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We focus on the role of surface modification of nanoparticles employed as reinforcements in Sn-52mass %In
composite alloys (the alloys), and how these surface differences affect the microstructure and mechanical
properties of the alloys. Microscopic observation revealed that the addition of surface-modified ZrO. nano-
particles (ZrOz NPs) by NiO (NiO/ZrOz NPs) led to a finer y-phase spacing compared to alloys containing un-
modified ZrO. NPs. This is attributed to enhanced heterogeneous nucleation promoted by the surface
modification. Nanoindentation tests showed that the microhardness of the alloys was increased by 5.7 MPa upon
NP surface modification, suggesting microstructural refinement caused by surface modification and subsequent
changes in the free energy of heterogeneous nucleation. Density functional theory calculations demonstrated that
NiO/ZrO: surfaces exhibit lower ensemble average of adsorption energies for the alloys adatoms than that
exhibited by ZrO: surfaces, with energy minima aligning with the lattice periodicity of the -phase or y—phase.
These findings suggest that the surface modification induces a crystallization preference during solidification,
thereby improving the alloy properties. This work highlights the impact of NP surface modification-induced
changes in nucleation energetics on the solidification behavior and mechanical properties of the alloys,
providing insights for electronic packaging material design.

1. Introduction effects on the joint [6,7]. Moreover, flexible electronic devices can easily

fit into complex shapes [8,9], comprising flexible substrates composed

The development of advanced technologies such as artificial intelli-
gence has increased data processing volumes, while the semiconductor
devices that support data processing continue to miniaturize year after
year making further miniaturization challenging [1]. Three-dimensional
packaging is therefore attracting attention as a new electronic packaging
technology [1-3]. Three-dimensional packaging requires soldering with
varying melting temperatures, such as low-temperature solder for
stacking. Specifically, the melting temperature of the solder at the first
level is the highest, which ensures that the first-level solder joints do not
melt while the second-level joints are being processed [4,5]. The de-
mand for low-temperature solder is increasing to minimize thermal

of thin heat-sensitive resin films [10]. Although such flexible substrates
show good versatility for a wide variety of flexible devices, their tem-
perature tolerance remains a major issue, especially against
high-temperature exposure during the soldering process. According to
Zardetto et al. [11], the electrical resistance of a flexible substrate in-
crease markedly when the temperature exceeds 180°C. Sn—Ag-Cu solder
(SAQ) is widely used as Pb-free solder, and the peak temperature during
soldering typically reaches approximately 250°C [12,13]. Among
various low-temperature solder alloys, Sn—58Bi eutectic solder is widely
used due to its relatively low melting point of 138 °C, good mechanical
properties, and cost-effectiveness. However, its melting point is still
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close to the thermal deformation threshold of polymer-based substrates
such as PET and PI, which are commonly used in flexible electronics.
Zardetto et al. [11] reported that PET substrates begin to exhibit
dimensional instability above 130-150 °C, and Wu et al. [14] suggested
that Sn—58Bi solder may be insufficient for polymer-based substrates.
Therefore, alternative solder alloys with lower melting points are
needed for applications involving temperature-sensitive components.

Sn-52mass %In alloy (Sn-In alloy) is a promising low melting tem-
perature solder. The eutectic Sn-In alloy shows a significantly low
melting temperature of 119°C [15]. However, the low tensile strength of
Sn-In alloys is a critical issue. Han et al. [16] reported that the ultimate
tensile strength of the eutectic Sn-In alloy was approximately 11.0 MPa,
which is lower than that of Sn—3.0mass %Ag-0.5mass %Cu alloy (41.6
MPa) [17], which necessitates improving the ultimate tensile strength of
the alloy.

The addition of nanoparticles (NPs) to solder alloys has been actively
investigated as a promising approach for improving their strength
[18-20]. Recent studies have highlighted the role of ZrO- nanoparticles
in enhancing the performance of Sn-Ag-Cu solder alloys. Skwarek et al.
[3] demonstrated that the incorporation of ZrO- nanoparticles leads to
microstructural refinement and improved mechanical properties, sup-
ported by both experimental and theoretical analyses. Similarly,
Rajendran et al. [4] reported that ZrO: reinforcement in SAC305 solder
joints significantly increases shear strength and influences aging
behavior, underscoring the importance of nanoparticle size in deter-
mining joint reliability.

However, the high surface energy of nanoparticles often leads to
their aggregation within the alloy matrix. To overcome this, surface
modification of nanoparticles has been proposed as an effective strategy.
Huo et al. [21] reported that ZrO2 nanoparticles coated with a NiO layer
(NiO/ZrO2 NPs) exhibited a uniform dispersion within a
Sn-1.0Ag-0.5Cu solder matrix. In our previous study [22], the addition
of NiO/ZrOy NPs increased the tensile strength of Sn—In composite alloys
by approximately 37 %. However, the mechanism for the enhanced
dispersibility through surface modification remains unclear.

This study aims to elucidate the effects of surface-modified nano-
particle on the refinement of microstructure and strengthening in
composite solder alloys. We prepared composite alloys with ZrO, NPs or
NiO/ZrO5 NPs and conducted microstructural observations and micro-
hardness tests. We discussed the interaction between the NPs surfaces,
which are considered as heterogeneous nuclei, and the solder alloy
during the solidification process. First-principles calculations using
density functional theory (DFT) were also performed.

2. Methods
2.1. Experiments
2.1.1. Fabrication of Sn-In alloy composite alloys

Sn-In composite alloys with ZrO, and NiO/ZrO, NPs were fabri-
cated. The NiO/ZrO, NPs were prepared by ball-milling pyrolysis using

| Sn-In eutectic alloy ‘ (b)l lll_a\noparticles |
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ZrO5 NPs (HW Nanomaterials, China) and Ni(CH3COO),-4H;0 (Wako
Pure Chemicals Corporation, USA) as raw materials. The ZrO; NPs (99.9
% purity) had a particle size distribution of 60-120 nm. NiO NPs (99.9 %
purity), approximately 8.8 nm in size, were uniformly and densely
attached to the surface of the ZrO, NPs. The detailed procedure of the
ball-milling pyrolysis was described in our previous report [23]. The
prepared nanoparticles were characterized using the Bru-
nauer-Emmett-Teller (BET) method to evaluate their specific surface
area and BET equivalent diameter. The BET results showed that ZrO-
nanoparticles exhibited a specific surface area of 1.4 m?/g and a
calculated equivalent diameter of 750 nm, whereas NiO/ZrO> nano-
particles exhibited 3.2 m?/g and 320 nm, respectively.

A schematic of the fabrication process for the composite alloy is
presented in Fig. 1. Approximately 30 gof the commercial Sn-In alloy
(Senju Metal Industry Corporation, Japan) (99.9 % purity) was heated to
250°C in a furnace in air, as shown in Fig. 1(a). After melting, ZrO, or
NiO/ZrO, NPs were introduced at mass fractions of 0 or 0.4 mass %, as
shown in Fig. 1(b). An ultrasonic homogenizer THU-80 (Taiyo Corpo-
ration, Japan) with an output power of 80 W, a frequency of 20 kHz, and
a tip diameter of 1/8 inch was then applied to the mixture consisting of
the molten alloy and each nanoparticle for 240 s, as shown in Fig. 1(c).
After removing the oxide film from the molten alloy surface, the molten
alloy was cast into an iron mold (50 mm x 10 mm x 5 mm) that had
been sufficiently cooled prior to casting to ensure rapid and consistent
solidification across all samples.

2.1.2. Microstructural observation

The microstructures of the cross-sectioned Sn-In composite alloys
were observed by scanning electron microscopy (SEM, JSM-IT200,
JEOL, Japan). Prior to observation, the samples were ground sequen-
tially with SiC papers in the order of #800, #1200, and #2000 and
polished with 1.0 and 0.3 ym alumina suspensions. The Sn-In alloy is
known to consist of two phases, y and f [22]. Previous studies have
reported that the y phase exhibits a higher hardness than the f§ phase,
and that the spacing between hard phases strongly influences the local
microhardness of the alloy [24]. Based on these findings, the present
study evaluates the correlation distance of the y phase. For the purpose,
a test line was drawn on each microstructural image, and the number of
intersections between the y-phase and the line was counted to quantify
the phase spacing using the ImageJ image-analysis software [25]. For
each condition, two microstructural images were analyzed, and a total of
20 test lines (10 lines per image) were drawn to determine the phase
spacing.

2.1.3. Nanoindentation test

Nanoindentation tests were performed to evaluate the microhard-
ness of the Sn—In composite alloys with ZrO, and NiO/ZrO2 NPs. The
tests were carried out at 30°C on polished Sn-In composite alloys using a
nanoindentation tester (ENT-5/ELIONIX-5, ELIONIX Inc.) with a Ber-
kovich indenter tip. The maximum indentation load was 20 mN and the
holding time at maximum load was 30 s to minimize the effect of initial

| Ultrasonic homogenizer |
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Fig. 1. Schematic of the (a) melting, (b) nanoparticle addition, (c) agitation, and (d) casting process.
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creep.

During each indentation experiment, load versus indentation
displacement response of the solder material in the direction normal to
the cross-sectional surface was measured. For each Sn-In composite
alloy, 10 nanoindentation tests were performed and the mean values and
standard deviations were calculated.

2.2. DFT simulations

2.2.1. Computational framework

In order to evaluate the adsorption energy of solder alloy atoms on
target nanoparticles, the DFT simulation was carried out. The wave
function for the electrons bound by atomic nuclei is numerically solved
on the Kohn-Sham equation [26,27] by using the OpenMX (Open source
package for Material eXplorer) [28] code. In the code, only valence
electrons were explicitly simulated under frozen core approximation
and norm-conserving pseudo-potentials. Here, the pseudo-potentials
model is Morrison-Bylander-Kleinman type model [29]. The general-
ized gradient approximation (GGA) with a Perdew-Burke-Ernzerhof
(PBE) functional [30] was employed as an exchange-correlation poten-
tial. Valence electron orbitals are represented as a linear combination of
atomic orbitals (LCAO). In OpenMX, these atomic orbitals are
pseudo-atomic orbitals (PAOs), which is numerically generated from
spherically symmetric DFT calculation and are consistent with the cor-
responding pseudo-potentials [31,32]. OpenMX employs
norm-conserving MBK-type pseudopotentials together with the corre-
sponding pseudo-atomic orbitals (PAOs). These pseudopotentials,
whose formulation is comparable to optimized norm-conserving Van-
derbilt (ONCV) types [33], accurately describe valence and near-valence
electronic states. The PAO-pseudopotential combinations in the stan-
dard OpenMX library have been benchmarked against all-electron
methods such as Wien2k, demonstrating plane-wave-level accuracy
and satisfactory delta-gauge performance [34,35] when an
energy-cutoff-equivalent real-space grid is used. Therefore, the selected
s-, p-, d-, and f-type PAOs for Sn, In, Ni, O, and Zr appropriately repre-
sent the electronic states relevant to bonding and charge-transfer pro-
cesses at the nanoparticle surface. We employed: the 2 s-states, 2
p-states, 3 d-states, and 1 f-state of radial orbital functions with a cut-off
radius of 7.0 a.u. for Sn, the 2 s-states, 2 p-states, 2 d-states, and 1 f-state
of radial orbital functions with a cut-off radius of 7.0 a.u. for In; the 3
s-states, 3 p-states and 2 d-states radial orbital functions with a cut-off
radius of 6.0 a.u. for Ni; the 2 s-states, 2 p-states and 1 d-state radial
functions with a cut-off radius of 7.0 a.u. for O; and the 3 s-states, 3
p-states, 3 d-states, and 1 f-state of radial orbital functions with a cut-off
radius of 7.0 a.u. for Zr. The cutoff energy was set to 250 Ry and k-point
grids were set to 4 x 4 x 1 sampling in the Brillouin zone. The OpenMX
calculations were efficiently performed by using improvement for the
vector architecture processor super computer [36].

2.2.2. Calculation model

Figs. 2 and 3 show the prepared surface slab models. The lattice
parameter of ZrO5 are a =b = 0.52 and ¢ = 0.53 nm and the space group
is P21/C [37]. The surface orientation was chosen to be (1 -1 1), the
closest-packed plane, with the expectation of minimum surface energy.
Meanwhile, the lattice parameter of NiO are a =b = ¢ = 0.42 nm and the
space group is Fm-3 m [38]. The interfacial orientation was chosen to be
(0 0 1), the closest-packed plane, with the expectation of minimum
surface energy. A 2 x 2 x 2 supercell was selected for both crystal
structures. Moreover, 1.5 nm thick vacuum layers were inserted into
these surface slab models to ensure no significant interaction between
the slab models in the c-axis direction. Fig. 4 shows the adsorption
model for calculating the adsorption energy between the surface slab
model of nanoparticles and the Sn or In adatom. The Sn or In adatom
was placed on top of the surface slab model of the NP.

Surfaces and Interfaces 86 (2026) 108793
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Fig. 2. ZrO, surface slab model used in this study.
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Fig. 3. NiO surface slab model used in this study.

2.2.3. Adsorption energy calculation
The adsorption energies for solder alloy atoms on target nano-
particles E,, were calculated using the following equations [39]:

Eu = Eq — (Eq +Ep) @

where E, is the total energy of the adsorption state, E, is the total en-
ergy of the independent atomic state of a solder alloy atom Sn or In, and
Ey, is the total energy of the surface slab state of ZrO; or NiO. To ensure
the reliability of the adsorption energy evaluations, structural relaxation
of the surface slab models was carried out prior to the calculations. In
the adsorption state, the z-coordinate of the adatom Sn or In was relaxed
and but x- and y-coordinates were fixed in the calculation. The calcu-
lations were performed with 81 points from equally spaced 9 x 9 grids.
The adsorption energies obtained were mapped by trigonometric
interpolation. Furthermore, the adsorption probability of the Sn or In
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J adatom

Surface a;eaA :

Fig. 4. Adsorption model with surface slab model of the Sn or In adatom
on NiO.

adatom is not expected to be uniform across the nanoparticle surface
based on the potential energy surface. In the canonical ensemble at a
temperature T, the probability distribution function for x- and y-co-
ordinates of an adatom, P(x,y), of the potential energy E is given by [40,
41]

exp( — E(x,y)/ksT)
) e~ By ) ©
j=0

where P, is the probability of existence of the adatoms at each coordi-
nate, E(x,y) is the adsorption energy at each coordinate, kp is Boltz-
mann's constant and T is absolute temperature. From this distribution
function, the ensemble mean, which is the expected value of the
adsorption energy, is obtained from the following equation [40].

ffExyexP( o )dxd Z;igEijexp(,iuT)
e ( -5 )axay

Eyj
>i=0 exp( - KJT)
3. Results and discussion

(@) = ©)

j=0

3.1. Microhardness

To interpret the nanoindentation results, the microstructure of the
Sn-In composite alloy was examined by SEM (high magnification) and
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OM (low magnification), as shown in Figs. 5 and 6. Two phases with
convex and covering morphologies were observed in the Sn-In com-
posite alloy regardless of the observation methods. To compare the ef-
fect of nanoparticle addition on microstructure refinement, the phase
spacing of the y phase in the SEM images was measured. The average
phase spacing of the y phase of the Sn-In composite alloy without NPs
was 15.2 um. Meanwhile, the average phase spacing of that with ZrO,
NPs and NiO/ZrO; NPs were measured as 8.55 ym and 5.46 ym. SEM
images show that the phase spacing of the Sn-In composite alloy with
NiO/ZrO2 NPs is smaller than that of the Sn-In composite alloy with
ZrOy NPs. Furthermore, OM images of the Sn-In composite alloy were
shown in Fig. 6. The image of the Sn-In composite alloys with ZrO, in
Fig. 6 (a) shows some areas of coarse y phase as indicated by dotted
circles. Meanwhile, that of the Sn-In composite alloys with NiO/ZrO,
NPs was relatively homogeneous. Therefore, surface modification of
nanoparticles homogenizes the microstructure.

Fig. 7 shows an OM image of an indentation in the microstructure of
Sn-In alloys. A maximum load of 20 mN was selected for the tests so that
the indentation marks were large enough to cover both phases of the
Sn-In alloys. Thus, the nanoindentation tests characterized the macro-
scopic mechanical properties of the Sn-In alloys, rather than the local-
ized properties in the y (SnsIn) or p phase (Snlns) in the eutectic phases.
Fig. 8 shows a typical measured load-depth curve of the Sn-In alloy,
Sn-In composite alloy with ZrO, NPs and Sn-In composite alloy with
NiO/ZrO4 NPs. The indentation depth of the Sn-In alloy was the largest,
followed by that of the Sn—In composite alloy with ZrO NPs. Finally, the
indentation depth of the Sn—In composite alloy with NiO/ZrO; NPs was
the smallest. The microhardness of the Sn—In composite alloy with NiO/
ZrOo NPs was the highest. Fig. 9 show the average microhardness and
standard deviation of the Sn-In alloy, Sn—In composite alloy with ZrO,
NPs, and Sn-In composite alloy with NiO/ZrO, NPs. The average
microhardness of the Sn-In alloy was 40.5 MPa with a standard devia-
tion of 3.6 MPa. The microhardness of the Sn-In composite alloys
increased by 7.6 % with the addition of ZrO, NPs and 21.7 % with the
addition of NiO/ZrO5 NPs. Therefore, the addition of NPs to the Sn-In
alloy increased the microhardness.

There are two possible reasons for the increase in microhardness of
Sn-In alloys by NP addition. The increased microhardness can be
attributed to the pinning effect of the nanoparticles and refinement of
the hard phase (y-SnsIn). Amares et al. [42] showed that the strength of
a Sn-Bi eutectic solder increased with the addition of ZrO, nanoparticles
due to alloy matrix refinement and strengthened ZrO,-nanoparticle
dispersion. Xing et al. [43] also reported that an increase in the pinning
effect and dislocation density because of the addition of nanoparticles
and the linear motion of dislocations. Moreover, Hong et al. found that
the addition of 0.5 mass % nanoparticles of which 75 % AIN and 25 % Al
to Mg-based alloys resulted in the refinement of the eutectic phase and
improved shear strength [44]. Furthermore, the microhardness of Sn-In
composite alloys with NiO/ZrO, NPs was harder than that of Sn-In
composite alloys with ZrO,. Thus, surface modification of NPs may play
an important role in increasing microhardness.

N '? '
ey AP I‘? N 9’:1»/
':E'Pr;‘.fe Mﬁff’//ﬁg; /;‘ ,ﬁf’ "i‘:h

flﬁ;u/ \’f,ﬁ’ Juﬂfm
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Fig. 5. SEM microstructure images of the Sn-In composite alloys with (a) without NPs (b) with ZrO; NPs and (c) NiO/ZrO5 NPs.
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Fig. 7. Representative indentation of the Sn-In alloy by nanoindentation.
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Fig. 8. Representative Load-Depth diagram of the Sn-In alloy, the Sn-In
composite alloy with ZrO, NPs, and the Sn-In composite alloy with NiO/ZrO,
NPs by nanoindentation.

3.2. Effect of surface modification on microstructure of alloys

SEM and OM observations show that the addition of surface-
modified nanoparticles results in a more homogeneous and finer Sn-In
alloy microstructure compared to the use of non-surface-modified
nanoparticles. Previous studies have shown that nanoparticle addition
to solder alloys leads to a fine microstructure. However, the effect of
surface modification of the nanoparticles has not been clarified. In this
section, the effects of surface modification are discussed from two per-
spectives: (i) improved particle dispersion due to enhanced wettability

Surfaces and Interfaces 86 (2026) 108793
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Fig. 9. Box-and-whisker plot of the microhardness for the (a) Sn-In alloy, (b)
Sn-In composite alloy with ZrO, NPs, and (c) Sn-In composite alloy with NiO/
ZrO, NPs by nanoindentation.

and (ii) promotion of heterogeneous nucleation.

The dispersibility of nanoparticles in molten alloys has already been
discussed by Chen et al. [45]. They reported that three energies are
important for nanoparticles to become homogeneously dispersed and
self-stabilizing in molten metal: minimum van der Waals potential for
maximum attraction; the energy barrier due to the interfacial energy;
and the thermal energy [45]. Among them, energy barriers that depend
on interfacial energy are reported to be at least 2000 times more
effective than thermal energy. Considering that the van der Waals po-
tential is highly dependent on the interparticle distance, the energy
barrier due to the interfacial energy is critically important for achieving
homogeneous nanoparticle dispersion in molten alloys. This interfacial
energy between the NPs and molten solder in this study is given as
follows [45]:

Wharrier = S (O'NP - UNP—Solder) = S0501derCOSH 1)

where S is the effective area, oyp is the surface energy of nanoparticles,
onp-solder 1S the interfacial energy between nanoparticles and molten
solder, 6414er is the surface tension of molten solder, and @ is the contact
angle of molten solder on the nanoparticle surface. The wettability be-
tween ZrOy and Sn-based alloys is known to be unfavorable, and
physical vapor deposition or ultrasonic irradiation is required to
improve wettability [46-48]. Meanwhile, Eustathopoulos et al showed
that the wetting angle at the NiO/Sn interface is about 30°, indicating
that Sn and NiO are reactive [49]. Lin et al. also explained that NiO is
reduced based on the following reaction equation because the Gibbs free
energy of reaction is negative [50].

Sn + 2NiO—SnO, + Ni 2

Therefore, NiO has a smaller contact angle with the solder alloy than
ZrO,. The difference in wetting angles between the nanoparticle surfaces
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and molten solder alloy may have resulted in the homogeneous
dispersion of the nanoparticles and homogeneous microstructure of the
Sn-In composite alloys. This interfacial reaction occurs during melting
and solidification processes, and the NiO layer used for surface modifi-
cation is extremely thin; therefore, the amount of SnO- formed is ex-
pected to be minimal and would not affect the properties of the solder
alloy.

The enhancement of the refinement effect by surface modification of
nanoparticles can be considered from the perspective of promotion of
heterogeneous nucleation. Heterogeneous nucleation on the substrate
has conventionally been considered in the classical model where the
crystal nucleus in the form of a spherical cap, shown in Fig. 10, formed a
contact angle 0 with the substrate. In Fig. 10, y.s is defined as the free
energy at the liquid/solid interface, ygy as the free energy at the solid/
nucleus interface and y;n as the free energy at the liquid/nucleus
interface. The relationship of these energies with the contact angle 0 is
given below [45,51].

71s = Ysn +71nCOSE 3

The free energy of heterogeneous nucleation AGhpeer, can be
expressed using the free energy of homogeneous nucleation AG and
contact angle @ as follows [52,53]

AGhetero = AGf(Q) (4)
4

AG = 4nr?yy — gmsA,uV (5)

f(6) = % (2 — 3cosf + cos®0) 6)

where r is the radius of the nucleation site and Ayy is the change in free
energy with solidification of the alloys. This equation indicates that
understanding 6 and y;y is important for the free energy of heteroge-
neous nucleation, considering that Ay, depends on the composition of
the alloys. For this study, the contact angle in the system is expected to
be smaller at the NiO/Sn interface, as indicated in the previous para-
graph. However, the interfacial energies of NiO and ZrO, for Sn-In al-
loys are not known.

To accurately consider the grain refinement effect, the interfacial
energy between the nanoparticle surface and alloy must be understood.
However, existing experimental methods to obtain interfacial energies
directly are unreliable [54]. Recently, first-principles calculations based
on DFT have been used to calculate interfacial energies. In a previous
work, the interfacial energy and adhesion work of liquid Ag on yttria
stabilized zirconia (YSZ) are calculated using DFT with a model of Ag
atoms clustered on the crystal structure of YSZ [55]. As a result, the
interfacial products in brazing are clarified. Even more surprising is the
fact that the superiority of the interfacial energy does not change
whether the liquid phase is a cluster or a single atom, according to the
calculations of Gangotri et al. [56]. This suggests that a single atom is
sufficient for the liquid phase when comparing the interfacial energies of
the solder alloys to the NiO and ZrO, nanoparticle surfaces. In the next
section, the method for calculating the adsorption energy between the
nanoparticle surface and the Sn-In alloy is presented. The adsorption
energy using DFT is a reliable indicator of the interfacial energy

YN
Liquid
< hiucleus
Yis Ysn

Solid

Fig. 10. Diagram of heterogeneous nucleation and the role of each energy.
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[44-46].

3.3. Calculation of adsorption energy

Adsorption energy maps of the Sn and In adatom were calculated for
both NiO and ZrO: surface models, as shown in Fig. 11. These maps
visualize the variation in adsorption energy across the x-y plane of the
surface slabs. Fig. 11(a) and 11(b) show the adsorption energy distri-
butions for Sn/NiO and In/NiO, respectively, while Fig. 11(c) and 11(d)
correspond to that of Sn/ZrO: and In/ZrO:. In these maps, the blue re-
gions indicate low adsorption energy (i.e., thermodynamically favorable
sites for adsorption), and yellow regions represent high energy regions
(unfavorable sites for adsorption). In the NiO models (Fig. 11(a) and
(b)), the adsorption energy is negative across all regions, indicating
spontaneous adsorption of the Sn or In adatom. Several energy minima
are periodically distributed across the surface, located near the centers
of squares formed by four adjacent atoms. The distance between the
periodically arranged minima is approximately 0.3 nm, which may play
an important role in the structure formation following atomic adsorp-
tion. In contrast, in the ZrO> models (Fig. 11(c) and (d)), the adsorption
energy is positive in some regions, suggesting that the Sn or In adatom is
unlikely to adsorb spontaneously. Additionally, the local minima are
irregularly distributed with no apparent periodicity.

Fig. 12(a) presents the crystal structure of the y—phase of the Sn-In
alloy along with its interatomic distances. The measured distances are
0.44 nm along the [001] direction, 0.35 nm along [100], and 0.33 nm
along [111]. Compared with the distance of minima calculated on the
adsorption model with NiO (~0.3 nm) shown in Fig. 11(a) and (b), these
values correspond to relative differences of +46 %, +16 %, and +10 %,
respectively. Among these, the [111] direction shows the smallest de-
viation, suggesting a partial geometric compatibility between the
y—phase and the periodic minima on the NiO surface. Fig. 12(b) shows
the crystal structure of the p—phase. The interatomic distances are 0.30
nm along [001] and 0.32 nm along [100], corresponding to deviations of
0 % and +7 % from the distance of minima calculated on the adsorption
model with NiO. This close match indicates a high degree of structural
compatibility between the f—phase and the NiO surface adsorption sites.
Such geometric compatibility can lower the energy barrier for epitaxial
growth and promote heterogeneous nucleation during solidification.

Table 1 summarizes the average adsorption energies and the
ensemble averages of the Sn and In adatom on NiO and ZrO- surfaces, as
obtained from the adsorption energy maps shown in Fig. 11. These
values quantitatively compare the thermodynamic stability of adatom
adsorption on different nanoparticle surfaces. As shown in Table 1, in
terms of both average adsorption energy and ensemble average, the
adsorption energies of the Sn or In adatom are lower on the NiO surface
than on ZrO,. The ensemble averages indicate that NiO-modified sur-
faces provide energetically more favorable environments for adatom
adsorption, thereby favoring nucleation compared to ZrOy surfaces.
Additionally, Eustathopoulos explained that NiO exhibits a smaller
wetting angle with Sn compared to ZrO, suggesting better wettability
and lower interfacial energy [57]. By substituting these values into Eq.
(5) implies that the presence of NiO/ZrO: nanoparticles significantly
reduces the free energy barrier (AG) for heterogeneous nucleation,
which may enhance nucleation rates and lead to microstructural
refinement. According to classical nucleation theory and the work of
Sosso et al. [58], the nucleation rate J is expressed as:

J= Joexp( - ki%‘) (6a)

where kg is Boltzmann constant and Jj is the prefactor. Surface modi-
fication of the nanoparticles is expected to lower the nucleation energy
barrier AG, which, as shown in Eq. (6), increases the nucleation rate J. A
higher nucleation rate can promote more frequent phase trans-
formations during solidification, contributing to a finer microstructure.
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Fig. 12. Crystal structure of the (a) y and (b) p phase in the Sn-In alloys with their interatomic distances.

Furthermore, enhanced nucleation kinetics may activate more nano-
particles as effective nucleation sites, further amplifying microstructural
refinement. It should be noted that, although heterogeneous nucleation
promoted by surface-modified nanoparticles appears to be the dominant
mechanism in the present system, the possible contribution of other
solidification mechanisms—such as the inhibiting the migration of grain
boundaries and local solute redistribution caused by the adsorption of
molten atoms onto their surfaces—cannot be completely excluded.

4. Conclusion

We clarified the effects of surface modification of nanoparticles on
the microstructure and microhardness of Sn-In composite alloys
through experiments and simulations. The microhardness of the com-
posite alloy increased upon NP surface modification owing to the
refinement of the hard phase with the decrease in the phase spacing of y
phase. The thermodynamic origin of heterogeneous nucleation was
further explored using DFT. The ensemble average of adsorption energy
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Table 1
Average interface energies and ensemble average of adsorption energies obtain
from Fig. 11.

Calculation Average adsorption Ensemble average of adsorption
model energy [eV] energy [eV]

Sn/NiO -2.56 -2.92

In/NiO -2.42 -2.60

Sn/ZrO, -0.75 -1.44

In/ZrO, -0.10 -1.51

was consistently lower on NiO surfaces, indicating a thermodynamically
more favorable environment for nucleation. Moreover, the NiO surfaces
exhibited periodic adsorption energy minima, with inter-minimum
distances closely matching the interatomic spacings of the y (Sn4In)
and p phases (SnIns) of the Sn—In alloy. This structural correspondence
implies a crystallographic preference for nucleation on NiO, which may
contribute to a reduction in the free energy barrier for heterogeneous
nucleation. In addition, the reduction in interfacial energy enhanced the
wettability of the nanoparticles, promoting a more homogeneous
dispersion of NiO/ZrO: nanoparticles within the molten alloy. These
findings demonstrate that nanoparticle surface modification signifi-
cantly impacts the solidification behavior of Sn—In alloys. The enhanced
nucleation kinetics and resultant microstructure refinement contribute
to improved mechanical properties, offering valuable insights into the
design of high-performance alloy materials. This work underscores the
potential of surface-engineered nanoparticles in tailoring the properties
of composite alloys for advanced electronic packaging applications.
However, the scope of this study is limited to NiO/ZrO: nanoparticles
and a specific Sn-In alloy system. The influence of other nanoparticle
chemistries and surface modification remains to be explored. Future
research should aim to expand the range of nanoparticle types to further
elucidate the mechanisms governing heterogeneous nucleation and
microstructural evolution. These efforts will be essential for advancing
composite alloy design in electronic packaging applications under
increasingly demanding service conditions.
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