored diverse material compositions to further enhance mechanical 
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performance [23,24]. However, the role of inherent particle morphol-
ogy in regulating packing density and their subsequent effects on 
sintering dynamics and mechanical behavior remains insufficiently 
understood.

Monomodal spherical particles, as the most extensively adopted 
morphology in sintering systems, exhibit a classical neck growth mech-
anism dominated by surface diffusion, which facilitates the formation 
of stable sintered networks [25]. Under relatively mild sintering condi-
tions, micro- and nanoscale monomodal spherical particles can achieve 
residual porosity below ∼15%, forming continuous conductive path-
ways and exhibiting excellent mechanical reliability [26,27]. However, 
the packing limit of monomodal spherical particles, defined as the 
jamming density (𝜙 ≈ 0.64), inherently constrains the attainable sin-
tered density and the resulting mechanical strength of the particle 
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network [28]. To alleviate these constraints, bimodal spherical parti-
cles systems have been introduced as a hierarchical packing strategy, 
enabling a higher jamming density of more than 0.70 through inter-
stitial filling effects, which in turn promotes enhanced densification 
behavior and improved mechanical performance [29]. For example, 
Wang et al. [30] demonstrated that bimodal particles enable nanopar-
ticles (NPs) to occupy intragranular and interfacial regions, leading to 
grain refinement and more uniform plastic deformation, thereby facil-
itating a synergistic enhancement of strength and ductility. Although 
interparticle necks between spherical particles provide structural con-
tinuity, insufficient neck growth can restrict load-transfer efficiency 
and thereby limit the mechanical performance of the sintered network. 
Accordingly, non-spherical particles, including nanowires and flakes, 
have been incorporated to establish bridging pathways, thereby facili-
tating load redistribution and improving deformation capacity [31–33]. 
For example, Chen et al. [34] observed enhanced strength in flake-
shaped structures and attributed this improvement to a significantly 
increased neck-growth ratio (∼0.67 compared to ∼0.38 for spherical 
particles), enabling more continuous interparticle bonding and more 
efficient load-transfer pathways within the sintered network.

Conventionally, plastic deformation in bulk metals is primarily 
accommodated by dislocation activities, while grain boundaries (GBs) 
regulate dislocation accumulation or movement and may addition-
ally trigger twinning or other boundary mediated processes, collec-
tively shaping the mechanical response [35–38]. Specifically, plastic 
deformation of single-crystal copper (Cu) is predominantly governed 
by the glide motion of dislocations, where orientation-dependent slip 
activity and dislocation dissociation processes control strain accom-
modation and deformation anisotropy [39]. In polycrystalline met-
als, plasticity is strongly governed by grain-grain interactions and 
intergranular constraints, leading to heterogeneous deformation char-
acterized by orientation gradients and defect accumulation, which 
collectively shape the macroscopic mechanical response [40,41]. As 
the structural length scale is further refined toward the nanograined 
regime, the role of microstructural interfaces becomes increasingly 
dominant, giving rise to a transition from compatibility driven defor-
mation toward plasticity mediated by GBs. In this regime, the classical 
Hall-Petch paradigm may deviate, and grain boundary (GB) stability 
emerges as a critical factor governing deformation mechanisms and 
hardness [42]. Furthermore, gradient nano-grained structures lever-
age spatial variations in microstructural length scale to redistribute 
strain and suppress localization, where plastic deformation is accom-
modated by mechanically driven GB migration and concomitant grain 
growth, enabling an unusual combination of high strength and large 
tensile plasticity [43]. Copper alloys further broaden this structure–
property relationship by showing that heterophase interfaces, rather 
than grain boundaries alone, can regulate deformation and functional 
performance [44]. For example, Fu et al. recently reported a lead-free 
graphite-brass in which in situ formed lamellar TiC bridges graphite 
and the BCC 𝛽 phase, anchoring graphite within the Cu–Zn matrix and 
improving machinability, hardness and electrical conductivity [45]. 
However, sintered porous systems are compliant, geometry-sensitive 
load-bearing networks, in which microstructural heterogeneity substan-
tially complicates deformation and structural evolution [46–49]. Under 
such conditions, plasticity is no longer governed solely by GBs but 
emerges from the coupled interplay of interfacial diffusion, load redis-
tribution, and localized structural reconfiguration [50,51]. Given that 
particle morphology governs pore structure, interparticle connectivity, 
and load-transfer pathways, elucidating its influence on mechanical 
properties is essential for understanding deformation mechanisms in 
sintered porous systems.

In this work, three representative particle morphologies, includ-
ing monomodal, bimodal, and flake-shaped particles, were selected 
as model systems, and their mechanical responses were systemati-
cally characterized via micro-pillar compression tests. Post-deformation 

microstructure characterization was examined through scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), and 
transmission Kikuchi diffraction (TKD). Moreover, molecular dynam-
ics (MD) simulations were performed to reveal the atomistic-level 
mechanisms underlying structural evolution during sintering and subse-
quent compression. Through the synergistic integration of experiments 
and simulations, this work establishes a comprehensive understanding 
of the intrinsic correlations between particle morphology-dependent 
microstructure evolution and the resulting mechanical behaviors.

2. Experimental and simulation method

2.1. Sample preparation

Figs.  1a–c present the initial SEM morphologies of three types of 
Cu particles, namely monomodal, bimodal, and flake-shaped particles. 
All Cu powders had a nominal purity of 99.99%, meeting the pu-
rity requirement for industrial electronic-packaging pastes [52]. The 
monomodal powder consisted of spherical Cu nanoparticles with an 
average diameter of approximately 150 nm. The bimodal powder 
contained small spherical particles with a diameter of approximately 
150 nm and large spherical particles with a diameter of approximately 
1.5 μm, which provides a highly asymmetric bimodal packing that 
facilitates interstitial filling by smaller particles [53]. The flake-shaped 
powder exhibited a disk-shaped morphology, with a lateral diameter 
of approximately 2–7.5 μm and an aspect ratio of about 3:1 to 15:1. 
The final paste contained 77 wt% Cu particles and an organic vehicle 
composed of ethylene glycol and terpineol at a mass ratio of 1:1. 
A pressure-assisted sintering process was employed to fabricate the 
sintered Cu samples (Fig.  1d). Cu paste was screen-printed onto a Cu 
substrate and preconditioned at 120 ◦C for 5 min under a nitrogen 
atmosphere to remove residual solvents. An aluminum (Al) film was 
applied as a temporary capping layer. Pressure-assisted sintering was 
conducted at 250 ◦C under a uniaxial pressure of 30 MPa for 5 min in a 
reducing atmosphere (5% H2∕N2). After cooling to room temperature, 
the Al film was removed to expose the sintered Cu layer. The porosity 
after sintering was estimated from representative cross-sectional SEM 
images. The corresponding pore fractions were approximately 8%, 
11% and 22% for the monomodal, bimodal and flake-shaped particle 
systems, respectively (Fig. S1). Micro-pillars for compression tests were 
then fabricated by focused ion beam (FIB) milling using a dual-beam 
FEI Helios G4 CX FIB-SEM system (Fig.  1e). The fabricated micro-
pillars had a diameter of approximately 5 μm and a height of about 
12.5 μm, corresponding to an aspect ratio of ∼2.5:1. This geometry effec-
tively suppresses buckling instability and ensures sufficient mechanical 
stability during subsequent compression tests [54].

2.2. Micro-pillar compression tests

Mechanical tests were performed using an Alemnis in situ nanoin-
dentation system (Alemnis AG, Switzerland) integrated within a Zeiss 
Ultra55 SEM. Uniaxial compression was carried out with a flat-punch 
diamond tip (nominal radius: 10 μm) under displacement control at a 
loading rate of 10 nm s−1, as schematically illustrated in Fig.  1f. Prior 
to testing, the specimens were carefully leveled and aligned to ensure 
axial loading and to minimize bending or eccentric effects. A small pre-
load was applied to establish stable contact and reduce the influence of 
surface irregularities. Representative micro-pillars fabricated from the 
monomodal, bimodal and flake-shaped structures are shown in Figs. 
1g–i, respectively. Load–displacement data were continuously recorded 
throughout the experiments. For statistical reliability, four independent 
micro-pillars were tested for each particle morphology under identical 
conditions. Post-compression analysis was conducted to characterize 
the deformation behavior of the sintered Cu, with particular emphasis 
on yield behavior, strain hardening and failure mechanisms [55].
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Fig. 1. Experimental workflow for preparing and compressing sintered Cu micro-pillars with different particle morphologies. (a–c) SEM images of the monomodal 
spherical, bimodal spherical, and flake-shaped Cu particles. (d) Stencil printing of Cu paste on a Cu substrate followed by pressure-assisted sintering with a 
temporary Al film, heating, applied pressure, and subsequent Al film removal. (e) FIB fabrication of cylindrical micro-pillars from the sintered Cu layer. (f) In situ 
flat-punch compression testing. (g–i) Representative SEM images of fabricated micro-pillars with monomodal, bimodal, and flake-shaped structures, respectively.

2.3. TEM and TKD characterization

The microstructure evolution of sintered Cu particle micro-pillars 
before and after mechanical deformation was systematically charac-
terized using TEM and TKD. TEM observations were performed on 
FIB-milled lamellae with a final thickness of approximately 100 nm us-
ing a Cs-corrected Titan Themis microscope to directly resolve particle 
morphology, sintering necks, dislocation structures, and deformation-
induced defects within the sintered network, thereby providing insight 
into nanoscale deformation mechanisms. TKD analyses were conducted 
using Hitachi Regulus 8230 SEM at an accelerating voltage of 30 kV
and a scanning step size of 5 nm. Compared with conventional electron 
backscatter diffraction (EBSD), TKD offers substantially higher spatial 
resolution (<10 nm), enabling reliable characterization of nanocrys-
talline grain orientations and GB evolution, which is essential for 
elucidating crystallographic deformation mechanisms. [56,57].

2.4. MD simulation

MD simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [58] to investigate 
the influence of particle morphology on the sintering process and 
subsequent mechanical response. Atomic configurations, dislocation 
activity, and local crystal structure during sintering and deformation 
were analyzed using the Open Visualization Tool (OVITO) [59]. In-
teratomic interactions were described by the embedded-atom method 
(EAM) potential developed by Williams et al. [60], which has been 
extensively validated for simulations involving lattice defects, diffusion 
phenomena, and mechanical deformation in Cu systems.

To elucidate morphology-dependent microstructure evolution dur-
ing sintering, three representative particle models were constructed, 
with key parameters summarized in Table  1. The monomodal and 
bimodal particle models were generated under fully periodic boundary 
conditions to approximate bulk-like packing environments. In contrast, 
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Table 1
Summary of model construction parameters.
 Parameter Monomodal particles 

model
Bimodal particles model Flake-shaped particles model  

 Simulation domain 300Å × 300Å × 1250Å 300Å × 300Å × 1250Å 300Å × 300Å × 1550Å  
 Boundary condition Fully periodic (x, y, z) Fully periodic (x, y, z) Periodic (x, y); non-periodic (z) 

with ±100Å free space at top 
and bottom

 

 Particle morphology Monomodal spherical 
particles

Bimodal spherical particles Disk-shaped flake particles  

 Particle size Diameter: 40Å (𝜎 = 20Å) Large spheres: 200Å + small 
spheres: 40Å (𝜎 = 20Å)

Diameter: 290Å; thickness: 20Å  

 Orientation assignment Random crystallographic 
orientation

Random crystallographic 
orientation

Voronoi-based random 
polycrystallinity

 

 Model size ∼3.5 million atoms ∼4.0 million atoms ∼4.0 million atoms  

Fig. 2. Pre-compression atomistic Cu micro-pillar models used for MD simulations. (a–c) Monomodal, bimodal, and flake-shaped particle-derived models after 
simulated sintering and cylindrical trimming, respectively.

the flake-shaped particle model employed periodic boundaries in the 
in-plane directions and a non-periodic boundary along the z direction, 
with an additional 100Å free space introduced above and below the 
stacked structure to permit structural relaxation normal to the stacking 
direction. The monomodal spherical particle model was generated by 
random packing of spherical particles with normally distributed di-
ameters and independent crystallographic orientations. Based on this 
configuration, the bimodal spherical particle model incorporated hier-
archical packing by inserting larger spheres prior to the introduction 
of smaller particles, thereby enhancing microstructural heterogeneity. 
The flake-shaped particle model was constructed using a layer-by-
layer assembly approach, in which disk-shaped crystalline flakes with 
Voronoi-defined grain structures were sequentially stacked. To repre-
sent slight stacking misalignment in practical flake-powder assemblies 
while retaining nanoscale inter-flake gaps for diffusion-driven neck 
formation, the flakes were initialized with an inter-flake spacing of 10Å, 
an in-plane tilt of 3.5◦, and independent lateral misalignments within 
±100Å. Following assembly, global overlap removal was applied to 

eliminate atomic interpenetration, resulting in final models containing 
approximately 3.5–4.0 million atoms. The corresponding initial particle 
packing configurations of the monomodal, bimodal, and flake-shaped 
models are shown in Figs. S2a1–c1, respectively.

The sintering process was simulated using a three-step protocol. 
The system was first heated from 300K to 523K over 100 ps under 
an isotropic NPT ensemble with a Nosé–Hoover thermostat to promote 
atomic diffusion and sintering neck formation. Subsequently, a uniaxial 
compressive strain of 40% was applied along the z direction to emulate 
pressure-assisted densification at a strain rate of 1×109 s−1. The system 
was then equilibrated at 523K for 100 ps to relax residual stresses 
induced by the high strain rate [61]. The sintered configurations of the 
three particle models are shown in Figs. S2a2–c2.

Following sintering, the configurations were trimmed into cylindri-
cal pillars with a maximum height of 750Å. Periodicity was retained 
along the z direction to approximate axial deformation, whereas the 𝑥
and 𝑦 directions were treated as non-periodic to eliminate lateral peri-
odic interactions during micro-pillar compression. The resulting pillars 
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Fig. 3. Morphology-dependent mechanical response and deformation modes of sintered Cu micro-pillars. (a–c) Engineering stress–strain curves from micro-
pillar compression tests of monomodal, bimodal, and flake-shaped structures, respectively. (d–f) Post-compression SEM images showing morphology-dependent 
deformation, including relatively axisymmetric compaction in the monomodal pillar, extrusion in the bimodal pillar, and shear-band-like deformation in the 
flake-shaped pillar. (g–i) Schematic cross-sectional interpretations of the corresponding load-transfer paths and deformation modes.

exhibited an aspect ratio of approximately 2.5:1, comparable to exper-
imental compression specimens. The corresponding pre-compression 
configurations of the monomodal, bimodal, and flake-shaped particle 
models are shown in Figs.  2a–c. Prior to compression, the system was 
energy-minimized and equilibrated at 300 K under an NVT ensemble 
for 20 ps. Compression was then applied along the z direction at a 
constant engineering strain rate of 1× 109 s−1 until a total compressive 
strain of ∼40% was reached, while maintaining the temperature at 300 
K. After deformation, the system was further relaxed at 300 K for 50 
ps to allow stress redistribution and structural equilibration.

3. Results and discussion

3.1. Mechanical properties

Figs.  3a–c present the stress–strain curves obtained from micro-
pillar compression tests. The monomodal and bimodal structures ex-
hibit a clear increase in flow stress after yielding, consistent with 
densification-induced hardening. In contrast, the flake-shaped structure 
shows no sharply defined yield point; instead, the stress increases 
gradually with strain, indicating a progressive transition from elastic 
to plastic deformation, with partial overlap between the two regimes 
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Table 2
Summary of mechanical properties of different particle morphologies.
 Property Monomodal particles Bimodal particles Flake-shaped particles 
 Elastic modulus, 𝐸 (GPa) 12.53 ± 0.72 7.43 ± 0.27 7.84 ± 0.85  
 Yield strength, 𝜎𝑦 (MPa) 403.01 ± 36.46 434.11 ± 9.54 450.65 ± 65.84  

during compression [62]. This behavior can be attributed to the con-
current occurrence of progressive pore collapse and compaction of 
misaligned inter-flake regions. The corresponding mechanical proper-
ties are summarized in Table  2. The elastic modulus was extracted 
from the initial linear portion of the stress–strain curve, whereas the 
yield strength was determined using the 0.2% offset criterion [63]. 
The monomodal structure shows the highest modulus, 12.53±0.72 GPa, 
followed by the bimodal and flake-shaped structures, with values of 
7.43 ± 0.27 and 7.84 ± 0.85 GPa, respectively. In contrast, the yield 
strength increases from 403.01±36.46 MPa for the monomodal structure 
to 434.11 ± 9.54 MPa for the bimodal structure and 450.65 ± 65.84 MPa
for the flake-shaped structure. These values are consistent with the 
reported modulus and strength ranges of pressure-assisted sintered 
Cu specimens, supporting the reliability of the measured mechanical 
response [17,47,51]. Notably, the yield strengths of all three sintered 
structures fall within the intermediate-to-high strength regime of Cu. 
They are higher than single-crystalline and bicrystalline Cu micro-
pillars (∼40–280 MPa) [64–67], and are comparable to polycrystalline 
Cu micro-pillars (∼250–400 MPa) [68–70], while remaining below 
the strength levels typically achieved in nanocrystalline Cu pillars 
(∼400–900 MPa) [71–73]. In contrast, their elastic moduli (∼7–15 GPa) 
are substantially lower than that of bulk Cu (∼50–110 GPa) [74–76]. 
This combination of high yield strength and low elastic modulus mainly 
originates from the discrete load-bearing nature of the porous sintered 
structure.

To rationalize the morphology-dependent variations in modulus and 
strength, Figs.  3d–i compare the post-compression pillar morpholo-
gies and corresponding cross-sectional deformation features. For the 
monomodal structure, the compressed pillar retains a relatively smooth 
and nearly axisymmetric profile (Fig.  3d). The cross-section shows a 
comparatively uniform distribution of pores and sintered necks (Fig. 
3g), indicating that the applied load is transferred through a rela-
tively homogeneous particle skeleton. This topology promotes uniform 
compaction along the loading direction, with the monomodal particles 
undergoing relatively homogeneous deformation and distributed pore 
collapse as schematically illustrated in Fig. S3a. The resulting defor-
mation mode is similar to the axisymmetric plastic flow reported for 
single-crystalline Cu micro-pillars [77]. The bimodal structure shows a 
more heterogeneous deformation morphology after compression (Fig. 
3e), where pronounced extrusion is observed. Although bimodal pack-
ing is generally expected to increase the packing density relative to 
monomodal packing [78,79], the measured elastic modulus is lower. 
This can be attributed to the pronounced microscale heterogeneity 
introduced by the coexistence of large and small particles [80], which 
interrupts continuous load transfer and reduces the effective stiffness 
of the load-bearing network. In the cross-section, deformation is no 
longer uniformly distributed but is concentrated around large-particle 
regions (Fig.  3h), with large particles forming the primary load-bearing 
framework (Fig. S3b). The additional interfaces associated with the 
fine particles may facilitate local stress redistribution and delay macro-
scopic yielding [81], giving rise to the higher yield strength of the 
bimodal structure. With further compression, however, load transfer 
becomes increasingly dominated by particle-scale paths through the 
coarse-particle framework. Once these regions exceed their local bear-
ing capacity, deformation localizes and lateral material flow develops, 
producing the observed extrusion features. The flake-shaped structure 
exhibits the most anisotropic deformation response (Fig.  3f). Its rela-
tively low elastic modulus is associated with the high compliance of the 
platelet network during the early loading stage. The packing of plate-
like particles promotes jamming and internal void formation, allowing 

local pore collapse and structural rearrangement at small strains [82]. 
Because platelet rotation is constrained by geometric anisotropy and 
interlocking, deformation proceeds mainly through progressive flatten-
ing, stack compaction and local rearrangement rather than free particle 
rotation as illustrated in Fig. S3c [83]. The cross-section further reveals 
pronounced shear localization associated with misoriented platelet do-
mains and void-rich regions (Fig.  3i). Collapse of these regions in-
troduces local incompatibility between adjacent flake blocks, deflects 
the load-transfer path and promotes shear-band formation. Despite its 
reduced stiffness, the flake-shaped structure exhibits the highest yield 
strength. This strength increase is attributed to extended face-to-face 
platelet contacts, which form strongly bonded block-like domains, and 
to geometric interlocking that resists sliding and structural instability 
under axial compression [84]. Thus, deformation evolves from compli-
ant compaction at small strain to shear-dominated localization at larger 
strain, while the interlocked platelet network sustains higher applied 
stresses before yielding.

3.2. TEM analysis

To elucidate the underlying deformation mechanisms, TEM charac-
terization was conducted on compressed micro-pillars with the three 
particle structures (Figs.  4, 5). The TEM lamella preparation procedure 
and sampling positions are shown in Fig. S4. For the monomodal struc-
ture, the initially equiaxed particles are progressively flattened after 
compression, with the most severe deformation located near the central 
region of the pillar (Fig.  4a). This region shows pronounced grain 
distortion and reduced porosity, indicating that plastic deformation is 
closely coupled with structural densification (Fig.  4c). The deformation 
is therefore governed by the combined effects of dislocation-mediated 
plasticity, pore collapse, and mechanical constraint from interparticle 
necks. In highly strained regions, continued pore shrinkage indicates 
densification assisted by dislocation activity and particle accommoda-
tion (Fig.  4d). However, residual pores remain even after substantial de-
formation, reflecting the limitation of the sintered structure, where in-
complete interparticle bonding prevents full densification. These pores 
introduce local compliance variations and promote preferential defor-
mation in mechanically softer regions, rather than a uniform strain 
field throughout the pillar. This behavior differs from the continuous 
dislocation-mediated plastic flow in fully dense Cu, where strain is 
accommodated within an uninterrupted crystalline lattice instead of 
being controlled by pore-induced compliance heterogeneity [85].

The bimodal structure exhibits much stronger strain localization, 
directly associated with its heterogeneous particle arrangement (Fig. 
4b). Deformation is mainly concentrated in regions dominated by large 
particles, which form the primary load-bearing backbone. Although the 
resulting localization is macroscopically reminiscent of shear localiza-
tion in metallic glasses, its origin here lies in interfacial stress gradients 
generated by microstructural heterogeneity [86]. In highly strained 
regions, cracks initiate along the surfaces of large-particle platforms 
(Fig.  4e), corresponding to insufficiently sintered regions arising from 
particle shadowing effects [87]. Under compression, small particles 
in these regions rotate, slide, and spread laterally, producing intense 
localized plastic flow. The incompatibility between axial compression 
and lateral material flow generates tensile and shear components along 
large-particle interfaces, thereby promoting crack initiation and prop-
agation. This behavior is analogous to fracture in porous ceramics un-
der compression, where structural heterogeneity produces local stress 
concentration and localized failure [88]. Meanwhile, small particles 
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Fig. 4. TEM characterization of compressed monomodal and bimodal sintered Cu micro-pillars. (a, b) Low-magnification TEM overviews of the monomodal and 
bimodal pillars after compression, respectively. (c–f) High-magnification HAADF-STEM images providing clearer evidence of local deformation features. (c) Primary 
deformation zone in the monomodal structure. (d) Local deformation details in the monomodal structure, showing dislocation-related contrast and sintering-neck 
deformation. (e) Extrusion-induced cracking in the bimodal structure. (f) Highly strained region in the bimodal structure, showing dislocation-related contrast.

located at interparticle boundaries undergo severe shear and compres-
sive deformation, leading to localized densification and rearrangement 
(Fig.  4f). Thus, the deformation of the bimodal structure is governed 
by force-chain-mediated strain partitioning, interfacial incompatibility, 
and particle-scale plastic accommodation.

The flake-shaped structure deforms through a mechanism governed 
by morphology-induced anisotropy, which produces highly aligned 
lamellar domains and locally misaligned interdomain regions (Fig. 
5a). In the aligned regions, face-to-face contacts between platelets 
form compact lamellar units that accommodate compression mainly 
through densification and dislocation-mediated plasticity (Fig.  5b). By 
contrast, regions containing misaligned platelets act as preferential 
sites for strain incompatibility and shear accommodation (Fig.  5c). The 
associated deformation is accompanied by dislocation accumulation, 
platelet bending/fracture, and the retention of uncompacted voids, 
indicating that local densification is incomplete even within severely 
deformed regions (Fig.  5d). Local bending of platelets in these regions 
generates tensile opening stresses at weakly bonded interfaces, leading 
to crack initiation along the platelet boundaries (Fig.  5e). Similar 
cracking associated with deformation incompatibility has been reported 
in freeze-cast lamellar materials, although in those systems it is of-
ten linked to buckling or fracture of continuous lamellae [89]. Thus, 

deformation in the flake-shaped structure is controlled by the compe-
tition between compaction of aligned platelet stacks and instability at 
misaligned, void-containing inter-domain regions.

3.3. TKD analysis

To clarify the role of particle morphology in grain-scale deformation 
during compression, TKD was performed on TEM lamellae prepared 
from the corresponding structures before and after deformation. The 
Inverse Pole Figure (IPF) map of the compressed monomodal structure 
reveals a relatively uniform fine-grained microstructure, with an av-
erage grain size of ∼100 nm and a mean aspect ratio of ∼1.74 (Fig. 
6a). Compared with the original microstructure (Fig. S5a), the grains 
in compressed samples exhibit deformation-induced shape changes but 
retain a largely random crystallographic orientation distribution, with-
out discernible strain localization or a pronounced preferred texture. 
This indicates that the monomodal structure accommodates compres-
sion through relatively homogeneous grain-scale deformation [90]. 
By contrast, incorporating larger grains produces a more heteroge-
neous deformation morphology in the bimodal structure (Fig.  6d). 
The mean aspect ratio of these grains increases markedly from 1.91 
(Fig. S5d) before compression to nearly 5 after compression, together 
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Fig. 5. TEM characterization of the compressed flake-shaped sintered Cu micro-pillar. (a) Low-magnification overview after compression. (b) Highly aligned 
lamellar region formed by parallel sintered flakes. (c) Misaligned interfacial regions between flake-derived domains. (d) Highly deformed region showing local 
dislocation activity and an uncompacted void. (e) Bending-induced cracking region.

Fig. 6. TKD analysis of compressed monomodal and bimodal sintered Cu structures. (a–c) IPF map, GND density map, and GROD map of the monomodal structure, 
respectively. (d–f) Corresponding IPF, GND density, and GROD maps of the bimodal structure.
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Fig. 7. TKD analysis of localized deformation in the compressed flake-shaped sintered Cu structure. (a–c) IPF, GND density, and GROD maps of a misaligned 
region, respectively. (d–f) Corresponding IPF, GND density, and GROD maps of a cracking region.

with the development of intragranular deformation twins. These fea-
tures indicate that the large-grain constituent serves as the primary 
load-bearing framework during compression. The Geometrically Neces-
sary Dislocations (GND) density map shows a broadly uniform increase 
in dislocation storage in the compressed monomodal structure (Fig.  6b). 
The average GND density increases from 2.59×1014 m−2 in the original 
microstructure (Fig. S5b) to 4.36 × 1014 m−2 after compression, with-
out pronounced spatial localization. The Grain Reference Orientation 
Deviation (GROD) map, which reflects grain-scale lattice rotation and 
intragranular orientation gradients, further shows an increase in the av-
erage value from 0.66 to 1.14 after compression (Fig.  6c and Fig. S5c). 
Notably, regions with elevated GROD are arranged along a relatively 
symmetric load-transfer path rather than forming isolated deformation 
bands. The combination of a nearly uniform GND field and an axisym-
metrically organized GROD distribution therefore indicates that plastic 
accommodation in the monomodal structure is spatially distributed but 
mechanically coordinated, consistent with axisymmetric deformation of 
the fine-grained skeleton under compression [91]. In contrast to the 
relatively uniform GND field in the monomodal structure, the bimodal 
structure exhibits a more spatially localized dislocation distribution 
after compression (Fig.  6e). The average GND density increases from 
2.26 × 1014 to 3.69 × 1014 m−2 (Fig. S5e), with the accumulated dis-
locations preferentially concentrated at coarse/fine particle transition 
regions and within the interiors of the larger grains. This heterogeneous 
GND distribution indicates that the fine-particle matrix, owing to its 
higher interfacial density and stronger geometrical constraint, acts as 
a pinning sites for dislocations that restricts slip transfer, whereas 
the larger grains provide longer effective slip distances and there-
fore accommodate a larger fraction of plastic deformation [92]. The 
GROD map further reinforces this localized deformation characteristic 
as shown in Fig.  6f. The average GROD value increases from 1.14 
(Fig. S5f) before compression to 1.51 after compression, and the higher 
GROD regions are preferentially located within the larger grains. This 
spatial correspondence between high GROD and large-grain domains 
indicates that the larger grains undergo more pronounced intragranular 
orientation deviation and lattice rotation, further supporting their dom-
inant role in plastic deformation accommodation [93]. The cooperative 
interaction between constrained fine particles and more deformable 

large grains regulates the compression process and promotes preferen-
tial deformation of the large-grain framework, which is consistent with 
the observed extrusion of the larger particles.

Compared with the spherical-particle structures, the flake-shaped 
structure exhibits a more anisotropic compression response, governed 
by the inherited high-aspect-ratio platelet morphology. The IPF map 
shows that the dominant grain domains have an average length of 
∼700 nm and a thickness of ∼220 nm, confirming a pronounced 
platelet-like geometry (Fig.  7a). After compression, the mean grain 
aspect ratio decreases from 3.9 in the original microstructure (Fig. S5g) 
to ∼3.0, which is attributed to bending and fragmentation of misaligned 
flakes that subdivide the originally elongated grain domains. In the 
crack region, pronounced grain tortuosity and bending are observed 
above the crack, whereas grains on the right side remain relatively 
parallel and compacted (Fig.  7d). This spatial contrast suggests that 
block-like misalignment and inter-flake discontinuity facilitate crack 
initiation or propagation in the flake-shaped structure [94]. The GND 
density maps further reveal the strain-gradient response associated with 
compression of the flake-shaped structure (Figs.  7b, e). In contrast to 
the spatially distributed GND field in the monomodal structure and 
the locally partitioned GND accumulation in the bimodal structure, the 
flake-shaped structure develops directionally continuous GND-enriched 
bands across relatively large flake domains [95]. Their quasi-vertical 
continuity, approximately parallel to the compression direction, indi-
cates that plastic strain gradients are organized along morphology-
defined load-bearing paths. Compared with the original microstruc-
ture, the average GND density increases from 3.28 × 1014 to 4.11 ×
1014 m−2 (Fig. S5h). More importantly, the dominant GND accumula-
tion evolves from localized regions near flake junctions into chain-like 
bands extending along the compression direction. This transition in-
dicates that compression amplifies pre-existing morphology-controlled 
strain-gradient pathways and converts local inter-flake constraints into 
a more continuous load-bearing network. Unlike the spherical-particle 
structures, the flake-shaped structure exhibits a reduction in average 
GROD after compression, from 3.08 in the original microstructure 
(Fig. S5i) to 2.52 after deformation (Figs.  7c, f). This decrease should 
not be interpreted as reduced plastic activity, but rather as a change in 
the dominant deformation mode. Owing to the extended face-to-face 
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Fig. 8. Post-compression MD simulation results linking particle morphology to dislocation activity and local strain distribution in sintered Cu pillars. (a1–a4) 
Atomic structure, dislocation distribution, atomic strain distribution, and corresponding cross-sectional strain map of the monomodal structure. (b1–b4) 
Corresponding results for the bimodal structure. (c1–c4) Corresponding results for the flake-shaped structure.

contacts and mechanical interlocking between high-aspect-ratio flakes, 
particle-scale rotation is strongly constrained during densification. As 
a result, initially distorted flake domains are preferentially accommo-
dated by bending, segmentation and constrained fragmentation, which 
subdivide elongated orientation domains into smaller units [96]. The 
reduced GROD therefore indicates a transition from diffuse intragranu-
lar lattice rotation in the initial flake network to deformation governed 
by inter-flake constraint, pore-collapse-induced compaction and flake 
breakage during compression.

3.4. Deformation mechanisms revealed by MD simulations

To complement the experimental observations and to elucidate the 
deformation mechanisms at the atomic scale, MD simulations were 
conducted for pillars with monomodal, bimodal and flake-shaped par-
ticle structures. The post-compression morphologies are shown in Figs. 

8a1–c1. The monomodal pillar maintains a nearly axisymmetric com-
pacted shape, indicating relatively homogeneous deformation. By con-
trast, the bimodal pillar shows pronounced local distortion caused by 
the extrusion of coarse particles. The flake-shaped pillar develops dense 
inclined planar traces aligned with the preferred shear direction. These 
simulated morphologies are consistent with the experimentally ob-
served deformation modes of the micro-pillars (Figs.  3g–i), confirming 
the critical role of particle morphology in regulating strain localiza-
tion during compression. The dislocation configurations reveal dis-
tinct morphology-dependent modes of plastic accommodation [97]. In 
the monomodal structure, dislocations are widely distributed through-
out the interparticle regions, particularly near particle contacts and 
sintered necks, forming a forest-like network (Fig.  8a2) [98]. This 
feature indicates extensive dislocation interaction at multiple contact-
confined deformation sites, enabling distributed plastic flow. In the 
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Fig. 9. MD deformation evolution of sintered Cu pillars with different particle morphologies. (a1–a3) Interfacial deformation and dislocation configurations in 
the monomodal structure at applied compressive strains of 10%, 20%, and 30%, respectively. (b1–b3) Corresponding bimodal structure. (c1–c3) Corresponding 
flake-shaped structure. (d) Simulated stress–strain responses. (e) Strain-dependent evolution of perfect dislocation density, 1∕2⟨110⟩. (f) Strain-dependent evolution 
of Shockley partial dislocation density, 1∕6⟨112⟩.

bimodal structure, dislocations concentrate mainly at coarse/fine par-
ticle transition regions (Fig.  8b2), where heterogeneous load transfer 
and geometric incompatibility produce strong local strain gradients. 
In the flake-shaped structure, the dislocation arrangement becomes 
highly directional (Fig.  8c2). Dislocation segments connect along flake 
interfaces, inter-flake bridges, pore-confined channels and inclined de-
fect traces, forming band- or chain-like dislocation-enriched pathways 

across large flake domains. This trend agrees with the dislocation 
structures identified by TKD (Figs.  6, 7). The atomic strain maps further 
clarify the spatial distribution of plastic deformation. In the monomodal 
pillar, the strain field is relatively symmetric and broadly distributed, 
with high-strain regions concentrated along particle boundaries, sin-
tered necks and pore-adjacent areas (Fig.  8a3). The magnified view 
(Fig.  8a4) shows multiple intersecting shear-band-like zones rather 
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than a single dominant band, suggesting cooperative particle com-
paction, neck deformation and interparticle shear. In the bimodal pil-
lar, strain localizes preferentially along coarse-particle boundaries and 
coarse/fine transition regions, forming a dominant shear-band-like path 
that promotes particle-scale extrusion (Fig.  8b3). The enlarged map 
(Fig.  8b4) also reveals intraparticle strain bands within coarse particles, 
indicating that these domains accommodate plastic strain internally 
while interacting with the surrounding fine-particle matrix [99]. In the 
flake-shaped pillar, strain localization is strongly controlled by the ori-
entation of flake-derived domains (Fig.  8c3). The magnified strain map 
(Fig.  8c4) shows that major high-strain bands develop preferentially 
along interfaces between nearly parallel sintered flake blocks, while 
secondary intraflake bands indicate local bending, segmentation and 
fragmentation during compression.

To further elucidate the hierarchical evolution of deformation dur-
ing compression, Fig.  9 presents the strain-dependent interfacial strain 
fields, defect configurations and mechanical responses of the three par-
ticle structures. The corresponding pillar morphology evolution is pro-
vided in Figs. S6-S8. In the monomodal structure, plasticity is initiated 
at 10% strain by localized high-strain regions and dislocation segments 
near particle contacts, sintered necks and pore-adjacent interfaces (Fig. 
9a1). With increasing strain to 20%, these initially discrete sites ex-
pand and interconnect through the interparticle network, accompanied 
by increased dislocation accumulation (Fig.  9a2). At 30% strain, the 
strain field develops into a spatially distributed, multi-shear-band-
like pattern, indicating progressive percolation of plastic deformation 
through the connected particle skeleton (Fig.  9a3). Consistently, the 
monomodal pillar exhibits a clear elastic-to-plastic transition in the 
simulated stress–strain response and maintains the highest dislocation 
density throughout compression (Figs.  9d–f). The bimodal structure 
shows stronger spatial heterogeneity because of the coarse-particle 
framework. Between 10% and 20% strain, localized deformation devel-
ops both within coarse particles and at coarse/fine transition regions, 
indicating concurrent intraparticle and interfacial plasticity (Figs.  9b1, 
b2). At 30% strain, these localized regions coalesce into an inclined 
shear-band-like path guided by the coarse-particle arrangement, accom-
panied by particle-scale extrusion and pronounced intraparticle strain 
bands in the coarse domains (Fig.  9b3). The corresponding stress–
strain curve also shows a distinct yielding event followed by plastic 
flow, while the dislocation density remains lower than that of the 
monomodal structure (Figs.  9d–f).

Morphology-controlled strain partitioning is most evident in the 
flake-shaped structure. During compression, slightly misoriented flake 
domains are compacted through extended face-to-face contacts, causing 
local reorientation and the formation of larger, coherently stacked 
sintered blocks (Figs.  9c1–c3). By contrast, flake blocks with larger 
angular mismatch cannot be fully aligned; their interfaces instead 
become preferential sites for strain localization and evolve into inclined 
shear-band-like paths. Accordingly, the flake-shaped pillar shows a 
gradual transition from elastic loading to plastic deformation with-
out a distinct yield point, and its dislocation density remains lower 
than that of the monomodal pillar (Figs.  9d–f). Across all three struc-
tures, both perfect and Shockley dislocations increase with strain, 
reflecting progressive defect accumulation during compression. In ad-
dition, the strain-dependent increase in stair-rod, Hirth and Frank 
partial dislocations further indicates the accumulation of sessile defects 
during deformation (Fig. S9). The predominance of Shockley partial 
dislocations (1∕6⟨112⟩), over perfect dislocations (1∕2⟨110⟩) and other 
dislocation types, indicates that plasticity is mainly accommodated by 
partial-dislocation slip and stacking-fault formation under the confined 
interparticle stress state, while particle morphology further regulates 
dislocation locking and strain accommodation.

4. Conclusion

This study establishes a morphology-dependent understanding of 
microstructure evolution, deformation mechanisms and mechanical 
performance in pressure-assisted sintered Cu particle structures. By 
combining micro-pillar compression, TEM/TKD characterization and 
MD simulations, the work clarifies how monomodal, bimodal and flake-
shaped particles regulate pore topology, load-transfer pathways and 
failure modes. The main findings are as follows:

1. Particle morphology strongly regulates the stiffness-strength bal-
ance in sintered Cu structures. The monomodal, bimodal and flake-
shaped structures exhibit elastic modulus of 12.53 ± 0.72, 7.43 ± 0.27
and 7.84 ± 0.85 GPa, respectively, and yield strengths of 403.01 ± 36.46, 
434.11 ± 9.54 and 450.65 ± 65.84 MPa, respectively. This combination 
of low effective stiffness and high yield strength originates from the 
porous load-bearing network, where pores reduce elastic modulus, 
while sintering necks and particle interlocking enhance resistance to 
plastic instability.

2. Particle morphology defines the load-transfer topology and
thereby the dominant deformation mode of the sintered Cu micro-
pillars. The monomodal structure deforms through distributed, nearly 
axisymmetric compaction of the fine-particle skeleton. The bimodal 
structure exhibits heterogeneous load partitioning, in which coarse 
particles carry the primary load and promote localized extrusion. The 
flake-shaped structure shows anisotropic, geometry-guided deforma-
tion, where platelet stacking and inter-flake mismatch redirect load 
transfer and trigger shear localization.

3. TEM and TKD reveal that morphology also governs grain-scale 
plastic-strain accommodation. The monomodal structure shows dis-
tributed pore collapse, neck deformation and dislocation activity,
whereas the bimodal structure concentrates strain gradients and dis-
location accumulation near coarse/fine transition regions and within 
large particles. In the flake-shaped structure, deformation follows lamel-
lar domains and inter-flake boundaries through bending, fragmentation 
and localized shear. The corresponding post-compression GND densities 
are 4.36 × 1014 m−2, 3.69 × 1014 m−2 and 4.11 × 1014 m−2, with average 
GROD values of 1.14, 1.51 and 2.52 for the monomodal, bimodal and 
flake-shaped structures, respectively.

4. MD simulations reproduce the morphology-specific compression 
modes and provide an atomistic interpretation of the experimental 
observations. The simulations reveal plastic-strain percolation in the 
monomodal structure, coarse-particle-guided localization in the bi-
modal structure and contact-induced flake alignment with inter-block 
shear in the flake-shaped structure. The dominance of Shockley partial 
dislocations (1∕6⟨112⟩) indicates partial-dislocation-mediated plasticity 
under the confined interparticle stress state.

In summary, this study identifies particle morphology as a primary 
structural variable controlling deformation and mechanical response 
in sintered porous metals. By linking packing topology, pore structure 
and contact geometry to load transfer and plastic accommodation, 
the results provide a mechanistic basis for tuning stiffness, strength 
and damage tolerance beyond conventional sintering parameters. This 
morphology-guided design strategy provides practical guidance for 
selecting Cu powders in electronic packaging by linking particle mor-
phology to the expected compaction, extrusion and shear-localization 
failure modes of sintered Cu interconnects.
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