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The mechanical strength of sintered nanoparticles (NPs) limits their application in advanced electronics
packaging. In this study, we explore the anisotropy in the microstructure and mechanical properties of
sintered copper (Cu) NPs by combining experimental techniques with molecular dynamics (MD) simulations.
We establish a clear relationship between processing conditions, microstructural evolution, and resulting
properties in pressure-assisted sintering of Cu NPs. Our findings reveal that pressure-assisted sintering induces
significant anisotropy in the microstructure, as evidenced by variations in areal relative density and the
orientation distribution of necks formed during sintering. Specifically, along the direction of applied pressure,
the microstructure exhibits reduced variation in areal relative density and a higher prevalence of necks with
favorable orientations. The resulting anisotropic mechanical properties, with significantly higher strength along
the pressure direction compared to other directions, are demonstrated through micro-cantilever bending tests
and tensile simulations. This anisotropy is further explained by the combined effects of strain localization
(influenced by areal relative density) and the failure modes of necks (determined by their orientation relative
to the loading direction). This work provides valuable insights into the analysis of sintered NPs microstructures
and offers guidance for optimizing the sintering process.

for the bonding quality and long-term reliability of joints. NPs sin-
tering is characterized by low sintering temperatures (less than 300
°C), short sintering times, and the assistance of uniaxial compressive

1. Introduction

Wide band gap (WBG) materials like silicon carbide (SiC) and
gallium nitride (GaN) have been widely used in power modules owing
to their excellent electric and thermal properties and performance [1-
3], especially when operated at high breakdown voltages and high
temperatures (< 200 °C). Traditional interconnect bonding materials
like Sn- or Pb-based solder alloys face limitations in power devices due

stress [13]. This process, while efficient, inherently induces anisotropy
in the sintered microstructure. Many experiments have highlighted the
anisotropy in micrometer-sized particles, such as alumina and Cu, when
sintered with uniaxial compressive stress [14-16]. The sintered bodies

to the low melting point, limited thermal conductivity and insufficient
creep resistance [4-7]. In recent years, sintered silver (Ag) and copper
(Cu) nanoparticles (NPs) interconnects are proposed as an alternative
to solder alloys in the die-attachment of WBG semiconductors because
of their low sintering temperature, high melting temperature and high
electrical and thermal conductivity [8-12].

Despite these advantages, the anisotropy of the microstructure and
mechanical properties of sintered Cu NPs poses a critical challenge

* Corresponding authors.

exhibit greater shrinkage in the direction of the applied stress. At the
microscale, this anisotropy originates from the evolution and orienta-
tion change of the pores [14]. The aspect ratio of the pores increases
after sintering, and the orientation of the long axis tends to align
parallel to the stress direction [17,18]. Additionally, the constraints
imposed by the substrate on particle merging affect the shape of the
pores [19]. For Cu NPs, the sintered microstructure is highly porous,
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and the anisotropy is even more pronounced under these conditions.
From a bonding quality perspective, this anisotropy can lead to uneven
stress distribution within the joint, particularly during thermal cycling
or mechanical loading [16], potentially compromising the structural
integrity. Furthermore, from a reliability viewpoint, local variations
in mechanical properties can influence crack initiation and propaga-
tion pathways [20], significantly affecting the long-term performance.
These concerns are especially critical for SiC devices, which often
operate under extreme conditions, including high temperatures and
power densities. Addressing the anisotropy in the microstructure and
mechanical properties of sintered Cu NPs is therefore essential. Given
the sintering conditions for NPs, the resulting microstructure after
sintering is highly porous, and severe anisotropy is expected [15].

The high porosity and small feature sizes of sintered NPs pose
challenges for mechanical property testing and microstructure char-
acterization. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are widely used for microstructure observa-
tion, such as examining pore shapes and necks formed during sintering.
Zuo et al. [21] studied the microstructure evolution of Cu NPs during
pressureless sintering. The grain growth and grain boundary move-
ment were clearly observed using TEM at elevated temperature. Since
the spatial features of particle packing and pore distribution strongly
influence the electrical, thermal, and elastic properties of sintered
NPs, three-dimensional (3D) characterization of the microstructure
is crucial. Two methods for 3D reconstruction have been reported:
focused ion beam combined with scanning electron microscopy (FIB-
SEM) [22-24], and synchrotron X-ray computed tomography [25,26].
Through 3D reconstruction, the inter-particle necks can be identified,
and the evolution of the microstructure can be described using metrics
such as pore numbers [23], mean intercept length [24], and particle
shape [25]. Areal relative density curves have also been proposed to
illustrate variations in local microstructure [22,27].

The mechanical properties of sintered NPs are typically measured
with micropillar compression tests [28] and micro-cantilever bending
tests [29-31]. Chen et al. [29] studied the effect of micro-cantilever
size (20, 10 and 5 pm in width) on fracture toughness of sintered Ag
NPs by micro-cantilever bending tests, revealing that fracture toughness
decreases as specimen size decreases. Recently, we studied the effect
of depth of pre-crack on the fracture toughness of sintered Cu NPs
by micro-cantilever bending tests [31]. Results show that microscopic
fracture toughness presents a limited relationship with notch depth.

Due to difficulties in experiments, simulation methods spanning
multiple length and time scales are applied to investigate various
aspects of NPs sintering. Discrete element modeling (DEM) primarily
focuses on the particle packing [19] and neck formation during sin-
tering [32]. Specifically, Wonisch et al. [33] analyzed the anisotropic
microstructure of sintered micro-sized particles induced by external
stress using both experiments and DEM, identifying the size of contact
areas in different directions as a crucial factor. The grain growth and
evolution of pores during sintering process are also studied using phase
field simulation in both two-dimensional (2D) [34] and 3D [35,36]
models. The relationship between microstructure and properties is
modeled using finite element method (FEM) [37,38] and phase field
methods [39]. The porous structure for the simulation are from SEM
images [37] and stochastic modeling [38,39].

Molecular dynamics (MD) simulations have been used to study the
NPs sintering process and subsequent mechanical tests. Two-particle
models are extensively utilized to examine atom diffusion and neck
formation during sintering [40-42]. Multi-particle sintering has also
been explored with MD [43-45]. Guo et al. simulated the densification
process of a high-entropy alloy to show the influence of initial particle
packing [44]. The accuracy and effectiveness of the multiple particles
sintering model were verified using a phase-field model. This method
was also applied to investigate the influence of initial particle morphol-
ogy on the sintering of gold NPs [45]. Due to the limited timescale
of MD simulations, the contributions of diffusion mechanisms, such as
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surface diffusion and bulk diffusion, are underestimated, and densifica-
tion in these simulations is mainly caused by plastic flow under stress.
However, MD simulations are expected to yield physically meaningful
results considering the short sintering time and low temperature char-
acteristic of NP sintering. Additionally, Zuo et al. [21] demonstrated
that without external stress, grain growth and grain boundary mobility
are insignificant at 220 °C.

This paper aims to elucidate the relationship between sintering
methods and microstructural anisotropy, as well as the anisotropy
of mechanical properties, through a combination of experiments and
simulations. Section 2 details the experimental and simulation methods.
In Section 3, the microstructure of sintered Cu NPs from FIB-SEM re-
construction, precession electron diffraction (PED) and MD simulations
are analyzed based on areal relative density and neck formation during
sintering. The origin of microstructural anisotropy is discussed. In
Section 4, the strength of sintered NPs is measured by micro-cantilever
bending tests and tensile simulations, and the anisotropic strength of
sintered Cu NPs is connected with their microstructure.

2. Experimental and simulation procedure
2.1. Cu NPs and sintered sample preparation

The Cu paste used in this study was prepared by a reductive
pretreatment method [46]. Fig. 1(a) presents an SEM image of the Cu
NPs, showing them as quasi-spherical and uniformly distributed with
an average size (diameter) of 150 nm (Fig. 1(b)). Energy dispersive
spectroscopy (EDS) was conducted on the cross-section, confirming
the sintered Cu NPs is almost pure with minimal oxidation, as shown
in Fig. 1(c). A die-attach structure (Cu dummy die, sintered Cu NPs
layer, and Cu substrate) was prepared using pressure-assisted sintering
technology. As illustrated in Fig. 1(d), the Cu paste was firstly trans-
ferred onto the Cu substrate with a stencil thickness of 100 pm using
a screen printer and a flat scraper. Second, the substrate was heated
to 120 °C for 5 min to evaporate the organic solvent after removing
the stencil. Then, the Cu dummy dies were attached to the substrates
using a vacuum pick-up pen. Pressure-assisted sintering was conducted
in a nitrogen atmosphere (Applied Microengineering Ltd., UK). The Cu
paste was sintered for 10 min at 250 °C under 25 MPa uniaxial stress
in a reducing atmosphere (5% H,/N,). Finally, the sintered sample
(Fig. 1(e)) was removed from the furnace after cooling down. The
schematic diagram of the die-attach structure in power electronics is
shown in Fig. 1(f).

2.2. FIB-SEM tomography

FIB-SEM tomography, an SEM-based technique, enables advanced
characterization and improved understanding of 2D results. Here, we
used FIB-SEM tomography to characterize the void distribution in sin-
tered Cu NPs. The methodology involved using a dual-beam FEI Helios
G4 CX FIB-SEM system for imaging and slicing to reconstruct 3D struc-
tures. Before ion milling, a platinum protective layer, approximately
1 pm thick, was deposited on the region of interest to prevent damage
during ion milling. Subsequently, fiducial markers were strategically
placed on the samples, allowing for real-time drift correction between
successive milling operations. To facilitate FIB-SEM tomography, the
sample was tilted at 52°, enabling milling perpendicular to the sur-
face. Additionally, a U-shaped trench was milled alongside the area
of interest to create space for redepositing material removed during
tomography. The FIB slicing was conducted at an accelerating voltage
of 30 kV and 40 pA, and SEM images were taken at 10 kV using an
SE detector. The Auto Slice and View software (ASV4) was utilized to
automate the tomography process by estimating the next slice position
based on the top view image.
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Fig. 1. (a) SEM image of the Cu NPs; (b) size (diameter) distribution; (c) EDS Spectrum of the sintered Cu NPs; (d) pressure-assisted sintering technique; (e) schematic diagram
of sintered die-attach structure; (f) schematic diagram of the die-attach structure in power electronics.

2.3. Precession electron diffraction

To characterize the grain orientation of sintered Cu NPs, PED [47-
54], a state-of-the-art transmission electron microscopy (TEM)-based
technique was employed in this study. PED was performed using a JEM-
2200FS (JEOL) TEM operating at 200 kV and equipped with the ASTAR
system (Nanomegas) [53]. The microscope was operated in nanobeam
diffraction (NBD) mode with the smallest spot size and a condenser
aperture of 10 pm. The probe diameter was approximately 1 nm with a
convergence angle of 2 mrad. A precession frequency of 100 Hz and a
precession angle of 0.5° were applied during nanobeam scanning. This
configuration reduces dynamical diffraction effects and enables reliable
orientation and phase identification by integrating intensities over mul-
tiple diffraction conditions. By tilting the incident electron beam in a
conical motion, PED reduces dynamical diffraction effects and enhances
the reliability of orientation and phase identification. Compared to
conventional techniques such as electron backscatter diffraction (EBSD)
with 50-100 nm [49] and transmission Kikuchi diffraction (TKD) with
10-20 nm [54], PED offers superior resolution down to 1 nm, sensitiv-
ity to weak reflections, and the ability to analyze thin samples, making
it particularly suitable for nanocrystalline materials. These advantages
establish PED as a critical tool for detailed microstructural analysis and
phase fingerprinting in advanced materials research.

2.4. Micro-cantilever bending tests

Micro-cantilever bending test is an effective technique for probing
the mechanical properties of microscale samples [55,56]. As shown in
Fig. 2(a), three kinds of micro-cantilevers with different orientations
with respect to the direction of external pressure during sintering were
fabricated, i.e. 0° (perpendicular), 45°, and 90° (parallel). For each
orientation, six specimens were prepared to ensure the reliability of
the data. Fig. 2(b) illustrates that the fabrication process involved five

steps: milling a notch with a low ion current (10 pA), creating U-
shaped trenches with a large beam current (20 nA), tilting and milling
the base with 3 nA, rotating and repeating on the other side, and
forming the micro-cantilever by undercutting. The micro-cantilever
was then polished with 1 nA to ensure symmetry and cleaned with
100 pA to minimize damage. A precise marking was made on the
free end to establish a well-defined loading point. Fig. 2(c) shows a
typical SEM image of the micro-cantilever, and the dimensions of all
the micro-cantilevers are shown in Table S1. The micro-cantilevers
were fabricated at the middle position of the die-attach layer. This
choice was deliberate to ensure consistency in the microstructure and
minimize variations caused by non-uniformities during sintering [57].
The middle region is more representative of the average sintering de-
gree and microstructure, as the edges may experience different thermal
and pressure conditions [58]. By focusing on this central position,
the influence of local non-uniformity was reduced [59], leading to
more reliable and reproducible mechanical property measurements.
The micro-cantilever has a pentagonal cross-section. We chose this
shape for two reasons: it provides more flexibility in selecting the
location compared to a rectangular shape, and the stress distribution in
a pentagonal cross-section is less affected by preparation inaccuracies,
leading to more reliable mechanical property measurements [60,61].

An in-situ nanoindenter setup from Alemnis AG (Switzerland) was
utilized to perform micro-cantilever bending tests in a Zeiss Ultra55
FEG SEM chamber. Before conducting the bending tests, the SEM care-
fully positioned the indenter tip to the fiducial mark on the top surface
of the micro-cantilever, as shown in Fig. 2(c). The quasi-static bending
test is controlled by displacement. A constant load rate of 10 nm s~! was
applied for all micro-cantilevers until fracture occurred. The bending
load was applied with a conospherical diamond tip (radius = 1 pm).
Compared with the sharp-tipped indenter, such as the Berkovich inden-
ter, the conospherical indenter with a spherical tip exhibited minimal
indentation on the surface of the micro-cantilever [62].
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Fig. 2. (a) Relationship of micro-cantilever orientations with pressure during sintering
process; (b) FIB process for micro-cantilever fabrication; (c) SEM image of a micro-
cantilever.

2.5. MD simulations of the sintering process and tensile tests

The sintering and tensile process were simulated by the MD method
using Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software [63]. The atomic configurations were visualized
and analyzed with the Open Visualization Tool (OVITO) [64]. The
Cu embedded atom method (EAM) interatomic potential proposed by
Mishin et al. [65] is employed to describe the atomic interaction,
which has been successfully applied in simulating various mechanical
properties and microscopic phenomena in Cu, such as diffusion and
grain boundary migration [66-68]. The melting point of bulk Cu
within this potential is 1273 + 30 K, which matches well with the
experimentally observed value of 1358 K. The initial Cu particle model
has the following characteristics: spherical shape, non-contact or point-
contact interactions between particles, a total volume fraction of about
45%, random spatial orientation of each particle, and a particle size dis-
tribution that is comparable to experimental observation. To enhance
computational efficiency, the particle diameter in the simulation was 3—-
12 nm, as shown in Fig. 3(b). Similar values (2-15 nm) have been used
in previous MD simulations of the sintering process of Cu NPs [41].
Moreover, since Fig. 1(c) shows that the organic substances evaporated
during the sintering process, the influence of the organic binder in the
sintering process is ignored.

The procedure for generating 3D models of Cu NPs is as follows:

1. Select a point in 3D space randomly to be the center of the Cu
NPs. The particle radius is determined by a randomly generated number
that follows a normal distribution

2. Validate the new particle by making sure it does not overlap with
existing spheres considering the periodic boundary condition (PBC).

3. Assign a random orientation to the particle.

4. Repeat the procedure until the acceptance rate is very low.

5. Select particles randomly and expand them until they meet each
other.

6. Execute energy minimization by employing the conjugate gradi-
ent (CG) algorithm.

Fig. 3(a) shows the resulting particle model of Cu NPs, which is
color-coded with Adaptive Common Neighbor Analysis and has di-
mensions of roughly 450 x 450 x 450 A", consisting of around 240
particles and 3.6 million atoms. The initial relative density of the
model is approximately 45%. Two types of external stresses (uniaxial
and hydrostatic) during the sintering process are considered in MD
simulation. The models sintered under uniaxial and hydrostatic stress
are labeled as US and HS, respectively. The sintering method employed
in US model is similar to sintering process in Section 2.1, while the HS
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Fig. 3. 3D Cu NPs model (a) before and after (c, d) sintering. (b) radius value
distribution of Cu NPs; (c) after uniaxial stress sintering along the X-axis; (d) after
hydrostatic stress sintering.

model shares similarities with a constrained sintering method reported
in [69].

The sintering process in the MD simulation includes three stages.
Initially, the temperature increases to 523 K (in consistent to the
experiments) with a Nose-Hoover thermostat at a speed of 2 K/ps.
Subsequently, a uniaxial strain is applied to the US model, with strain
rate of 1 x 10° s~!. The pressure in the non-compressed direction is
maintained at 0, corresponding to the sintering process in experiments
which is unconstrained in the non-loading direction. The overall defor-
mation along strain direction is 40%, according to the height changes
of the powder during sintering in experiments (roughly from 1.8 pm to
1.3 pm). For the HS model, a hydrostatic stress is applied on all surfaces
during the sintering process until the relative density reaches the same
level as the US model. The loading rate is 0.2 MPa/ps. The sintering
process finishes after approximately 800 ps. Finally, the temperature is
kept at 523 K, the volume remains constant, and a relaxation period of
100 ps is applied to eliminate the additional stress caused by the high
strain rate in the previous loading step. The US and HS models after
sintering are shown in Figs. 3(c) and (d), respectively.

Due to the significant anisotropy of models after sintering on both
microstructure and mechanical performance, directional terminology
is introduced for convenience of description. The direction aligned
with the stress direction during sintering is labeled as US-A, while
the direction perpendicular to the stress direction during sintering
is denoted as US-P, as shown in Fig. 3(c). Note that US-A and US-
P represent the loading and observation directions. However, such
distinction is not necessary for HS models, and all three orientations are
labeled as HS-D, as shown in Fig. 3(d). Given the impact of the initial
particle distribution on sintering and mechanical performance, three
independent models with random initial particle packing are employed.
Consequently, the models included in this research and their quantities
are outlined in Table S2. Before simulating the tensile process, a
relaxation procedure with variable box dimensions is implemented to
ensure that the model has no residual internal stresses. The tensile
simulation is under fully periodic boundary conditions using the NPT
ensemble (constant number of particles, pressure, and temperature)
and the temperature is maintained at 300 K (room temperature). The
maximum tensile strain is 45% in this study, and the loading rate for
the tensile simulation is set at 5x 10® s~!. This loading rate is commonly
employed in literature [70]. The stress values in directions other than
the tensile direction are maintained at 0.
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3. Anisotropy in structural evolution during sintering
3.1. Areal relative density by FIB-SEM

Fig. 4(a) presents the image of the slicing and imaging area under
FIB-SEM tomography. The dimension of the imaging area is around
10 x 8 pm? and the depth is around 4.5 um. To obtain reliable and repre-
sentative results, it is crucial to estimate the minimum volume size that
must be reconstructed. The critical volume size, which is commonly
called a representative volume element (RVE) or stochastic equivalent
representative volume element (SERVE), has been extensively discussed
in [71-75]. Given that the width and thickness of the micro-cantilevers
are near 4 pm, the reconstructed volume of 4 x 4 x 4 pm? is large
enough to depict the real microstructure of sintered Cu NPs. 3D re-
construction was carried out by Avizo (Thermo Scientific) after serial
image acquisition, which entailed alignment, image processing, and
segmentation. Fig. 4(b) shows the image sequence generated via FIB-
SEM. Once imaging is done, FIB milling can remove another layer of
material using the same parameters to obtain a second image with SEM.
By repeatedly performing this milling and imaging process, a 3D dataset
of SEM images is created, with each image depicting a 25 nm thick
section of the sintered Cu NPs. 200 images were obtained, and around
160 high-resolution images were used to finish the 3D construction. The
‘thresholding’” method was applied in this study [76,77]. The optimal
thresholds for the reconstruction were selected by comparing recon-
structed models with the morphology of voids in SEM. Figs. 4(c) and
(d) represent the sintered Cu NPs and the void volume, respectively.

Here, we define areal relative density as

matter
A % 100%, )

Dareal —

r _Across-section
where Amatter and Acrosssection are the area of the sintered Cu NPs
domain and the cross-section, respectively. The areal relative density
and its mean (u) and standard deviation (SD, &) of the 3D reconstructed
model along different directions are measured, as shown in Fig. 4(e).
The XY plane is perpendicular to the pressure, while the YZ and XZ
planes are parallel to the pressure. For the SD of areal relative density, a
significantly lower SD (0.8%) is obtained on XY cross-section, compared
with 1.5% of YZ and XZ cross-sections. Meanwhile, the XY cross-section

has a minimum areal relative density of 78%, which is greater than
that of the YZ (73%) and XZ (74%) cross-sections. It is evident that the
areal relative density of the porous structure is anisotropic. Therefore,
pressure direction leads to a more uniform distribution of areal relative
density, with a relatively high minimum area of cross-section compared
to the other two directions.

3.2. Areal relative density by simulation

The sintered structures obtained from the MD simulation are re-
ferred to Figs. 3(c) and (d). The final volumetric relative densities
for models after simulated sintering is 67.4 + 0.7% (under HS), and
68.3 + 1.7% (under US). The density is slightly lower than that for
experiments because of the limitations of MD simulations on time
scales. As for the microstructure, the spherical shape of the particles is
preserved after sintering and numerous sintering necks are formed. The
majority of pores remain interconnected and the growth and merging
of grains are not significant (as evidenced by the minimal change in
grain count before and after sintering). The simulated structures are
very similar to those reconstructed with FIB-SEM, as shown in Fig. 4(c),
illustrating the reliability of this modeling approach. Since the atomic
position in the model is discrete, the model is divided into slices with a
thickness of 2 A (about 1/30 of the average particle diameter) along the
observation direction to calculate areal relative density. Within each
slice, the ratio of the number of atoms to the volume of the slice is
calculated, and this ratio is then scaled by the atomic density in a dense

cubic Cu. Therefore, the areal relative density is defined as

Dareal _ Nsliceyatom
? =

Jslice % 100%, 2)
where Nsliceatom jg the number of atoms inside the slice of the model.
yslice and patom jg the volume of the slice and a single Cu atom in
FCC crystal (a = 3.615 A), respectively. Our tests show that this slice
thickness can capture structural variations without being excessively
sensitive, for example, to the influence of grain orientation.

To investigate the effect of the sintering method on the areal relative
density distribution, we calculated the areal relative density distri-
bution along different directions for sintered models obtained from
the same particle model by different sintering methods. Fig. 5(a) is
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Fig. 5. (a) Sintered model showing the orientations of cross-sections for measuring the areal relative density; (b-d) the changes of areal relative density with position along (b)
X-axis, (c¢) Y-axis and (d) Z-axis under four different sintering conditions, namely, hydrostatic stress (HS) and uniaxial stress (US-X, US-Y, US-Z); (e) the minimum areal relative
density versus volumetric relative density; (f) the SD of areal relative density versus volumetric relative density.

the schematic diagram of the view direction for measuring the areal
relative density.

Figs. 5(b-d) show the changes of areal relative density along three
directions, i.e. X, Y, and Z-axis. Each figure contains four curves
corresponding to four sintering methods, i.e. under hydrostatic stress
(HS) and uniaxial stress along the X-, Y-, and Z-axis (US-X, US-Y, and
US-Z, respectively). Curves corresponding to US-A, which means for
the model the observation direction is consistent with the direction
of the stress during sintering, are with deeper color. The normalized
coordinates are used as the horizontal axis due to the inconsistent
dimensions of the sintered models. Three findings can be drawn from
Figs. 5(b—d).

First, a certain degree of heritability in the location of the peaks
and troughs of the curves is observed in areal relative density. That
means for the same particle model sintered using different methods,
when observing along the same direction, the positions of the peaks
and valleys of areal relative density curves still exhibit a certain corre-
spondence (although the relative height changes are different), showing
the influence of the particle initial packing.

Second, the cross-sections in the US-A direction consistently exhibit
a smaller SD and a higher minimum areal relative density value than
those of cross-sections in the US-P direction for US models. That means
during the sintering process, along the stress direction, the low-density
regions caused by the random packing of particles are effectively
filled. Surprisingly, US-A curves show lower peaks than US-P curves,
indicating particles in high-density regions become more dispersed in
the sintering direction. Close inspection of the atomic displacement
reveals that due to higher strain and stress in the loading direction,
particles require greater displacement along this axis to connect with
other particles and bear the load, while along other directions particles
have lower driven force for movement.

Third, the cross-sections in HS models generally show intermediate
values between those of US-A and US-P for both areal relative density
SD and minimum areal relative density. The deviation from the general
trend, where the cross-sections of HS model exhibit a lower SD of areal
relative density than US-A along the Z-direction, can be attributed to
the low areal relative density of the US model compared to the HS
model.
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<+—> Parallel to pressure

Fig. 6. PED analysis of sintered Cu NPs under external pressure: (a) Grain orientation map of the TEM sample aligned perpendicular to the sintering pressure, corresponding to the
90° micro-cantilevers; (b) grain orientation map of the TEM sample aligned parallel to the sintering pressure, corresponding to the 0° micro-cantilevers; (c, d) virtual bright-field
images of the dashed regions in (a) and (b), respectively, revealing local grain morphology; (e, f) corresponding orientation maps of the local regions shown in (c) and (d),

respectively.

In order to quantitatively characterize the changes in these struc-
tures during sintering, we calculated the minimum values and SD of
areal relative density of cross-sections along different directions for
each model at various time points during the sintering process, as
depicted in Figs. 5(e) and (f).

We found that as the bulk density rises during sintering, the min-
imum value of the areal relative density rises linearly. The slope of
the fitted line for US-A in minimum areal relative density is slightly
higher than that for US-P. The case of HS-D is between US-A and
US-P. However, for SD of the areal relative density, the tendency is
distinctly different for different sintering conditions and observation
directions. For the US-A direction, the SD decreases with the increase in
bulk density. In contrast, the SD of cross-sections in the US-P direction
increases with the rise in bulk density, indicating amplification of
structural fluctuations along the direction perpendicular to the applied
stress during the sintering process. For HS-D, SD remains nearly con-
stant, implying that the fluctuations in the structure across different
directions are at the same magnitude during sintering. Both the two
properties along the US-P direction exhibit larger fluctuations than
those for US-A, suggesting a more significant influence from the initial
particle packing. The fluctuation range for HS-D falls between these two
cases.

3.3. Grain orientation characterization

To investigate the effect of sintering pressure on grain orientation
and void distribution, two TEM samples were fabricated from the
sintered Cu NPs layer. One TEM sample was extracted perpendicular
to the sintering pressure direction, aligning with the orientation of
the 90° micro-cantilevers. The other one was extracted parallel to the
sintering pressure direction, corresponding to the 0° micro-cantilever
orientation. Additional details regarding the fabrication of TEM sam-
ples are provided in Fig. S1. PED analysis was subsequently performed
to characterize the grain orientation maps and void distributions of the
two samples. The results are presented in Fig. 6. Figs. 6(a) and (b)
depict the grain orientation maps for the perpendicular and parallel
directions, respectively. The PED analysis demonstrates that the grain
orientation shows no significant dependence on the applied sintering
pressure. However, clear anisotropy is observed in the void morphology
and particle deformation. In the perpendicular direction (Figs. 6(c,
e)), the voids appear irregular and smaller, reflecting localized densi-
fication with minimal particle elongation. Conversely, in the parallel
direction (Figs. 6(d, f)), the voids are larger and elongated, which
can be attributed to the deformation of particles under uniaxial stress
during sintering. The external pressure facilitates particle flattening and
void coalescence along the loading direction, leading to an anisotropic
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Fig. 7. Neck regions in MD simulation for (a) model before sintering and (b) model
sintered under stress along X-axis; (c) a neck between two particles after sintering;
(d) principal component analysis for atoms location in a neck. The orientation is
quantitatively calculated as the angle between the third principal component and X-
axis.

void structure. These observations align with the findings discussed
in Sections 3.1 and 3.2, where the pressure direction enhances the
uniformity of areal relative density while reducing structural fluctu-
ations. Specifically, the lower standard deviation of relative density
along the pressure direction indicates a more stable and homogeneous
microstructure. In contrast, the larger density fluctuations in the per-
pendicular direction reflect the significant influence of initial particle
packing and localized void formation.

3.4. Formation of necks during sintering

The fusion between the particles plays an important role in the
densification process. According to Ref. [78], the contact area between
two particles is considered the sintering neck. In MD models, if atom
A, belonging to particle P,, is within the cutoff distance of atom B,
which belongs to particle Py, then both atom A and B are considered
part of the sintering neck between P, and Pz. The cutoff distance is
set to 3.5 A to ensure that all sintering necks are sufficiently large for
meaningful measurement. Using this method, the shape of the necks
before and after sintering under stress along the X-axis is shown in red
in Figs. 7(a) and (b), respectively. Different particles are distinguished
by different shades of gray. The shrinkage along the X-axis after
sintering is about 40%. A significant rise in the number and volume
of neck regions can be observed. After sintering, the fractions of atoms
that were labeled as “neck” increased from 4.6% to 14.8%. Moreover,
the necks are interconnected to form a 3D network after sintering is
completed, which is beyond the 2D model used in previous simulations
of sintering.

To further determine the orientation of each sintering neck, the
positions of the atoms for a single sintering neck are extracted, as
shown in Fig. 7(c). We consider the neck to be a thin sheet with a
significant difference between thickness and area, with the thickness
direction representing the orientation of the neck. Using principal com-
ponent analysis (PCA), the three orthogonal principal component (PC)
vectors for the atomic positions are determined. The plane defined by
PC1 and PC2 is the plane with the most dispersed atomic coordinates.
PC3, which is perpendicular to this plane, is the direction with the
least atomic dispersion, indicating the orientation of the sintering neck.
Fig. 7(d) is a schematic diagram for calculating the angle 6 between
the neck orientation (PC3) and the X-axis. It is clear that when @
approaches 0, the neck is perpendicular to the given axis, while 6 near
90° means the neck is parallel to the given axis.

It is important to note that, mathematically, the distribution of the
angle of a random vector in 3D space with a specific vector is not
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Fig. 8. Schematic illustration of the effect of particle deformation on sintered neck
orientation: (a) Two particles with initial contact before sintering; (b) a neck formed
between two deformed particles; (c) distribution of # for particles with various strain
derived from the 2D model.

uniform. It is trivial to prove that for angle 6 ranging in 0 to 90°, the
probability density function F () of the angle between a random vector
and a fixed vector is

F(0) x sin(0). 3

Thus there is a much higher possibility for a vector to be perpendicular
to a specific axis, rather than parallel to that.

A DEM study of ceramic sintering showed that the anisotropy flat-
tening under stress has a substantial contribution to structure anisotropy
[33]. Since the sintering of metal NPs is featured by low sintering
temperature and short sintering time, the anisotropy induced by parti-
cle deformation is expected to be more significant. Here we use a 2D
schematic to illustrate the effect of deformation caused by the uniaxial
stress on the orientation of the neck formed during sintering. Fig. 8(a)
shows two particles before sintering. ¢ is the angle between the normal
of the initial contact surface and the stress direction. Here,

tang = £, 4
an . @

where a and b are the dimensions of the initial sintering neck in
the parallel and perpendicular directions to the loading, respectively.
After uniaxial stress-assisted sintering, the particle shape significantly
contracts along the direction of the uniaxial stress with a strain of
&, while Poisson expansion occurs in the other directions, as shown
in Fig. 8(b). The neck also grows during sintering. Then 6’ can be
estimated as

k-a(l—¢)

tan@’ = ,
k- b(1 + ve)

(5)
where k describes the uniform growth of the sintering neck dimensions
in all directions, and v is the Poisson’s ratio of the bulk material. It
should be noted that the strain during sintering should be smaller than
the shrinkage deformation along the stress direction, as both particle
deformation and densification contribute to the shrinkage. Using this
method, the orientation distributions of necks considering particle de-
formation are calculated, as shown in Fig. 8(c). The black curve, which
is for particles before deformation, corresponding to the distribution
described by Eq. (3). The peak of angle distribution significantly shifts
to low angle region as particle strain increases, meaning that after
large deformation, necks tend to be perpendicular to the stress direction
geometrically.

The orientations of the necks in the MD models sintered under
stress along the X-axis are analyzed. The US-X with deformation of
40% (Figs. 9(a—c)) and 50% (Figs. 9(d-f)) contain 742 and 883 necks,
respectively. The model with 50% deformation is analyzed here to
better show the effect of uniaxial compression during sintering on
the microstructure. Figs. 9(a, d), (b, e), and (c, f) are for the neck



L. Du et al.

o«

Acta Materialia 287 (2025) 120772

~
&
~—

sintering necks
N
=

0

[ US-X 40% compression (b)
t=——Random orientations F

= 2D Model 20% strain

N
>

Counts of

g

1

\
.

©

w
=3
S
S

D
=3
S
S

E 1000

Number of Atoms
in sintering neck

<

Angle between sintering neck normal and X-axis/®

3
S

Angle between sintering neck normal and Y-axis/®

Angle between sintering neck normal and Z-axis/°

(d) []US-X 50% compression (e)
B Random orientations +
[=2D Model 25% strainy

Y
S

Counts of
sintering necks
N
=

0
S

®

w
S
S
S

2000

1000 -

Number of Atoms
in sintering neck

<

Angle between sintering neck normal and X-axis/®

Angle between sintering neck normal and Y-axis/®

0 20 40 60 80
Angle between sintering neck normal and Z-axis/
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distribution for randomly oriented vectors. Blue lines are derived from Eq. (5).

orientations with respect to X-, Y-, and Z-axis, respectively. In each
figure, the histogram counts the number of necks with different angles
to the axis. The scatter plot shows the number of atoms contained in
the necks with different orientations. The size of marks in scatter plots
is also adjusted according to the number of atoms. The distribution
curves for the angles between randomly oriented vectors to the axis
(Eq. (3)) are shown with a red solid line in each histogram for reference.
In Figs. 9(a) and (d), the distribution of the neck orientations derived
from Eq. (5) are shown in blue curves. In the calculation, the strain of
each particle is considered as half of the deformation along the X-axis
and p =03.

Three points can be drawn from the figure.

1. For the orientation of necks concerning the direction of the
uniaxial stress, here X-axis, the histogram shows that the number is
higher between 0 and 50° than the reference line. For the orientation of
the sintered neck along the Y and Z axes, the number is higher near 90°.
This indicates that along the X-axis, more sintered necks are present
perpendicular to the X-axis or at an angle of less than 50°, while in the
other two orientations, most of the sintered necks are close to parallel
to this orientation.

2. Large dots in the scatter plots corresponding to the X-axis are
clustered in the angle range of 10 to 45°, while for the plots of the
Y- and Z-axis, the dots representing a larger number of atoms are
clustered in the range of 60 to 90°. This suggests that sintered necks
oriented close to perpendicular to the stress direction (here the X-axis)
grow larger (compared to those parallel to the X-axis).

3. By comparing models experiencing 40% versus 50% deformation,
the effect of deformation strain on the formation and growth of necks
is revealed. With extra 10% compression, both the number and size of
necks at an angle of 20 to 50° to the X-axis rise significantly, while
there is no such tendency for the Y- and Z-axes.

The orientation of the sintered necks mainly originates from the
flattening of the particle shape under uniaxial stress. In Ref. [33], the
authors state that the particle flattening induced by uniaxial stress
is anisotropic, with particles having a larger size and surface area
perpendicular to the stress direction. The trend can be seen by com-
paring Fig. 6(a) and (b). The difference between the solid blue line
and the actual distribution is mainly caused by the non-uniform strain
distribution during sintering. Another reason for the distribution of
neck orientations is the high body shrinkage along the direction of the
sintering stress. Along the direction of the stress, the particles have
more opportunities to contact each other thus more necks form.

4. Mechanical properties of sintered NPs and discussion
4.1. Micro-cantilever bending tests

Due to the limitations of FIB in preparing specimens with different
orientations, the cross-section of the cantilever beam in this study is
not rectangle. In our previous work, the fracture toughness of sintered
Cu NPs was measured with standard micro-cantilevers as 3.2 MPa m'/2
[31], which aligns well with other reports [29]. Figs. 10(a—c) show
the load—displacement curves obtained from micro-cantilever bending
tests. The initial elastic loading parts matched well across specimens,
but some scatter appeared at larger displacements due to slight dif-
ferences in sample dimensions. The maximum load values F,, were
retrieved from the peak points of the load-displacement curves. As
depicted in Fig. 10(d), the maximum load and SD of 0°, 45°, and 90°
micro-cantilevers are 203 + 20 pN, 266 + 68 pN, and 286 + 36 pN,
respectively. Since the specimens are essentially the same size, F,,
is proportional to the fracture strength. The 90° micro-cantilevers, in
which the prefabricated notch is perpendicular to the uniaxial stress
during sintering, show 41% higher strength than 0° micro-cantilevers.
The 45° micro-cantilevers exhibit slightly lower strength than the 90°
micro-cantilevers, and the values are dispersed in a large range. The
slopes of the load—displacement curves indicate the degree of densifi-
cation of the specimen in the loaded direction, so we also calculated the
slopes as the effective modulus. For 0°, 45°, and 90° micro-cantilevers,
the modulus are 0.32 + 0.04 pN nm~!, 042 + 0.06 pN nm~', and
0.45 + 0.05 uN nm™!, respectively. The value for 90° micro-cantilevers
is slightly higher than that for 45° micro-cantilevers, and significantly
higher than that for 0° micro-cantilevers. Intuitively, we expect the
mechanical property of 45° micro-cantilevers to be between those of 0°
and 90°, following the rule of mixtures. The high toughness measured
on 45° micro-cantilevers which is beyond expectation will be discussed
in Section 4.3.

4.2. Toughness from MD simulation

Three independent sintering models were used for the simulations,
resulting in nine MD models subjected to uniaxial stress and three
models to hydrostatic stress. Tensile simulations were then conducted
in the X, Y, and Z directions for the nine sintered models, generating
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maximum loads of micro-cantilevers with different orientations.

27 stress—strain curves. For the three models sintered under hydrostatic
stress, the tensile tests produced nine stress—strain curves.

To characterize the microstructure and mechanical behavior, we use
a model sintered under a stress along the X-axis as an illustrative ex-
ample, shown in Fig. 11(c). The models under 40% tensile deformation
along the X, Y, and Z axes are depicted in Figs. 11(a—c), respectively.
Fracture is observed in the models stretched along the Y and Z axes,
which is also reflected in the stress-strain curves (Fig. 11(d)). The
curve corresponding to tensile stress along the X-direction shows higher
tensile strength than those for the Y and Z directions, matching well
with experimental results. The toughness of the sintered Cu NPs models
is related to the areas under the stress-strain curves, calculated as
follows:

£f
Gf = / ode,
0

where ¢, is the strain corresponding to failure and o is the tensile
stress [79]. The toughness here indicates the capacity for energy ab-
sorption during plastic deformation, not the fracture toughness. The
unit for toughness is MPa or MJ m3.

The fracture toughness estimated from the 36 stress—strain curves is
connected to features of areal relative density. Fig. 11(f) illustrates that
toughness increases rapidly when the minimal areal relative density
exceeds 60%. Even with similar minimal areal relative density, the
toughness for tensile stress along the sintering direction (US-A) is much
higher than that for US-P and HS-D. In Fig. 11(g), directions with
smaller SD exhibit higher toughness. Moreover, a small SD value indi-
cates a small variance in toughness. A direct comparison of toughness
for US-A, US-P, and HS-D is shown in Fig. 11(h). Along the direction
of sintering stress (US-A), the toughness is twice that of US-P. The
toughness of HS-D is close to the average values in the three directions
of the model sintered under uniaxial stress.

(6)

4.3. Effect of microstructural anisotropy on mechanical performance

Experimental and MD simulations reveal the anisotropy of the
sintered structure in terms of surface density distribution and sintering
neck orientation. The influence of the minimal areal relative density on
mechanical properties is evident. Under uniform deformation, locations
with small cross-sections are prone to stress concentrations, akin to
the necking observed in general tensile deformation. Moreover, since
Cu NPs are at the nanoscale, dislocation generation and multiplica-
tion are suppressed, and work hardening can hardly contribute to

10

Acta Materialia 287 (2025) 120772

the strength of regions with high strain. Thus, strain localization at
cross-sections with small areas is self-promoting, limiting mechanical
performance. Long et al. [80] proved the effect of strain localization
on the mechanical properties of sintered NPs.

For a homogeneous dense structure, stress concentration is bound
to occur at the minimum areal relative density. For sintered Cu NPs,
however, the stress distribution under uniform strain is strongly depen-
dent on the porous structure and the position with minimal area is not
necessarily the most dangerous region. It can be proved by the MD sim-
ulation of the tensile process of sintered Cu NPs. The initiation positions
for fracture are labeled on the areal relative density curves (Fig. S2). It
is found that fracture does not always occur at the cross-section with
minimal areal relative density. SD is not sensitive to extreme values
but describes the homogeneity of the material distribution for porous
structures, complementing the minimal areal relative density. For struc-
tures with similar bulk relative densities, those with smaller SD have
a lower possibility for strain localization and thus better mechanical
properties. This conclusion is also supported by FEM [81] and phase
field [82] simulations of tensile deformation of porous structures.

In other studies, it has been observed that the aspect ratio of pores
increases after sintering and pores mainly align along the direction of
the stress. The presence of elongated pores along the stress direction
leads to smaller fluctuations in areal relative density in that direc-
tion compared to larger fluctuations in other directions. Therefore the
anisotropy of pore shape reported before is consistent with the differ-
ences in directional SD of areal relative density we observed. For 3D
interconnected pores, as shown by the 3D reconstruction, 2D interface
observation is insufficient to fully display their characteristics. Here,
we point out that SD of areal relative density is a reliable indicator
for the quantitative description of 3D porous structures. Additionally,
using SD as a measurement provides an alternative explanation for the
size effect of porous structures [83]. For the same pore distribution, the
areal relative density of smaller samples is more significantly affected
by the pores, resulting in a higher SD. Multiple reports indicate that
after high-temperature aging, accompanied by an increase in pore size,
the mechanical properties of sintered Ag decline even if the relative
density remains unchanged or increases. This is also consistent with
the conclusions drawn here.

From another perspective, the anisotropy of sintered NPs can be
explained by difference of failure mode. In the experiments conducted
in [84], two primary failure modes were observed: tensile fracture and
shear fracture. Since the necks are the weakest regions in the material,
it can be inferred that the failure mode is related to the orientation of
these necks. Due to the good plasticity of Cu, the fracture surfaces in the
micro-cantilever bending tests did not completely separate, allowing
only the observation of the fracture surfaces, which are shown in the
Fig. S3.

In MD simulations, these two fracture modes are also observed. For
the model sintered under stress along the X-axis, the typical fracture
surfaces during tensile deformation along X-axis (US-A) and Y-axis (US-
P) are shown in Figs. 12(a) and (b), respectively. Atoms from different
particles are color-coded, and the overall deformation of the model is
indicated below each image. The total deformation along the tensile
direction at 30% strain is marked on each particle. On the right side,
the atomic structures before and after 30% deformation are shown,
analyzed using CNA, with the surface amorphous layer removed for
clarity. Red indicates the hexagonal closest packed (HCP) structure,
corresponding to stacking faults in Cu.

In Fig. 12(a), the sintering neck is almost perpendicular to the
tensile direction, resulting in uniform deformation across the parti-
cles (each particle contains many stacking faults), indicating tensile
fracture. In Fig. 12(b), the sintering neck is nearly parallel to the
tensile direction, resulting in significantly higher deformation in the
green particle compared to the overall deformation value, while the
red particle shows less deformation. At the fracture site, many atoms
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Fig. 11. (a) Cu NPs model sintered under uniaxial stress along the X-axis. Atoms are colored according to its local structure; (b-d) sintered model after 45% tensile deformation
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adhere to other particles, suggesting the fracture is by shearing at the
neck.

Considering a sintering neck with an orientation angle 6 and area
A, as shown in Fig. 8, when stretched along the direction of sintering
stress, its effective bearing area is A cos §. When stretched in the vertical
direction, the effective bearing area is A sin §. Moreover, for necks with
0 varying from 0 to 90°, the stress state on the neck plane changes from
pure tension to pure shear, which lead to a transition in fracture mode.
Thus, geometrically, sintering necks with a smaller angle between
the normal and tensile direction are more advantageous. Given the
observed anisotropy in the orientation of sintering necks after sintering,
0 angles of sintering necks observed along the X-axis are more likely to
be smaller, leading to better mechanical performance when stretched
along the X-axis.

In the micro-cantilever bending tests, the 45° specimens exhibited
strength close to that of the 90° specimens. Considering that the
orientation distribution of sintering necks has a peak at 45°, it can
be inferred that when stretched at a 45° angle to the sintering stress
direction, many necks align favorably, resulting in better performance.

Due to the complexity of the sintered particle structure, the effects
of areal relative density fluctuations, sintering neck orientation, and
other factors not considered (such as grain boundary types and grain
orientations) are superimposed.

5. Conclusion

The mechanical strength of sintered NPs limits their application in
advanced electronics packaging. In this work, we reveal the anisotropy
in the microstructure and mechanical properties of sintered Cu NPs by
combining experimental methods with MD simulations. We clearly ex-
plain the processing-microstructure—property relationship of pressure-
assisted sintered Cu NPs. The main findings are as follows:

1. The evolution of the microstructure during sintering is quantita-
tively described by areal relative density, which shows distinct
differences in each direction during stress-assisted sintering. Di-
rections along the stress exhibit a quick decrease in the minimum
and SD of areal relative density, while directions perpendicu-
lar to the stress show an increase in SD. For sintering under
hydrostatic stress, changes in all directions are similar.

2. MD simulations reveal that the necks formed during sintering are
anisotropic. Necks tend to attain a smaller angle between their
normal and the stress direction. Additionally, necks with such
favorable orientation can achieve larger sizes.

3. The anisotropy in the mechanical properties of Cu NPs sintered
under uniaxial stress is demonstrated by both micro-cantilever
bending tests and tensile simulations. Along the direction of the
sintering stress, the strength (load in experiments and tough-
ness in simulations) is significantly higher (41% in experiments
and 108% in simulations) than that along the perpendicular
directions.

4. The mechanical anisotropy is induced by the microstructure
through two aspects: variations in areal relative density affect
the tendency for strain localization, and the size and orientation
of necks affect the fracture mode. Along the direction of the sin-
tering stress, the structure is more uniform, and more necks are
in favorable orientations, resulting in higher strength compared
to other directions.

We expect this study to provide new insights for nanoscale experi-
mental design and performance analysis, as well as inform the design
of NPs sintering processes.
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