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Sintered Cu nanoparticles (NPs) are promising for high-performance electronics due to their excellent thermal
and electrical conductivity, as well as mechanical reliability. This study investigates the microscale mechanical
behavior of sintered Cu NPs with a bimodal particle size distribution, focusing on strain rate and temperature
effects. Micro-pillar compression tests were performed across strain rates of 0.0001 s~' to 0.01 s~' and
temperatures from 25 °C to 350 °C. Results show that higher strain rates enhance yield strength through strain-
rate hardening, while elevated temperatures lead to thermal softening and reduced mechanical stability. The
Anand viscoplastic model accurately predicts these deformation behaviors. Microstructural analysis via scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) reveals localized deformation at 175 °C,
with dislocations concentrated near the top surface and persistent porosity below, whereas at 350 °C, re-sintering
and grain boundary diffusion create a denser microstructure. Phase-field fracture modeling further elucidates
crack propagation, emphasizing the role of pore size and temperature. This combined experimental and modeling
approach enhances understanding of viscoplastic deformation and fracture mechanisms in sintered Cu NPs,
informing their use in interconnects, power electronics and thermal management systems.

compression, particularly at elevated temperatures, remain scarce. Ad-
dressing this gap is essential for a comprehensive understanding of the
interplay of strain rate and temperature on the mechanical performance

1. Introduction

The increasing demand for high-power and high-temperature elec-

tronic applications, such as power modules based on wide-band-gap
semiconductors such as SiC and GaN, requires die-attachment materi-
als with exceptional thermal stability, mechanical reliability and cost
effectiveness [1,2]. Sintered Cu nanoparticles (NPs) have emerged as a
promising alternative of solder materials due to their high melting point,
excellent thermal conductivity and compatibility with power electron-
ics packaging [3]. However, extreme operating conditions, character-
ized by elevated temperatures and dynamic loading, significantly influ-
ence the viscoplastic behavior and mechanical integrity of these mate-
rials [4,5]. Although nanoindentation and tensile tests have revealed
temperature- and strain-rate-dependent deformation characteristics of
sintered Ag [6,7] and Cu [8,9] NPs, microscale investigations under

* Corresponding authors.

and failure mechanisms of sintered Cu NPs, ensuring their reliability in
next-generation power electronics.

Micro-pillar compression test has emerged as a powerful technique
for investigating viscoplastic properties at the microscale, particu-
larly under varying strain-rate conditions [10-12] and high temper-
atures [13-16]. By isolating the effects of nanoscale microstructural
features such as grain boundaries, dislocations and porosity, this method
provides critical insights into strain-rate- and temperature-dependent
deformation mechanisms. In bulk Cu, high-temperature micro-pillar
compression tests have revealed size-dependent plasticity, where strain
rate influences dislocation pile-up and recovery mechanisms [17]. How-
ever, the viscoplastic behavior of sintered Cu NPs remains largely un-
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explored, particularly regarding the interplay between strain rate, tem-
perature and microstructure evolution, leaving critical gaps in under-
standing their thermomechanical reliability for high-power electronic
packaging applications [9]. Moreover, previous studies on viscoplastic
deformation in sintered nanoparticle (NP) systems have primarily relied
on in-situ scanning electron microscopy (SEM) tensile tests [9,18,19],
which consistently reveals significant tension-compression asymmetry
in sintered Cu NPs. This asymmetry stems from fundamental microstruc-
tural mechanisms: under tension, inherent sintering voids/pores act as
stress concentrators that accelerate void growth and intergranular frac-
ture, reducing ductility and strength, whereas under compression, these
voids partially close while hydrostatic stress suppresses cracking, en-
abling higher strength through grain boundary-mediated plasticity and
dislocation activity [20]. While conventional tensile test provides valu-
able deformation insights, its stringent sample preparation requirements
and limited scalability constrain broader applicability. Most critically
for viscoplastic model fitting, tensile tests typically fracture before
reaching substantial plastic strains [21], preventing robust character-
ization of full hardening/softening behavior across essential strain-rate
regimes. Consequently, micro-pillar compression test offers distinct
advantages for constitutive modeling: it achieves stable plastic defor-
mation beyond 20% strain without catastrophic failure [22], enabling
complete stress-strain curve acquisition for accurate parameter cali-
bration while facilitating in situ strain-rate jump tests on individual
specimens to directly quantify rate sensitivity and activation volumes
with minimal artifact interference. Therefore, this study employs micro-
pillar compression test to systematically investigate the viscoplastic
properties of sintered Cu NPs, addressing these limitations and pro-
viding a more comprehensive understanding of their mechanical re-
sponse.

Predicting local deformation and crack propagation in porous struc-
tures is challenging due to their heterogeneity and complex microstruc-
ture. Various computational methods, including Molecular Dynamics
(MD) [23,24], the extended finite element method (XFEM) [25-27],
Monte Carlo (MC) simulations [28], peridynamics [29,30], and phase-
field fracture modeling [31-35], have been developed to study crack
evolution. Among these, phase-field fracture modeling has emerged as
a particularly robust and versatile approach, as it models fractures as
diffuse interfaces, eliminating the need for explicit crack tracking in
XFEM. While MD provides atomic-scale insights, it is computationally
prohibitive for large-scale porous structures, and MC simulations lack a
direct physical basis for mechanical deformation. In contrast, phase-field
fracture modeling ensures a thermodynamically consistent and com-
putationally efficient framework, making it well-suited for simulating
fracture in sintered NP networks. Despite its advantages, crack propa-
gation in sintered NPs remains highly dependent on pore distribution.
Phase-field fracture modeling has been successfully applied to sintered
Ag NPs [36-38], however, studies on sintered Cu NPs remain limited.
Thus, a deeper understanding of their fracture behavior is essential. To
address this, this study integrates phase-field fracture modeling with
Gaussian random field methods to provide a more comprehensive anal-
ysis of crack propagation in sintered Cu NPs.

In this study, we examine the mechanical properties of sintered Cu
NPs under varying strain rates (0.0001 s~!, 0.0005 s~!, 0.001 s~!, 0.005
s~ and 0.01 s~!) and temperatures (25 °C, 175 °C, 250 °C and 350 °C)
through a combination of high-temperature micro-pillar compression
test. Results show that the Anand viscoplastic constitutive model cap-
tures the material’s deformation response under these conditions. De-
tailed microstructural characterization, conducted using SEM and trans-
mission electron microscopy (TEM), provides critical insights into grain
morphology, sintered neck formation and deformation mechanisms. In
addition, phase-field fracture modeling is utilized to predict crack propa-
gation and failure modes, enabling a quantitative assessment of damage
evolution.
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2. Experimental and simulation method
2.1. Sintered sample preparation

To fabricate sintered Cu NPs, Cu NP paste was firstly transferred
onto an Active Metal Brazing (AMB) substrate (3 mm X 3 mm, 200
pum thick) using screen printing, where a scraper spread the paste uni-
formly over a patterned screen (Fig. 1a). The AMB substrate consists
of a silicon nitride (Si;N,4) ceramic core bonded to Cu layers, provid-
ing mechanical stability and thermal conductivity. Next, the printed Cu
paste underwent pressure-assisted sintering at 20 MPa, 250 °C for 5 min-
utes under a nitrogen atmosphere using a Boschman Sinterstar system.
Simultaneous application of heat and external pressure enhanced the
densification of the Cu NPs, promoting strong neck formation between
particles (Fig. 1b). After sintering, the aluminum (Al) film used to fa-
cilitate uniform pressure distribution was carefully removed, leaving a
well-adhered, consolidated Cu layer on the substrate. The sintered Cu
layer was then sectioned to isolate specific regions for mechanical char-
acterization (Fig. 1c).

In this study, Cu NPs were synthesized via physical vapor deposition
(PVD) [39]. Prior to mixing with organic compounds, the Cu NPs under-
went pretreatment involving acid washing with a formic acid solution,
followed by centrifugation and drying, which effectively suppressed ox-
idation. Subsequently, two distinct Cu particle sizes were mixed with
organic compounds. SEM analysis (Fig. 1d) revealed an average particle
size of 100 nm for the smaller Cu NPs and 2.5 pum for the larger particles.

The sintered Cu layer was sectioned to isolate specific regions for
microstructural and mechanical characterization. As shown in Fig. le,
SEM imaging revealed the porous structure of the as-sintered Cu NPs.
A TEM sample was subsequently prepared via focused ion beam (FIB)
milling using an FEI Helios G4 CX dual-beam FIB-SEM system, which
highlighted the heterogeneous microstructure, including well-formed
sintered necks between particles (Fig. 1f). Porosity quantification was
performed using 3D FIB-SEM reconstruction, yielding a measured poros-
ity of 7% (Fig. 1g). For mechanical test, micro-pillars with a diameter
of 6 um and a height of 20 um (aspect ratio 3:1) were fabricated via FIB
(Figs. 1h, i). This geometry ensured mechanical stability during in-situ
compression tests [40].

2.2. Micro-pillar compression tests

High-temperature micro-pillar compression tests were conducted us-
ing an in-situ high-temperature SEM (HT-SEM) nanoindenter (KLA Cor-
poration, Milpitas, CA, USA) as shown in Fig. 2a, equipped with a con-
tinuous stiffness measurement (CSM) unit [41]. The CSM system applied
a 100 Hz sinusoidal force signal with a 2 nm displacement amplitude,
enabling continuous determination of hardness and Young’s modulus as
a function of indentation depth [42]. A flat punch tip made of boron car-
bide (Synton-MDP, Nidau, Switzerland) was employed for precise load
application. The sample is firmly clamped onto a resistance-heated sam-
ple holder (Fig. 2b), with the thermocouple positioned within a spacer.
In this study, a flat-ended indenter with a 10 um diameter, larger than
the micro-pillars (Fig. 2c), was used to ensure uniform stress distribu-
tion during loading, enabling accurate assessment of the mechanical
response of the sintered Cu NPs. The nanoindenter was integrated within
a Tescan Vega3 SEM (Tescan, Brno, Czech Republic) under high vac-
uum conditions (<10~* mbar) to ensure accurate indent positioning
and prevent high-temperature oxidation of both the tip and sample.
Tip temperature calibration was performed via direct indentation into
a thermocouple, following the method described by Wheeler and Mich-
ler [43]. Prior to the test, a thermal stabilization period of 1-2 hours
was maintained to minimize thermal drift and ensure data reliability.
The area function and frame stiffness were calibrated at room tempera-
ture using fused quartz, following the procedure outlined by Oliver and
Pharr [44].
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Fig. 1. Fabrication and characterization of sintered Cu NPs: (a) Screen printing of Cu NP paste onto an AMB substrate; (b) pressure-assisted sintering process under
heating with an Al film cover; (c) removal of the Al film post-sintering; (d) SEM image of as-printed Cu NPs; (e) cross-sectional SEM image of sintered Cu NPs; (f)
TEM image of the sintered Cu NPs; (g) 3D reconstruction of the sintered structure showing porosity; (h) schematic of FIB milling for micro-pillar fabrication; (i) SEM

image of a fabricated Cu micro-pillar.

In this study, micro-pillar compression tests under varying strain
rates (0.0001 s~!, 0.0005 s~!, 0.001 s~!, 0.005 s~! and 0.01 s~
and temperatures (25°C, 175°C, 250°C and 350 °C) were performed.
To ensure experimental reproducibility and statistical robustness, five
micro-pillars were tested for each condition. Post-compression analyses
involved field emission scanning electron microscopy (FE-SEM, Helios
G4Cx) to examine failure modes of micro-pillars. Additionally, TEM (Cs-
corrected Titan) characterization was performed to provide detailed in-
sights into microstructure evolution and deformation mechanisms, such
as dislocation activity and grain boundary interactions at elevated tem-
peratures.

2.3. Anand constitutive model

To quantify the strain-rate and temperature-dependent behavior of
the sintered Cu NPs, the Anand model is employed to fit the stress-strain
data. The Anand model is a viscoplastic constitutive model widely used
to describe the deformation behavior of materials, particularly under
varying strain rates and temperatures [45]. The model assumes that the
inelastic strain rate is related to the stress through a set of material-
specific constants, which account for time-dependent plasticity and tem-
perature effects.

G=cs (€9)

here ¢ = g(T, €p) and s = h(T,€,) represent the material parameter and
the internal variable, respectively. Both are functions of the absolute
temperature and the inelastic strain rate. Under a constant strain rate,
the specific expressions for these parameters are as follows:

_L (% o\\"
c—gsmh ((AeXp<RT>> ), c<l1 2

where & represents the multiplier of stress, ¢, denotes the inelastic strain
rate, A is the pre-exponential factor, Q is the activation energy, R refers
to the universal gas constant, T is the absolute temperature and m indi-
cates the strain rate sensitivity.

Mathematically, the Anand model can also be expressed as follows,

1
ép=Aexp (—%) [sinh(%)]m 3

and the internal variable s was proposed by Anand [46] and Brown et
al. [45] as follows:

s=[no(1-2) sign(1- 2)]¢, ax1 “)

oo e (2
s —s<Aexp<RT>> (5)
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Fig. 2. (a) HT-SEM setup with nanoindenter; (b) schematic of the heating stage with sample mounting; (c) schematic of the micro-pillar compression test.

where s* represents a saturation value of s associated with a set of given
temperature and strain rates, A, is the hardening/softening constant, a
is the strain rate sensitivity of hardening/softening, § and » are the coef-
ficient and strain rate sensitivity of the saturation value of deformation
resistance, respectively.

To determine the above parameters, Eq. (4) can be written as:

§= h(o‘,s,T)éIJ 6)

where h is dynamic hardening and recovery function. Combining
Egs. (1) and (6) can lead to the following formula:

s
de,
For the case s < 5, Egs. (4), (6) and (7) will lead to

%:cho(l—%y ®)

=ch @

where ¢* = ¢s* is the saturation or steady state stress. The integration
form of Eq. (8) is

G=6"— {(&* —&0)+(a=1) [chy(6) 7%, e } ©

where 6, = csg. $(, the initial deformation resistance, representing the
initial value of s. For a=1, Eq. (8) can be integrated as shown below:

&:6*—(6*—5’0)exp{—<C:*0>ép} (10)

In the compression test, 6 = |o|, where ¢ is the compressive stress
measured in the compression experiments. Moreover, when the plastic
flow is fully developed at a certain temperature 7' and strain rate ¢, it can
be assumed that é” ~ [¢]. Since a constant true strain rate is considered
in this manuscript, the combination of Egs. (3) and (5) can be expressed
as follows:

ot = % (%)nsinh_l [(%)m] an

where

. (9]
z—eexp<ﬁ> 12)

Therefore, nine parameters (s, Q, A, &, m, hy, a, §, and n) are re-
quired in the Anand model. Steps of fitting the nine parameters are as
follows [45]:

1. Determining the saturation stress ¢* for each test based on the
steady-state value of the stress-strain data.

2. Determining a, ch, and & by fitting Eq. (9) or (10) using the least
squares method.

3. Determining A, Q, m, n and the combined term &£/3 by fitting
Eq. (11) using least squares method.

4. Determining & by substituting the above parameter values into
Eq. (2) and ensuring that c is less than 1 for each test. Then, § can be
calculated from ¢ and £/5.

5. Determining h, by using the following equation:

Xy, e

hy = ——— (13)

where i refers to the i-th test, n represents the total number of tests.
Finally, s is determined from ¢, and c obtained from each test.

2.4. Generation of random porous structures

The microstructures of sintered Cu NPs are characterized by random
variations in pore geometry, including size, shape and spatial distribu-
tion, which arise from particle migration, deformation and coalescence
during the sintering process. To effectively capture these characteristics,
a Gaussian Random Field (GRF)-based approach was employed to gener-
ate two-dimensional (2D) microstructures [37,38,47-49]. This method
models spatial randomness through a random field Z(x) characterized
by a mean function m(x) and a covariance function C(x,,x,). The mean
function was set to zero (m(x) = 0) to preserve spatial neutrality, while
the covariance function controlled the spatial correlation and was ex-
pressed as:

_(x - x)? O —J’2)2> (14)

C(x1,xy) =02 exp (
2 2
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Fig. 3. 2D random porous structures: (a) A, = /1y =2;(b) 4,= /1}, =4;(c) A, = Ay =6.

where 62 represents the variance, and 4, and A , are the correlation
lengths in the x- and y-directions, respectively. By adjusting 4, and 4,,
both isotropic and anisotropic structures can be generated, enabling con-
trol over pore aspect ratios and orientations [37,38,49]. This flexibility
allows the method to simulate flattened pore shapes typically observed
under directional pressure or temperature gradients.

To discretize the GRF into solid and pore phases, a threshold function
was employed. The indicator function, defined as:

1, Z(x)> F(),
W(x) = 1
) {0, Z(x) < Fy. (15)

This threshold (F;,) was optimized using quantile functions to ensure
the target porosity level was met. The Gaussian width (o) controlled the
smoothing of the field, influencing the connectivity and size of the pores.
Larger values of o resulted in larger, less numerous pores, whereas
smaller values generated finer, denser pore distributions.

The computational domain, a 2D grid of size 100 x 100, was con-
structed, and Gaussian filtering was applied to generate the random
fields. The spatial correlations in the generated microstructures were
validated by comparing statistical features, including pore size distribu-
tions, aspect ratios, and shape factors, to experimental results obtained
from SEM imaging. By varying 4, and 4,, pores size and distribution
aligned with the observed experimental morphology were reproduced.
Therefore, the 2D models established in this study have the porosity of
7%. Fig. 3 shows the 2D random porous structure and different 4, and
Ay, in which the black area represent the Cu domain and the white area
represent the voids.

2.5. Phase-field fracture model

The phase-field fracture method, based on Griffith’s fracture the-
ory [50], regularizes cracks using a diffusive scalar damage variable
¢ €10,1]. Here, ¢ = 0 represents undamaged material, ¢ = 1 indicates
complete fracture, and intermediate values (0 < ¢ < 1) describe the tran-
sition zone [51]. The damage zone width is controlled by the phase-field
length scale parameter /. This approach formulates fracture as a mini-
mization problem of the total potential energy functional. For the AT1
model [52], the total potential energy is expressed as:

I = / [(1 = $)* + k] wy(e(m)dQ + / G.y($,V)dQ (16)
Q

Q

where P(u,¢) = [(1 — ¢)? + k]¥,(e) is the degradation function as-
sociated with the AT1 and AT2 models, y(€) = %eTCOe is the in-
ternal strain energy under the conditions of small deformations with
€= % (Vu+ VTu), u is the displacement and G, is the critical energy
release rate. As depicted in Fig. 4, this equation is provided in a 2D ar-
bitrary solid domain £2 with a discontinuous boundary I".

$=1 00

$=0

Fig. 4. Illustration of a solid body with a distinct internal discontinuity, using
the phase field method to approximate the discontinuity.

The crack surface area density function is expressed as [53]:

r@:v0) =L + Livgp a7
21 2

Within this framework, crack growth can be predicted along any tra-
jectory without arbitrary criteria, driven by global energy minimization
and the conversion of stored energy into fracture energy. The displace-
ment and phase fields are obtained by minimizing the functional, where
the functional derivatives with respect to each field are set to zero. This
process yields the strong form of the problem, expressed through the
following Euler-Lagrange equations [51]:

ST

Z=V.0=0, (18)
éu

S _ (P2 ) oy _

50 =G, (, v <l>> 2(1 = Plwp(e)=0 19)

To prevent crack nucleation under compressive loading, the strain
energy in the intact body is partitioned into active (1//(;r ) and inactive
(w,) components. This decomposition distinguishes tensile and com-
pressive contributions, addressing the tension-compression symmetry
inherent in damage evolution within the phase-field framework. Such
symmetry can lead to unphysical crack growth under compressive stress
states, which contradicts the observed resistance to cracking in materials
like metals. There are several methods for strain energy decomposition
designed to prevent crack growth under compressive loading. These in-
clude the volumetric—deviatoric split proposed by Amor et al. [54], the
spectral decomposition introduced by Miehe and co-workers [53], and
the purely tensile splits, often referred to as no-tension models, devel-
oped by Freddi and Royer-Carfagni [55,56] and Lo et al. [57]. This study
employs a volumetric—deviatoric split of the strain tensor, coupling only
the deviatoric component with phase-field evolution, ensuring that com-
pressive energy does not drive crack propagation [54]. The split strain
energy contributions (1//5’, y, ) are functions of their respective strain
tensors, as shown below:
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Fig. 5. (a) Stress-strain curves versus strain rates; (b) elastic modulus and yield stress versus strain rates.

wi = %A(tr(ﬁ))z + ptr[(e7)?] (20)

vy = 3 M) + (e Y] @1
where A and y are the Lamé constant, e* and £~ are the positive and
negative counterparts of the strain tensor.

Moreover, to prevent damage from self-healing over time 7, H (frac-
ture driving force) is introduced as a history variable since it is an
irreversible process [53].

H = max,c(0q¥* (1) (22)

This expression represents the peak tensile elastic energy attained dur-
ing the loading history, serving as the primary driving force for crack
propagation. This leads to the following formulation of the strong form:

G, <1£ —10v2¢> —2(1-¢)H =0
0

23)

The model is implemented in the implicit finite element solver
Abaqus using a user-defined material subroutine (UMAT). To simplify
the analysis, the phase-field parameter is represented as a temperature-
like field by utilizing coupled temperature-displacement elements. This
formulation exploits the mathematical analogy between the phase-
field governing equations and the steady-state heat transfer equation
(Eq. (24)), as described in [58], where k is the thermal conductivity, T
is temperature and r is the heat source term.

kV2T = —r
Vip= ¢

1_2_

@24
H

20 =) —

f(@)G.1

Specifically, the UMAT developed by Navidtehrani et al. [58-60] is

employed, which incorporates both the heat transfer law and phase-

field equations. Taking k as 1, a heat source is introduced in the model
through the user-defined heat generation subroutine as:

r=- (9 = —¢>L)
2 f(@)G,]
This approach ensures computational efficiency and enables seam-
less integration within the Abaqus framework [61]. By representing the
phase field through the temperature field, it leverages Abaqus’s built-in
features to effectively simulate fracture.

(25)

(26)

3. Results and discussion
3.1. Stress-strain curves under different strain rates

The stress-strain curves of micro-pillars tested under five different
strain rates (0.0001 s~! to 0.01 s~!) are shown in Fig. 5a. The results
demonstrate a clear strain-rate-hardening characteristics in the mechan-
ical properties of sintered Cu NPs. The yield strength was determined

according to 0.2% offset yield criterion [62]. As the strain rate increases,
both yield stress and ultimate strength rise significantly. For instance,
the yield stress exceeds 450 MPa at 0.01 s~!, while it falls below 200
MPa at 0.0001 s~!. This trend indicates that higher strain rates enhance
resistance to deformation due to limited time for dislocation motion
and rearrangement, leading to dislocation accumulation and increased
strength. Conversely, lower strain rates provide more time for disloca-
tions to rearrange, reducing yield stress but improving ductility. Fig. 5b
further reveals that the elastic modulus also increases with strain rate,
rising from approximately 14 GPa at 0.0001 s~! to nearly 20 GPa at
0.01 s~!. The observed step-like increase in elastic modulus near a strain
rate of 0.001 s~! can be attributed to rate-dependent deformation mech-
anisms in the sintered Cu NP structure. At lower strain rates, localized
deformation at inter-particle necks and void growth dominate, resulting
in reduced stiffness due to heterogeneous stress distribution. In con-
trast, higher strain rates enhance interparticle load transfer and suppress
localized damage, promoting more uniform stress fields and effective
cohesion across the structure. This transition leads to a measurable in-
crease in apparent stiffness. Similar behavior has been reported in prior
studies [63], where high strain rates were shown to induce more homo-
geneous deformation through concurrent activation of both favorable
and less favorable sites. These findings highlight the role of strain rate
in strengthening and stiffening sintered Cu NPs through microstructure
confinement and stress redistribution.

3.2. Stress-strain curves under different temperatures

The mechanical behavior of sintered Cu NPs under compression is
strongly influenced by temperature, as shown in Fig. 6. Stress-strain
curves in Figs. 6a and ¢ demonstrate significant mechanical degrada-
tion with increasing temperature (25°C to 350°C) at strain rates of
0.001 s~! and 0.01 s~!. At room temperature, micro-pillars exhibit
the highest yield strength and elastic modulus, exceeding 300 MPa and
20 GPa, respectively. However, both properties decline sharply at ele-
vated temperatures. For instance, the yield stress drops to approximately
110 MPa at 175°C and further reduces to below 50 MPa at 350 °C,
accompanied by a corresponding decrease in elastic modulus to less
than 2 GPa. This temperature-induced softening is attributed to ther-
mally activated processes such as enhanced dislocation motion [64],
grain boundary sliding and atomic diffusion [65,66], which collectively
reduce structural integrity. At lower temperatures, deformation resis-
tance is dominated by dislocation pile-ups and particle necking, preserv-
ing mechanical strength. However, as temperature increases, diffusion-
assisted grain boundary migration promotes plastic flow and weakening
the material. Similar behavior has been observed in other nanostruc-
tured materials [13], where high-temperature deformation is linked to
grain boundary effects and interfacial weakening. Additionally, strain-
rate hardening effects mitigate softening to some extent. As shown in
Figs. 4b and d, higher strain rates (0.01 s~ result in consistently higher
yield stress and elastic modulus compared to lower rates (0.001 sh
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Table 1

Material parameters of Anand model for the sintered Cu NPs.
Parameter A (s™!) Q (J/mol) m n & § (MPa) hy (MPa) so (MPa) a
Value 298 71013 0.477 0.0179 10 421 213 12.22 1

across all temperatures. This rate-dependent strengthening arises from
restricted dislocation motion and reduced time for diffusion, limiting
void growth and enhancing load transfer within the sintered structure.
The overall trend highlights the challenges of using sintered Cu NPs in
high-temperature applications, where thermal degradation of mechani-
cal properties may lead to premature failure under elevated thermal and
mechanical loads.

The material parameters of Anand model for the sintered Cu NPs are
presented in Table 1. It can be observed from Fig. 5a and Figs. 6a, c that
the Anand model provides a good fit to the experimental data, as indi-
cated by the close alignment between the scatter points (experimental
data) and the lines (fitted results). The fitting is particularly accurate
at lower temperatures and for higher strain rates, where the plastic be-
havior of the material dominates. However, some discrepancies can be
noticed at higher temperatures, especially in the early stages of deforma-
tion, where the model slightly underestimates the yield point. This may
be due to the fact that the Anand model is primarily designed to capture
plastic deformation and is less effective in modeling the initial elastic re-
sponse. Despite these minor deviations, the model demonstrates a robust
capability to predict the overall stress-strain behavior across different
strain rates and temperatures, making it a reliable tool for predicting
the mechanical response of sintered Cu NPs under varying conditions.

3.3. SEM analysis

The SEM micrographs in Fig. 7 and Fig. 8 reveal the deformation
mechanisms of sintered Cu NP micro-pillars under varying strain rates

and temperatures. Figs. 7a and b show micro-pillars deformed at 25 °C
under strain rates of 0.0001 s~! and 0.01 s~!, respectively. Despite
the differences in strain rate (Fig. 5a), both SEM micrographs (Figs. 7a
and b) exhibit similar macroscopic deformation features, characterized
by surface extrusions on the sidewalls of the compressed micro-pillars.
These extrusions indicate localized plastic deformation, which likely
originates from particle rearrangement and interfacial sliding—a com-
mon mechanism in sintered NP systems [67-69]. Given the absence
of visible slip bands, twinning, or grain boundary migration at this
resolution, the deformation is inferred to be dominated by interfacial
plasticity and densification through pore collapse rather than crystal-
lographic slip. The role of larger particles as load-bearing elements is
also evident, suggesting heterogeneous stress distribution and localized
deformation pathways within the pillar. Thus, the observed behavior
reflects the unique mechanical response of porous sintered structures,
where deformation is governed more by interparticle dynamics than by
traditional intragranular mechanisms [70].

Figs. 8a—f provide high-resolution SEM micrographs of sintered Cu
NP micro-pillars compressed at elevated temperatures of 175°C and
350 °C. At both temperatures, distinct thermally activated deformation
mechanisms are observed. Notably, surface extrusions and lateral shear
steps (Figs. 8b, c, e, and f) suggest the onset of localized shear de-
formation, likely facilitated by reduced yield strength and increased
particle mobility. These features are indicative of surface flow and in-
terfacial sliding due to the fine-grained, porous microstructure of the
sintered NP pillars. The reduction in visible porosity, especially at
350 °C (Figs. 8d-f), supports a densification mechanism akin to pressure-
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Fig. 8. SEM images of micro-pillars compressed at a strain rate of 0.001 s~!. (a—c) Deformation behavior at 175°C: (a) overall pillar morphology; (b, c) high-
magnification views highlighting shear banding and surface extrusion features. (d—f) Deformation behavior at 350 °C: (d) overall pillar morphology; (e, f) high-

magnification views showing enhanced shear and extrusion deformation.

assisted sintering, where elevated temperature enhances atomic dif-
fusion and facilitates void closure [71]. This is further supported by
smoother surface morphologies and fewer discrete interparticle voids.
The contrast between deformation at room temperature (Fig. 7) and el-
evated temperatures (Fig. 8) underscores a transition in dominant mech-
anisms: from rigid-body particle interactions and force chain formation
at 25°C to thermally activated interparticle sliding, shear localization,
and pore collapse at 175 °C and 350 °C. These observations suggest that
deformation at elevated temperatures is governed by a combination of
viscous flow, interface sliding and diffusion-assisted particle rearrange-
ment [72].

3.4. TEM characterization

To further investigate the effect of high temperature on microstruc-
ture evolution of micro-pillars, two TEM samples were extracted from
the compressed micro-pillars tested at 175°C and 350 °C (Fig. S1), re-
spectively. Fig. 9 presents TEM bright-field (BF) images of a micro-pillar
compressed at 175 °C, highlighting the effect of moderate thermal acti-
vation on microstructure evolution as the re-sintering were found based
on the more sphere voids compared with the initial microstructure
shown in Fig. 1f. As shown in Fig. 9a, the overall morphology retains
clear particle boundaries and exhibits a heterogeneous structure with
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Fig. 9. TEM images of a sintered Cu NP micro-pillar compressed at 175 °C to 15% strain (strain rate: 0.001 s~!). (a) Low-magnification overview of the deformed
pillar; (b, c¢) high-magnification views of the regions indicated in (a), highlighting local microstructural features.

regions of localized deformation. Near the top surface (Fig. 9b), where
the indenter applied load, deformation is more concentrated due to lo-
calized stress, promoting dislocation motion and compaction, especially
within larger particles. These larger particles serve as primary load car-
riers, forming force chains that sustain deformation and redistribute
stress. In contrast, the lower region (Fig. 9c) shows less deformation,
with more evident voids and distinct particle boundaries, indicative of
incomplete densification. While partial re-sintering has occurred, as ev-
idenced by reduced porosity compared to room-temperature samples,
the residual voids within the NP regions suggest that densification at
175°C is not yet sufficient to form a fully compact structure. Instead,
the deformation is predominantly accommodated through particle rear-
rangement and localized sliding, with plasticity concentrated at particle
necks rather than across the entire structure. This highlights the critical
role of particle size and arrangement in governing deformation behavior
under moderate thermal conditions.

Fig. 10 illustrates microstructure changes in a micro-pillar com-
pressed at 350°C, where higher thermal activation significantly en-
hances densification through re-sintering. Due to the re-sintering, the
voids present a more sphere shape compared with the initial microstruc-
ture (Fig. 1f). The BF images (Figs. 10a, b) show that the micro-pillar
develops a more compact and homogeneous structure, with pronounced
reductions in void size and clearer evidence of particle bonding. This
densification is driven by increased dislocation activity, grain bound-
ary sliding and diffusion-assisted particle rearrangement at elevated
temperatures. The stronger sintering necks between particles further im-
prove mechanical integrity, enabling more uniform stress distribution
throughout the structure. Notably, the scanning transmission electron
microscopy (STEM) image in Fig. 10c provides additional insights into
the microstructure. It reveals finer voids distributed along grain bound-

aries, indicating that re-sintering processes are concentrated at particle
interfaces, further reducing porosity. The blurred particle boundaries
observed in Fig. 10c suggest enhanced bonding due to thermal diffusion,
which promotes better stress transfer between particles. Compared to
the sample deformed at 175 °C, the micro-pillar compressed at 350 °C ex-
hibits not only higher compaction but also a more homogeneous defor-
mation pattern throughout the entire volume (Fig. 10). This transition
from localized deformation in a porous network to uniform plastic flow
in a denser structure highlights the increasing influence of temperature-
activated mechanisms. In particular, signs of dynamic recrystallization
(DRX) can be inferred from the microstructural evolution observed in
the high-temperature sample. The presence of finer, equiaxed grains
and reduced dislocation density in certain regions (Fig. 10c) suggests
the occurrence of DRX, likely facilitated by grain boundary migration
and dislocation rearrangement [73,74]. These features are indicative of
thermally activated recovery and recrystallization processes, which are
known to enhance plastic deformability and structural stability under
elevated temperatures. Therefore, we believe that DRX plays a signifi-
cant role in accommodating strain and promoting densification during
high-temperature deformation of sintered Cu NP micro-pillars.
Moreover, TEM observations reveal the presence of stacking faults
and deformation twins, as shown in Fig. 9 and Fig. 10. These features are
indicative of partial dislocation activity and twinning—both intragran-
ular mechanisms that accommodate plastic strain under elevated tem-
peratures [75,76]. Their presence suggests that, in addition to interfa-
cial sliding and particle rearrangement, thermally activated dislocation
processes contribute significantly to the overall deformation behavior.
While direct grain boundary sliding is not explicitly resolved, the hetero-
geneous contrast and local misorientations near grain interfaces imply
its potential contribution, particularly at higher temperatures where
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Fig. 10. TEM images of a sintered Cu NP micro-pillar compressed at 350 °C to 17% strain (strain rate: 0.001 sH. @) Low-magnification overview of the deformed
pillar; (b, ¢) high-magnification views of the regions indicated in (a), highlighting local microstructural features.

boundary mobility increases. Overall, these deformation products play
a crucial role in enhancing the ductility and energy dissipation capacity
of the sintered Cu NP micro-pillars, supporting a transition from rigid
interparticle force networks at room temperature to more distributed,
defect-mediated plasticity at elevated temperatures.

3.5. Phase-field fracture modeling

In this section, 2D models with randomly distributed pores are used
to simulate the mechanical properties and fracture behavior. The dimen-
sion of the model is 5 um X 5 pm with quadrilateral elements of 0.05 um
x 0.05 um. Fig. 11 shows the corresponding finite element mesh (4
nodes CPS4) of the structure and the boundary conditions. The com-
pressive and tensile loading is applied along the top edge (as indicated
by the arrows), which is designed to simulate compressive and tensile
stress, allowing for the investigation of how the porous microstructure
influences mechanical behavior, particularly crack initiation and prop-
agation.

The phase-field modeling results presented in Figs. 12-15 highlight
the significant influence of void size and distribution on the mechani-
cal behavior and crack evolution of sintered Cu NPs under compressive
and tensile loading. The microstructures, controlled by the correlation
lengths 4, and 4,, demonstrate that increasing these parameters leads
to larger voids and fewer voids at a fixed porosity (7%). Stress—strain
responses under compressive loading (Fig. 12) reveal that smaller voids
A= /ly =2) sustain higher stress levels due to more uniform stress dis-

10

Fig. 11. Meshed 2D model with boundary conditions.

tributions, which delay crack initiation and promote sudden brittle-like
fracture. In contrast, larger voids (4, = Ay =4, A, = /ly =6) experience
localized stress concentrations at void edges and tips, causing grad-
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ual crack propagation along interconnected voids. The stress and strain
distributions (Fig. 13) further confirm that larger voids induce higher
strain localization, weakening load transfer and accelerating failure.
Moreover, the simulated crack propagation path agrees well with the
experimental results in Fig. 8. Under tensile loading (Fig. 14), smaller
voids also exhibit higher tensile strength and slower crack propagation
compared to larger voids, which promote rapid crack extension along
stress concentration regions. Unlike compression, tensile cracks result
in complete void opening, leading to a sharp reduction in load-bearing
capacity, as illustrated by the stress and strain fields in Fig. 15.

These results underscore the critical role of void morphology in gov-
erning the mechanical performance of sintered Cu NPs. Smaller voids
effectively distribute stress, offering higher structural integrity and re-
sistance to deformation, while larger voids act as stress concentrators,
amplifying localized deformation and accelerating fracture propagation.
The asymmetric crack evolution between compressive and tensile load-
ing highlights distinct failure mechanisms, where compression-induced
cracks are dominated by slip and void coalescence, while tensile cracks
propagate through void opening [77]. The findings are consistent with
experimental observations and previous studies on porous materials,
demonstrating the importance of void geometry in mechanical responses
and fracture paths [37]. Furthermore, the observed void evolution rep-
resents high-temperature effects, such as re-sintering and void growth,
which alter stress pathways and mechanical stability. These insights pro-
vide a foundation for optimizing microstructures in sintered Cu NPs to

11

enhance thermal and mechanical performance, particularly for high-
temperature applications in electronics packaging.

Fig. 16 presents the stress—strain responses of sintered Cu NPs,
demonstrating the influence of temperature (25°C, 175 °C, 250 °C and
350°C) on mechanical behavior and crack propagation under com-
pressive and tensile loading. The results reveal a substantial reduc-
tion in strength with increasing temperature, primarily attributed to
thermally induced softening. Notably, only the elastic modulus was
adjusted in the present simulations to capture temperature-dependent
effects, focusing on mechanical responses without explicitly modeling
temperature-induced plasticity. While the phase-field fracture model-
ing effectively simulates crack initiation and propagation under various
loading conditions, the real deformation mechanisms in sintered Cu
NPs are inherently more complex, involving significant elastic—plastic
interactions and time-dependent processes such as creep and stress re-
laxation. The simplified elastic modeling may underestimate the role
of plastic deformation, which is critical for accurately predicting fail-
ure behavior under elevated temperatures. Future efforts should in-
corporate elastic—plastic formulations into the phase-field framework
to better capture the interplay between plastic flow, void growth and
crack evolution. Such enhancements will provide deeper insights into
temperature-driven microstructural transformations and improve the
predictive capabilities for applications requiring thermal and mechani-
cal stability.
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Fig. 14. Stress-strain responses with crack evolutions under tensile load: (a) A, =4,=2; (b) 4, =4,=4; (c) 4,=4,=6.
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4. Conclusion

In this study, the microscale mechanical properties of sintered Cu
NPs were comprehensively analyzed through micro-pillar compression
tests, SEM, TEM and phase-field fracture modeling. This multi-faceted
approach enabled a detailed exploration of the effects of strain rate and
temperature on the mechanical behavior of sintered Cu NPs. The main
conclusions are as follows:

1. The results reveal that the mechanical response of sintered Cu
NPs is significantly influenced by strain rate and temperature. Higher
strain rates enhance yield strength due to strain-rate hardening, whereas
elevated temperatures induce thermal softening, leading to reduced
strength and stiffness. These effects are effectively captured by the
Anand viscoplastic model, which demonstrates excellent agreement
with experimental stress-strain data across a range of strain rates
(0.0001 s~! t0 0.01 s~! and temperatures (25 °C to 350 °C).

2. Microstructural analyses using SEM and TEM further elucidate
temperature-driven deformation mechanisms. At moderate tempera-
tures (175°C), deformation remains localized, with dislocation activ-
ities concentrated near particle interfaces, while at higher tempera-
tures (350 °C), diffusion-assisted grain boundary migration promotes
re-sintering and densification, resulting in a more compact structure
with reduced porosity.

3. Phase-field fracture modeling reveals that void size and number
significantly influence crack initiation and propagation, even at constant
porosity levels. Structures with smaller, more numerous voids exhibit
higher stiffness and delayed crack initiation due to more uniform stress
distribution, while larger voids lead to localized stress concentrations,
rapid crack coalescence and accelerated fracture propagation.
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