Materials & Design 266 (2026) 116163

terials

BESEN

Contents lists available at ScienceDirect

Materials & Design

FI. SEVIER

journal homepage: www.elsevier.com/locate/matdes

Check for

Atomic-scale study of CusSn and CugSns intermetallic layers growth | e
after soldering

Farzad Khodabakhshi *™“ @, Irina Wodak *, Shabnam Taheriniya ", Andriy Yakymovych?,
Michael K. Eusterholz ¢, Gerhard Wilde "®, Golta Khatibi®

& Institute of Chemical Technologies and Analytics, Vienna University of Technology, Getreidemarkt 9/164, A-1060 Vienna, Austria

b Institute of Materials Physics, University of Miinster, Miinster 48149, Germany

€ School of Metallurgy and Materials Engineering, College of Engineering, University of Tehran, P.O. Box: 11155-4563, Tehran, Iran

4 Institute of Applied Materials (IAM-WK), Karlsruhe Institute of Technology, Hermann-von-Helmholiz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
€ Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

ARTICLE INFO ABSTRACT

Keywords: Advanced microscopy and elemental analysis techniques were employed to investigate the atomic-scale char-
CuzSn/CueSns acteristics of intermetallic compound (IMC) layers of CuzSn and CugSns, which commonly form on copper-based
Soldering

surfaces during reflow soldering with lead-free Sn-based alloys in electronic packaging applications. The study
also focused on the influence of iron nanoparticles—introduced via the soldering flux and localized at the
interface during solidification—on the growth and coarsening behavior of these IMCs during both reflow and
aging processes. High-resolution analyses, comprising atom probe tomography (APT) and scanning transmission
electron microscopy (STEM), were used to characterize nanoscale precipitates at interfaces between CusSn and
CueSns, as well as between CugSns and the solder joint. These analyses aimed to elucidate the mechanisms by
which iron nanoparticles suppress IMC growth during thermal processing. In addition, nanobeam diffraction
mapping (NBDM) was used to quantify nanoscale strain distributions at intermetallic interfaces resulting from
solid-state phase transformations during soldering. In the thin, fine-grained CusSn layer, the dominant sup-
pression mechanism was identified as nanoscale segregation of elemental iron. Conversely, in the thicker, coarse-
grained CueSns layer, multiple mechanisms were observed. These included solid-solutioning of iron within the
complex CueSns crystal structure and in-situ reactions with tin, leading to nanoscale FeSny precipitates both
within the CugSns layer and extending into the solder matrix. Together, these mechanisms contribute to
inhibiting IMC growth during soldering and subsequent thermal aging.

Thermal aging
Atomistic structure
Nanoscale mechanisms

1. Introduction extended holding times, this Cu3Sn/CugSns bilayer structure gradually

evolves toward a single-phase CusSn layer, driven by thermodynamic

The quality of solder joints of lead-free tin-based on copper-based
components and their corresponding functionality is strongly reliant
on the creation of intermetallics at the joint interface [1,2]. In such
systems involving copper as substrate and solder alloys of Sn-based, two
distinct intermetallic compound (IMC) layers formation—primarily
CusSn and CugSns—is commonly observed and well-documented [3,4].
Thermodynamically, CusSn is the almost stabilized phase; however,
CugSns forms and grows more rapidly due to its favorable kinetics [5].
This kinetic-thermodynamic interplay typically results in a two-layer
IMC structure at the solder joint interface [6,7].

Upon post-soldering annealing at elevated temperatures and
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stability [7,8]. The initial chemical and metallurgical bonds across the
substrate/solder alloy interface can be established by exhibiting a vital
contribution of these IMC layers [9]. Nevertheless, the excessive growth
of either layer upon reflow soldering or subsequent thermal modifica-
tions can be detrimental to joint reliability. Owing to their inherent
brittleness, these IMCs can serve as preferential pathways for crack
propagation, leading to premature mechanical failure [10]. Therefore,
controlling the formation and growth of CusSn and CugSns—specifi-
cally, their thickness ratio, interfacial morphology, and coarsening
behavior during aging—is critical for predicting and enhancing the
mechanical performance of solder joints [11,12]. An optimal soldering
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Fig. 1. Schematic diagrams illustrate (a) the reflow soldering process using Fe-doped fluxes across both interfaces, and (b) mechanisms for intermetallic layers
formation after completion of reflow soldering, solidification, and consequently thermal aging of soldered joints, addressing appropriate regions to extract FIB la-

mellas from the interface for advanced microscopies.

condition aims to promote beneficial intermetallic bonding while
minimizing layer thickness and suppressing coarsening kinetics, thereby
improving long-term joint reliability.

The incorporation of secondary phase agents—such as metallic or
ceramic nanoparticles—into solder alloys to form solder nano-
composites has emerged as a promising strategy to reinforce the solder
matrix, enhance creep resistance, and improve the reliability of micro-
electronic devices. Moreover, these nanoparticles can directly
contribute to the solder joint interface by suppressing the growth ki-
netics of the intermetallic compound (IMC) layer during reflow solidi-
fication [11,13,14]. In the field of lead-free nanocomposite soldering,
extensive studies have been conducted, primarily on tin-based systems,
using various ceramic reinforcements. These include ceramic oxides
[15-19], nitrides [20-22], carbides [23-26], carbon-based nano-
structures [27-30], and even metallic nanoparticles [31] such as iron
[32,33], cobalt [34], and nickel [35,36]. Over the past three decades,
various studies have examined the mechanical reliability of these
nanocomposite solder joints, correlating performance with microstruc-
tural evolution for microelectronic applications [37,38].

Although varying trends have been reported depending on the type
of reinforcing nanoparticle, many microstructural characterizations
suggest limited effectiveness of these inclusions at the solder joint
interface. This has been primarily attributed to the bubbling phenome-
non upon the reflow solidification step, which disrupts the distribution
and interaction of the nanoparticles at the critical interface [39-41].

As an alternative approach, nanoparticles can be introduced via the
flux material rather than directly into the solder alloy. This method-
—commonly referred to as doped flux—has recently gained consider-
able attention in hybrid nanocomposite soldering research [31,42,43].
In this technique, reactive metallic nanoparticles are dispersed in the
flux and applied directly at the solder joint interface prior to reflow.
Doped fluxes have shown promising results in suppressing IMC growth
during reactive soldering processes involving tin-based solders and
copper substrates, when implemented with nanoparticles such as Fe
[44], Cu [45-47], Co [48-51], Zn [52], or Ni [48,50,53-55].

Because these metallic nanoparticles are precisely positioned at the
solder/substrate interface via the flux medium, they can interact more
effectively with the forming CusSn and CueSns intermetallic phases
during reflow, thereby influencing their nucleation and growth in a
beneficial manner [31,43,56].

The underlying atomistic-scale mechanisms remain insufficiently
understood. Despite extensive research on various solder systems,
focusing on the hybrid solder joints resulting in microstructures and

mechanical reliability [57,58]. The performance of these joints is largely
governed by the structure, morphology, and thickness of the interme-
tallic layers formed across the copper substrate/solder alloy interface
[59-61]. However, the fundamental processes controlling their evolu-
tion remain poorly understood.

Thermodynamics-based phase-field modeling of solder solidification
has been employed to simulate the CuzSn and CugSns phases nucleation
and growth, revealing that coarsening behavior for these intermetallics
is strongly influenced by solute element drag and trapping along the
advancing solid-liquid interface during reflow [62-65]. These solute
concentration gradients, established at the boundary across the molten
solder and the growing IMC layer, play a critical role in determining the
rate and morphology of phase formation [66-68].

In addition to solute transport effects, solid-state phase trans-
formations within the intermetallic matrix—and the potential formation
of new in situ phases—also significantly impact the growth dynamics and
thickening behavior of CusSn and CugSns [69,70]. These mechanisms
are essential for understanding and ultimately controlling the micro-
structural evolution of solder joints for electronic packaging applica-
tions [71].

Building on the above discussions, the principal focus of the current
research is to address a key knowledge gap in metal soldering: the
nanoscale mechanisms governing the formation and growth of inter-
metallic phases CusSn and CugSns at solder joint interfaces with copper
substrates. To explore this, reactive hybrid solder joints were fabricated
using a doped flux approach. Lead-free Sn-3.5Ag solder was applied
between copper substrates arranged in a sandwich configuration [72],
with iron nanoparticles introduced into the flux matrix to act as reactive
secondary-phase agents at the interface. Sn-3.5Ag is a very popular lead-
free solder alloy with widespread applications for joining copper-based
connections in the microelectronic industry, which was the main reason
the current research focused on modifying this solder alloy by applying
Fe-doped flux at the copper substrate interface. The primary reason for
selecting Fe-nanoparticles was their reactivity, which facilitated the
progression of in situ liquid-phase/solid-state chemical reactions, lead-
ing to the formation of nanometric secondary-phase precipitates/parti-
cles. The high fraction of these new nanophases, formed in situ, is
expected to significantly benefit the suppression of CusgSn and CugSns
intermetallic layer formation and growth during soldering and subse-
quent thermal aging.

Following optimized reflow soldering cycles and atmosphere-
controlled solidification, the joints underwent a standard thermal
aging treatment to stabilize their microstructure. The final, reflowed,



F. Khodabakhshi et al.

Materials & Design 266 (2026) 116163

Fig. 2. Different views (low- (left) and high-magnification (right)) of the solder joint interface reinforced with 2 wt% Fe nanoparticles, showing the formation of
Cu3Sn/CueSns intermetallic phases, by FE-SEM backscattered electron imaging and EDS elemental mapping analysis. (a) Backscattered image from the overall cross-
section of the solder joint, including Cu-substrate, CugSn, and CugSns IMC layers, and the solder alloy, alongside the corresponding EDS elemental map of (I). (b, c) Z-
contrast phase structural FE-SEM images at two different magnifications from the interface of CugSns IMC layer with the solder alloy matrix, combined with the

corresponding EDS analysis map of (II).

and aged hybrid nanocomposite joints were then subjected to advanced
microscopy techniques to investigate the atomic-scale mechanisms un-
derlying the nucleation and growth kinetics of the intermetallic layers
that generate the CusSn and CugSns phases.

Microstructural features, including segregation and alloying
behavior of Fe nanoparticles and their clustering within and around the
IMC layers, have been characterized using field-emission scanning
electron microscopy (FE-SEM) with energy-dispersive X-ray spectros-
copy (EDS) and electron channeling contrast imaging (ECCI) for grain/
phase analysis. Targeted regions at the Cu3Sn/CueSns inter-
faces—adjacent to both copper substrate and solder alloy—were
extracted using focused ion beam (FIB) milling in high-resolution
analysis.

Scanning/transmission electron microscopy (S/TEM) and atom
probe tomography (APT) are advanced techniques for examining
atomic-scale structure, intermetallic layers, elemental composition, and
surrounding interaction zones. In addition, nano-beam diffraction
mapping (NBDM) within STEM was used to measure localized nanoscale
strain distributions across the IMC layers, their grain boundaries, and
embedded nanoprecipitates.

The thicknesses of these CugSn and CugSns IMC layers and the cor-
responding activation energies were measured and discussed in the
previous work [72], revealing a higher activation energy required for
their growth and coarsening due to the incorporation of these iron
nanoparticles. The focus of the current study, as emphasized in the topic,
is on the atomic-scale study of intermetallic layers and their interactions
with iron nanoparticles, using advanced analytical techniques, including
STEM/HR-TEM and APT. Based on the results from these advanced
characterization methods, the study provides a detailed discussion of the
atomic-level mechanisms driving the formation and evolution of Cu3zSn
and CugSns, as well as their nanoscale interactions with alloyed Fe
nanoparticles.

2. Materials and experimental methodologies
2.1. Fabrication of nanocomposite solder joint
The hybrid solder joint design investigated in this study involved

applying doped flux to both interfaces between the solder and the cop-
per substrates before soldering. To prepare the doped flux,
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Fig. 3. STEM nanostructures under BF, DF, and HAADF contrast imaging modes from the interface region between three different phases of Cu, CusSn, and CueSns,

at two different magnifications, shown in parts (I) and (II).

approximately 2.0 wt% of high-purity iron nanoparticles (purity >
99.5%, particle size < 50 nm) were uniformly dispersed within a com-
mercial MULTIFIX flux matrix using an attrition milling system.
Following oxide removal by mechanical grinding and surface cleaning
with ultrasonic treatment in isopropanol/methanol, a doped flux thin
layer has been introduced on the cleaned copper substrates. A Sn-3.5 wt
% Ag alloy foil, 200 um in thickness, was used as the solder material. The
joint assembly followed a sandwich design, with a ~ 0.2 mm gap
maintained between the copper substrates to facilitate reflow soldering.
As previously discussed, introducing iron nanoparticles into the solder
interfaces via a doped flux, with a defined amount delivered via a sy-
ringe, was intended to mitigate the formation and coarsening of inter-
metallic layers (CusSn and CueSns) during both reflow soldering and
subsequent thermal aging.

Based on previous experimental trials [44,72] on the same Sn-3.5Ag
solder alloy (lead-free) system incorporating iron nanoparticles, the
maximum amount of 2.0 wt% Fe nanoparticles was homogeneously
distributed throughout the flux. Above this amount, the mixing and
fluxing method applied in this research suggests that the nano-agents
may aggregate through the doped flux, potentially reducing their
effective contribution across the solder joint interface and suppressing
the formation and growth of intermetallic layers. The weight fraction of
Fe nanoparticles in the flux matrix was carefully measured by weighing
the flux and nanoparticles to high precision. Meanwhile, after applying
these Fe-doped fluxes at the solder joint interface with the copper sub-
strate, it is not possible to report the actual content of these nano-
particles at the joint interface, since the nanoparticles and their
decomposition products generated by the fluxing procedure would be
confined to the interface. This matter can significantly affect the growth
and thickness of CuzSn and CugSns intermetallics.

After assembling the joint with an approximate area of ~ 12 mm?
and securing it with solder foil and doped flux under light compressive
pressure (<100 N) in a precision alignment die, the configuration was
placed in an atmosphere-controlled furnace with real-time temperature
monitoring. A preheating stage at 160°C for 300 s was used to activate
the flux and ensure good interfacial contact. This was followed by a
reflow stage at 270°C, maintained for up to 300 s, to complete the solder
melting and solidification. After cooling to room temperature, the joint
was thermally aged at 180°C for up to 480 h to simulate long-term
service conditions and promote stabilization of the intermetallic
phase. The applied temperatures and times used in this research for
reflow soldering, as well as for thermal aging afterward, were selected
based on optimizations from previous research [44,63]. In this context,
the optimized soldering temperature and time were minimized for
copper substrates after the soldering process was completed. Regarding
the temperature and time range for thermal aging treatment after the
soldering process, these are primarily determined by the application
field of copper assemblies for electronic connections and the expected
heating cycles in the corresponding industrial applications.

Fig. 1 illustrates the schematic diagrams for solder joint assembly
(left side, Fig. 1a) and the mechanism of intermetallic layers formation
by incorporation of Fe-nanoparticles after reflow soldering and subse-
quent thermal aging treatment (right side, Fig. 1b). The resulting hybrid
solder joints were then subjected to advanced microscopy and nanoscale
analysis, forming the core of this research. These investigations aimed to
uncover and explain the atomic-scale mechanisms and interactions
driving the formation and growth of intermetallics in interfacial layers
undergoing the impact of reactive iron nanoparticles.
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Fig. 4. High-magnification BF, DF, and HAADF STEM images illustrating the structure of nano-grains for two interfaces of (a) Cu/CusSn, and (b) CuzSn/CugSns.

2.2. Advanced electron microscopy characterizations

Following sectioning of the central region of the soldered joint using
a precision micro-cutter, the cross-sectional specimen was cold-mounted
in a copper-particle-reinforced epoxy resin to ensure conductivity.
Standard metallographic preparation procedures were then carried out,
involving sequential grinding and polishing using an automated system
to achieve a mirror-like surface finish. To eliminate any mechanically
damaged surface layer, final polishing was performed using a vibratory
polishing machine with a nanometric colloidal silica suspension (SiOx,
~20 nm particle size) for up to 15 min. This step ensured a high-quality
surface suitable for nanoscale characterization.

The formation of intermetallic layers of the CusSn and CueSns phases
at the solder joint interface, along with the micro-scale distribution of
iron nanoparticles introduced as alloying agents, was examined using
field-emission scanning electron microscopy (FE-SEM). Elemental
mapping was performed using energy-dispersive X-ray spectroscopy
(EDS) to assess the chemical composition across the joint. These analyses
were performed using a JSM-7600F FE-SEM (JEOL), well-appointed
with an EDS detector from Oxford Instruments. Backscattered electron
imaging mode was employed to highlight electron channeling contrast
and reveal detailed microstructural features across different regions of
the solder joint.

To achieve higher-resolution characterization and overcome the
limitations of the interaction volume inherent in FE-SEM/EDS analysis,
the previously prepared and polished specimen was used to prepare a
thin lamella via focused ion beam (FIB) milling, followed by scanning
transmission electron microscopy (STEM) analysis. In this case, inter-
ested regions for FIB lamellas preparation of soldered joints cross-
sections with thicker and thinner intermetallic layers are also indi-
cated on the schematic diagram of Fig. 1b. A ZEISS FIB/FE-SEM

instrument equipped with a focused gallium ion beam was utilized to
prepare lamellae with a thickness below 100 nm, extracted from critical
interfacial areas for nanocomposite solder connection—encompassing
Cu-based metal, CusSn and CueSns intermetallics, and Sn-3.5Ag solder
alloy.

Due to the considerable thickness of the CugSn and CugSns layers, a
single lamella could not fully capture the interface while maintaining
the required nanometric thickness. Therefore, two separate lamellae
were prepared: one from the Cu/Cu3Sn/CugSns interfaces, and the other
across the CugSns/Sn-3.5Ag solder interaction border.

Subsequent STEM analysis was conducted using a Titan Themis G3
FEI microscope. Imaging was performed at various magnifications using
multiple modes—comprising bright-field (BF), dark-field (DF), and
high-angle annular dark-field (HAADF)—to examine nanoscale grain
structures and phase morphology. STEM/EDS elemental mapping was
also performed to assess the chemical distribution of nanoscale features
at the interfaces.

To further investigate lattice distortions and local strain fields, nano-
beam diffraction mapping (NBDM) was employed on selected interfacial
regions. During this analysis, a defined area was scanned at the nano-
scale using a focused electron beam, and selected area electron
diffraction (SAED) patterns were collected point by point across the scan
field. Using a computer-aided algorithm, deviations in the diffraction
patterns were analyzed to extract spatially resolved measurements of
localized dilation, shear, and rotational strain components. The results
were then visualized in both contour maps and directional strain dis-
tribution plots to provide a detailed understanding of strain behavior at
the nanoscale across the intermetallic interfaces.



F. Khodabakhshi et al.

(@)

Ag-rich interme

Sn-Ag
solder alloy

(b) CuSns

Elemental segregation

200 Am
—_

200 Am

Solidification edge

Sn-Ag
solder alloy

CugSns

200 ~m

Materials & Design 266 (2026) 116163

Sn-Ag
solder alloy

CugSns

Ag-rich intermetalli¢

Sn-Ag
solder alloy

CueSns

Solidification edge

Sn-Ag
solder alloy

Fig. 5. STEM images for three modes of BF, DF, and HAADF from the solidification edge of the intermetallic layer with the solder alloy. (a) A triple-junction between
the CueSns layer, Ag-rich intermetallic phase, and solder alloy. (b) The composition gradient interface between the CugSns layer and the Sn-Ag solder alloy. (c)
Trapping of secondary phase inclusions inside the CueSns phase and retarding of their formation toward the solder alloy matrix across the solidification

phase boundary.

2.3. Atom probe tomography (APT) analysis

As one of the powerful advanced techniques for atomic-scale
chemical analysis, APT was employed to investigate the nanoscale
structure of the CusSn and CugSns intermetallic layers and their in-
teractions with the Sn-3.5Ag solder alloy during reflow solidification
and succeeding thermal aging. APT tip specimens were prepared via lift-
out using the focused ion beam (FIB) system (Zeiss AG, Germany)
combined with an Auriga 60 scanning electron microscope (SEM). APT
experiments were carried out using a pulsed laser Cameca Instruments
LEAP 4000X HR system (WI, USA). For this purpose, a pulse energy of 40
pJ from a 355-nm laser at 100 kHz was used. Upon measurements, the
detection limit was controlled at the approximate value of 0.003 ions/
pulse, and maintained the sample constant temperature at a value of ~
50 K. Reconstruction and quantitative assessment of the collected data
were accomplished using the AP Suite 6.3.1 software package (Cameca
Instruments), allowing for detailed three-dimensional mapping of
elemental distributions within the intermetallic phases and at their
interfaces.

3. Results and discussion

3.1. FE-SEM/EDS electron microscopy investigation across the hybrid
nanocomposite solder joint

Fig. 2 presents the backscattered electron (Z-contrast) and electron
channeling contrast microstructures captured by FE-SEM, along with the
conforming elemental maps by EDS analysis obtained at two different
magnifications from the prepared solder joint after long-term aging at
480 h. These results illustrate the formation of Cu3Sn and CugSns
intermetallic compound (IMC) layers across the hybrid solder joint
interface following reflow soldering and subsequent thermal aging. The
maps also highlight the associated elemental distributions, particularly
that of iron nanoparticle clusters originating from the doped flux.

From microstructural observations, the CugSn layer displays a sub-
stantially thinner profile than the CugSns phase. This contrast can be
attributed to the relatively faster kinetics of CugSns formation and
growth during soldering, despite CusSn being the thermodynamically
more stable phase [7,73]. Additionally, the EDS mapping reveals the
formation of Ag-rich intermetallic precipitates dispersed throughout the
solder matrix and neighboring the CueSns intermetallic region. These
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different regions: (a) near the edge of the layer, and (b) behind the layer.

precipitates appear with a variable size distribution and a noticeable
volume fraction.

A particularly intriguing observation is the apparent detachment or
fragmentation of CugSns particles, likely occurring during IMC forma-
tion and coarsening. This phenomenon may be driven by molten solder
flow induced by capillary action within the joint clearance, leading to
partial displacement of the forming IMC [74,75].

The most notable feature in Fig. 2 is the distribution of iron as
revealed by EDS elemental mapping. The iron originates from Fe
nanoparticles intentionally incorporated into the flux and applied at the
solder-substrate interface prior to reflow soldering. While a minor
portion of these nanoparticles appears to remain unreacted, a significant
amount either diffuses into the intermetallic layers or reacts to form new
phases during soldering and subsequent aging.

The presence of distinct microstructural features and potential new
phases within the CugSns intermetallic and in the adjacent solder alloy
strongly suggests alloying and in situ phase formation involving iron.
These preliminary observations point to complex interactions at the
nanoscale and highlight the need for advanced microscopy and atomic-
level analytical techniques to elucidate further the detailed structural
and compositional nature of these transformations. Based on the
assessment in Fig. 2, specific agglomeration levels can be identified for
iron nanoparticles at the microscale, which will significantly affect their
inhibitory effect on the growth kinetics of the CusSn and CugSns IMC
layers. In fact, the uniformity of individual iron nanoparticles' distri-
bution is a crucial factor for their effective interaction with the IMC
layers' solidification and subsequent coalescence during thermal aging
treatment. As shown in Fig. 2, in the regions where these iron nano-
particles were doped at the interface by applying modified flux, they
were clustered as micro-scale features upon soldering reflow

solidification; the suppressing contribution seems less significant than in
the regions beside, with a nanoscale distribution of iron agents (which is
not detectable by FE-SEM/EDS microscopy and analysis due to the
interaction volume effect).

3.2. Grain structure of CusSn and CugSns intermetallics and interfacial
bonding by FIB/STEM microscopy

Fig. 3 illustrates STEM contrast microstructures from three altered
contrast modes—BF, DF, and HAADF—focusing on a specific region that
includes the interaction zone across CusSn intermetallic layer/Cu-
workpiece, as well as CugSns phase, at two different magnifications.
As expected, the CusSn phase, with an approximate thickness of ~ 2 ym
even after annealing and aging treatments, displays an ultra-fine-
grained microstructure, with grain sizes ranging from 200 to 500 nm.
This thin, nanostructured CusSn phase, however, is limited in growth
due to the concurrent formation of a thicker CugSns layer, which ex-
hibits a coarser-grained microstructure. The STEM images in Fig. 3
clearly show the triple junctions of coarse grains within the CugSng
layer, further confirming the coarsening process.

Fig. 4a and 4b show high-magnification BF, DF, and HAADF STEM
images of the interfaces between Cu/CusSn and CusSn/CugSns phases,
respectively. In Fig. 4a, the interface between CusSn and the copper
substrate reveals a well-metallurgically bonded region, characterized by
a nanometric diffusion layer. Similarly, Fig. 4b, depicting the interface
between CusSn and CugSns, shows a distinct transition from nano-
crystalline grains on the left to larger micro-sized grains on the right.
The interface between these two intermetallic phases also appears well-
bonded, with no visible signs of delamination or structural failure.

The subsequent sections will focus on high-resolution structural
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Fig. 7. High-resolution BF, DF, and HAADF STEM images of the reacted, roundish nanometric precipitates dispersed throughout the CusSns intermetallic layer at two

different magnifications (I) and (II).

characterization of the CugSn and CueSns intermetallic phases, along
with detailed chemical analysis using STEM/EDS elemental mapping to
further elucidate their composition and structural evolution.

3.3. Nano-scale aspects through CusSn and CugSns intermetallic layers

Fig. 5 presents STEM microscopy images of the growing front of the
CugSns IMC phase across the solder alloy matrix interface, along with
the silver-rich phase ahead of it, after reflow soldering and thermal
aging. The images are shown under three different contrast modes: BF,
DF, and HAADF. In Fig. 5a, a triple-junction structure is observed,
involving the CugSns intermetallic, Sn-Ag alloy, and Ag-rich phase.
Moving to Fig. 5b and 5c, the focus shifts to the interface boundaries
across the CugSns intermetallic phase and the solder matrix. These
boundaries represent the solidification interface, where a diffuse region
with significant elemental segregation is visible, indicating that the
incorporated iron nanoparticles hinder the growth of the intermetallic
phases. The mechanisms of solute dragging and trapping across the so-
lidification edge are also evident. Fig. 5b highlights the broad range of
elemental segregation across this interface, while Fig. 5c reveals the
distribution of nanoscale precipitates behind the solidification edge and
within the matrix of the CugSns phase. These precipitates, observed in
three different contrast modes, exhibit characteristic mass-thickness
variations that suggest solid-state interdiffusion of elements and the
possible formation of new phases via interfacial chemical reactions, as
supported by the solute-trapping theory [36,73].

Further analysis of the nanoscale precipitates formed within the
CugSns matrix is presented in Figs. 6 and 7, which show high-
magnification BF, DF, and HAADF STEM images of these precipitates
from two different locations within the matrix. As seen across all

contrast modes, the mass-thickness contrast gradients of these
secondary-phase precipitates suggest extensive interdiffusion and the
potential in-situ formation of new phases via interfacial chemical re-
actions. Additionally, Fig. 71 and 7II provide high-resolution magnifi-
cations of these round precipitates within the CugSns matrix. The
observed structural coherence and gradient phase distribution of these
nanoscale features indicate that their formation is driven by in-situ re-
actions and atomic-scale diffusion [76,77].

Finally, Fig. 8 presents STEM images of the silver-rich particles at the
head of the CugSns intermetallic phase, captured at various locations
and magnifications. The images reveal a lamellar or eutectic structure
within the Ag-rich phase, likely due to nanoscale elemental segregation.
In Fig. 8, region (II) is the top part of the blue box in region (I), and
region (III) is the bottom side of that. These observations suggest that
further characterization of the newly formed phases and diffusive do-
mains through in-situ solid-state chemical reactions will require
advanced chemical elemental mapping techniques, such as STEM/EDS
and APT, which will be reported in subsequent sections.

3.4. STEM/EDS characterization of nanometric precipitation through the
IMC layers

Fig. 9 presents the HAADF/STEM microstructure of the interface
region of the soldered joint, which includes the copper substrate, CusSn,
and CugSns intermetallic phases. This is combined with consistent EDS
elemental maps showing the spreading of Cu, Sn, Ag, and Fe. By eval-
uating the STEM/EDS maps of the scanned region, particularly the
interaction zone across the CusSn thin layer/Cu-workpiece and the
CugSns phase, valuable insights can be drawn into the interaction of iron
nanoparticles with the intermetallic phases during reflow soldering and
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Fig. 8. STEM images with BF, DF, and HAADF contrast modes for the nano-scale eutectic/lamellar phase gradients through the structure of an Ag-rich intermetallic
particle in front of the CugSns layer at different locations and magnifications, (I), (II), and (III).

500/nm:

500 nm

Fig. 9. STEM HAADF microstructure combined with the EDS elemental mapping analysis from the interface of CusSn layer with the copper substrate from the left
side and the CugSns intermetallic from the right side, showing the distribution of Cu, Sn, Ag, and Fe elements.
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Fig. 10. STEM HAADF image and EDS chemical analysis map for the semi-reacted elongated nanoparticles through the matrix of the CueSns intermetallic layer.

subsequent thermal aging.

As shown, the distribution of iron nanoparticles within the CusSn
intermetallic phase primarily manifests as nanoscale segregation, with
no significant evidence of iron solid solutioning or alloying within the
CusSn phase. In contrast, a slight incorporation of iron as a solid solution
alloying element is observed within the CugSns intermetallic phase,
particularly in the thicker region of this layer. This suggests that iron
contributes to the phase growth and can form secondary structures in
the CugSns matrix.

Figs. 10 and 11 present STEM/EDS elemental maps of the leading
edge of the CueSns intermetallic phase, highlighting the distribution of
nanoscale precipitates in two regions. In the region closer to the trailing
edge of the CugSns phase, near the interface with the CusSn intermetallic
phase (as illustrated in Fig. 9), the iron element shows partial reaction
and segregation, forming precipitates within the CugSns phase matrix.
This suggests that, in addition to solid solutioning, iron nanoparticles
react with other elements during reflow soldering and thermal aging,
forming secondary precipitates. Analysis of the STEM/EDS maps for iron
and tin reveals that a portion of the primary iron nanoparticles remained
non-reacted or only partially reacted, with a diffused gradient. This re-
action is likely controlled by diffusion rates, temperature, and process-
ing time [78]. The enrichment of tin around these reacted iron
nanoparticles suggests the possible formation of the intermetallic FeSny,
which is the most thermodynamically stable phase in the Cu-Sn-Ag-Fe
system [79]. This FeSny phase formation and its distribution during
reflow soldering and thermal aging could influence the growth and
morphology of the CugSns intermetallic layer. The in-situ formation of
this intermetallic phase around the non-reacted iron particles is
demonstrated in the FE-SEM images of Fig. 2, supported by EDS
elemental analysis and further details in the previous work [72].
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Fig. 12 shows STEM/EDS elemental maps from a silver-rich particle
interface with the CugSns intermetallic phase. Since silver has no solu-
bility in the structures of CusSn and CugSns intermetallics, it will be
retarded from the solidification front upon completion of reflow sol-
dering. As shown in FE-SEM images and EDS maps of Fig. 2 and also
STEM images of Fig. 5a and Fig. 8(I) to 8(III), alongside the STEM/EDS
map of Fig. 12, Ag segregated as the micron- and nano-scale particles
within the solder alloy matrix. As previously noted in Fig. 8, the silver-
rich phase exhibits a lamellar or eutectic structure, which is further
supported by these EDS maps. The structure results from the partial
segregation of alloying elements and the diffusion of tin through the
silver-rich phase, potentially leading to the formation of AgsSn inter-
metallic precipitates [80,81]. In the HAADF microstructure of Fig. 12,
the white-colored islands represent areas enriched with Ag, while the
gray-colored continuous matrix regions indicate the paths of tin diffu-
sion through the silver-rich phase. There are also traces of copper
diffusion into the silver-rich phase, but no diffusion of iron is observed
within this region.

In this context, as evident and indexed by FE-SEM/EDS results in
Fig. 2 and STEM/EDS microscopies in Figs. 5, 8-12, AgsSn precipitation
can happen with a high fraction within the matrix of the solder alloy and
around the IMC layers' regions, which could affect the growth of these
intermetallics. Meanwhile, it is notable that typical AgsSn phase pre-
cipitation in the Sn3.5Ag solder alloy system occurs at the micron-scale.
This contributes less to the retarding influence on the IMC layers than
nanoscale phases, such as Fe nanoparticles, which can form in situ new
nanometric phases. Also, these AgsSn intermetallic particles are homo-
geneously distributed throughout the solder alloy matrix across the
joint, rather than being particularly concentrated at the interface.
However, the contribution of Fe-nanoparticles is primarily at the joint
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Fig. 11. High-magnification STEM image in HAADF mode and the corresponding elemental analysis results by EDS mapping from the reacting roundish nano-scale

precipitates within the CugSns matrix.

interface, as it is applied through a doped flux across the solder joint
interface.

3.5. Atomic-scale elemental analysis of CusSn and CugSns intermetallics
by atom-probe tomography

Fig. 13 presents the FE-SEM electron channeling-contrast micro-
structure of the soldered joint cross-section, illustrating the CusSn and
CugSns intermetallic layers at the Cu-workpiece/solder alloy interface.
This figure also highlights regions designated for APT tip sample prep-
aration. As shown in the channeling contrast image in the center of the
figure, an initial lamella was prepared from the interaction zone using
FIB, incorporating the copper base metal, CusSn, and CugSns interme-
tallic phases, and the solder alloy. This lamella was then sliced and
further thinned using FIB to produce nanometric tips from different
phases suitable for APT analysis, as depicted in Fig. 13.

Fig. 14 displays the APT atomic-scale elemental mapping results for
the CusSn intermetallic layer. As expected and consistent with the
STEM/EDS elemental maps in Fig. 9, segregation of iron nanoparticles is
observed within the CusSn phase structure following reflow soldering
and thermal aging. Figs. 15 and 16 show the APT atomic-scale elemental
maps of the thick CugSns intermetallic layer, obtained from the middle
and front regions, respectively. These maps, which align well with the
previous STEM/EDS results in Figs. 9-11, show that all elements,
particularly iron, are distributed homogeneously throughout the CugSns
phase. Line-scan analysis reveals that the Cu: Sn atomic ratio fits well
with the stoichiometry of the CugSns phase.

Interestingly, the atomic percentage of iron at the front of the CugSns
layer (~0.713%) is higher than in the middle region and in the initial
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portions closer to the Cu3Sn layer (~0.19%), as shown in the APT results
of Figs. 15 and 16. This observation aligns with the solidification path
model previously described for the reflow soldering process [82,83]. As
the CugSns phase grows during reflow solidification, iron nanoparticles
are either retarded or trapped at the solidification edge/boundary,
where they interact with the tin-based molten solder matrix. Within
nucleating regions of the CugSns layer, iron contributes to solid solution
formation within the phase structure (see APT elemental distributions in
Fig. 15). At the leading edge of this phase, although iron remains in solid
solution with a higher atomic fraction, there is a possibility for in situ
chemical reactions with iron nanoparticles at the edge of the growing
CugSns phase. This could lead to the nano-scale precipitation of the
FeSny intermetallic phase through CugSns structure or across the solder
alloy matrix and the CueSns phase interface, as previously characterized
in the STEM/EDS maps of Figs. 10-12.

Fig. 17a presents the APT elemental map for the solder alloy at the
nanoscale, while Fig. 17b shows the corresponding Sn-Ag phase diagram
[84,85]. For Sn-3.5 wt% Ag solder alloy, which has no solubility be-
tween Sn and Ag at room temperature, a separated eutectic structure is
expected, consisting of two phases, with a much higher fraction of the
tin phase than the silver phase. AgsSn intermetallic regions formation
across the tin/silver phases interface is also possible, depending on the
solid-state kinetics during phase formation [81]. As shown in Fig. 17a,
the tip prepared from the Sn-rich phase shows a high tin atomic per-
centage (>99.94%) and only trace amounts of oxygen. A slight oxygen
trapping (less than 0.06 atomic percent) is detected, indicating a con-
centration gradient due to the reflow soldering process.

The silver phase, previously characterized as micro-sized particles in
the FE-SEM/EDS microstructures of Fig. 2 and analyzed in detail in the
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Fig. 12. The HAADF STEM/EDS microstructure and map for the phase structure of an Ag-rich intermetallic precipitate and its graded boundary line with the

CueSns layer.

high-magnification STEM images of Figs. 5 and 8, is further analyzed in
the EDS map of Fig. 12. The silver phase forms secondary precipitates
with varying size distributions throughout the solder matrix and
partially through the CueSns intermetallic layer.

3.6. Strain distributions across the CusSn and CugSns IMC layers by
nano-beam diffraction mapping (NBDM) analysis

The internal stresses within the intermetallic layers of solder joints
are crucial for controlling their brittleness and overall mechanical per-
formance. The primary contribution of internal strain would be to the
mechanical durability of soldered joints during cyclic heating and
cooling in real-world service for potential microelectronic connection
applications. Higher levels of internal strain and steeper gradients across
potential interfaces could increase the risk of thermally under-designed
fatigue fracture in connections. Therefore, the localized strain distri-
butions of the CusSn and CugSns phases were analyzed at both interfaces
and grain boundaries. As previously mentioned, the results presented in
Figs. 18 and 19 represent the first reported application of the nano-beam
diffraction method (NBDM) for strain calculation using STEM micro-
scopy for the CugSn and CugSns intermetallic phases typically formed
during soldering. Fig. 18 provides an overview of the key findings for
nanoscale localized strain measurements, using NBDM analysis of SAED
patterns (demonstrated in Fig. 18a) across the phase boundary between
the CusSn and CueSns intermetallic layers. The strain mapping contours
in Fig. 18b-d cover two distinct boundaries within the scanned area.

The first boundary is located between the intermetallic phases of
Cu3Sn and CugSns, shown on the left side of the strain contour maps.
This boundary displays a sharp transition in localized strain from
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compressive strain in the CusSn phase to tensile strain in the CugSns
phase. As illustrated, three strain components—dilatation, shear, and
rotation—were estimated and mapped based on crystal lattice distor-
tions and deviations in the corresponding SAED patterns.

The second interface is between coarse grains of the CugSns phase, as
indicated in the strain contours of Fig. 18b-d. The linear strain distri-
bution profiles for the different components—dilatation, shear, and
rotation—across the grain boundary are plotted as a function of posi-
tion. As expected, strain variations across the two CugSns grains are not
significantly different. However, in two small regions adjacent to the
grain boundary, notable depletions of the dilatation and shear compo-
nents from their maximum tensile values, and a shift in the rotation
component from its compression value, can be observed. These varia-
tions are likely due to structural relaxation near the grain boundary,
driven by the high misorientation and irregularity at the boundary.

Fig. 19 shows nanoscale strain mapping of an area containing
dispersed iron nanoparticles and newly formed phases within the
CueSns intermetallic matrix. The strain distribution reveals significant
variations around the secondary phase precipitates, which can be
attributed to the degree of incoherence and misfit between these
nanometric phases and the CugSns matrix. For larger precipitates, such
as the one at the bottom of the selected region, the dilation and shear
strain components show negative values relative to the CugSns matrix.
In contrast, for smaller, nanoscale precipitates in the region, these strain
components shift toward positive values. These broad fluctuations in
localized strain around the precipitates, as identified by nanobeam
diffraction analysis, are likely linked to the formation of the FeSn,
intermetallic phase and in-situ chemical reactions at the interface, which
contribute to the crystal lattice mismatch between the gradient-



F. Khodabakhshi et al. Materials & Design 266 (2026) 116163

FIB Lamella

a

EHT= 5004V Signal A= InLens CusSn . EHT= 5004V Signal A= inLens

Tom' WD 51mm  Meg= 597KX WD= 5.1mm Mag= 10.00KX

Sn-A;
83M ions solde aloy 9.7M ions

Cu-substrate

e
CugSns
A8 4
P Mog=76047X  FIBProbe=0KVanA  Date: 08 Dec2023
I WD=5.1mm Signal A= ION

EHT= 5004V Signal A= InLens

EHT= 500KV Signal A= InLens 1000m  WD= 51mm Mag= 100.00KX

100mm  Wp= 51mm  Mag= 100.00KX

136M ions 52Mions

Fig. 13. FE-SEM channeling contrast microstructure demonstrating the region of interest selection across the solder joint and FIB preparation of APT tips from
different locations concerning the intermetallic layers: CusSn, CugSns, and the Sn-Ag solder alloy.
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Fig. 14. APT elemental analysis results for the tip prepared from the CusSn intermetallic layer.
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Fig. 15. APT elemental maps for the first prepared tip from the CugSns intermetallic layer close to the interface with CusSn.
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Fig. 16. APT elemental maps for the second tip from the CugSns layer near the solder alloy matrix.

composition semi-phases and the solder alloy matrix. Regarding the
interesting results reported in Fig. 19, it is worth noting that indexed
SAED patterns of the secondary-phase nanoscale precipitates, together
with their crystallography, and the elemental maps from STEM/EDS and
APT analyses presented earlier, confirm that the dominant intermetallic
phase between iron and tin is FeSny.

4. Conclusions

The innovation of this research lies in providing valuable insights
into the atomic-level structures of CugSn and CugSns intermetallic layers
within solder joints using advanced characterization techniques,
including FIB/STEM, APT, and NBDM analyses. This study provides new
microstructural details and atomistic mechanisms for these intermetallic
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compounds and their interactions with iron nanoparticles during reflow
solidification and subsequent aging heat treatments.
The key findings are as follows:

o The Cu/CusSn interface exhibits a well-defined metallurgical bond,

characterized by a thin nanometric layer formation on the copper

substrate. The CusSn layer exhibits an ultra-fine-grained structure,

with grain sizes ranging from 200 to 500 nm.

A diffusive interface is formed, undergoing the subsequent CugSnsg

intermetallic phase growth across the CusSn layer's boundary. This

results in a sharp transition from the nano-grained structure of CugSn

to the coarse-grained microstructure of CugSns.

o The localized segregation of iron within the CusSn intermetallic
layer, as analyzed by EDS elemental mapping and APT atomic-level
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corresponding Sn-Ag phase diagram [84,85].
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Fig. 18. Nano-scale strain mapping for the interface region between CusSn and CugSns intermetallic phases by NBDM: (a) BF-STEM image combined with the
corresponding SAED pattern. Contour maps and distribution plots for the (b) dilation, (c) shear, and (d) rotation strains across the boundary of two phases.

chemical analysis, reveals a trapping mechanism of iron that slows e Nanoscale strain distribution maps, determined using NBDM, reveal

the CusSn phase growth kinetics. significant localized shear strain variations at the interface between
e Addition of iron nanoparticles via doped flux across the solder joint phases, particularly at the CusSn/CugSns boundary, highlighting the

interface influences growth kinetics for CusSn phase toward the influence of intermetallic phase transitions on strain distribution

solder alloy region, manifesting in three major contributions at within the matrix, while these internal stresses can control the sub-

different locations. First, the solid solution of iron in the CugSns sequent failure performance of lead-free solder joints.

phase could affect its crystal structure, as shown by STEM NBDM

analysis. This mechanism is most prominent near the interface with CRediT authorship contribution statement
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