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This study investigates the size-dependent mechanical behavior and deformation mechanisms of sintered
copper (Cu) nanoparticles (NPs) through micro-pillar (2-6 pm diameter) compression tests, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), transmission Kikuchi diffraction (TKD) analysis
and molecular dynamics (MD) simulations. In-situ micro-pillar compression tests reveal a 25.9% reduction
in yield strength (812 + 64 MPa to 643 + 47 MPa) with increasing pillar size, attributed to dislocation
starvation in smaller pillars and porosity-driven strain localization in larger ones. TKD quantifies dynamic grain
refinement (24.9% reduction in grain size) and geometrically necessary dislocation (GND) density escalation
(74.8%), driven by stress gradients and grain boundary-mediated plasticity. Nanoindentation-derived elastic
modulus (48.3 + 11.1 GPa) exceeds micropillar values (29.5-33.9 GPa), reflecting substrate constraints in
bulk testing. Microstructural analysis identifies a transition from shear banding in high-porosity pillars to
uniform plasticity in denser systems, mediated by texture evolution (Brass/S components) and Schmid factor
redistribution (62% increase in high-slip-activity grains). MD simulations of pressure-sintered Cu NPs elucidate
atomic-scale mechanisms: dislocation nucleation at sintering necks, pore collapse-induced strain localization,
and grain boundary sliding. These findings establish a multiscale framework linking porosity, grain refinement,
and dislocation dynamics to mechanical performance, emphasizing microstructural optimization for enhanced
reliability in microelectronic applications. The integration of MD simulations bridges atomic-scale mechanisms
to microscale deformation, providing actionable insights for tailoring sintered Cu NPs via reduced porosity
and controlled grain boundary architectures.

1. Introduction nanoparticle (NP) structures, particularly at the microscale, remain in-

sufficiently characterized. Addressing this gap in knowledge is essential

Metallic nanoparticles (NPs), such as copper (Cu) and silver (Ag),
exhibit unique low-temperature sintering behavior due to their high
surface energy [1]. This property promotes the formation of thermody-
namically stable structures while maintaining functional performance
even under elevated thermal conditions [2,3]. Among these materials,
sintered Cu NPs offer distinct advantages, including cost-effectiveness
and excellent resistance to electromigration [4], surpassing the per-
formance of Ag NPs in these aspects. These attributes make Cu NPs
highly suitable for advanced applications in power electronics packag-
ing, where both thermal and electrical reliability are critical. Despite
their operational benefits, the mechanical properties of sintered Cu

* Corresponding author.

for optimizing material design and enabling the effective deployment
of Cu NP-based technologies in high-performance electronic systems.
Many previous studies have predominantly relied on conventional
mechanical testing methodologies, such as shear tests and tensile
tests [5-71, to evaluate the properties of sintered materials. However,
these macroscale approaches are inherently limited in their ability to
capture the intrinsic mechanical behavior of sintered systems, particu-
larly for nanostructured materials like Cu NPs. A fundamental challenge
stems from the dimensional mismatch between standardized bulk test
specimens and the microscale operational dimensions (typically tens
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of micrometers) in practical applications [8], where size-dependent
phenomena and scaling effects distort the extrapolation of bulk-derived
data to service-relevant conditions. While microscale techniques such
as nanoindentation have been employed to probe localized mechanical
responses in sintered Cu NPs, this method remains insufficient for
resolving spatially heterogeneous deformation mechanisms or correlat-
ing microstructure with sub-micron mechanical behavior [9]. In con-
trast, micro-pillar compression experiments conducted under scanning
electron microscopy (SEM) enable in situ quantification of mechani-
cal properties at application-relevant scales [10-16]. This integrated
approach provides a robust framework for elucidating deformation
pathways, failure modes, and structure-property relationships in com-
plex sintered systems [13,17,18], thereby addressing critical gaps in
predicting the reliability of Cu NP-based structures under operational
stresses.

Micro-pillar compression studies of bulk crystalline metals have
demonstrated significant size-dependent mechanical behavior [19-21],
where face-centered cubic (FCC) single crystals exhibit power-law
strengthening with decreasing pillar diameter due to dislocation star-
vation mechanisms [22,23]. As pillar dimensions reduce, dislocations
are expelled from free surfaces faster than they nucleate, leading to re-
duced dislocation density and requiring higher stresses to activate new
sources—a phenomenon experimentally validated in Ni single crys-
tals [24,25]. Conversely, nanocrystalline systems display inverse size
effects; for example, sub-100 nm Ni-W pillars exhibit strength degrada-
tion as deformation transitions from dislocation-mediated plasticity to
grain boundary-dominated mechanisms [26].

In sintered NP systems, porosity introduces distinct challenges by
acting as stress concentrators that degrade mechanical properties and
promote strain localization [27-30]. While prior work has character-
ized porosity effects in sintered Ag NPs [16], the mechanical behavior
of sintered Cu NPs—particularly at microscale service dimensions—
remains poorly understood. The interplay between intrinsic size effects
(e.g., dislocation starvation) and extrinsic porosity-driven mechanisms
(e.g., void coalescence) in Cu NPs is unresolved, as their unique sinter-
ing dynamics (e.g., necking geometry) may alter deformation pathways.
This gap underscores the need to investigate sintered Cu NPs un-
der operational conditions, where novel failure mechanisms—such as
synergistic dislocation—porosity interactions—are anticipated to govern
their structural integrity.

The experimental characterization of submicron-scale deformation
mechanisms in sintered NPs remains constrained by challenges in
fabricating hierarchical microstructures and resolving localized plastic-
ity. Consequently, computational methods such as molecular dynamics
(MD) [31-33], discrete dislocation dynamics (DDD) [34,35], and crys-
tal plasticity finite element modeling (CPFEM) [36,37] have emerged
as critical tools for probing dislocation-mediated mechanisms. DDD,
grounded in dislocation elasticity theory, enables direct simulation of
dislocation microstructure evolution under deformation [38], while
CPFEM captures heterogeneous mechanical behavior, including plastic
strain localization, texture evolution, and dislocation density dynamics
at mesoscopic scales [39,40]. For instance, Long et al. [40] employed
CPFEM to correlate the mesostructural evolution of sintered Ag NPs—
specifically grain size and initial orientation—with macroscopic me-
chanical degradation. MD simulations, though limited by temporal and
spatial constraints, have provided atomistic insights into NP sintering
processes, including neck formation and stress-assisted densification
via plastic flow [41,42]. However, prior MD studies predominantly
utilized simplified models with fewer than tens of particles [43,44],
inadequately representing the anisotropic microstructures observed in
pressure-sintered Cu NPs [33]. Recent advances propose stochastic
particle distribution models that better replicate the microstructure
of sintered Cu NPs [33]. These integrated approaches synergistically
elucidate dislocation-void interplay and strain localization mechanisms,
resolving critical knowledge gaps in the micromechanical response of
sintered Cu NP aggregates.
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In this work, an integrated experimental-computational approach
is employed to investigate the size-dependent mechanical behavior of
sintered Cu NP micro-pillars. Micro-pillars with diameters of 2, 4 and 6
pm were fabricated via focused ion beam (FIB) milling and subjected to
in situ uniaxial compression testing inside a SEM to obtain stress—strain
responses. Complementary nanoindentation tests using a spherical in-
denter were conducted to assess bulk-scale mechanical properties. Post-
deformation microstructural analysis was performed using transmission
electron microscopy (TEM) and transmission Kikuchi diffraction (TKD)
to reveal deformation mechanisms and grain orientation evolution.
Additionally, MD simulations were carried out to capture atomic-scale
phenomena, including dislocation activity, porosity interactions, and
strain localization during compression. This comprehensive study es-
tablishes a direct correlation between microstructural features and
mechanical performance, highlighting the influence of pillar size and
porosity on the deformation behavior of sintered Cu NPs.

2. Material preparation and test methods
2.1. Sintered Cu NPs preparation

Fig. 1 illustrates the preparation protocol for pressure-assisted sin-
tered Cu NP specimens. A Cu NP slurry, synthesized via a method
adapted from prior methodology [29], was uniformly deposited onto an
active metal brazed (AMB) substrate using screen printing to achieve a
100 pm-thick layer. The printed specimen was thermally treated under
a nitrogen environment at 120 °C for 5 min to remove solvents. A
5 mm X 5 mm silicon carbide (SiC) chip was then precisely aligned and
bonded to the dried Cu NP layer using an automated die-attach system.
Sintering was performed under a nitrogen atmosphere at 250 °C with
an applied uniaxial pressure of 20 MPa for 3 min to ensure interfacial
densification. Post-sintering, cross-sectional specimens were prepared
by sectioning the sintered assembly along the chip centerline using
a diamond saw. These sections were cold-mounted in epoxy resin to
preserve structural integrity during subsequent metallographic prepa-
ration. Final polishing with progressively refined abrasives yielded
a deformation-free surface, enabling high-resolution microstructural
characterization and focused ion beam (FIB) milling of micro-pillars for
mechanical testing.

2.2. Micro-pillar compression and nanoindentation tests

Micro-pillar arrays with diameters of 2, 4, and 6 pm were fabri-
cated on sintered Cu NP specimens using a focused ion beam-scanning
electron microscope (FIB-SEM, Thermo Scientific Helios 5 DualBeam)
operated at 30 kV. Five pillars per size were milled to study size-
dependent mechanical behavior (Fig. 2). Initial coarse milling utilized a
high-current Ga* ion beam (9 nA to 2.1 nA) to isolate pillars, followed
by low-current polishing (20 pA) to finalize geometries, minimize
surface defects, and mitigate FIB-induced hardening. Pillar dimensions
were verified via SEM to ensure an aspect ratio of 2.5, balancing
buckling resistance and end-face artifact avoidance [45].

Uniaxial compression tests were performed in situ using a nanoin-
dentation system integrated with the SEM (Fig. 2a). A high-sensitivity
load cell and precision encoder captured force-displacement data at
sub-nanometer resolution under displacement control. Strain rates were
maintained at 0.006 s~ across all pillars by adjusting displacement
rates proportionally to pillar diameter (30-90 nm/s; Table S1). Flat
diamond punches (6 pm for 2-4 pum pillars; 10 pm for 6 pm pillars)
were aligned via high-resolution SEM to ensure axial loading and
uniform stress distribution (Fig. 2b), minimizing contact zone artifacts.
Tests concluded at 60% engineering strain or upon observable failure
(e.g., buckling, cracking).

Nanoindentation tests were performed on the sintered specimens
using a G200 nanoindenter (Keysight, USA) equipped with a spherical
diamond tip (Synton MPD, Nidau, Switzerland) and the continuous
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Fig. 1. Preparation process of pressure-assisted sintered Cu samples: (a) Screen printing; (b) drying; (c) sintering (250 °C, 20 MPa, 3 min); (d) sectioning; (e) metallographic cold

mounting; (f) polishing.

stiffness measurement (CSM) module. The spherical tip, preferred over
the conventional Berkovich tip for probing nanoporous structures, pro-
vides a more uniform stress distribution and mitigates stress con-
centration effects, enabling more reliable assessment of mechanical
properties [46]. Prior to testing, the tip area function was carefully
calibrated. Indentations were carried out in strain rate-controlled mode
with a constant indentation strain rate of 0.05 s~!, up to a maximum
penetration depth of 2.5 pm. Four indentations were performed on each
sample with 100 pm spacing to ensure statistical consistency.

2.3. TEM and TKD characterization

Microstructural evolution in sintered Cu NP micro-pillars was in-
vestigated using a correlative approach combining TEM and TKD,
conducted on a Zeiss GeminiSEM 360 and a Hitachi Regulus 8230,
respectively. TEM imaging enabled direct observation of localized dis-
location activity, strain gradients, and nanoscale features such as sinter-
ing necks and internal stacking faults, particularly after compression. As
shown in Fig. 3, the as-sintered microstructure exhibits a porous mor-
phology with interconnected particles and well-defined sintering necks.
To complement these observations, TKD provided high-resolution grain
orientation maps and insights into grain boundary network evolu-
tion, offering a quantitative basis for understanding crystallographic
anisotropy and its relation to size-dependent mechanical behavior.
While electron backscatter diffraction (EBSD) is commonly employed
in micromechanical studies to assess crystallographic changes [47-49],
its limited spatial resolution (50-100 nm) renders it inadequate for
characterizing the submicron grain structure and porosity of sintered
Cu NP pillars. TKD overcomes this constraint by achieving spatial
resolutions below 10 nm [50,51], thus enabling statistically robust
microstructural characterization essential for interpreting deformation
mechanisms at the microscale.

Axial longitudinal cross-sections of compressed 6 pm micro-pillars
were extracted via FIB milling to preserve deformation gradients inher-
ent to the sintered Cu NP microstructure. The sections were thinned to
sub-50 nm thickness to optimize TKD signal resolution while minimiz-
ing electron beam-induced artifacts. Crystallographic orientation maps
and grain boundary misorientation distributions were generated using
EDAX OIM Analysis software, with Schmid factor analysis applied to
quantify slip system activation and crystallographic anisotropy.

2.4. Molecular dynamics simulation

Molecular dynamics (MD) simulations of Cu NPs sintering and
mechanical behavior were conducted using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [52], with atomic
interactions modeled via the Mishin embedded atom method (EAM)
potential [53], validated for Cu diffusion, grain boundary dynamics,
and mechanical response. A three-dimensional particle model was con-
structed within a 450 x 450 x 900 f\3 simulation domain (Fig. 4),
comprising 11.1 million atoms with particle diameters of 2-6 nm,
consistent with prior MD studies of NP sintering [43]. Atomic configu-
rations, dislocation evolution, and crystallographic environments were
analyzed using the Open Visualization Tool (OVITO) [54].

The sintering process was divided into three sequential stages. First,
the system was heated to 523 K under a Nosé-Hoover thermostat to
activate NP surface diffusion. Uniaxial compressive strains of 40% were
then applied along the X- and Y-axes at a strain rate of 1 x 10° s71,
mimicking experimental pressure-assisted sintering while maintaining
zero lateral stress in non-loading directions. Finally, the system was
equilibrated at 523 K for 100 ps to relax residual stresses induced by
rapid deformation. This protocol replicated experimentally observed
densification while balancing computational efficiency and physical
accuracy.

Uniaxial compression simulations were conducted on sintered Cu
NP configurations to investigate their mechanical response under con-
ditions analogous to experimental loading. Prior to the compressive
simulation, a relaxation process with variable box dimensions is per-
formed to eliminate residual internal stresses. The compressive defor-
mation is conducted under fully periodic boundary conditions using
the NPT ensemble, maintaining a constant temperature of 300 K. A
maximum compressive strain of 40% is applied, with a loading rate of
5 x 108 571, to capture plasticity and failure behavior. To ensure uniax-
ial stress conditions representative of micromechanical testing, the lat-
eral stress components were relaxed to zero throughout the simulations.
This approach enables direct correlation between atomic-scale disloca-
tion activity and the observed stress-strain responses, thereby bridging
nanoscale mechanisms with macroscale mechanical performance.
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Indenter

Fig. 2. SEM images of micro-pillars and compression setup: (a) Low-magnification view of the indenter approaching the sample surface; (b) high-magnification image showing the
indenter in contact with a micro-pillar; (c¢) top-view of a micro-pillar; (d-f) micro-pillars with varying diameters and heights: (d) D = 2 pm, H =5 pm; (¢) D = 4 pm, H = 10 pm;
() D=6 pm, H = 15 pm.

Fig. 3. TEM images of sintered Cu NPs: (a) Low-magnification overview showing the microstructure and particle distribution; (b) high-magnification image of the region marked
in (a), highlighting particle interfaces and sintering necks.
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Fig. 4. Particle models for MD simulations: (a) Initial 3D configuration; (b) corresponding 2D cross-sectional view.

3. Results and discussion
3.1. Stress—strain curves

The mechanical properties of sintered Cu NP micro-pillars, as de-
rived from micro-pillar compression (Figs. 5a—c) and nanoindentation
tests (Fig. 6), exhibit distinct scaling trends across elastic and plastic
regimes. The elastic modulus is defined as the slope of the elastic
stage, while the yield strength is defined as the stress at 0.2% plastic
strain [55]. While the elastic modulus remains stable across pillar
diameters (29.5 + 7.6 GPa to 33.9 + 8.8 GPa), the yield strength
decreases by 25.9% (812 + 64 MPa at 2 pm to 643 + 47 MPa at 6
pm). This divergence reflects the multiscale nature of deformation: elas-
tic modulus, governed by atomic bonding and bulk porosity, demon-
strates minimal size dependence, whereas yield strength is highly sen-
sitive to microstructural heterogeneities (e.g., sintering necks, pore den-
sity) and dislocation dynamics. This characteristic size effect on yield
strength in micro-pillar compression experiments has been reported
extensively [19,24,25]. In smaller pillars (2 pm), the elevated surface-
to-volume ratio promotes dislocation annihilation at free surfaces—a
hallmark of the dislocation starvation mechanism observed in FCC met-
als [19]. However, the TEM-revealed microstructure, characterized by
sintering necks and interparticle porosity, introduces competing effects.
Sintering necks act as localized stress concentrators, governing dislo-
cation nucleation and transmission between particles. Smaller pillars
exhibit fewer necks per unit volume and reduced porosity due to shorter

diffusion paths during sintering, resulting in stronger interfacial regions
that resist dislocation-mediated plasticity. Conversely, larger pillars (6
pm) feature higher densities of sintering defects and pores (Fig. 5d),
which diminish the effective load-bearing area and amplify stress local-
ization, thereby reducing yield strength. Additionally, interparticle slip
at weakened necks and pore clusters contributes to plasticity in larger
pillars, creating a transition in dominant deformation modes from
dislocation starvation in smaller pillars to porosity-driven weakening
in larger ones.

The nanoindentation results (Fig. 6) further contextualize this be-
havior. The yield strength (670 + 52 MPa) aligns closely with the 6 pm
pillar data, suggesting that at the tens-of-micrometers scale probed by
the spherical indenter (10 pm tip), deformation mechanisms resemble
those in larger pillars, where porosity and weakened sintering necks
dominate plasticity. Conversely, the elevated elastic modulus from
nanoindentation (48.3 + 11.1 GPa vs. 30 GPa in pillars) highlights the
influence of testing methodology. Micro-pillar compression isolates the
porous architecture, eliminating substrate constraints and providing a
precise measurement of the intrinsic structure. In contrast, nanoinden-
tation integrates contributions from both the porous network and the
underlying bulk material, resulting in a higher apparent modulus.

3.2. Microstructure evolution during compression

The compressive deformation of sintered Cu NP micro-pillars ex-
hibits pronounced size-dependent plasticity and strain localization, as
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revealed by SEM analysis (Fig. 7). Figs. 7a—c illustrate the evolution of
a 6 pm pillar under increasing strains (0%, 15%, 30%), transitioning
from an initially porous structure (Fig. 7a) to a laterally expanded
morphology (Figs. 7b, ¢). This inflation, absent in bulk Cu where homo-
geneous dislocation glide ensures geometric stability [56], arises from
the collapse of interparticle pores and non-uniform densification. Stress

concentrations at interparticle necks promote preferential deformation,
while the inherent porosity of sintered NPs redistributes strain hetero-
geneously, akin to deformation mechanisms in nanoporous metals [57].
Notably, smaller pillars (2 pm, Fig. 7d) collapse catastrophically into
flattened cake-like morphologies, whereas larger pillars (6 pm, Fig. 7f
retain structural integrity through distributed plasticity. The transition
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Fig. 7. SEM images of a micro-pillar under compression at increasing strains: (a) 0%, (b) 15%, and (c) 30%. (d—-f) SEM images of compressed micro-pillars with diameters of 2

pm, 4 pm, and 6 pm, respectively.

from buckling-dominated failure (2 pm) to grain-boundary sliding (6
pm) mirrors behavior in nanocrystalline metals, where larger volumes
accommodate strain via boundary-mediated processes [58].

TEM analysis of micro-pillars compressed to 25% and 50% strains
(Fig. 8) further elucidates the microstructural origins of strain localiza-
tion. At 25% strain (Figs. 8a, c—e), elongated grains in the midsection
(Fig. 8d) contrast sharply with equiaxed grains in peripheral regions
(Figs. 8c, e), reflecting heterogeneous dislocation activity. This strain
partitioning resembles shear band formation in metallic glasses [59],
though here driven by stress gradients between rigid NP cores and
compliant interparticle boundaries. At 50% strain (Figs. 8b, f-h), se-
vere grain flattening and porosity reduction in the midsection (Figs.
8f, g) coincide with retained equiaxed grains in adjacent zones (Fig.
8h), indicative of triaxial stress states activating Schmid-type slip sys-
tems [60]. The persistence of equiaxed grains in less-strained regions
underscores the role of grain boundaries as barriers to dislocation
motion, a phenomenon exacerbated in sintered NPs due to limited
dislocation storage capacity. These observations parallel the hard core-
soft shell model [61], yet with distinct dislocation dynamics governed
by the interplay of porosity and grain boundary structure.

The deformation response is ultimately governed by the competition
between dislocation-mediated plasticity, pore collapse, and sintering
neck constraints. Porosity reduction at higher strains (Fig. 8b) suggests
dislocation-driven densification. However, residual porosity in highly
strained regions highlights kinetic limitations inherent to sintering-
derived microstructures, where incomplete particle bonding restricts
full densification. The heterogeneous strain distribution—localized slip
at the midsection versus elastic accommodation at edges—diverges
fundamentally from bulk Cu’s homogeneous plasticity [62], instead
resembling deformation in ultrafine-grained metals where boundary-
mediated processes dominate [63]. The elongation of Cu NPs in strained
zones (Figs. 8f, g) implies activation of multiple slip systems, while
retained equiaxed grains (Fig. 8h) signify incomplete dislocation trans-
mission across boundaries. This duality underscores how intrinsic de-
fects (e.g., porosity, grain size gradients) amplify stress localization,
bridging the gap between nanoparticle assemblies and bulk metals. To
mitigate strain localization, optimizing sintering protocols to enhance
interparticle bonding and minimize porosity could improve mechanical
performance, offering critical insights for additive manufacturing of
robust micro-architected metals.

3.3. TKD analysis

3.3.1. Grain structure analysis

The microstructural evolution of sintered Cu NP micro-pillars under
uniaxial compression, as revealed by TKD in Fig. 9, demonstrates
profound grain refinement. The initial microstructure (Fig. 9a) com-
prises a polycrystalline architecture with random grain orientations,
reflecting the absence of preferential crystallographic alignment. Post-
compression (Fig. 9b), dynamic recrystallization drives a 24.9% reduc-
tion in average grain size (250.4 nm to 187.9 nm) and a decrease
in aspect ratio from 0.60 to 0.46, reflecting a transition to flattened,
elongated grains. The observed grain refinement can be attributed to
two synergistic mechanisms: dynamic recrystallization [64] and Hall-
Petch strengthening [65]. Under high strain-rate deformation, dynamic
recrystallization becomes particularly pronounced in nanocrystalline
systems, where dislocation accumulation at grain boundaries triggers
localized boundary reconstruction and nucleation of finer grains [66].
Concurrently, the reduced grain size activates the Hall-Petch mecha-
nism [67,68], whereby increased grain boundary density strengthens
the material by impeding dislocation motion. These coupled processes
explain the significant strain hardening observed during compression.

Complementary analysis of geometrically necessary dislocation
(GND) density (Fig. 10) elucidates the dislocation-mediated plasticity
governing deformation. The GND density surges by 74.8%, from 1.15x
105 m~2 to 2.01 x 10" m~2. Spatial mapping (Figs. 10a, b) reveals pref-
erential GND accumulation at grain boundaries and regions of severe
plastic strain, consistent with Ashby’s theory of non-uniform deforma-
tion in polycrystals [69]. The observed deformation behavior emerges
from two interdependent micromechanical processes: First, lattice mis-
match at grain boundaries creates localized stress fields that hinder
dislocation glide, leading to characteristic dislocation pile-up configura-
tions [70]. Second, the near-rigid body rotation of grains during plastic
deformation magnifies these boundary misfit strains, requiring the
coordinated generation of GNDs to maintain lattice continuity [71,72].
These mechanisms collectively promote a transition from conventional
dislocation-mediated plasticity to grain boundary-dominated defor-
mation, a phenomenon quantitatively analogous to that observed in
nanotwinned Cu systems [73,74], where twin boundary constraints
similarly alter the fundamental deformation pathways.



X. Yan et al.

>

<

Compressive direction

-

Materials Science & Engineering A 943 (2025) 148684

I
e g

-‘-{-

¥
1
>
¢
+
i
I
L
-

Fig. 8. Bright-field TEM images of micro-pillars at different strains: (a) 25% and (b) 50%. (c—e) Higher-magnification views of the region marked in (a); (f-h) corresponding

magnified views of the region marked in (b).

The interplay between dynamic recrystallization and dislocation
activity reveals a dual strengthening mechanism. First, grain refinement
enhances boundary strengthening, as quantified by the Hall-Petch
relationship modified for nanocrystalline systems [75-77]:

oy =60+kd_1/2+aGb\/pGND (@D)]

Where d is the grain size and pgyp is the GND density. Second,
the exponential rise in GND density facilitates dislocation strengthen-
ing through forest hardening, where tangled dislocations elevate the
critical resolved shear stress [78]. The formation of dislocation forests
(Fig. 10c) generates overlapping stress fields that further suppress slip,
a behavior akin to deformation in ultrafine-grained alloys [79].

These findings highlight the competition between grain boundary-
mediated processes and dislocation plasticity in sintered NPs. Un-
like bulk Cu, where homogeneous dislocation multiplication ensures
uniform strain [80], the limited dislocation storage capacity of NPs
amplifies boundary-driven mechanisms. This underscores the necessity
of optimizing sintering protocols to minimize porosity and enhance
interparticle cohesion.

3.3.2. Strain-induced anisotropic plasticity enhancement

The mechanical response of sintered Cu NP micro-pillars under
compression is governed by a complex interplay of grain rotation,
dynamic recrystallization, and texture evolution, as revealed by ori-
entation distribution function (ODF) analysis (Fig. 11) and Schmid
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distributions of grain diameter and aspect ratio before and after compression, with Gaussian fitting.

factor mapping (Fig. 12). Utilizing Euler angles (¢, @, ¢,) in the Bunge
convention to quantify crystallographic orientations [81], the ODF
analysis demonstrates significant texture reorganization at 55% strain
(Fig. 11). The as-sintered microstructure exhibits a near-random orien-
tation distribution (¢, = 0°/45°/65° sections, max MRD = 2.143), with
weak S({123}(634)), cubic ({100}{001)). Post-compression, however,
pronounced Brass ({110}(112)) and S textures dominate (max MRD =
2.669), accompanied by emergent rotated cubic ({001}(110)), F, and
R recrystallization textures. This transition arises from two synergistic
mechanisms: (i) strain-induced grain rotation that amplifies boundary
misfit strains, necessitating GND accumulation to maintain lattice conti-
nuity (pgp 1 74.8%); (ii) dynamic recrystallization driven by adiabatic
heating at high strain rates > 10~ s~!, which promotes nucleation of
strain-free grains with preferential orientations [82]. The persistence
of heterogeneous porosity further localizes deformation, disrupting
uniform grain rearrangement and amplifying texture heterogeneity—a
behavior contrasting with fully dense nanocrystalline metals [83].
Schmid factor (m) analysis elucidates how these texture changes
modulate slip system activity (Fig. 12). For face-centered cubic (FCC)
Cu, where plasticity is mediated by {111}(110) slip systems, the Schmid
factor m = cos¢cos A determines the resolved shear stress on slip
planes [84]. In the pre-compressed state, the dominant S texture ex-
hibits low m values (< 0.26) along the loading axis (Fig. 12a), corre-
sponding to a hard orientation where limited slip system activation oc-
curs. Post-compression, the emergence of rotated cubic texture enables
four slip systems with m = 0.41 (Fig. 12b), creating a soft orientation

that facilitates plasticity. This texture-mediated transition explains the
62% increase in the fraction of high-m grains (0.42 < m < 0.5) along
the loading axis, while transverse directions show negligible changes
(Figs. 12¢, d). Such anisotropy aligns with the activation of duplex
slip systems ({111}(110) x 2) under uniaxial strain, where crystallo-
graphic reorientation reduces the critical resolved shear stress (rcgss)
by 34% (Table S2). The resultant strain hardening arises not from
conventional dislocation accumulation but from texture-induced slip
homogenization—a phenomenon distinct from bulk Cu’s dislocation-
dominated hardening [85].

The interdependence of texture evolution and mechanical behavior
underscores the unique deformation physics in sintered NPs. Unlike
coarse-grained metals where Hall-Petch strengthening dominates, the
limited dislocation storage capacity of nanocrystalline Cu NPs shifts
the deformation paradigm to grain boundary-mediated processes. The
transition from S to rotated cubic texture (Fig. 11b) enhances boundary
sliding compatibility, reducing stress concentrations at triple junc-
tions [86]. Concurrently, GND accumulation at boundaries (pgnp =
2.01 x 105 m~2) generates back stresses that stabilize plastic flow,
delaying shear band formation [87].

In conclusion, compression-induced texture evolution in sintered Cu
NP micro-pillars orchestrates a dual strengthening-plasticization mech-
anism: (1) Recrystallization textures (rotated cubic/F/R) enhance slip
system availability along the loading axis via high Schmid factor orien-
tations (m > 0.41); (2) GND-mediated strain gradient plasticity stabilizes
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density before and after deformation.

deformation through back stress hardening. This behavior, fundamen-
tally distinct from both fully dense nanocrystalline and coarse-grained
Cu, highlights the critical role of sintering-induced microstructural
heterogeneity in tuning mechanical anisotropy. Future work should ex-
plore annealing protocols to mitigate porosity effects while preserving
beneficial texture components.

3.4. Deformation mechanism by MD simulation

MD simulations illustrated in Fig. 13 reveal the evolution of sin-
tering behavior in Cu NPs at different stages. Figs. 13a—c represent
progressive sintering, with increasing degrees of particle coalescence
and microstructural changes. Initially, in Fig. 13a, distinct particles are
visible with minimal neck formation; the interparticle contact areas
are limited, and porosity remains high. As the simulation advances to
Fig. 13b, neck growth becomes more prominent, suggesting increased
diffusion and atomic rearrangement at the particle interfaces. This leads
to the gradual elimination of pores and densification of the structure.
By stage shown in Fig. 13c, the sintered necks are significantly larger,
and porosity is notably reduced, indicating advanced sintering and
structural consolidation. Concurrently, dislocation evolution, denoted

10

by red and blue features, intensifies from Fig. 13a—c. These dislocations
originate primarily at the neck regions due to stress concentrations
and atomic mismatch during particle bonding. The accumulation of
dislocations in Fig. 13c suggests extensive plastic deformation and
stress relaxation mechanisms active during sintering. This evolution
highlights the complex interplay between diffusion-driven densification
and defect generation in nanoscale systems. Such insight is critical for
optimizing sintering parameters in nanoparticle-based manufacturing
processes, ensuring desirable mechanical and structural properties in
the final material.

Based on Fig. 14 and its correspondence to experimental observa-
tions in Fig. 8, the MD simulations reveal critical atomic-scale deforma-
tion mechanisms in sintered Cu NPs under compression. At 15% strain
(Fig. 14c), initial particle rearrangement occurs with dislocation nu-
cleation preferentially at sintering necks—consistent with experimental
TEM observations of stress concentration at interparticle boundaries
(Figs. 8c-e). These dislocations (visualized as line defects) facilitate
early-stage plasticity through slip transmission between particles, mir-
roring the heterogeneous strain localization observed experimentally
in pillar midsections. As strain increases to 30% (Fig. 14d), acceler-
ated pore collapse and particle flattening dominate, with dislocations
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reorganizing into dense networks near grain boundaries. This aligns
with experimental TEM evidence of severe grain flattening at 50%
strain (Figs. 8f, g), where dislocation-mediated densification reduces
porosity but leaves residual voids due to kinetic limitations in particle
bonding.

The simulations further elucidate two key mechanisms implied by
experimental data: First, the transition from distributed dislocation
activity (15% strain) to localized shear patterning (30% strain) in Fig.
14d corresponds to the experimental transition from heterogeneous
slip (Fig. 8a) to shear band-like features (Fig. 8b). Second, dislocation
accumulation at triple junctions in Fig. 14d validates the experimen-
tally measured 74.8% rise in GND density (Fig. 10), confirming how
boundary misfit strains amplify back stresses. Critically, MD captures
the atomic origins of hard coresoft shell behavior (Figs. 8c-h), showing
dislocation pile-ups at rigid particle cores versus boundary sliding
in compliant regions—bridging nanoscale mechanisms to microscale
strain partitioning. These insights reinforce that optimizing sintering
to minimize porosity and enhance neck cohesion (as simulated in
pressure-assisted densification) could suppress strain localization, di-
rectly addressing the catastrophic failure observed in small pillars (Fig.
7d).
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4. Conclusion

This study systematically investigated the mechanical behavior and
deformation mechanisms of sintered Cu NP micro-pillars under com-
pression, emphasizing the roles of size effects, grain evolution and
dislocation dynamics. The findings offer a foundation for optimizing
sintering processes and microstructural designs to enhance mechani-
cal performance in microelectronic applications. The key findings are
summarized as follows:

(1) Micro-pillar compression reveals a pronounced size effect, with
yield strength decreasing by 25.9% (from 812 + 64 MPa to 643 + 47
MPa) as pillar diameter increases from 2 pm to 6 pm, attributed
to dislocation starvation in smaller pillars and porosity-driven strain
localization in larger pillars. Nanoindentation yields a higher elastic
modulus (48.3 + 11.1 GPa) than micropillar compression (29.5-33.9
GPa), reflecting substrate constraints in bulk-scale testing.

(2) SEM and TEM analyses identify a transition in deformation
modes: smaller pillars (2 pm) exhibit catastrophic shear-driven collapse,
while larger pillars (6 pm) retain structural integrity through dis-
tributed plasticity via grain boundary sliding. Heterogeneous strain lo-
calization arises from stress gradients between rigid nanoparticle cores
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Fig. 12. Schmid factor maps: (a) pre-compression; (b) post-compression along loading axis; (c) pre- and (d) post-compression perpendicular to loading axis.

and compliant interparticle boundaries, with dislocation-mediated den-
sification limited by residual porosity and incomplete sintering neck
cohesion.

(3) TKD quantifies dynamic grain refinement (24.9% reduction in
grain size) and a 74.8% escalation in GND density during compres-
sion. Texture evolves from random orientations to dominant Brass
({110}(112)) and S({123}(634)) components, coupled with a 62% in-
crease in grains exhibiting high Schmid factors (> 0.42) along the load-
ing axis, facilitating crystallographic slip homogenization and
anisotropic plasticity.

(4) MD simulations elucidate atomic-scale deformation mechanisms,
revealing preferential dislocation nucleation at sintering necks during
initial compression (15% strain) and reorganization into dense net-
works near grain boundaries at higher strains (30%), which correlate
with experimental observations of strain localization and GND density
escalation.
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Fig. 13. Atomic-scale sintering process observed by MD simulation.
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Fig. 14. (a) Compressived structure; (b) cross-section; (c) microstructure under 15% strain; (d) microstructure under 30% strain.
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