& frontiers | Frontiers in Materials

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Chuantong Chen,
Osaka University, Japan

REVIEWED BY
Nur |zzah Nabilah Haris,

Putra Malaysia University, Malaysia

Li Liu,

Wuhan University of Technology, China
Kyle He,

Central South University, China

*CORRESPONDENCE

Zhongaing Zhang,
beckeet@126.com

Shiyang Li,
lsyang@nwpu.edu.cn

RECEIVED 22 November 2024
ACCEPTED 09 December 2024
PUBLISHED 24 December 2024

CITATION

Zhou Z, Lang F, Farlim V, Zhang Z, Li S and
Dong R (2024) Review on multi-scale
mechanics fundamentals and numerical
methods for electronics packaging
interconnect materials.

Front. Mater. 11:1532859.

doi: 10.3389/fmats.2024.1532859

COPYRIGHT

© 2024 Zhou, Lang, Farlim, Zhang, Li and
Dong. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Materials

TYPE Review
PUBLISHED 24 December 2024
pol 10.3389/fmats.2024.1532859

Review on multi-scale
mechanics fundamentals and
numerical methods for
electronics packaging
interconnect materials

Zhenrui Zhou', Fengyong Lang?, Vincentius Farlim?,
Zhongqging Zhang**, Shiyang Li** and Ruipeng Dong"

!School of Mechanics, Civil Engineering and Architecture, Northwestern Polytechnical University,
Xi'an, China, °CSSC Systems Engineering Research Institute, Beijing, China, *School of Architecture
and Civil Engineering, Xiamen University, Xiamen, China, “QianYuan National Laboratory, Hangzhou,
China

This paper examines multiscale theories and numerical methods for
interconnect materials in electronic packaging, focusing on the interplay among
micro-scale morphology, meso-scale structure, and macro-scale behavior to
improve material reliability and performance prediction. It reviews advanced
materials, such as sintered silver and lead-free solder, alongside methodologies
like Molecular Dynamics (MD) simulations, cohesive modeling, crystal plasticity
modeling, and phase-field modeling, to evaluate mechanical and thermal
properties across scales and their long-term reliability. At the microscopic scale,
MD simulations reveal the influence of atomic arrangements, grain orientations,
and dislocation evolution on mechanical behavior. At the mesoscopic scale,
phase-field and crystal plasticity models are combined to analyze pore
evolution, grain sliding, and stress concentration under thermal cycling.
Macroscopically, models like Anand and Unified Creep Plasticity (UCP) describe
viscoplasticity, creep, and fatigue life, offering insights into performance
under complex conditions. By systematically integrating diverse research
methods and theoretical models, this review highlights the applicability of a
multiscale coupling framework, providing a comprehensive understanding of
the correlations between morphology, structure, and behavior. This framework
serves as theoretical guidance for developing innovative packaging solutions
and optimizing materials for high-density, low-power electronic devices.

KEYWORDS

multi-scale mechanics, electronics packaging, interconnect materials, finite element
analysis, reliability analysis

1 Introduction

The rapid advancement of electronics necessitates miniaturization and high-
density integration in packaging. Technologies like Wafer-Level Packaging (WLP)
(Elshabini et al., 2006), System-in-Package (SiP) (Fontanelli, 2008; Dai, 2016; Wang et al.,
2023), and heterogeneous integration (Lee et al, 2020; Lau, 2022) address these
needs. Notably, 3D heterogeneous integration bridges chip-level and system-level
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integration (Choudhury, 2010; Zhang et al, 2022). However,
complex materials and micro-scale morphology demand multi-scale
investigation into performance and reliability.

As devices shrink, mechanical properties like conductivity and
thermal expansion become critical. Traditional materials fall short
of modern packaging demands. Research focuses on nanomaterials,
sintered silver and copper, and lead-free solder to meet high-density
packaging requirements (Paknejad and Mannan, 2017; Zhang et al.,
2019; Aamir et al.,, 2020). Nanoindentation evaluates stress-strain
relationships (Long et al., 2021b). While sintered silver offers
reliability, it’s costly; thus, sintered copper is explored as a cost-
effective alternative (Chen and Siow, 2021). Models study solder
deformation and failure over time. Finite Element Analysis (FEA)
efficiently assesses performance (Mathew et al., 2021; Gharaibeh
and Wilde, 2023). Life prediction models like Coffin-Manson and
Basquin are widely used (Tan et al., 2014; Chen et al, 2020;
Coffin, 2022; Mathew et al., 2022). These models predict lifespan
under cyclic loading, evaluating long-term reliability. Therefore,
solder fatigue behavior and failure mechanisms are crucial in
macroscopic modeling.

However, macroscopic models cannot fully describe solder
properties due to micro- and meso-scale influences. Behaviorslike void
formation and grain orientation changes affect reliability. Simulations
focusing on these scales are key (Lederer et al,, 2021; Long et al,
2022), providing insights into porosity effects and guiding design
improvements (Ma et al., 2023; Long et al., 2023c). Advances in
Molecular Dynamics (MD) and Crystal Plasticity Finite Element
Method (CPFEM) are pivotal for understanding these correlations.

This paper explores cross-scale theoretical research on
packaging materials, focusing on relationships between micro-
scale morphology, meso-scale structure, and macro-scale behavior.
It analyzes mechanical behavior and reliability using integrated
simulations. MD and Monte Carlo simulations reveal atomic-level
details; meso-scale analysis employs crystal plasticity and phase-
field methods; macroscopic models like Anand and UCP describe
viscoplasticity and creep. Long-term performance evaluation
uses SEM and FEM to support life prediction. The proposed
multiscale framework spans microscopic to macroscopic scales and
transient to long-term behavior, providing a foundation for material
development and optimization. It guides simulation and verification
of micro-scale morphology and advanced designs, offering new
insights and practical guidance for material optimization in
electronic packaging.

2 Electronics interconnection
materials and its morphologies

In electronic packaging, micro-scale morphology of solders
significantly influences performance and stability. SnPb solder and
Sn-Ag-Cu (SAC) lead-free solder exhibit unique characteristics.
Siviour et al. (2005) observed tin-rich regions appearing dark and
lead-rich regions light in SnPb solder, indicating compositional
differences. Figure 1A presents a cross-sectional SEM image showing
the overall morphology of SnPb solder on copper. Tu and Zheng
(2001) noted that a continuous CusSns layer forms at the SnPb solder
interface, thickening over time and developing into columnar grains
(Figures 1B, C). Zhang et al. (2007) found that on a copper substrate,

Frontiers in Materials

02

10.3389/fmats.2024.1532859

the CueSns layer has a scallop-like shape, while the CusSn layer is
flat. As soldering continues, the intermetallic compound (IMC) layer
thickens and forms a complex multilayer structure.

For SAC lead-free solder, Aamir et al. (2020) observed
homogeneously distributed AgsSn and CusSns IMCs within the
B-Sn matrix; adding trace elements like Ti and Fe refines grains
and enhances structure. Aamir et al. (2017) noted that thermal
aging causes IMC coarsening and structural inhomogeneity, but La
doping mitigates these effects. Gain and Zhang (2019) found that
SAC305 solder contains uniformly distributed AgsSn and CusSns
IMC particles with Sn matrix grains measuring 20-30 pum. Figure 1D
presents the EBSD image of as-cast SAC305 alloy, showing that high
temperature and humidity cause significant growth of IMCs and
matrix grains, indicating strong environmental influence on micro-
scale morphology. Figure 1E shows the micro-scale morphology of
CusSn grains after 300 min of soldering at 260°C, exhibiting fine
equiaxed grains. Zhang et al. (2018) indicated that at the interface
between Sn3.0Ag0.5Cu solder and Ni-containing Cu substrate, the
IMClayer exhibits scallop-shaped CusSns and planar CusSn structures.
Figure 1F shows SEM morphology of the SAC305/Cu interface after
aging at 150°C for 360 h. With Ni content over 5%, a prismatic
(Cu,Ni)sSns phase forms; IMC grains coarsen further with prolonged
aging. Zhao et al. (2019) found that Sn-Cu lead-free solder consists
mainly of a B-Sn matrix and CusSns IMCs; increasing Cu content leads
to more abundant and homogeneously distributed CusSns particles,
influencing micro-scale morphology. Yao et al. (2020) demonstrated
that CusSn solder morphology evolves from fine equiaxed grains to
coarse columnar grains, forming a mixed structure.

The micro-scale morphology of sintered silver solder has
been extensively studied. Long et al. (2021b) demonstrated that
adding SiC microparticles enhances density and thermal stability
of sintered silver, significantly reducing porosity (Figure 1G
illustrates SEM morphology after sintering). K et al. (2023) reported
that sintered silver solder composed of 50 nm nanoparticles
and 5um microparticles exhibits intensified neck growth
under high temperatures and shear stress, leading to structural
coarsening and reduced porosity (Figures 1H, I). Ma et al. (2017)
optimized solder morphology via heterogeneous nucleation,
using IMCs as nucleating agents to guide tin crystal growth,
mitigating performance degradation and improving fatigue and
electromigration resistance.

In summary, solder micro-scale morphology is influenced by
material composition, processing techniques, and environmental
conditions, directly determining macroscopic performance.
Understanding microstructural evolution is crucial for improving
mechanical stability and reliability of solder joints, reflecting
the close relationship between micro-scale morphology and
macroscopic performance.

3 Multi-scale mechanics and their
numerical approaches

3.1 Microscopic mechanics models based
on MD

Molecular Dynamics (MD) is essential for understanding how
tiny structures influence material properties. MD simulations use
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SnPb solder

FIGURE 1

Microstructural evolution of different solders. (A) Cross-sectional SEM image showing the overall morphology of SnPb solder on copper. (B, C)
Formation of the CueSns layer at the SnPb solder interface, which thickens over time and eventually develops into a columnar grain structure. (D)
Low-magnification EBSD image of as-cast SAC305 alloy, displaying equiaxed Sn grains with diameters of 20-30 um and varied orientations. (E)
micro-scale morphology of CusSn grains after 300 min of soldering at 260°C, showing fine equiaxed grains. (F) SEM morphology of the SAC305/Cu
interface after aging at 150°C for 360 h (G) SEM micro-scale morphology of sintered silver nanoparticles. (H, I) SEM micro-scale morphology of the
fracture surface of the sintered nanosilver layer at 0°C and 75°C, respectively. [Reprinted from Ref (Tu and Zeng, 2001; Zhang et al., 2007; 2018; Gain
and Zhang, 2019; Yao et al., 2020; Long et al., 2021b; Ma et al., 2023). with permission from Elsevier].

Compound

techniques like the Embedded Atom Method (EAM) to track atom
movements by solving basic physics equations. This helps reveal
how small-scale features affect how materials perform. In electronic
packaging, MD simulations examine how metal grains interact, how
grain boundaries change, and how these factors impact strength
and heat resistance. Key materials studied include nanoscale silver,
nanoscale copper, SAC305 solder, and intermetallic compounds
(IMCs). This knowledge supports improving material performance
and enhancing packaging processes.

(2021) reviewed the fundamentals of MD
simulations, covering their basic principles, methods, and
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applications. They used MD simulations to uncover atomic-level
details of how molecules interact with metal surfaces. These
interactions are difficult to observe using other techniques. Luo et al.
(2024) employed MD simulations to investigate sintering processes
and mechanical property evolution of copper nanomaterials at
500-650 K. They analyzed microstructural changes of nanospheres
and nanofilms under varying sintering conditions, establishing
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quantitative relationships with shear and tensile properties. These
transformations significantly influenced mechanical strength
and stability, providing theoretical support for developing high-
reliability copper-based packaging materials. Alarifi et al. (2013)
utilized MD simulations to analyze sintering and surface premelting
behavior of silver nanoparticles, revealing how atomic-scale
processes like neck formation and grain boundary evolution affect
densification and shrinkage. Gu et al. (2022) investigated atomic
motion of silver nanoparticles during sintering, elucidating wetting
behavior of smaller particles on larger ones, correlating this behavior
with structural rigidity and bonding strength.

Hu et al. (2023) explored sintering mechanisms of silver
nanoparticles at different temperatures and their impact on
mechanical properties. The study revealed roles of neck growth
and dislocation evolution in determining material strength and
plastic deformation, providing theoretical support for optimizing
silver-based packaging materials. Motalab et al. (2019) investigated
influence of micro-scale morphology of SAC solder at nanoscale
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on material properties using MD simulations. They found that
formation of IMCs like AgsSn enhances strength and modulus
while reducing ductility and thermal conductivity. Ye et al
(2024) employed MD simulations to investigate neck evolution
mechanisms of silver nanoparticles on SiC/Cu substrates during
sintering, revealing how microscopic changes in neck width
influence mechanical properties of the sintered interface. Zhang and
Liu (2024) analyzed effects of sintering pressure and temperature
on mechanical properties of silver nanomaterials under uniaxial
tension, revealing how microscopic energy changes, density, and
dislocation evolution regulate yield strength and deformation
behavior, providing guidance for optimizing sintering processes.

Although MD simulations have advanced our understanding
of microstructures and properties in materials like copper, silver,
and SAC solder, most studies focus on specific materials, limiting
their broad applicability. Additionally, simulations are not well
integrated with experiments, making it hard to predict real-world
behavior. High computational demands also restrict large-scale use.
In the future, research should explore more materials, improve
experimental validation, and optimize multiscale simulation
methods to enhance the reliability and efficiency of electronic
packaging material design.

3.2 Meso-scale models on crystal plasticity
and fracturing

Mesoscopic models—including crystal plasticity, cohesive,
and phase-field models—capture aspects of the relationship
between meso-scale structure and macroscopic performance.
Crystal plasticity focuses on crystallographic orientation and slip
mechanisms, while phase-field models reveal the influence of
phase transformations and crack propagation through meso-scale
evolution.

Xie et al. (2021) applied the Crystal Plasticity Finite Element
Method (CPFEM) to simulate mesoscopic deformation mechanisms
like slip and dislocation motion in SAC305 solder, linking
microstructural features like p-Sn dendritic and eutectic regions
with macroscopic mechanical response under thermal aging
(Xie et al,, 2022). Jiang et al. (2024) used phase-field models to
simulate the meso-scale structural changes in sintered silver during
thermal aging. They incorporated structures with varying porosity
into finite element models to show how pore evolution impacts
thermal and mechanical properties. This work provides a multiscale
framework for evaluating reliability.

Long et al. (2023a) incorporated crystal plasticity models to
account for grain orientation and pore distribution on mesoscopic
deformation behavior, revealing how pore structures and grain
orientation under thermal cycling induce non-uniform stresses
and crack propagation. Su et al. (2021b), Su et al. (2023)
developed advanced phase-field models that incorporate micro-
scale morphology and account for thermo-elasto-plastic coupling.
They explained how porosity affects the growth of large-scale
cracks. Their models provide reliable predictions of thermal fatigue
behavior in sintered silver and other porous materials.

Xie and Chen (2022) integrated thermal activation mechanisms
into their crystal plasticity model to investigate cyclic softening and
creep behavior under thermomechanical coupling, showing how
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grain orientation and temperature affect macroscopic properties.
Zhu et al. (2021) employed phase-field models to examine fracture
behavior of sintered silver nanoparticles with varying porosities,
emphasizing the significant impact of mesoscale structure on
properties like elastic modulus and ultimate strength. Long et al.
(2023b) used a damage-based CPFEM to simulate plastic
deformation and damage evolution in nickel-based polycrystalline
alloys under low-cycle fatigue, demonstrating how mesoscopic
features influence macroscopic mechanical behavior, effectively
bridging the gap between mesoscopic and macroscopic responses.

Although crystal plasticity and phase-field models have
advanced the simulation of mesoscale behaviors in materials like
SAC305 solder and sintered silver, issues remain. These models
are computationally complex, limiting large-scale simulations,
and often focus on specific materials and conditions, lacking
generality. Parameter calibration heavily relies on experimental data,
increasing implementation difficulty. Additionally, some studies do
not adequately integrate multiscale methods, affecting predictions of
actual performance. In the future, computational efficiency should
be optimized, the range of applicable materials expanded, and
integration with experimental data strengthened to enhance model
practicality and accuracy.

3.3 Macroscopic constitutive models and
simulation methods

3.3.1 Macroscopic constitutive models

Macroscopic constitutive models are crucial for understanding
the mechanical reliability of chip support materials, serving as a
cornerstone in multiscale analysis by describing material responses
to applied loads and connecting micro- or meso-scale mechanisms
to macroscopic performance. They capture elastic, plastic, and creep
behaviors, enabling predictions under various conditions.

Significant progress has been made in viscoplastic constitutive
models for solder materials. Anand (1982) introduced strain
rate and temperature-dependent constitutive equations, initially
for high-strength aluminum, later applied to SnPb and lead-free
solders. Building on Anand’s model, Motalab et al. (2014) derived
creep responses for SAC305 solder joints, with fitted parameters
aligning with experimental trends. Pei and Qu (2005) refined
the linear relationship between Anand model parameters and
temperature for lead-free solders, improving data fitting accuracy.
Long et al. (2017), Long, et al. (2020) used a modified UCP model
for SAC305 deformation at low to moderate strain rates and the
Johnson-Cook model for high strain rate impacts. These studies
highlight the importance of macroscopic constitutive models in
enhancing performance predictions.

In materials science, these models are essential in multiscale
analysis frameworks. The Anand model, applied by Calabretta et al.
(2021), accurately simulates temperature and strain rate effects
on mechanical behavior, especially viscoplasticity. However, it
heavily relies on experimental data; recharacterization is necessary
for new materials or scenarios. Chen et al. (2014) integrated the
Ohno-Wang (OW) model with the Anand model in ABAQUS to
simulate shear and creep behavior of sintered nanosilver joints, with
experimental validation showing the OW model outperforming
Anand’s under high-temperature conditions. Gharaibeh and
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Wilde, 2023 evaluated several parameter sets for the Anand
model. They examined how different creep constitutive models
affect simulations and highlighted the importance of multiscale
analysis in selecting a model. Lederer et al. (2021) developed
a constitutive equation encompassing plasticity, creep behavior,
and porosity impact on sintered silver joints, implemented in
ABAQUS using UMAT and VUMAT subroutines. Long et al.
(2023d) stressed the importance of nanoindentation techniques
in investigating elastoplastic properties of sintered silver joints,
confirming that combining nanoindentation and numerical
methods offers comprehensive nanoscale understanding, aiding
design and performance optimization (Long et al., 2024).

Although macroscopic constitutive models have improved our
understanding of solder materials’ mechanical reliability, they have
some limitations. They rely heavily on experimental data, requiring
recharacterization for new materials, which is time-consuming.
Combining multiple models increases complexity and may reduce
accuracy. Many studies do not validate models in different scenarios,
limiting their general use. Future research should make models
more flexible, simplify integration, and increase validation efforts to
enhance their reliability and usefulness in multiscale analyses.

3.3.2 Long-term performance analysis

Long-term performance analysis is vital for predicting material
reliability under specific operating conditions, particularly in
understanding fatigue and creep behaviors. High temperatures and
cyclic loading introduce complex failure mechanisms across micro-
, meso-, and macro-scales. Structural characteristics like grain
structure, defects, and crack propagation at micro- and meso-scales
play pivotal roles.

Chen et al. (2020) demonstrated that sintered silver paste,
while exhibiting excellent fatigue resistance at room temperature,
deteriorates significantly at 200°C due to increased plastic
deformation and accelerated crack propagation (Figure 2A shows
SEM image of surface cracks after fatigue testing at 200°C).
Zhang et al. (2024) found that meso-scale defects in sintered silver
nanoparticles affect macroscopic crack propagation by inducing
stress concentration and dislocation emission. Rectangular defects
delay failure and enhance toughness by dispersing stress, whereas
arc-shaped and triangular defects accelerate crack propagation,
leading to faster failure (Figure 2B illustrates the evolution of fatigue
cracks in sintered silver chip interconnections simulated by the
phase-field method).

Su et al. (2021a) used finite element and phase-field simulations
to investigate the impact of power cycling on sintered silver
bumps, revealing that cracks initiate from chip corners and
propagate toward the center (Figure 2C). Thermal performance
decline becomes more pronounced during long-term degradation
(Chen et al., 2022). For SAC305 solder, a novel fatigue damage
model based on entropy increase showed a strong correlation
between damage parameter evolution and strain rate, providing
theoretical support for predicting long-term performance of
electronic packaging structures (Long et al., 2023f).

At the macro-scale, cumulative effects of micro- and meso-
scale mechanisms manifest as global material failure, such as
changes in crack propagation and fracture modes. Multiscale
analysis effectively links the evolution of micro-scale morphology
and meso-scale structures to macroscopic mechanical performance,
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providing a reliable foundation for describing material failure
under high-temperature conditions. This approach is valuable in
electronic packaging and high-temperature applications, offering
robust support for design optimization and long-term performance
prediction (Long et al.,, 2021a). Su et al. (2022) further verified the
importance of multiscale analysis in failure prediction by analyzing
the impact of thermal cycling loads, power density, and switching
frequency on crack propagation rate and morphology using a
fracture phase-field model.

A study using a thermo-elasto-plastic phase-field model
investigated how randomly distributed micro-scale morphology
influences the long-term performance of sintered nano-silver
materials, focusing on the role of meso-scale pore evolution
in crack propagation and network formation (Agyakwa et al,
2020; Su et al, 2021b). Additionally, a new Unified Creep
Plasticity (UCP) constitutive model reveals the accumulation
and evolution of fatigue damage in viscoplastic materials under
varying temperatures and strain rates, offering theoretical insights
for material design optimization and reliability enhancement
(Long et al., 2023e). Figure 2D shows crack propagation in sintered
nano-silver under thermo-elasto-plastic phase-field modeling,
comparing experimental results and numerical simulations.

While multiscale analysis effectively connects micro- and meso-
scale phenomena to macroscopic performance, it has limitations.
The models are often computationally intensive, making large-
scale simulations challenging. Additionally, many studies focus
on specific materials like sintered silver and SAC305, reducing
their general applicability. Experimental validation is sometimes
insufficient, which can undermine the reliability of predictions.
Future research should aim to streamline models, expand the range
of studied materials, and enhance experimental correlations to
improve the accuracy and applicability of long-term performance
predictions in electronic packaging.

4 Next steps and perspectives

As electronic packaging interconnect materials evolve toward
miniaturization, high integration, and multifunctionality, multiscale
approaches have become increasingly important. Multiscale
modeling will play a crucial role in optimizing design and assessing
reliability of packaging materials. By integrating methods like
Crystal Plasticity Finite Element Analysis, phase-field modeling,
and MD simulations, researchers can more accurately uncover
mechanisms driving material evolution. Structural features like
grain size, pore distribution, and interfacial properties can be
incorporated into macroscopic models, enhancing performance
prediction accuracy. These approaches are expected to find broad
applications in advanced solder materials, nanomaterials, and
heterogeneous packaging systems to meet complex demands of
modern packaging.

Advancements in multiscale methods will facilitate a shift
in material design from experience-based to theory-driven
approaches. Implementing Artificial Intelligence (AI) and Machine
Learning (ML) can accelerate extraction and validation of
parameters across scales, simplifying simulations and enhancing
shifts
traditional experimental approaches to systematic, computer-aided

computational efficiency. 'This transformation from
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FIGURE 2

Fatigue Crack Evolution and Macroscopic Crack Growth in Sintered Silver: Phase-Field Simulation and Experimental Analysis. (A) SEM image of surface
cracks in a sintered silver specimen after fatigue testing at 200°C. (B) Fatigue crack evolution in sintered silver die-attachment based on phase-field
simulation. (C) Macroscopic crack growth in sintered AgNPs specimens. (D) Crack propagation in sintered nano-silver under thermo-elasto-plastic
phase-field modeling: comparison between experimental results and numerical simulation. [Reprinted from Ref (Chen et al., 2020; Su et al., 2021b;

Su et al., 2021a; Zhang et al.,, 2024). with permission from Elsevier].
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performance optimization, improving scientific rigor and efficiency.
However, integrating experimental validation with multiscale
modeling remains a critical research focus. Experimental data will
continue to calibrate and validate models, improving accuracy
and reliability, providing deeper insights into how micro-scale
and meso-scale mechanisms influence macroscopic performance.
In summary, multiscale analysis will continue to play a pivotal
role in packaging material research, driving development of high-
performance materials and offering theoretical support for high-
density, highly reliable electronic products.

5 Conclusion

This review systematically examines advancements in cross-
scale modeling of interconnect materials used in electronic
packaging, analyzing intrinsic correlations between micro-scale
and meso-scale structural features and macroscopic mechanical
properties. Conventional macroscopic constitutive models have
limitations in capturing mechanical behavior of complex packaging
materials, making it challenging to reflect influence of structural
evolution on overall performance and failure mechanisms. Through
multiscale simulation techniques like MD, CPFEM, and phase-
field models, researchers can precisely reveal mechanical responses
across scales and conduct in-depth analyses of failure mechanisms
in solder and sintered material systems. This paper summarizes
strengths of these approaches in describing evolution of defects,
grain orientation changes, and pore distribution, exploring potential
applications under complex stress conditions.

Cross-scale modeling connects micro- and meso-scale
mechanisms with macroscopic performance, enhancing material
reliability and design accuracy, especially in long-term performance
analysis. This review highlights the profound impact of micro-scale
morphology and meso-scale structure on mechanical properties,
providing theoretical support for optimizing electronic packaging
materials design.
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