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HIGHLIGHTS

« Particle morphology governs the indentation response of sintered Cu.

« Bimodal Cu shows the highest elastic modulus, while monomodal Cu shows highest yield strength.
« Flake-shaped Cu is weakened by poor through-thickness connectivity.

» Spherical and Berkovich tips activate distinct deformation mechanisms.

« SEM and MD reveal morphology-specific pore collapse and plasticity.

ARTICLE INFO ABSTRACT

Keywords: Sintered copper (Cu) particles are widely used in catalysis, biomedical devices, energy systems and electronic
Sintering packaging, yet the role of particle morphology in governing their mechanical response remains insufficiently
Particle morphology resolved. Here, we investigate porous sintered Cu produced from monomodal spherical, bimodal spherical and
Nanoindentation

flake-shaped particles by combining nanoindentation, scanning electron microscopy (SEM) and molecular dynam-
ics (MD) simulations. Both spherical and Berkovich indenters were used to interrogate morphology-dependent
deformation mechanisms. The bimodal spherical network exhibited the highest elastic modulus, whereas the
monomodal spherical network showed the highest indentation yield strength. In contrast, the flake-derived net-
work displayed substantially reduced elastic modulus and strength due to weak through-thickness connectivity.
Correlative SEM images and MD simulations reveal morphology-dependent deformation mechanisms: distributed
neck plasticity in the monomodal network, hierarchical load sharing between coarse and fine particles in the bi-
modal network, and anisotropic strain localization along interlamellar interfaces in the flake-derived network.
Indenter geometry further modulates the response, with spherical indentation promoting distributed compaction
and Berkovich indentation promoting stress concentration at weak interfaces. These findings highlight particle
morphology as a critical factor governing the topology-dependent mechanical performance of porous sintered
Cu.

Molecular dynamics
Power electronics packaging

1. Introduction highly sensitive to processing parameters [16-18], material composi-
tion [19,20] and particle morphology [21-23]. Although the mechanical
behaviour of porous materials has been extensively investigated, most
existing studies have focused on the roles of processing parameters and
material composition [24-26]. However, how particle morphology gov-
erns the local mechanical response and plastic deformation behaviour
of sintered porous structures remains insufficiently resolved.
Nanoindentation provides an effective approach for probing me-
chanical responses at the micro- to nanoscale [27,28]. Its high spatial

Porous materials are widely used as functional and structural ar-
chitectures because of their low density, highly accessible surface area
and interconnected pore networks [1-3], enabling applications ranging
from filtration [4,5], catalysis [6,7], energy storage [8,9] to biomedi-
cal implants [10,11] and power electronic packaging [12-14]. Unlike
in dense materials, their mechanical behaviour is intrinsically local and
heterogeneous, with plastic deformation often initiated by pore collapse,
contact yielding and localized densification [15]. These responses are
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resolution and precisely controlled load-displacement acquisition enable
quantitative evaluation of elastic modulus, hardness and time-dependent
deformation [29]. It has therefore been widely used to correlate the
local mechanical properties of porous materials with processing con-
ditions, strain-rate sensitivity and creep behavior [30,31]. For instance,
Zhang et al. [32] showed that sintering temperature dominates densifi-
cation and porosity reduction in spark-plasma-sintered porous materials,
whereas applied pressure promotes microstructural homogenization and
phase-dependent nanomechanical evolution. For highly heterogeneous
porous sintered networks, however, local mechanical testing must also
provide sufficient statistical representativeness. Micropillar compression
can reveal deformation mechanisms within a selected microstructural
volume, but its response is strongly affected by pillar geometry and the
specific pore-neck configuration sampled by each pillar [33,34]. This
makes it challenging to define a representative volume element or ob-
tain morphology-averaged mechanical properties from a limited number
of pillars. Nanoindentation is therefore used in this study to evaluate the
local mechanical response of sintered porous Cu structures with different
particle morphologies and to examine the associated plastic deformation
mechanisms.

Plastic deformation is inherently structure-sensitive, as strain accom-
modation and localization are governed by characteristic microstruc-
tural length scales, crystallographic constraints and defect popula-
tions [35,36]. In dense Cu, plastic deformation is primarily accom-
modated by crystallographic slip and dislocation-mediated plasticity,
with grain size, crystallographic orientation and boundary constraints
governing strain localization and work-hardening behaviour [37,38].
For example, Wang et al. [39] demonstrated that nanoindentation of
Cu single crystals produces orientation-dependent pile-up patterns gov-
erned by crystallographic slip along the intersections between primary
slip planes and the indented surface. In porous materials, this defor-
mation response is further complicated by the disrupted continuity of
the load-bearing solid, which promotes additional mechanisms such as
strain concentration, ligament or neck bending, pore collapse and local-
ized densification [33,40,41]. Thus, resolving how these pore-mediated
mechanisms evolve under local contact loading is essential for linking
particle-neck architecture to the mechanical reliability of porous sin-
tered Cu. However, experimental characterization remains limited in its
ability to resolve the transient and spatially heterogeneous processes
that govern plastic deformation, which has motivated the development
of computational modelling approaches, including discrete dislocation
dynamics [42-44], crystal plasticity modelling [45-47], phase-field
methods [48,49] and molecular dynamics (MD) simulations [50-53].
Among these, phase-field and crystal plasticity models are effective
for capturing mesoscale microstructural evolution, damage accumula-
tion and crystallographic strain partitioning [54,55]. However, their
continuum formulations generally cannot directly resolve dislocation
nucleation and migration [56]. In contrast, discrete dislocation dy-
namics can explicitly describe dislocation-mediated plasticity, but its
reliance on predefined dislocation mechanisms and idealized geometries
limits its applicability to sintered Cu networks where atomistic nucle-
ation, pore collapse, neck evolution and irregular particle morphology
are strongly coupled [57]. By comparison, MD simulation directly re-
solves atomic diffusion, neck formation, defect nucleation, stacking-fault
evolution and pore collapse in particle-based metallic networks [58,59].
Despite its inherent spatial and temporal scale limitations, MD is particu-
larly well suited to identifying relative trends in morphology-dependent
deformation, while the associated atomistic defect processes can be di-
rectly tracked [60]. Therefore, MD simulations were employed here to
elucidate how particle morphology regulates pore evolution, dislocation
activity and localized plasticity in sintered Cu networks.

This study investigates how particle morphology governs the
mechanical response and plastic deformation of porous Cu sin-
tered from monomodal spherical, bimodal spherical and flake-shaped
particles. By integrating spherical and Berkovich nanoindentation,
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post-indentation scanning electron microscopy (SEM) characterization
and MD simulations, the work quantifies local mechanical properties and
elucidates morphology-dependent deformation mechanisms from the
microstructural to atomistic scales, providing mechanistic guidance for
the design of sintered Cu interconnects in power electronic packaging.

2. Experimental and simulation methods
2.1. Sample preparation

The initial morphologies of the three Cu particle systems are shown
in Fig. 1(a)-(c), corresponding to monomodal spherical, bimodal spher-
ical and flake-shaped particles, with particle shape and size distribu-
tion jointly defining the distinct starting particle architectures. The
monomodal system was composed of spherical Cu particles with an
average particle diameter of approximately 150 nm. In the bimodal
system, small spherical particles of approximately 150 nm were mixed
with larger spherical particles of approximately 1.5 pum, forming a
highly asymmetric size distribution that promotes the filling of inter-
stitial spaces by the smaller particles [61]. The flake-shaped particles
consisted of disk-like Cu particles with lateral dimensions of approxi-
mately 2.5-7.5 um, a thickness of about 150 nm, and corresponding
aspect ratios of approximately 17:1-50:1.

The fabrication procedure for the sintered Cu samples is illustrated in
Fig. 1(d)-(f). The Cu paste was first screen-printed onto a Cu substrate,
followed by preconditioning at 120 °C for 5 min in a nitrogen atmo-
sphere to remove residual solvent. A temporary aluminium (Al) capping
film was then placed on the printed paste. Pressure-assisted sintering
was carried out at 250 °C under a uniaxial pressure of 30 MPa for 5 min
in a reducing 5% H, /N, atmosphere. After cooling to room temperature,
the Al capping layer was removed, leaving the exposed sintered Cu layer.
Cross-sectional SEM images of the pressure-assisted sintered Cu layers
fabricated from the monomodal, bimodal and flake-shaped particles are
presented in Fig. 1(g)-(i), respectively, showing morphology-dependent
differences in pore distribution, particle packing and sintered-neck for-
mation, with corresponding porosities of approximately 7%, 10% and
20%.

2.2. Nanoindentation tests

Nanoindentation tests were conducted at room temperature using a
Nanoindenter G200 system (Agilent Technologies, Chandler, AZ, USA)
equipped with a continuous stiffness measurement (CSM) module. Both
Berkovich and spherical diamond indenters were employed for each sin-
tered Cu sample to evaluate the mechanical response under different
contact geometries. During loading, a harmonic displacement oscillation
with an amplitude of 2 nm and a frequency of 45 Hz was superim-
posed on the displacement signal, allowing continuous determination
of contact stiffness from the amplitude and phase shift of the load
response. The machine stiffness and indenter area functions were cal-
ibrated using the Oliver-Pharr method [62]. A customized insulated
Berkovich diamond tip with a Macor shaft (Synton, Switzerland) and a
centerline-to-face angle of 65.3° was used to measure indentation mod-
ulus and hardness under a sharp-contact field. In parallel, a spherical
diamond indenter with a nominal diameter of approximately 10 pm
was used to determine the corresponding indentation modulus and hard-
ness and to construct representative indentation stress-strain responses
under a broader contact field. For each particle morphology and in-
denter geometry, three independent indentations were performed at
spatially separated locations on the same specimen. For all measure-
ments, the indenter was driven into the sample surface at a target strain
rate of 0.05 s™! to a maximum penetration depth of 2500 nm, held
at the peak depth for 5 s, and then unloaded. The selected penetra-
tion depth provides a micrometer scale probing volume encompassing
multiple particle-neck or inter-flake features, enabling a consistent com-
parison of the local effective mechanical response among the three
morphologies.
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Fig. 1. Representative SEM images of the initial Cu particles with (a) monomodal, (b) bimodal, and (c) flake-shaped particle morphologies; (d-f) schematic illustration
of the fabrication process, including stencil printing of the Cu paste onto a Cu substrate, pressure-assisted sintering during heating using a temporary Al film for pressure
transfer, and subsequent removal of the Al film; (g-i) cross-sectional SEM images of the pressure-assisted sintered Cu structures fabricated from the corresponding
(g) monomodal, (h) bimodal, and (i) flake-shaped Cu particles, respectively.

Table 1
Summary of the construction parameters for the atomistic Cu particle assemblies.

Parameter

Monomodal spherical-particle model

Bimodal spherical-particle model

Flake-shaped particle model

Representative system
Simulation domain
Boundary condition
Particle morphology

Particle size

Crystallographic structure

Monomodal Cu assembly
5004 x 500 A x 500 &
Periodic in x, y and z directions

Spherical Cu nanoparticles

Diameter: 60 A with a standard deviation
of 204

Randomly assigned crystallographic
orientations

Bimodal Cu assembly
5004 x 500 A x 500 &
Periodic in x, y and z directions

Mixture of large and small spherical Cu
particles

Large spheres: 200 A; small spheres:
60 A with a standard deviation of 20 A
Randomly assigned crystallographic
orientations

Flake-shaped Cu assembly

5004 x 500 A x 600 A

Periodic in x and y directions; non-
periodic in z direction

Disk-like Cu flakes

Diameter: 490 f\; thickness: 15 A

Voronoi-defined internal grain structures

2.3. MD simulation

To capture the morphology-dependent evolution of sintered Cu
networks, atomistic models representing different initial particle
geometries were constructed and subjected to sintering and subsequent
mechanical loading. The simulations were implemented in Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [63,64],
while the resulting trajectories were analyzed in Open Visualization Tool
(OVITO) [65] to identify local crystal structures, dislocation activity and
deformation-induced atomic rearrangements. Cu—Cu interactions were
described using the Williams embedded-atom method potential [66],
which provides a physically established description of defect formation,
structural evolution and mechanical deformation.

Three atomistic particle assemblies were developed to represent the
monomodal, bimodal and flake-shaped Cu systems, and the main con-
struction parameters are listed in Table 1. The corresponding initial
particle assemblies are presented in Fig. 2, providing a visual com-
parison of the distinct packing architectures generated for the three
Cu powder morphologies. For the two spherical-particle systems, fully
periodic boundary conditions were imposed in all three directions to
reproduce a bulk packing environment. The flake-based model was in-
stead treated as a stacked architecture, with periodicity applied only in

the in-plane directions. Along the out-of-plane direction, non-periodic
boundaries were used and 100A vacuum regions were placed above
and below the stack to allow relaxation normal to the flake layers.
The monomodal model was built by randomly placing spherical Cu
nanoparticles with normally distributed diameters and randomly as-
signed crystallographic orientations. The bimodal model followed the
same construction principle, but larger spherical particles were first in-
troduced into the simulation cell, followed by the insertion of smaller
particles into the remaining interstitial space, producing a more het-
erogeneous particle-packing configuration. For the flake-shaped system,
disk-like crystalline particles were generated with Voronoi-defined inter-
nal grain structures and then assembled sequentially in a layer-by-layer
manner. To approximate the imperfect alignment expected in practical
flake-powder assemblies, neighbouring flakes were initialized with an
interlayer spacing of 10 A, an in-plane tilt angle of 3.5°, and random lat-
eral offsets within +100 A. After the initial assemblies were generated,
overlapping atoms were removed globally to eliminate unphysical inter-
penetration. The final configurations contained approximately 4.0-5.0
million atoms.

After construction of the initial particle models, the sintering treat-
ment was reproduced through a thermal-mechanical sequence. Each
model was first subjected to thermal activation by increasing the
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Fig. 2. Initial atomistic configurations of the Cu particle assemblies prior to simulated sintering and mechanical loading: (a) monomodal, (b) bimodal, and (c)

flake-shaped particle systems.

(a) Spherical Indenter (b)

(©)

(d) Berkovich Indenter (e)

(f)

Fig. 3. Representative atomic configurations during spherical and Berkovich indentation of porous sintered Cu structures: (a—c) spherical indentation tests of the
monomodal, bimodal and flake-shaped particle systems, respectively; (d—f) Berkovich indentation tests of the corresponding structures.

temperature from 300K to 523K within 100 ps under an NVT en-
semble controlled by a Nosé-Hoover thermostat, allowing atomic dif-
fusion across particle contacts and the development of sintering necks.
Pressure-assisted densification was then introduced by imposing a 50%
compressive strain along the z direction at a strain rate of 1 x 10° s~1. To
reduce non-equilibrium stresses generated during the rapid compression
stage, the compressed structures were subsequently relaxed at 523K for
100 ps.

Nanoindentation simulations were performed using both spherical
and Berkovich indenters to examine the local deformation response of
the sintered Cu networks under different contact geometries. Both inden-
ter geometries were treated as perfectly rigid bodies during indentation.
The initial simulation configurations prior to indentation are presented
in Fig. 3. For the spherical indentation simulations, the indenter geom-
etry was generated from a parent sphere with a radius of 446.43K.
A spherical-cap region with a height of 70A along the indentation
direction was retained, corresponding to a transverse cap radius of ap-
proximately 240 A. In comparison, the Berkovich indenter was defined

with a height of 70A and a geometric parameter of tanf = 2.171 to
match the experimental centerline-to-face angle of 65.3°. For both in-
denter geometries, the indenter was initially positioned 2A above the
sample surface to prevent unphysical atomistic interpenetration. A bot-
tom layer with a thickness of 10A was fixed to suppress rigid-body
motion, while the remaining sample atoms were integrated using an NVE
ensemble and thermostatted at 300 K using a Langevin thermostat. The
indenters were displaced along the negative z direction at 1A/ps, giv-
ing an effective indentation depth of 70 A. Subsequently, the indenter
was retracted to capture the initial unloading response. During indenta-
tion and unloading, the total force acting on the indenter was obtained
by summing the atomic forces in the z direction, and the correspond-
ing force—depth data were recorded together with atomic configurations
and per-atom stress tensors for subsequent analysis of pore collapse,
neck-level deformation and local stress redistribution. Given the spa-
tial and temporal limitations of MD, these indentation simulations are
intended primarily for comparative analysis of morphology-dependent
deformation mechanisms.
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(a) Spherical Indenter

(b)
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Fig. 4. Load-penetration depth responses of sintered Cu structures with different particle morphologies under nanoindentation: (a-c) spherical indentation curves for
the monomodal, bimodal and flake-shaped structures, respectively; (d-f) Berkovich indentation curves for the corresponding structures.

3. Results and discussion
3.1. Load-penetration curves

Fig. 4 shows the representative load-penetration curves of the
monomodal, bimodal and flake-shaped structures obtained using spher-
ical and Berkovich indenters. The loading curves for both indenter
geometries exhibit no discernible pop-in event, indicating continuous
indentation-induced plasticity rather than abrupt displacement-burst-
mediated yielding [67,68]. The extracted peak loads reveal a clear
morphology-dependent indentation response. Under spherical indenta-
tion, the corresponding values are 271.82 + 5.13 mN, 196.22 + 2.53 mN
and 31.61 = 0.91 mN, respectively. Under Berkovich indentation, the
maximum loads of the monomodal, bimodal and flake-shaped struc-
tures are 290.05 + 13.99 mN, 262.53 + 9.81 mN and 39.47 + 0.93 mN,
respectively. The Berkovich indenter yields higher peak loads than the
spherical indenter for all three particle morphologies. This difference
can be attributed to the sharper Berkovich contact geometry, which
produces a more localized and constrained deformation field, whereas
the spherical indenter generates a smoother contact field and a more
gradual elastic-plastic response [69,70]. For the monomodal structure,
the Berkovich and spherical indenters produce comparable peak loads,
whereas more pronounced indenter-dependent differences are observed
for the bimodal and flake-shaped structures. This greater sensitivity can
be associated with the sharper Berkovich geometry, which generates a
more localized and confined deformation field and preferentially acti-
vates structurally weak regions [69,70]. In the bimodal network, pores
and heterogeneous necks within incompletely sintered regions intensify
local deformation, while the limited through-thickness load-bearing ca-
pacity and abundant residual pores of the flake-shaped structure further
facilitate localized collapse. The substantial residual penetration depths
after unloading indicate that the indentation response is dominated
by irreversible deformation with limited elastic recovery. In dense Cu,
residual indentation is primarily accommodated by crystallographic slip,
pile-up and dislocation-mediated plasticity [39]; in the present porous
Cu structures, it additionally involves irreversible collapse of the pore—
neck network through neck yielding and bending, local pore closure and
densification.

3.2. Indentation-derived mechanical response

Fig. 5 presents the depth-dependent elastic modulus obtained from
nanoindentation for the three sintered Cu structures. The modulus

was calculated from the contact stiffness using the Oliver-Pharr frame-
work [62]. For each indenter geometry, the reduced modulus at a given
penetration depth was obtained as

VE S

E,. (h)= s
0=

@

where j denotes the indenter geometry, S;(h) is the contact stiffness
obtained from the CSM signal, and A, ;(h) is the projected contact
area evaluated from the calibrated indenter area function. For an ideal
Berkovich indenter, the projected area is
A, per(h) = 24.5h2, @)
whereas, for an ideal spherical indenter with radius R, the projected
contact area is

A sph(h,) = ma’ =z (2Rh, — h2) . 3)
In the present analysis, instrument-calibrated area functions were used

to account for deviations from ideal indenter geometries. The reduced
modulus was then converted to the sample modulus according to

1 1-v2 l—v,.2 4
E,m  E,m  E @

where an assumed Poisson’s ratio of v, = 0.3 was used for the sintered
Cu structures, which is close to values commonly adopted for sintered
Cu [25]. The elastic constants of the diamond indenter were taken as
E; = 1141 GPaand v; = 0.07. The resulting E ;(h) is therefore interpreted
as an indentation-derived elastic modulus.

Under spherical indentation, the elastic modulus rapidly converges
to a relatively stable, depth-independent range, whereas Berkovich
indentation shows larger transient fluctuations and greater scatter, par-
ticularly at larger penetration depths. The indentation-derived elastic
moduli obtained using the spherical indenter are 60.9 + 2.7 GPa, 90.5 +
3.9 GPa and 7.6 + 1.0 GPa for the monomodal, bimodal and flake-shaped
structures, respectively. The corresponding Berkovich values are 57.0 +
4.5 GPa, 85.5+10.9 GPa and 8.1 + 1.5 GPa. Both indenter geometries yield
the same morphology-dependent ranking, with the bimodal structure
showing the highest elastic modulus, followed by the monomodal and
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Fig. 5. Indentation-derived elastic modulus of sintered Cu structures: (a—c) spherical indentation results for the monomodal, bimodal and flake-shaped structures,

respectively; (d-f) Berkovich indentation results for the corresponding structures.

flake-shaped structures. The larger scatter under Berkovich indentation
indicates its greater sensitivity to local microstructural heterogeneity,
whereas the lower scatter under spherical indentation suggests a more
spatially averaged elastic response [71].

To further evaluate the morphology-dependent plastic response,
spherical indentation was used to construct indentation-derived
hardness-strain and representative stress-strain curves. The projected
contact radius was first obtained from the contact area as

A.(h
a,(h) = % (5)

and the representative indentation strain was calculated as

4h.
3rza.(h)’ ©®

&i(h) =

The indentation hardness was then determined from

P(h)

H(h)= A_(h)’

)

where P(h) is the applied load and A_(h) is the projected contact area
determined from the calibrated spherical indenter area function. The
representative indentation stress was estimated by converting hardness
using the depth-dependent constraint factor:

H(h)

o.(h) = o (8)
where C*(h) is the constraint factor obtained from spherical indenta-
tion analysis and is presented in Fig. S1 [72], following an approach
that has also been applied to porous metallic systems [73]. The result-
ing o, should be interpreted as an indentation-derived representative
stress reflecting the local constrained deformation response beneath the
spherical indenter.

Fig. 6 compares the hardness-strain and representative stress-strain
responses obtained using the spherical indenter. All three morphologies
exhibit a continuous increase in hardness and representative stress at low
strain, followed by gradual saturation at larger strain. The monomodal
structure shows the highest indentation resistance, with hardness reach-
ing approximately 2.3 — 2.4 GPa and representative stress approaching

850 — 900 MPa. The bimodal structure exhibits an intermediate re-
sponse, with hardness of about 1.7 — 1.8 GPa and representative stress of
600 — 650 MPa, whereas the flake-shaped structure shows much lower
values of only 0.24 — 0.26 GPa and below 100 MPa, respectively. These
results demonstrate that the plastic resistance of sintered Cu is strongly
governed by particle morphology, reflecting differences in load-bearing
connectivity and densification capacity.

Fig. 7 further summarizes the elastic modulus, indentation yield
strength, and Berkovich hardness. Here, the indentation yield strength
was determined from the spherical-indentation representative stress—
strain curve using the 0.2% offset criterion [74] and is used as a local
comparative measure of the onset of plastic deformation [70]. Compared
with dense bulk Cu (110-130 GPa), the monomodal and bimodal struc-
tures retain a considerable fraction of the intrinsic Cu stiffness, whereas
the flake-shaped structure shows a severe loss of elastic load-bearing
capability [75-77]. Notably, the plastic resistance does not follow the
same order as the elastic modulus. Although the bimodal structure ex-
hibits the highest elastic modulus, the monomodal structure shows the
highest indentation yield strength and hardness. This contrast suggests
that elastic load transfer is enhanced in the bimodal structure by the
coarse-particle framework and fine-particle filling, whereas plastic re-
sistance is more effectively promoted in the monomodal structure by
its relatively uniform particle-neck network. The flake-shaped structure
represents the lower bound in both stiffness and plastic resistance, re-
flecting weak through-thickness connectivity, platelet morphology, and
high residual porosity.

3.3. SEM characterization

Fig. 8 compares the residual indentation morphologies and deforma-
tion mechanisms of the three sintered Cu structures. The top-view SEM
images show that all structures undergo irreversible plastic deformation,
but the deformation morphology is strongly dependent on the initial par-
ticle morphology (Fig. 8a—c). Fig. 8(d) and (g) reveal a compacted zone
beneath the indent, characterized by pore closure and localized severe
plastic deformation (LSPD) [78,79]. The bimodal structure exhibits a
more heterogeneous deformation morphology (Fig. 8e and h). The co-
existence of large and small particles creates a hierarchical contact net-
work, in which the fine particles partially fill the interstitial regions and
form additional contacts between neighbouring coarse particles. During
the initial elastic stage of indentation, this mixed particle network can
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Fig. 7. (a) elastic modulus and indentation yield strength obtained from spherical indentation of the monomodal, bimodal and flake-shaped structures. (b) elastic
modulus and indentation hardness obtained from Berkovich indentation of the corresponding structures.

increase the effective contact stiffness by reducing the compliance asso-
ciated with large open pores and by shortening the load-transfer path
through a coarse-particle skeleton, which may contribute to the higher
elastic modulus than the monomodal structure [80]. However, the same
structural heterogeneity becomes detrimental once plastic deformation
is activated. In the bimodal structure, plastic deformation is primarily ac-
commodated by the coarse-particle framework. The larger particle/grain
domains provide longer dislocation glide distances and fewer internal
barriers to plastic flow than the finer monomodal network, thereby
potentially facilitating earlier plastic yielding once the contact stress
exceeds the local resistance [81,82]. Meanwhile, the surrounding fine-
particle regions and non-uniform necks constrain the deformation of
the coarse particles and introduce local deformation incompatibility at
coarse/fine-particle interfaces. As a result, plastic strain becomes het-
erogeneously partitioned within the bimodal network, with pronounced
local distortion and discontinuous pore collapse developing around par-
ticle contacts and heterogeneous neck regions (Fig. 8e and h). This
deformation partitioning may help explain why the bimodal structure
exhibits a higher elastic modulus but a lower indentation yield strength
and hardness than the monomodal structure.

In contrast, the flake-shaped structure exhibits a distinct deforma-
tion mode that appears to be associated with its incomplete interparticle
contact during sintering. Owing to the relatively high stiffness of Cu, the

high-aspect-ratio platelets are difficult to fully conform to neighbouring
flakes during consolidation [83,84]. Interparticle bending and geometric
mismatch therefore limit intimate face-to-face contact and neck develop-
ment, leaving elongated pores and weak through-thickness connectivity
in the sintered network. Under indentation, these structural features
may interrupt vertical load transfer and promote deformation through
platelet bending, interlayer sliding, local buckling, and collapse of elon-
gated pore regions (Fig. 8f and i), rather than by more homogeneous
pore compaction within an isotropic particle-neck network.

Fig. 9 shows cross-sectional SEM images of the monomodal and
bimodal sintered Cu structures after Berkovich nanoindentation. In
contrast to spherical indentation, which imposes a relatively broad con-
tact field and promotes distributed subsurface compaction (Fig. 8), the
sharp Berkovich geometry concentrates deformation beneath the inden-
ter and generates stronger local strain gradients (Fig. 9) [85]. In the
monomodal structure, the deformed region remains comparatively con-
tinuous, with pore compression and particle-neck distortion distributed
over a relatively homogeneous network (Fig. 9a). This indicates that
the sharp-contact deformation can still be accommodated by collec-
tive deformation of interconnected particles and necks. By contrast,
the bimodal structure exhibits a more heterogeneous deformation field
after Berkovich indentation. The cross-section shows pronounced de-
formation incompatibility between coarse particles and surrounding



T. Dy, C. Gao, L. Wei et al.

Materials & Design 271 (2026) 117159

Fig. 8. (a-c) Top-view SEM images of the spherical indentation imprints in the monomodal, bimodal, and flake-shaped structures, respectively; (d-f) corresponding
cross-sectional SEM images showing the deformation zone beneath the indents; (g-i) high-magnification cross-sectional images of the regions beneath the indentation
sites, revealing morphology-dependent local deformation and pore/neck rearrangement.

Fig. 9. Cross-sectional SEM images of the (a) monomodal and (b) bimodal sintered Cu structures after Berkovich nanoindentation.

fine-particle regions, together with discontinuous pore collapse and lo-
calized cracking or separation near particle contacts (Fig. 9b). These
features indicate that the sharp stress field preferentially activates struc-
turally weak regions associated with non-uniform particle packing and
heterogeneous neck formation.

3.4. Sintering by MD simulation

To elucidate how particle morphology governs the formation and
evolution of sintered structures, Fig. 10 presents the atomic config-
urations of the monomodal, bimodal and flake-shaped Cu structures
at different sintering stages. In monomodal structure, the relatively
uniform particle size leads to a spatially homogeneous distribution of
sintered necks (Fig. 10al-a3) [86]. During sintering, the residual pores
are progressively reduced, while lattice defects and local structural
disorder are mainly concentrated around interparticle necks and pore
surfaces (Fig. 10al,a2). Consistently, the local strain maps in Fig. S2
show that deformation is initially concentrated around interparticle
necks and progressively extends through the network with increasing
compressive strain. Meanwhile, adjacent particles gradually coalesce at
contact regions, resulting in the formation of relatively uniform sin-
tered necks throughout the network (Fig. 10a3). This suggests that

sintering in the monomodal structure is primarily accommodated by
distributed neck plasticity, gradual pore collapse and relatively ho-
mogeneous particle-level load transfer. In the bimodal structure, by
contrast, the incorporation of large particles disrupts the relatively ho-
mogeneous packing topology observed in the monomodal network and
generates a hierarchical sintered structure (Fig. 10b1-b3). The large
particles form a coarse load-bearing framework, while the smaller par-
ticles occupy interstitial regions and participate in local densification
during compression. Consistently, the local strain maps in Fig. S3 reveal
heterogeneous strain localization along interparticle necks and large-
small particle interfaces, which intensifies with increasing compressive
strain. This size-asymmetric arrangement produces a more heteroge-
neous contact network, with defects preferentially accumulating near
large-small particle interfaces, narrow interparticle gaps and incom-
pletely packed regions [87]. The flake-shaped structure exhibits a highly
anisotropic lamellar architecture (Fig. 10c1-c3). Its pores are predomi-
nantly elongated and aligned along inter-flake regions, rather than being
equiaxed and spatially isolated. The pressure-assisted compaction during
sintering initially preserves some elongated voids between the aligned
platelets. With increasing applied strain, the platelet stacks become
progressively flattened, leading to the collapse of layer-parallel pores
and the formation of a denser yet anisotropic network (Fig. S4).
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Fig. 10. Side-view atomic configurations of the simulated sintered Cu structures at different compressive strains: (al-a3) Monomodal, (b1-b3) bimodal and (c1-c3)
flake-shaped structures at compressive strains of 5%, 25% and 50%, respectively.

Fig. 11. (al-c1) CNA maps of the monomodal, bimodal and flake-shaped structures after sintering, respectively; (a2-c2) corresponding distributions of dislocations
in the three structures; (a3-c3) cross-sectional views showing the internal defect distribution and strain localization within the sintered networks.
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Fig. 12. (al-cl) Top-view configurations of the indented structures under spherical indentation. (a2—c2), (a3-c3), and (a4-c4) are corresponding side-view
configurations at indentation depths of 50, 60, and 70 A, respectively, showing the morphology-dependent evolution of subsurface deformation.

Fig. 11 further reveals the morphology-dependent dislocation ac-
tivity and defect distribution within the sintered Cu networks. In the
monomodal structure, the high number density of small particles pro-
duces abundant interparticle necks and pore-adjacent boundaries, where
dislocations are extensively generated and accumulated (Fig. 11al). The
closely spaced necks and particle interfaces act as effective barriers to
dislocation motion, promoting dislocation pinning and the formation
of a highly interconnected defect network (Fig. 11a2) [88]. This high
dislocation density around the necked particle framework provides an
atomistic basis for the enhanced plastic resistance of the monomodal
structure (Fig. 11a3). Compared with the monomodal structure, the
bimodal structure exhibits a more heterogeneous packing topology,
characterized by coarse particles embedded within a fine-particle-rich
matrix and separated by irregular interstitial pores (Fig. 11b1). This
structural partitioning is reflected in the dislocation distribution: dis-
locations do not uniformly accumulate around all sintered necks, but
are preferentially generated within large-particle interiors and near
large-small particle interfaces, where curvature mismatch and deforma-
tion incompatibility are more pronounced (Fig. 11b2,b3). Meanwhile,
the fine-particle-rich regions mainly accommodate local compaction,
rearrangement and interface adjustment. Therefore, plastic deforma-
tion in the bimodal structure is governed by coordinated coarse-fine
particle interactions, combining skeleton-supported load transfer, inter-
facial defect accumulation and fine-particle-assisted densification [89].
The flake-shaped structure exhibits a distinct dislocation pattern, with
defects preferentially aligned along platelet interiors, interlamellar in-
terfaces and layer-parallel pores (Fig. 11c1). Such a quasi-planar defect
distribution reflects the dominance of platelet bending, interlayer slid-
ing and anisotropic pore collapse, rather than homogeneous dislocation
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accumulation (Fig. 11c2). Consequently, the planar, interface-guided
defect evolution inhibits the development of a three-dimensionally
interconnected dislocation-pinning network, limiting effective disloca-
tion storage and reducing the capacity for sustained plastic resistance
(Fig. 11c3).

3.5. Nanoindentation by MD simulation

To provide an atomistic interpretation of the morphology-dependent
deformation trends observed experimentally, MD simulations were per-
formed to examine dislocation activity, pore collapse and sintered-
neck deformation. Fig. 12 presents the atomistic configurations of the
monomodal, bimodal and flake-shaped Cu structures under spherical
indentation, showing the top-view residual deformation morphology
and the subsurface deformation at indentation depths of 50, 60 and
70A. In the monomodal structure, the spherical particles beneath the
indenter undergo progressive neck deformation, pore closure and lo-
cal compaction (Fig. 12al-a4). This deformation pattern is consistent
with the SEM cross-sections in Fig. 8(d) and (g). With increasing in-
dentation depth, defect activity initiates mainly around sintered necks,
particle boundaries and pore surfaces, and then spreads laterally and
downward (Fig. 12a2,a3). The progressive expansion of the defect-rich
zone with increasing depth is further illustrated in Fig. S5. The mo-
tion of these dislocations is repeatedly impeded and pinned, promoting
local dislocation storage and the development of an interconnected de-
fect network (Fig. 12a4). This pinning effect suppresses unrestricted
long-range dislocation glide and enables the applied deformation to
be accommodated through distributed LSPD rather than through a sin-
gle dominant collapse path [90]. The bimodal structure shows a more
heterogeneous deformation field (Fig. 12b1-b4). The fine particles in
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Fig. 13. (al-cl) Top-view configurations of the indented structures under Berkovich indentation. (a2-c2), (a3-c3), and (a4—c4) are the corresponding side-view
configurations at indentation depths of 50, 60, and 70 A, respectively, showing the morphology-dependent evolution of subsurface deformation.
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Fig. 14. Load—penetration depth responses of sintered Cu structures with different particle morphologies under MD indentation tests: (a) spherical indentation curves
for the monomodal, bimodal and flake-shaped structures, respectively. (b) Berkovich indentation curves for the corresponding structures.

the interstitial regions are preferentially compacted and rearranged,
whereas the large particles remain the primary load-bearing units. This
agrees with the SEM observation in Fig. 8(e) and (h). In the atomistic
configurations, defect accumulation is enhanced near large/fine particle
interfaces, where curvature mismatch and local packing heterogeneity
generate stronger stress concentrations [91]. The corresponding cross-
sections in Fig. S6 further show the concentrated and spatially irregular
evolution of this defect-rich region. Therefore, compared with the
monomodal structure, the bimodal network develops sharper strain gra-
dients and more localized defect nucleation. The flake-shaped structure
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exhibits the most anisotropic deformation mode (Fig. 12c1-c4). Defect
activity is concentrated along platelet interfaces. As further shown in
Fig. S7, defects propagate preferentially along platelet interfaces and
layer-parallel regions, indicating that plasticity is governed primarily
by morphology-controlled interlayer deformation.

Fig. 13 shows the atomistic deformation of the three sintered Cu
structures under Berkovich indentation. Owing to its sharper tip ge-
ometry, the Berkovich indenter produces a more localized contact field
than the spherical indenter, leading to more concentrated defect nucle-
ation and accumulation beneath the indentation region. This localized
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response is more pronounced in the bimodal and flake-shaped struc-
tures, where non-uniform neck geometry, particle-size mismatch and
interlamellar contacts promote spatially heterogeneous deformation.
Figs. (S8-S10) further show a comparatively uniform defect distribution
in the monomodal structure, stronger localization around coarse-fine
particle interfaces in the bimodal structure, and interface-guided defect
evolution in the flake-shaped structure. The morphology-dependent de-
formation behavior is also reflected in the simulated load-penetration
responses shown in Fig. 14. For both spherical and Berkovich inden-
tation, the indentation load increases continuously with penetration
depth, indicating progressive resistance associated with neck defor-
mation, pore collapse and local densification. Overall, the simulations
demonstrate that particle morphology governs deformation localiza-
tion within the porous network. Deformation is more distributed in the
monomodal structure, whereas the bimodal and flake-shaped structures
concentrate strain near heterogeneous necks, particle interfaces, and
weak interlayer regions. Differences in absolute load between simulation
and experiment arise primarily from the limited scale, reduced contact
volume, and idealized geometry of the MD models.

4, Conclusion

This study elucidates the role of particle morphology in the mechan-
ical response of pressure-assisted sintered Cu structures. By integrating
spherical and Berkovich nanoindentation, SEM characterization and MD
simulations, it reveals how monomodal, bimodal and flake-shaped struc-
tures influence deformation localization and indentation resistance. The
main findings are summarized as follows:

1. Particle morphology strongly governs the mechanical response
of sintered Cu networks. The monomodal structure exhibits the
highest hardness and indentation yield strength, owing to its rel-
atively uniform particle-neck network, distributed load-transfer
paths and enhanced dislocation pinning within the finer par-
ticle/grain domains. The bimodal structure shows the highest
elastic modulus, which can be attributed to the stiff load-bearing
framework of coarse particles and the filling of interstitial regions
by fine particles, thereby improving network connectivity and
constraining elastic deformation. In contrast, the flake-shaped
structure exhibits the lowest modulus and strength because of
weak connectivity, interflake sliding and elongated pore collapse.

2. Both indenters reproduce the same morphology-dependent rank-
ing of mechanical properties. Spherical indentation yields slightly
higher elastic moduli and lower scatter than Berkovich inden-
tation, reflecting a more spatially averaged response of the
porous network. In contrast, the sharper Berkovich tip probes a
more confined volume and is therefore more sensitive to local
microstructural heterogeneity.

3. Smooth loading curves and the absence of distinct pop-in events
indicate a continuous elastic—plastic transition governed by neck
deformation, pore closure, local densification, and particle rear-
rangement. SEM observations of residual impressions, collapsed
pores, and morphology-dependent deformation zones further
show that the deformation is mainly accommodated by irre-
versible collapse of the pores and localized plastic flow in
mechanically weak regions.

4. MD simulations provide atomistic insight into the morphology-
dependent deformation mechanisms underlying the experimen-
tal trends. The monomodal structure accommodates indentation
through relatively distributed neck deformation and defect ac-
cumulation, whereas the bimodal structure exhibits load sharing
between coarse-particle frameworks and fine-particle regions. In
the flake-shaped structure, deformation is mainly concentrated
around weak interlamellar contacts and elongated pore regions.

In summary, this study demonstrates that particle morphology is a key
design parameter governing the local mechanical response of porous

12

Materials & Design 271 (2026) 117159

sintered Cu. By establishing direct links among particle packing, pore—
neck topology, indenter-dependent deformation, and atomistic plastic
mechanisms, this work provides a mechanistic framework for under-
standing local stiffness, strength, and damage evolution in sintered
metallic networks. These insights are particularly relevant to the me-
chanical design of sintered Cu interconnects and die-attach layers in
power electronic packaging, where morphology-dependent stiffness and
deformation accommodation can influence local stress transfer under
thermomechanical loading, while further practical optimization should
also consider thermal and electrical transport requirements.
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