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1. Introduction

Analysis of mechanical properties in lead-free
solders subjected to flash aging

Md Nurul Islam, © ¥ Ruman Ahmed Shijan, * and

Md. Rafat Al Razy Rafi

+ Mohammad Motalab

Lead-free solder alloys, particularly those based on tin, silver, and copper, have recently become very
popular because of their better mechanical and electrical characteristics and environmentally friendly
nature compared to lead-based solder alloys. Although previous studies have focused on how aging and
doping affect the stress—strain behavior of SAC305 at the macroscale, this study investigates the effects
of isothermal flash aging and zinc (Zn) doping on SAC305 at the nanoscale. Using molecular dynamics
simulations, the stress—strain behavior of the SAC305 solder alloy with different percentages of Zn dop-
ing is analyzed after subjecting the alloys to varying isothermal flash aging conditions. The thermal aging
process involves heating from 300 K to 420 K at 5 K ps™?, holding at 420 K for durations ranging from
no aging to 5 nanoseconds, and cooling back to 300 K at the same rate. The stress—strain behavior of
these materials is examined under tensile loading at a strain rate of 1 x 10° s~ The results show that
mechanical parameters such as the ultimate tensile strength (UTS), Young's modulus (YM), and energy
absorption capacity are greatly affected by isothermal aging. Longer aging durations lower the average
atomic volume (AV) and produce denser materials, thereby improving the UTS and YM. However, the
priority for long-term solder joint reliability is mechanical stability, which is best achieved through
minimal changes in these properties over time. Radial distribution function (RDF) fluctuations are
observed with aging, showing changes in the atomic structure. Among the Zn doping levels tested,
0.75% Zn proved to be the most effective in minimizing the effects of aging, as it exhibited the lowest
RDF fluctuation with aging, along with the least variation in the UTS, YM, and energy absorption
capacity, thus providing the best mechanical stability. This study highlights the potential of nanoscale Zn
doping as an effective method for enhancing the mechanical reliability of lead-free solder alloys for
high-performance and environmentally friendly electronic applications.

demonstrate good electrical conductivity’ and compatibility
with modern electronic components,'®'" making them suitable

The electronics industry is moving towards lead-free soldering
because of increasing awareness regarding environmental
and public health issues associated with lead exposure."
In response to these concerns, various lead-free alternatives
have been developed, notably tin-based alloys, such as Sn-Ag
and Sn-Ag-Cu (SAC). Their thermal performance and mechan-
ical strength are thoroughly examined to guarantee their
reliability.>* These lead-free solders have several advantageous
properties, including a comparatively low melting point,’
strong wettability and solder joint reliability,® and impro-
ved thermal and mechanical behavior.”® Additionally, they
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for a wide range of applications. Common applications include
flip-chip solder bumping, die attachment, microelectronic
packaging, surface mounting (SMT), and through-hole compo-
nent assembly, such as pin-through-hole (PTH).">**

Despite these advantages, lead-free solders still have some
drawbacks. Challenges such as copper dissolution, rapid inter-
metallic compound (IMC) growth, high production costs, and
the formation of tin whiskers remain ongoing concerns in the
industry.”®™"” In contrast to lead-free alternatives, Sn-Pb solder
is still commonly used because of its low melting temperature,
easy spreading, and ability to prevent the transformation of
white tin into gray tin.'® The mechanical behavior of Sn-Pb
solders, such as creep and plasticity, has been studied exten-
sively through uniaxial tensile tests conducted under varying
annealing conditions, strain rates, and temperatures.'® Addi-
tionally, the tensile behavior of Sn-Pb solders under tempera-
ture variations has been compared to that of lead-free solders
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across different strain rates, revealing critical insights into their
mechanical performance.>

At elevated temperatures, solder joints undergo gradual
microstructural evolution, which significantly affects their
mechanical behavior.>' During thermal aging, prolonged expo-
sure to high temperatures encourages microstructural coarsen-
ing by increasing the average size of IMC particles, ultimately
leading to the deterioration of material properties.>* Higher
aging temperatures in the case of SAC305 cause IMC to grow
more quickly, leading to a coarser microstructure that weakens
both the yield strength (YS) and ultimate tensile strength
(UTS).>? Specifically, SAC305 solder joints experience a decline
in UTS under isothermal aging conditions, underscoring the
detrimental impact of prolonged thermal exposure on mechan-
ical performance.> However, the incorporation of doping ele-
ments, such as zinc (zZn)*® and lanthanum (La),>® has been
demonstrated to mitigate these negative effects by delaying
IMC growth and preventing the formation of Kirkendall voids.
The doping of Zn into Sn-1Ag-0.5Cu significantly alters its
microstructure and tensile properties, with optimal performance
observed at specific Zn concentrations.>” This modification effec-
tively reduces the formation of IMCs and helps prevent the
development of Kirkendall voids and surface whiskers.”®™°
Furthermore, recent studies®" have indicated that doping impacts
the rate at which intermetallic layers form in Sn-Ag-Cu solder
alloys.

Research has explored various strategies to improve the
strength and thermal stability of lead-free solder materials.
For example, Pang et al>® utilized finite element analysis
to evaluate how heat and loading speed affect solder joint
durability. Chowdhury et al®* studied the behavior of SAC
solders with added elements using water-quenched solidifica-
tion. In addition, atomistic modeling techniques have been
employed to observe the microstructural evolution during
quenching and to gain deeper insights into the crystallization
pathway.>® Li et al*® focused on the initial phase formation
and grain structure evolution in AICoCrCuFeNi alloys under
different cooling rates, while Zhang et al.>® analyzed the growth
of tin whiskers and the evolution of IMCs in SAC307 solder
joints through computational methods. Computational studies
of SAC alloys with varying Ag contents have provided valuable
insights into their thermomechanical properties at different
temperatures.’”

Aging studies on other alloys, such as Al-Cu-Mg, demonstrate
that single-stage isothermal aging at varying temperatures can
lead to the formation and coarsening of strengthening phases,
which directly affect strength and elongation.*® Similarly, the
tensile behavior and high-temperature mechanical performance
of lead-free solders have been widely examined to assess the
effects of aging and temperature-dependent IMC formation.***

To the best of our knowledge, no numerical analysis has
been conducted at the nanoscale to evaluate the impact of
isothermal aging on solder alloys or to identify the optimal
amount of specific doping elements to mitigate these isother-
mal aging effects. In this study, the SAC305 atomistic models
were heated to 420 K at a steady rate of 5 K s, followed by
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isothermal aging for various durations. After aging, the models
were cooled to room temperature at the same constant cooling
rate of 5 K s . The cooled samples were subjected to uniaxial
tensile testing to analyze changes in the mechanical properties,
including UTS, YM, and energy absorption capacity up to UTS.
Additionally, the same process was applied with varying Zn
doping levels to determine the optimal doping level to mitigate
the aging effects. This study employs the modified embedded
atomic model (MEAM) potential*"** to perform a detailed
atomistic analysis.

2. Methodology

The methodology employed in this study is organized into five
key components to enable the accurate modeling and analysis
of SAC305 and Zn-doped SAC305 alloys. These are as follows:
(1) the modified embedded atom method (MEAM) potential for
representing interatomic interactions, (2) the hybrid/overlay
pair style approach used to overcome the absence of a unified
MEAM potential for the multicomponent SAC305 system,
(3) atomic structure modeling for constructing and doping
alloy models, (4) molecular dynamics (MD) simulation setup
and procedures, and (5) the atomic clustering strategy adopted
to better represent realistic alloying conditions. Each compo-
nent is detailed in the subsequent subsections.

2.1 Meam potential

In this study, molecular dynamics simulations were performed
using a large-scale atomic/molecular massively parallel simu-
lator (LAMMPS). For effective modeling of atomic interactions,
the modified embedded atom method (MEAM) was used, which
is an improvement over the conventional embedded atom
method (EAM) because it adds angular dependency to the force
field. This inclusion enhances the model’s accuracy in repre-
senting interatomic forces, particularly in numerous complex
intermetallic systems.

The MEAM potential calculates the total energy of a system
by combining two principal components: embedding energy
and pairwise interaction energy. The total energy E of all the
atoms in the system can be expressed as follows:*’

EZ{E(/JI')"‘%Z(P,]'(H;)}, (1)

i#j

where F; denotes the embedding energy function, which
depends on the background electron density p; at atom i, while
¢4(ry) represents the pair potential between atom i and
its neighboring atom j located at a distance r;. The summation
includes all neighboring atoms within a predefined cutoff
radius.

To ensure accurate simulation outcomes, this study relied
on MEAM parameters that have already been validated
in previous studies. Table 1 lists the parameter values used in
the simulations in this study.

Mater. Adv., 2026, 7, 2322-2336 | 2323
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Table 1 Selected MEAM parameters for Sn, Ag, Cu, and Zn used in this
study*4=4°

Parameters Sn Ag Cu Zn

E. (eV) 3.08 2.85 3.54 1.09
7o (A) 3.44 2.92 2.54 2.77
o 5.09 5.89 5.1 7.389
A 1.12 1.06 1.07 0.70
Po 5.42 4.45 3.63 3.50
P 8 2.20 2.20 3.00
B 5 6 6 0.00
B3 6 2.20 2.20 2.00
to 1 1 1 1

ty 3 5.541 3.138 3.00
[23 5.707 2.45 2.494 6.00
t3 0.3 1.288 2.95 —10.00

2.2 Hybrid/overlay pair style

In this study, the modified embedded atom method (MEAM)
potential was used for molecular dynamics simulations. How-
ever, a significant challenge arose while working with SAC305
and Zn-doped SAC305 alloys: no comprehensive MEAM
potential files, such as SnAgZn.meam or SnAgCuZn.meam,
were available in the literature to describe the interactions
among Sn, Ag, Cu, and Zn. Consequently, a hybrid/overlay
approach was adopted in LAMMPS, in which the individual
MEAM potentials for each element were combined to accurately
model interatomic interactions. The hybrid/overlay style allows
for the superposition of energy contributions from multiple
potential definitions; specifically, we used individual optimized
MEAM files for each pure element (Sn.meam, Ag.meam,
Cu.meam, and Zn.meam) to define the unary (I-I) interactions.
Crucially, the binary (I-]) inter-species interactions (e.g., Sn-Ag,
Sn-Zn) were not manually defined but were automatically
calculated by LAMMPS using the mixing rules inherent to the
MEAM potential formalism itself, as enabled by the hybrid/
overlay command, ensuring a complete description of the alloy
system’s interatomic forces. Every element was assigned a
unique MEAM potential, and interactions were precisely con-
trolled to avoid unintentional cross-element interactions.
The hybrid/overlay method improves the physical correctness
of the molecular dynamics simulation, therefore enabling an
improved investigation of the mechanical behavior. To the best
of our knowledge, this hybrid method has never been used for
SAC305 or Zn-doped SAC305; therefore, this work is unique and
the first of its kind in the field of lead-free solder simulations.

2.3 Atomic structure modeling

In this study, the initial B-Sn atomic configuration of 81920
atoms was generated using Atomsk® software, with a simula-
tion box sized 288.69 x 72.17 x 72.55 A® (Fig. 1). Five nanos-
tructures of solder alloys were modeled (Fig. 2): (i) SAC305 and
SAC305 doped with (ii) 0.25%, (iii) 0.5%, (iv) 0.75%, and (v) 1%
Zn. All these alloy compositions were generated based on the
weight percentages, consistent with the standard definition of
SAC305 and its Zn-doped variants. A Python®"*** script was then
used to convert the target weight percentages of Sn, Ag, Cu, and
Zn into the corresponding number of atoms using their atomic

2324 | Mater. Adv,, 2026, 7, 2322-2336
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Fig. 1 The atomic model of B-Sn.

(b) Sn-96.25%, Ag-3%, Cu-0.5%, and Zn-
0.25%

(d) Sn-95.75%, Ag-3%, Cu-0.5%, and Zn-
0.75%

- Sn

Ag
. Cu
- Zn

(e) Sn-95.5%, Ag-3%, Cu-0.5%, and Zn-1%

Fig. 2 (a—e) lllustrations of the five solder alloys with their respective
constituent percentages, and (f) color coding of constituents.

(f) Color coding of particles

weights. This ensured that the final atomistic models repro-
duced the correct weight-percentage compositions. The calcu-
lated numbers of Ag, Cu, and Zn atoms were then substituted
into the Sn lattice either randomly or in a cluster form, as
described in Section 2.5.

2.4 MD Simulations

The molecular dynamics modeling for solder materials was
executed using the LAMMPS®? simulation package. Visualiza-
tion of the simulation outputs was carried out via OVITO>* for
better analysis. To maintain both precision and computational
speed, a fixed time step of 1 femtosecond (fs) was selected.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Temperature variations during the heating, aging, and cooling
phases of the structure.

Initially, the energy was equilibrated (12.5 picoseconds (ps),
NVE ensemble) using a Langevin thermostat. This step ensured
thermal stability before proceeding to simulations conducted
under an NPT ensemble, which utilized a Langevin thermostat
to control the system’s temperature and a Berendsen barostat
to maintain the desired pressure. Following this, the system
was switched back to the NPT ensemble for another 12.5 ps to
stabilize before aging.

The heating process involved raising the temperature from
300 K to 420 K at a constant heating rate of 5 K ps~' (A-B),
followed by holding at 420 K for various durations, such as no
aging (B-C), 1 ns (B-D), 3 ns (B-E) and 5 ns (B-F). After the
holding phase, the system was then cooled to 300 K using a
constant cooling rate of 5 K ps™'. Fig. 3 illustrates the tem-
perature variation throughout the heating, aging, and cooling
phases.

After cooling, each simulation case was equilibrated at 300 K
for 12.5 ps. Then, uniaxial tensile loading was applied along the
x-direction under an NVT ensemble with a constant strain rate
of 1 x 10° s, In fracture-based loading, strain was applied
until failure. The atomic-level stress was computed using the
following virial expression:*’

(1, i i
O'j; = ‘QZ(ZWZJV?(V?( + Z ’Jog/}fz‘x/f)7 (2)

p=1n

where i and j denote Cartesian components, m” is the mass of
the atom «, v* is its velocity, rﬁﬁ is the displacement between the
atoms o and f, and ﬂ,; is the force exerted by atom f on atom a.
Q* denotes the atomic volume of atom a.

2.5 Atomic clustering in SAC305 solder

To make the model of this study more physically realistic, a
cluster-based substitution method was used instead of substi-
tuting single atoms. In actual materials, alloying elements tend
to appear in clusters rather than as isolated atoms, and this

© 2026 The Author(s). Published by the Royal Society of Chemistry
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100 atoms
50 atoms
10 atoms
No cluster

" Strain, €

Fig. 4 Variations in stress with strain of SAC305 for different cluster sizes.

approach better reflects how atoms behave in real-world alloys.
Different cluster sizes of 1 (no cluster), 10, 50, and 100 atoms
were examined to see how they impact stress-strain behavior.
The results demonstrated that while clustering generally
enhanced mechanical strength, cluster 100 exhibited instability
beyond 0.15 strain, leading to abrupt stress fluctuations. Clus-
ter 50, however, was the best option for the investigation of this
study since it generated a stress-strain curve that was both
physically precise and smooth. Hence, throughout this study, a
random cluster size of 50 Sn atoms was used to replace Sn with
Ag, Cu, and Zn.

It should be noted that the purpose of clustering in this
study is not to model thermodynamic precipitates or fully
equilibrated phases. Although real atomic agglomeration is
influenced by Gibbs free-energy minimization, evaluating free
energies for multiple cluster sizes in an 81920-atom system
is computationally impractical. Therefore, several cluster sizes
(1, 10, 50, and 100 atoms) were assessed empirically, and the
50-atom cluster was selected because it produced stable,
smooth stress-strain behavior (Fig. 4) without numerical arti-
facts. This makes cluster 50 a physically reasonable and
mechanically reliable representation of localized alloying neigh-
borhoods.

This methodology provides a more realistic representation
of atomic-scale interactions and enhances the reliability of
mechanical behavior predictions for SAC305 and Zn-doped
SAC305 alloys.

3. Method validation

To ensure the reliability of the simulation methodology, two
validation steps were performed: comparison of the stress-
strain behavior and total energy-temperature trend in the solid
phase during heating with the reference study.

3.1 DFT-MEAM lattice parameter validation

To validate the reliability of the MEAM potential for modeling
Zn-doped Sn-Ag-Cu (SAC) alloys, we compared the equilibrium

Mater. Adv., 2026, 7, 2322-2336 | 2325
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lattice parameters predicted by molecular dynamics (MD)
simulations with those obtained from first-principles
density functional theory (DFT) calculations. Specifically, the
Cu-Sn system was modeled using a hexagonal lattice; the
Ag-Sn system was modeled using the orthorhombic Ag;Sn
phase; and the Zn-Sn system was modeled using the triclinic
Zn;Sn phase. The Cu-Zn system was modeled using an FCC
structure, consistent with known B-brass data. These structures
were used as the baseline to validate the MEAM-predicted lattice
constants.

The DFT calculations were performed using the Quantum
ESPRESSO package with the PBE exchange-correlation func-
tional within the generalized gradient approximation (GGA).
Ultrasoft pseudopotentials were employed, with plane-wave
energy cutoffs of 60 Ry for the wave functions and 480 Ry for
the charge density. A Monkhorst-Pack 8 x 8 x 8 k-point grid
ensured total energy convergence within 1 meV per atom.
Atomic relaxations were carried out using the BFGS algorithm
until the forces on all atoms were less than 0.01 eV A",
Spin polarization was not considered, as all systems are
nonmagnetic.

In parallel, MD simulations were performed using the
LAMMPS package with a multi-component MEAM potential.
Elemental parameters for Sn, Ag, Cu, and Zn were taken from
the literature. Each binary system was modeled ina 4 x 4 x 4
supercell and equilibrated under the NPT ensemble using a
timestep of 1.0 fs. Temperature control was achieved using a
Nosé-Hoover thermostat. The system was heated from 300 K to
600 K over 50 ps, equilibrated at 600 K for 100 ps, and cooled
back to 300 K for lattice relaxation. The average lattice con-
stants were extracted from the final 20 ps of the equilibrium
trajectory.

Table 2 summarizes the comparison between the DFT and
MEAM lattice parameters for representative binary alloys.
MEAM systematically overestimates the DFT values by approxi-
mately 5-7%, which is consistent with the expected accuracy
of semi-empirical interatomic potentials. For example, in the
Cu-Sn hexagonal model, MEAM predicted a = 4.45 A compared
to the DFT value of a = 4.175 A, a deviation of 6.6%.
Similar deviations were found for the Ag-Sn and Zn-Sn
systems, whereas Cu-Zn retained the DFT lattice constant value,

Table 2 Comparison of equilibrium lattice parameters (a, b, and ¢)
between DFT and MEAM for binary systems

Binary system Lattice type ~ Parameter DFT (A) MEAM (A) % Change

Cu-Sn Hexagonal a=>b 4.175  4.450 6.59%
c 5.097  5.420 6.34%
Ag-Sn Orthorhombic a 4.929  5.230 6.11%
b 5.300 5.630 6.23%
c 5.978 6.360 6.39%
Zn-Sn Triclinic a 4.524  4.800 6.10%
b 5.834 6.190 6.10%
c 6.757  7.210 6.70%
Cu-Zn FCC a 2.890  2.950 2.08%
2326 | Mater. Adv, 2026, 7, 2322-2336

View Article Online

Paper

showing excellent agreement. Despite small overestimations, the
MEAM potential reproduces the relative trends and bonding
characteristics observed in DFT, confirming its suitability for
large-scale simulations of Zn-doped SAC alloys under flash-aging
and thermal-cycling conditions.

3.2 Comparison of stress-strain behavior

To validate the simulation results, the stress-strain response of
SAC305 under the No clustering and no-aging conditions was
compared with a reference study®® that used a similar SAC305
model subjected to heating and cooling at a rate of 10 K ps~ .

The comparison depicted in Fig. 5 shows a close agreement
in the overall curve shape and mechanical behavior. In this
study, UTS was found to be 6.017 GPa, while the reference study
obtained a UTS of 6.491 GPa, indicating strong consistency

This Study
Reference Study [56]

Stress, o (GPa)
N

L STLINL BLLL NLELLEL NLELELELE BN B R

Strain, €

Fig. 5 Variations in stress—strain of SAC305 without clustering under the
no-aging conditions.
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) - > "
2 K > L]
5 ool - "
- > n
§ -0.24 | N ’ .
[ - > -
b - >
I S
-0.241 = »
= - -
| =
0.242 [~
o4zl U 0 1
7300 320 340 360 380 400 420

Temperature (K)

Fig. 6 Variations in the total energy of SAC305 with temperature during
heating.
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Table 3 Comparison of total energy at different temperatures

Total energy (MeV)

Temperature (K)  This study ~ Reference study’®  Deviation (%)
305 —0.2410 —0.2413 0.124%
375 —0.2395 —0.2398 0.125%
415 —0.2386 —0.2390 0.168%

between both models and confirming the reliability of the
simulation setup.

3.3 Comparison of total energy-temperature trend

The total energy was plotted against temperature, as shown in
Fig. 6, for the No clustering SAC305 model compared with the
reference study.’® This study covers the heating of the solid-
phase region over temperatures ranging from 305 K to 415 K,
where the total energy increases linearly with temperature.

3.2.1 Slope comparison. In this study, the slope of the total
energy curve is calculated as follows:

dE
dr

_ (—0.2386 4 0.2410) x 106 .
= 175 303 =21.82eVK™"

The ref. 56 study shows a similar solid-phase slope (20.91 eV K ),
confirming the accuracy of the results of this study.

No Aging
1ns

3ns
5ns

2 0.3
Strain. &
@

Stress, 0 (GPa)

z 0.
Strain, €

(©
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3.2.2 Total energy comparison. At key temperature points,
the total energy values of this study were closely matched with
the reference study shown in Table 3.

Hence, the simulation of this study accurately reproduces
the solid-phase behavior of SAC305. The calculated slope
(21.82 eV K ') aligns with reference values (20.91 eV K %),
and the total energy deviations are minimal (<0.2%), verifying
model accuracy. These results verify the accuracy of the model
used in this study in MD simulations.

4. Results and discussion

The effects of isothermal flash aging on the mechanical beha-
vior of SAC305 solder alloys doped with different percentages of
Zn are analyzed. Initially, the impact of isothermal aging on the
uniaxial tensile test is observed, with a focus on key mechanical
properties, such as UTS, YM, and energy absorption capacity up
to UTS. Additionally, structural changes induced by isothermal
aging are examined, particularly in terms of variations in the
average atomic volume (AV) and RDF.

4.1 Impacts of flash aging on uniaxial stress-strain behavior

This section examines how flash aging affects the mechani-
cal behavior of SAC305 solder alloys doped with different

No Aging
1ns
3ns
Sns

]

o 0.1 0.2 N 0.3 0.4 0.5
Strain, €

(®)

No Aging
1 ns
3ns
5ns

o
=TT

Stress, o (GPa)
N
T

0.3 0.4 0.5

No Aging
1ns

3ns
5ns

2 K 0.3
Strain, €

(e)
Fig. 7 Variations in stress with strain of (a) SAC305 and SAC305 doped with (b) 0.25%, (c) 0.5%, (d) 0.75%, and (e) 1% Zn.
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Fig. 8 Variations in stress with strain of SAC305 held at 300 K for different
durations.

Table 4 UTS of SAC305 held at 300 K for different durations and their
percentage change from the no-aging conditions

Aging % Change % Change from 0 ns
durations (ns) UTS (GPa) from 0 ns (at 420 k)

0 7.8302 N/A N/A

1 7.8354 0.066 3.345

3 7.8399 0.124 5.294

5 7.8443 0.180 6.135

percentages of Zn under uniaxial tensile loading. The analysis
is presented in two parts. First, the stress-strain response of
each alloy is discussed to capture the overall mechanical
behavior. To ensure that the observed changes in the stress-
strain curves originate from the elevated-temperature flash-
aging process rather than simply from longer simulation dura-
tions, an additional set of control simulations was performed at
300 K; these results are included after the main stress-strain
analysis. Second, the variation in key mechanical properties,
such as UTS, YM, and energy absorption capacity up to UTS, is
explored with respect to both Zn doping concentrations and
aging durations.

4.1.1 Stress-strain curve analysis. The stress-strain curves
for SAC305 and SAC305 doped with varying percentages of
Zn (0.25%, 0.5%, 0.75%, and 1%) at a constant strain rate
of 1 x 10° s~" are shown in Fig. 7(a)~(e) for different aging
durations (no aging, 1 nanosecond (ns), 3 ns, and 5 ns).

Table 5 UTS of SAC305 doped with different percentages of Zn
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with different percentages of Zn.

The stress-strain responses differ noticeably. A significant
change in mechanical properties is observed when the aging
duration increases from no aging to 1 ns. However, for longer
aging durations, such as 3 ns and 5 ns, stress-strain beha-
vior remains relatively unchanged during the early stages of
high-temperature aging. The doping of Zn slightly alters the
stress—strain curve shape and peak stress values.

To verify that the observed differences in stress-strain
behaviors are due to high-temperature-activated diffusion and
structural relaxation occurring at 420 K and not simply a result
of the longer simulation times, an additional set of control
simulations was conducted at 300 K. These results are pre-
sented in the following subsection.

4.1.1.1 Control analysis at 300 K: aging time without heating.
To isolate the effect of aging duration from temperature-driven
aging, SAC305 was equilibrated at room temperature (300 K)
for 12.5 ps and held at 300 K for different aging durations (no
aging, 1 nanosecond (ns), 3 ns, and 5 ns). Subsequently, it was
equilibrated again for 12.5 ps and then subjected to the same
uniaxial tensile load. No heating to 420 K was performed in this
control study. The stress-strain curves (Fig. 8) show almost
complete overlap for all durations, demonstrating that the
mechanical response remains unchanged even after several
nanoseconds at room temperature.

As shown in Table 4, the UTS values vary by less than 0.2%,
confirming that no meaningful densification, structural relaxation,

Ultimate tensile strength, UTS (GPa)

0.5% Zn (%increase) 0.75% Zn (%increase) 1% Zn (%increase)

Aging

durations (ns) No doping (%increase) 0.25% Zn (%increase)
0 8.059 8.018

1 8.333 (3.397) 8.367 (4.356)

3 8.424 (4.532) 8.430 (5.143)

5 8.512 (5.625) 8.542 (6.539)

2328 | Mater. Adv, 2026, 7, 2322-2336

8.095

8.290 (2.416)
8.411 (3.914)
8.470 (4.635)

8.149
8.307 (1.940)
8.407 (3.167)
8.438 (3.545)

8.057

8.240 (2.277)
8.383 (4.044)
8.416 (4.460)
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Fig. 10 Percentage variations in UTS under the no-aging condition across
various aging durations for the SAC305 solder alloys doped with different
percentages of Zn.

or strengthening occurs solely as a result of the simulation time
at 300 K.

These findings verify that the mechanical behavior changes
observed in the flash-aging simulations originate from the
elevated-temperature aging process at 420 K and not from the
total simulation duration at 300 K. The subsequent analysis in
Section 4.1.2 depends on this result by quantifying these changes
through UTS, YM, and energy absorption capacity metrics.

4.1.2 Variation of mechanical properties with zn doping
and aging. The variation in UTS with aging duration for
different Zn doping percentages is presented in Table 5 and
Fig. 9 and 10. Across all compositions, UTS increases with
longer aging durations, with the most significant increase
occurring between no aging and 1 ns. The 0.25% Zn-doped
SAC305 shows the highest overall increase (6.539%), followed
by the undoped SAC305 (5.625%). In contrast, 0.75% Zn-doped
SAC305 exhibits the smallest increase (3.545%), indicating
better resistance to aging-induced UTS variation and more
stable mechanical performance.

Young’s modulus (YM) values for all compositions, shown in
Table 6 and Fig. 11, 12, follow a trend similar to UTS. As the
aging duration increases from 0 to 5 ns, YM increases in every
case, with 0.25% Zn-doped SAC305 again showing the highest
increase (12.607%). However, the 0.75% Zn-doped SAC305
exhibits a more moderate increase (6.431%), suggesting better

Table 6 YM of SAC305 doped with different percentages of Zn
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mechanical consistency under thermal exposure. The results
highlight that higher Zn doping helps reduce sensitivity to
thermal aging in terms of stiffness.

Table 7 and Fig. 13, 14 show the variation in energy absorp-
tion capacity up to UTS with aging. The 0.25% Zn-doped
SAC305 again displays the highest increase (9.106%), while
the 0.75% Zn-doped alloy shows the lowest (4.025%) as the
aging duration increases from 0 to 5 ns.

Young’s modulus, YM (GPa)

0.5% Zn (%increase) 0.75% Zn (%increase) 1% Zn (%increase)

Aging

durations (ns) No doping (%increase) 0.25% Zn (%increase)
0 153.922 151.909

1 162.724 (5.725) 163.986 (7.976)

3 166.221 (8.003) 166.920 (9.854)

5 169.851 (10.352) 171.057 (12.607)

© 2026 The Author(s). Published by the Royal Society of Chemistry

154.251

161.086 (4.431)
165.570 (7.350)
167.945 (8.883)

156.574

161.883 (3.398)
164.959 (5.354)
166.635 (6.431)
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153.547
159.140 (3.648)
164.277 (6.981)
556.825 (7.850)
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Table 7 Energy absorption capacity up to UTS of SAC305 doped with different percentages of Zn

Energy absorption capacity (GPa)

Aging durations (ns) No doping (%increase)  0.25% Zn (%increase)

0.5% Zn (%increase)  0.75% Zn (%increase) 1% Zn (%increase)

0 0.482 0.479
1 0.499 (3.345) 0.498 (4.120)
3 0.508 (5.294) 0.513 (7.192)
5 0.512 (6.135) 0.522 (9.106)

0.488
0.502 (2.869)
0.510 (4.508)
0.519 (6.352)

0.485
0.490 (1.092)
0.501 (3.298)
0.504 (4.025)

0.482
0.495 (2.727)
0.501 (3.837)
0.514 (6.445)
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Fig. 13 Variations in the energy absorption capacity up to UTS with aging for the SAC305 solder alloys doped with different percentages of Zn.

These results clearly show that longer aging durations
increase the mechanical properties, namely, UTS, YM, and
energy absorption capacity, across all material compositions.
Another notable observation is that the differences in these
properties between 3 ns and 5 ns aging are quite small,
indicating a saturation effect in mechanical property growth
with prolonged aging.

In the case of SAC305, the rate of increase in UTS, YM, and
energy absorption capacity with aging time durations is greater
than that of Zn-doped SAC305 alloys, except for 0.25%
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Fig. 14 Percentage variation in the energy absorption capacity up to UTS
under the no-aging condition across various aging durations for the
SAC305 solder alloys doped with different percentages of Zn.
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Zn-doped SAC305. Although a higher absolute property value
might be achieved in SAC305 with prolonged aging, the priority
for reliable solder joints is mechanical stability, meaning
minimal variation in properties over time. Furthermore,
0.75% Zn doping consistently demonstrates the smallest variations
across all measured properties, indicating superior mechanical
stability. These findings suggest that moderate Zn doping, espe-
cially at 0.75%, is optimal for minimizing the effects of flash aging
and enhancing the reliability of lead-free solder joints.

4.2 Structural changes

The structural evolution of SAC305 and Zn-doped SAC305 alloys
during aging was analyzed through necking behavior, variation
in average atomic volume (AV), and RDF trends.

4.2.1 Influence of aging on necking. The tensile deforma-
tion analysis highlights a noticeable difference in necking

Flat stress-strain response
in No aging condition

o
T T T

~

©

o

o

© .

3’; 4 No Agm_g
o 5 ns Aging
»n

LS B |

Strain, €

Fig. 15 Variations in stress with strain of SAC305 under the no-aging and
5-ns aging conditions.
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Fig. 16 Cross-sectional views of SAC305 during tensile test at 0.095
strain under the (a) no-aging and (b) 5-ns aging conditions.

(®)

Fig. 17 Cross-sectional views of SAC305 during tensile test at 0.155 strain
under the (a) no-aging and (b) 5-ns aging conditions.

behavior between unaged and aged (such as 5 ns) SAC305
samples, as shown in Fig. 15. At a strain of 0.095 (Fig. 16),
both samples deform uniformly, showing no signs of necking.
However, by the time strain reaches 0.155 (Fig. 17), the aged
sample begins to show early necking somewhere within this
range, and by 0.155 strain, some visible necking is already
present. However, the unaged sample still holds uniform
deformation throughout this interval, as reflected by the flat
portion of its stress-strain curve between 0.095 and 0.155.
By the time strain reaches 0.230 (Fig. 18), both samples display
comparable levels of necking. These findings suggest that
thermal aging primarily accelerates the onset of necking in
SAC305 solder alloys although it does not significantly alter the
eventual failure mechanism.

This early necking tendency in aged samples can be linked
to structural densification caused by aging. As the average
atomic volume decreases with aging, the material becomes
more compact and, consequently, more brittle. This increase
in brittleness makes the alloy more prone to localized deforma-
tion at an earlier stage. A detailed analysis of the average atomic
volume and its variation across aging durations is presented in
the next section.

© 2026 The Author(s). Published by the Royal Society of Chemistry

()

Fig. 18 Cross-sectional views of SAC305 during tensile test at 0.230
strain under the (a) no-aging and (b) 5-ns aging conditions.

4.2.2 Atomic volume (AV). In this study, the obtained
results indicate a clear trend. As the aging duration increases,
the average atomic volume of the material decreases, as illu-
strated in Fig. 19, signifying a densification process over time.
For example, in SAC305, the atomic volume decreases from
573.785 to 557.102 cubic A when the aging time is extended
from no aging to 5 ns, yielding a reduction of 2.907%. Similar
reductions are observed in the Zn-doped variants: the 0.25% Zn
sample decreases from 575.830 to 557.940 cubic A (3.107%
reduction), the 0.5% Zn variant drops from 572.844 to 562.310
cubic A (1.839%), the 0.75% Zn sample reduces from 571.395 to
563.197 cubic A (1.435%), and the 1% Zn variant decreases
from 570.933 to 556.825 cubic A (2.471%). The decrease in
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Fig. 19 Sample cross-sectional views before tensile test of SAC305 under
the (a) no-aging and (b) 5-ns aging conditions, and 0.75% Zn doped
SAC305 under the (c) no-aging and (d) 5-ns aging conditions.
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Table 8 Average atomic volume of SAC305 doped with different percentages of Zn (before tensile loading)

Atomic volume, AV (A%)

0.5% Zn (%decrease) 0.75% Zn (%decrease) 1% Zn (%decrease)

Aging

durations (ns) No doping (%decrease) 0.25% Zn (%decrease)
0 573.785 575.830

1 565.867 (1.380) 566.540 (1.613)

3 559.304 (2.524) 560.296 (2.698)

5 557.102 (2.907) 557.940 (3.107)
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Fig. 20 Variations in average atomic volume (AV) with aging for the

SAC305 solder alloys doped with different percentages of Zn.
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Fig. 21 Percentage reduction in average atomic volume under the no-
aging condition across various aging durations for the SAC305 solder
alloys doped with different percentages of Zn.

atomic volume across all compositions indicates general
densification with aging.

In the case of SAC305, the rate of decrease in average atomic
volume, or the rate of becoming denser with aging time
durations, is higher compared to Zn-doped SAC305 alloys,
except for 0.25% Zn-doped SAC305. Additionally, 0.75%
Zn-doped SAC305 shows the lowest reduction rate in average
atomic volume with aging time durations.

2332 | Mater. Adv, 2026, 7, 2322-2336

572.844
565.406 (1.298)
563.055 (1.709)
562.310 (1.839)

571.395
565.974 (0.949)
564.817 (1.151)
563.197 (1.435)

570.933
563.418 (1.316)
559.282 (2.041)
556.825 (2.471)

Table 8 and Fig. 20, 21 show the variation in the average
atomic volume (AV) values with aging.

4.2.3 Radial distribution function (RDF). The variation in
the RDF at different aging times for SAC305 and SAC305 doped
with 0.25%, 0.5%, 0.75%, and 1% Zn is illustrated in Fig. 22. RDF
analysis provides insights into structural changes, with peak
height variations indicating structural relaxation. The RDF peak
value change reflects the rate and magnitude of structural altera-
tion, particularly in response to experimental conditions.””"*

Fig. 22(d) shows that as aging advances, the RDF peak values
change at a slower rate than the others, suggesting that 0.75%
Zn doping is ideal for reducing the impacts of aging on the
mechanical characteristics of SAC305 at the nanoscale.

Although the absolute differences in the RDF peaks are
small, such subtle variations are expected in amorphous or
partially ordered metallic systems and still indicate measurable
changes in the short-range atomic structure. As shown in the
magnified inset of Fig. 22(b), the first-peak height decreases
from approximately 300 at 3 ns to about 290 at 5 ns, represent-
ing nearly a 3% fluctuation. These modest but systematic shifts
align with the observed densification during aging and provide
supporting structural evidence for the mechanical property
trends reported in this study.

5. Conclusions

This study examined the stress—strain behavior of lead-free
solder alloys under uniaxial tensile loading in response to
isothermal flash aging. The goal was to find the optimum
amount of Zn doping to reduce the effects of aging on the
alloy’s strength. The main findings are as follows:

e A cluster of 50 atoms provides the most stable alloy’s
stress-strain behavior.

e The alloy’s UTS, YM, and energy absorption up to UTS
increased as it aged for a longer duration.

e Aging makes the alloy structure denser by reducing the
average atomic volume (AV), which leads to increased UTS.

e The arrangement of atoms within the alloy changed
noticeably as it aged, as shown by changes in the RDF.

This analysis demonstrated that UTS, YM, and energy
absorption capacity up to UTS increased at a significant rate
with aging time for the SAC305 structure at the nanoscale.
However, the priority for reliable solder joints is mechanical
stability, which minimizes variations in these properties across
different aging durations. To minimize this undesirable trend,
0.25% Zn was added to SAC305, which led to a slight increase in
the rate of UTS, YM, and energy absorption, contrary to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(For improved visibility, a magnified version of the peak region is plotted as an inset in the upper-left corner of each figure).

desired reduction. Subsequent tests with 0.5%, 0.75%, and 1%
Zn doping showed that the rates of increase in UTS, YM, and
energy absorption capacity were effectively reduced below those
of SAC305. Out of all these compositions tested, SAC305 doped
with 0.75% Zn showed the most consistent behavior under
flash aging. It exhibited the smallest increase rate in UTS, YM,
and energy absorption with aging. Additionally, this alloy
showed the smallest decrease rate in average atomic volume
(AV) and minimal changes in the RDF with aging.

These combined results suggest that 0.75% Zn doping is
optimal for mitigating the effects of flash aging on the mechanical
behavior of SAC305 at the nanoscale, offering a balance between
structural stability and mechanical performance.
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