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Abstract

The development of low-temperature, lead-free solders with balanced mechanical reliability,
functional properties, and soldering performance remains a key challenge in electronic packag-
ing. This study systematically investigates the mechanical, electrical, thermal, microstructural,
and soldering behavior of pure Sn, a hypoeutectic Sn88Bil2 alloy, and two Sn88Bil2-based
composites reinforced with Cu and graphite particles. The addition of 12 wt.% Bi to pure Sn
resulted in pronounced grain refinement and substantial increases in microhardness and tensile
strength, while further improvements were achieved through particulate reinforcement. These
strengthening effects were accompanied by moderate reductions in electrical conductivity and
thermal transport properties due to enhanced electron and phonon scattering. Differential
scanning calorimetry showed that Bi addition effectively lowers the melting temperature of
Sn, whereas Cu and graphite reinforcements broaden the melting interval without increasing
the melting temperature. Soldering tests on Cu substrates revealed improved wettability of
Sn88Bil2 compared to pure Sn, characterized by a lower contact angle, enhanced spread-
ing, and reduced intermetallic compound (IMC) thickness. Although particle reinforcement
slightly reduced spreading behavior, both Cu and graphite effectively suppressed IMC growth,
with graphite providing the strongest inhibition.

Key words: Sn88Bil2 alloy, Cu and C composites, thermophysical properties, mechanical
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1. Introduction

Microjoining of engineering materials is a critical
process in modern industrial and manufacturing ap-
plications, particularly in electronics and microelec-
tronic assembly. In microjoining technologies, metal-
lic filler materials or intermediate layers, commonly
referred to as solders, are employed to form reliable
joints between components [1, 2]. Soldering materials
play a fundamental role in the electronics industry
by enabling stable electrical, thermal, mechanical, and
physical connections in printed circuit boards (PCBs),
electrical contacts, optoelectronic and photonic sys-
tems, and microelectronic devices. These materials
provide the essential interface between electronic com-
ponents and PCB substrates, thereby ensuring long-

term functional reliability [3-7].

For nearly a century, the eutectic Sn-Pb solder has
been widely utilized due to its favorable wettability,
relatively low processing temperature, cost effective-
ness, and reliable performance in electronic assemblies
[8-12]. However, the presence of lead in solder alloys
poses significant risks to human health and the en-
vironment. As a result, global regulatory initiatives
have accelerated the transition toward lead-free sol-
der materials. Since 2006, the European Union has
mandated the use of lead-free solders in consumer
electronics through the implementation of the WEEE
and RoHS directives [13, 14]. In response to these re-
strictions, extensive research efforts have focused on
the development and optimization of Pb-free solder
alloys, investigating their mechanical, physical, and

*Corresponding author: e-mail address: ustamenkovic@tfbor.bg.ac.rs

This article is distributed under the terms of the Creative Commons Attri-bution-NonCommercial 4.0
T International Public License (CC BY-NC 4.0).


https://doi.org/10.31577/km.2026.2.71
https://orcid.org/0000-0002-7579-2159
https://orcid.org/0000-0003-4431-9921
https://orcid.org/0000-0002-7828-8994
https://orcid.org/0000-0002-9899-719X
https://orcid.org/0000-0002-7927-1334
https://orcid.org/0000-0002-9834-448X
https://orcid.org/0000-0003-4009-4876
ustamenkovic@tfbor.bg.ac.rs

72 U. Stamenkovié et al. / Kovove Mater. 64 2026 71-83

corrosion-related properties across a wide range of bi-
nary, ternary, and multicomponent systems, including
Sn-Cu, Sn-Ag, Sn-Ag-Cu, Sn-Zn, and Sn-Bi alloys [1,
8, 15, 16].

Among the various Pb-free alloy systems, eutectic
Sn-58Bi has attracted considerable attention as a can-
didate for low-temperature soldering applications due
to its low melting point of approximately 139°C [17,
18]. Nevertheless, the high bismuth content in this eu-
tectic composition is well known to induce brittleness,
which limits its mechanical reliability in practical ap-
plications [8, 19]. To overcome this limitation, increas-
ing research efforts have been directed toward hypoeu-
tectic Sn-Bi alloys, in which the Bi content is reduced
to achieve a more favorable balance between mechani-
cal performance and melting behavior [10, 17, 20-23].
In these alloys, Bi does not form intermetallic com-
pounds with Sn but exists either in solid solution or
as a discrete secondary phase [17]. Reported improve-
ments in hardness, tensile strength, and yield strength
in these alloys have been attributed to mechanisms
such as grain refinement, solid-solution strengthening,
and precipitation effects, as demonstrated in previous
studies [10, 12, 17, 20-23].

Despite these improvements, the addition of lim-
ited amounts of Bi to Sn-based alloys generally leads
to only moderate enhancements in mechanical prop-
erties, primarily due to the intrinsic softness of the
Sn matrix. To further improve performance, solder-
-based composite materials have been developed. As
reported by M. B. K. T. Mekala et al. [1], composite
systems can provide improved load-bearing capability
and a more favorable balance between strength and
ductility compared to monolithic solder alloys. Con-
sequently, various reinforcement strategies have been
explored for Sn-Bi solders, including the incorporation
of Al,O3 [24], BaTiO3 [25], Sb2O3 [20], carbon nan-
otubes [26], and graphene nanosheets [23]. Ceramic
and carbon-based reinforcements are particularly at-
tractive due to their high strength and chemical sta-
bility, which can contribute to grain refinement, inter-
metallic compound (IMC) modification, and improved
microstructural uniformity. Several studies have also
reported enhanced solder wettability on metallic sub-
strates, manifested by reduced contact angles, follow-
ing the incorporation of nanoscale reinforcements [1,
8]. Overall, these approaches aim to enhance mecha-
nical, physical, and structural properties, as well as
soldering performance on Cu substrates, while main-
taining or reducing the melting temperature of the
solder material.

A critical review of the existing literature reveals
that, in comparison to mechanical and microstructural
investigations, studies addressing the thermal proper-
ties (such as thermal diffusivity and conductivity) and
electrical characteristics (including electrical resistiv-
ity and conductivity) of Sn-Bi alloys and their com-

posite counterparts remain relatively limited. In this
context, the present study systematically investigates
the mechanical, electrical, thermal, and structural be-
havior, along with the soldering performance, of a hy-
poeutectic Sn88Bil2 alloy and two composite systems,
Sn88Bil2 4+ Cu and Sn88Bil2 + C. The obtained re-
sults are further compared with those of pure Sn to
provide a comprehensive and comparative evaluation
of the developed solder materials.

The experimental procedures employed in this
work were designed to ensure reproducibility and con-
sistency across all investigated materials. Details re-
garding alloy preparation, composite fabrication, char-
acterization techniques, and soldering performance
evaluation are described in the following section.

2. Experimental Procedure
2.1. Alloy and composite preparation

Pure Sn and a hypoeutectic Sn88Bil2 alloy were
prepared using high-purity tin (99.95 %) and bismuth
(99.9 %) by the stir-casting method. The constituent
metals were charged into a graphite crucible and
melted in an electric resistance furnace at 350°C. Af-
ter complete melting, the liquid alloy was mechani-
cally stirred using a graphite stirrer to promote chem-
ical homogeneity. The melt was stirred for 10s and
subsequently cast into a cylindrical steel mold with a
diameter of 13 mm and a length of 100 mm.

Two composite materials were produced using the
same base alloy preparation procedure with an addi-
tional reinforcement incorporation step. The Sn88Bil2
alloy was reinforced separately with 0.2 wt.% graphite
powder (particle size < 45 um) and 0.2wt.% atom-
ized copper powder (particle size < 45 pum), produc-
ing Sn88Bil2 + C and Sn88Bil2 + Cu composites,
respectively. The reinforcement particles were intro-
duced directly into the molten alloy during mechani-
cal stirring to facilitate their entrainment into the melt
and promote dispersion within the matrix.

For the preparation of the graphite-reinforced com-
posite, slight adjustments to the processing param-
eters were implemented to improve the incorpora-
tion of low-density graphite particles. In particular,
the melt temperature and stirring conditions (stir-
ring speed and stirrer orientation) were carefully ad-
justed to enhance particle entrainment and minimize
flotation during processing. After stirring for approx-
imately 30s, the composite melts were cast into the
same steel mold geometry as used for the monolithic
alloy.

2.2. Heat treatment of the ingots

All cast ingots — pure Sn, Sn88Bil2 alloy, and both
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composite variants were subjected to homogenization
heat treatment at 200°C for 20 h in order to improve
chemical and microstructural homogeneity.

2.3. Sample sectioning

Following homogenization, the ingots were sec-
tioned using a Struers Mesotom precision cutter. The
resulting specimens were prepared according to the
requirements of the respective characterization tech-
niques.

2.4. Mechanical property evaluation
2.4.1. Microhardness testing

Vickers microhardness measurements were per-
formed in accordance with ASTM E384 [27] using a
PMT-3 microhardness tester, applying a load of 0.5 N
and a dwell time of 15 s. Prior to testing, samples were
ground and polished to a mirror finish. For each sam-
ple, 5-7 indentations were made at different locations,
and the average value was reported.

2.4.2. Tenstile testing

Tensile specimens in the form of wires with a di-
ameter of 5 mm were prepared from the homogenized
ingots. The initial ingot diameter of 13 mm was re-
duced to 5mm by cold rolling using a Joliot rolling
mill. The rolled wires were subsequently annealed to
eliminate strain hardening and ensure a fully recrys-
tallized microstructure. Tensile tests were conducted
using a Mohr-Federhaff-Losenhausen universal testing
machine, and the tensile properties were recorded.

2.5. Thermophysical and electrical properties
2.5.1. Electrical conductivity:

Electrical conductivity measurements were carried
out at room temperature using a Foerster Sigmat-
est 2.063 conductivity tester. Multiple measurements
were performed for each sample, and the reported
value represents the average.

2.5.2. Thermal diffusivity, specific heat
capacity, and thermal conductivity

Thermal diffusivity and specific heat capacity were
determined using the light flash method over a tem-
perature range of 25-100°C with a TA Instruments
DXF-500 apparatus. In this method, the lower sur-
face of a plane-parallel specimen is heated by a short
xenon flash pulse, while the resulting temperature rise
on the upper surface is recorded by an infrared detec-
tor. Thermal diffusivity is calculated from the tran-

sient temperature response. At each temperature in-
terval, three measurements were performed, and the
average value was used.

Thermal conductivity (A) was subsequently calcu-
lated using Eq. (1):

A=axpxCp, (1)

where ) is the thermal conductivity (Wm™' K1), a
is the thermal diffusivity (m?s™1), p is the density
(kgm™?), and C,, is the specific heat capacity (Jg~*
K-1).

2.5.3. Differential scanning calorimetry

(DSC)

Melting behavior was analyzed using a TA Instru-
ments SDT Q600 differential scanning calorimeter.
Samples with a mass of approximately 20 mg were
heated from room temperature to 300°C at a heating
rate of 10°C min~! under a nitrogen atmosphere.

2.6. Microstructural characterization

Microstructural and compositional analyses were
conducted using a Tescan Vega 3 LMU scanning
electron microscope (SEM) equipped with an Ox-
ford Instruments X-act energy-dispersive spectroscopy
(EDS) detector. This setup enabled phase identifica-
tion and spatial distribution analysis of the reinforce-
ment particles. Prior to examination, samples were
wet-ground, polished, and chemically etched using a
solution composed of 2 ml HCI and 2 ml HNO3 in 96
ml ethanol.

2.7. Soldering characteristics

Soldering behavior was evaluated through mea-
surements of the wetting (contact) angle, spreading
area, spreading ratio, and intermetallic compound
(IMC) layer thickness.

Copper substrates with dimensions of 20 x 20 x
0.5 mm? were ground using SiC abrasive papers and
polished with alumina slurry to achieve a mirror finish.
The substrates were then cleaned in a 10% HySO4
solution to remove surface oxides, rinsed sequentially
with acetone and ethanol, and dried with warm air.
Cylindrical solder specimens with a diameter of 2 mm
and a height of 2 mm were prepared from each alloy
and composite. RMA218 flux was applied at the center
of the substrate together with the solder specimen.

2.7.1. Spreading area
The spreading area was determined by pho-

tographing the reflowed solder using a digital camera
and analyzing the images with ImageJ software.
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Fig. 1. Overview of the manufacturing process of alloys and composites, and sample sectioning for analysis.

2.7.2. Spreading ratio

The spreading ratio (SR) was calculated using
Eq. (2):

SR(%) = (D — H)/D) x 100, (2)
where D is the equivalent diameter of the solder as-
suming a spherical geometry (D = 1.24V1/3), V is the
solder volume determined from mass and density, and
H is the height of the solder after reflow.

2.7.3. Contact angle and IMC thickness

Prior to the measurement of contact angles and
intermetallic compound (IMC) layer thicknesses, the
Cu substrates with solidified solder joints were pre-
cision cut, embedded in epoxy resin, and allowed to
cure. The cross-sectioned samples were subsequently
prepared following the same metallographic procedure
used for SEM/EDS analysis, including grinding and
polishing to obtain a deformation-free surface. After
preparation, the samples were examined and imaged
using Carl Zeiss Jena Epytip 2 and Reichert MeF2
optical microscopes. Contact angles and IMC layer
thicknesses were then quantified using ImageJ soft-
ware based on the acquired micrographs.

A schematic overview of the alloy and composite
fabrication process, as well as sample sectioning for
subsequent characterization, is presented in Fig. 1.

3. Results and Discussion
3.1. Mechanical properties

Mechanical properties are among the most criti-
cal characteristics of solder materials, as solder joints
are required to withstand mechanical loading and de-
formation during service. In this study, the mechani-
cal performance of pure Sn, the Sn88Bil2 alloy, and
Sn88Bil2-based composites reinforced with Cu or C
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Fig. 2. The change in tensile strength and microhardness
of the investigated samples.

particles was evaluated through microhardness and
tensile strength measurements.

Figure 2 presents the variation in microhardness
and ultimate tensile strength (UTS) for the investi-
gated materials. Microhardness is an important pa-
rameter for solder joints, as they may be subjected
to localized stresses, wear, and mechanical damage
during service [28]. As shown in Fig. 2, pure tin ex-
hibits the lowest microhardness value, measured at 13
HVO0.05. This result is in good agreement with litera-
ture data, where pure Sn is reported to possess a Vick-
ers hardness of approximately 10-15 HV, reflecting its
inherently soft and ductile nature under low-load in-
dentation [17, 21].

The addition of 12wt.% Bi to pure Sn leads to
a pronounced increase in microhardness, from 13 to
38 HV0.05. This significant improvement can be at-
tributed primarily to microstructural refinement and
solid-solution/second-phase strengthening effects as-
sociated with Bi addition. Bismuth promotes refine-
ment of the 5-Sn grain structure, resulting in reduced
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Table 1. The change in electrical conductivity of inves-
tigated samples

Sample Electrical conductivity (MS m™!)
Pure Sn 7.7

Sn88Bil2 5.73

Sn88Bil2 + Cu 5.6

Sn88Bil2 + C 5.4

grain size and an increased density of grain bound-
aries. According to the Hall-Petch relationship, this
grain refinement effectively impedes dislocation mo-
tion, thereby enhancing hardness and strength. Simi-
lar increases in hardness with Bi addition to Sn-based
alloys have been widely reported in the literature [12,
21, 22].

Further enhancement in microhardness is observed
upon reinforcing the Sn88Bil12 alloy with Cu or C par-
ticles. The microhardness increases to 43.7 HV0.05 for
the Cu-reinforced composite and 42.6 HV0.05 for the
C-reinforced composite. This additional improvement
is attributed to dispersion strengthening, arising from
the relatively homogeneous distribution of reinforce-
ment particles within the Sn-Bi matrix. These parti-
cles act as obstacles to dislocation motion and con-
tribute to increased resistance to localized plastic de-
formation. The strengthening effect of particulate re-
inforcements in Sn-Bi and other Sn-based solder alloys
has been well documented in previous studies [7].

Tensile properties are of paramount importance for
solder materials, as insufficient mechanical strength
can lead to premature joint failure during service.
The observed trends in tensile strength closely follow
those obtained for microhardness. The UTS increases
markedly with Bi addition, rising from 16.6 MPa for
pure Sn to 57.8 MPa for the Sn88Bil2 alloy. This sub-
stantial improvement reflects the combined effects of
grain refinement and Bi-induced strengthening mech-
anisms discussed above.

An even more pronounced strengthening effect is
achieved with the addition of reinforcement parti-
cles. The UTS increases further to 71.7 MPa for the
Sn88Bil2 + Cu composite and to 89 MPa for the Sn-
88Bil2 + C composite. Compared with the microhard-
ness results, the influence of reinforcement particles on
tensile strength is more significant, indicating their ef-
fective role in restricting plastic deformation and de-
laying crack initiation and propagation under tensile
loading. Similar enhancements in tensile strength due
to particulate or nanoscale reinforcements in Sn-based
solder alloys have been reported in the literature [7,
8,17, 23, 29].

3.2. Electrical and thermal properties

Since one of the primary functions of a solder

joint is to transmit electrical power or signals between
joined components, the electrical conductivity of the
solder material is a critical property. Table 1 sum-
marizes the electrical conductivity values of pure Sn,
the Sn88Bil2 alloy, and the corresponding Cu- and C-
-reinforced composites measured at room tempera-
ture.

As evident from the data, the addition of Bi leads
to a pronounced reduction in electrical conductivity
compared with pure Sn. This decrease can be at-
tributed to several concurrent mechanisms. Bismuth
possesses a significantly lower intrinsic electrical con-
ductivity than tin, and its incorporation into the Sn
matrix results in the formation of Bi-rich phases with
inferior charge transport capability. In addition, the
atomic size mismatch between Sn and Bi induces lat-
tice distortion, while the multiphase microstructure
and refined grain structure introduce a high density
of phase and grain boundaries. These microstructural
features act as effective electron scattering centers, re-
ducing the electron mean free path and increasing elec-
trical resistivity in accordance with Matthiessen’s rule
[30]. Similar increases in electrical resistivity with Bi
addition to Sn-based alloys have been reported in the
literature [13, 31, 32].

A further, albeit less pronounced, decrease in elec-
trical conductivity is observed upon reinforcing the
Sn88Bil2 alloy with Cu or C particles. The elec-
trical conductivity decreases to 5.6 MSm™! for the
Cu-reinforced composite and to 5.4 MSm™! for the
C-reinforced composite. This reduction is attributed
to the presence of reinforcement particles within the
Sn-Bi matrix, which act as additional electron scatter-
ing sites and disrupt continuous conductive pathways.
While some studies report that nanoscale reinforce-
ments may have a negligible or even beneficial effect
on the electrical conductivity of lead-free composite
solders [33, 34], other investigations have shown that
micron-sized particles tend to reduce electrical con-
ductivity, consistent with the behavior observed in the
present study [35].

Thermal diffusivity is a key parameter for evalu-
ating heat dissipation in solder joints, as it directly
governs the thermal conductivity and thus the overall
thermal management capability of electronic intercon-
nections [36]. Figures 3 and 4 present the variation of
thermal diffusivity and thermal conductivity, respec-
tively, for pure Sn, the Sn88Bil2 alloy, and the cor-
responding Cu- and C-reinforced composites over the
temperature range of 25-100°C.

As shown in the figures, the Sn88Bil2 alloy and
both investigated composites exhibit lower thermal
diffusivity and thermal conductivity compared to pure
tin across the entire temperature range. In metallic
and alloy systems, heat transfer is primarily medi-
ated by free electrons and lattice vibrations (phonons),
and the total thermal conductivity reflects the com-
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bined contributions of these two carriers. Similar to
the trends observed for electrical conductivity, the
incorporation of Bi and reinforcing particles (Cu or
C) enhances electron and phonon scattering, leading
to a reduction in both thermal diffusivity and ther-
mal conductivity. Although Bi addition reduces the
free-electron concentration and thereby increases the
relative contribution of phonons to heat transport,
phonon-mediated thermal conductivity in Sn-Bi alloys
remains strongly limited by lattice distortion, grain re-
finement, and the presence of phase boundaries. As a
consequence, increasing Bi content results in a net de-
crease in thermal conductivity and thermal diffusivity
[37].

Regarding the influence of reinforcing particles,
previous studies have reported both positive and neg-

ative effects of particle additions on the thermal prop-
erties of solder matrices, depending on particle type,
size, distribution, and intrinsic thermal conductivity
[38, 39]. In the present work, the composite contain-
ing Cu particles exhibit thermal conductivity values
comparable to, or only slightly higher than, those of
the unreinforced Sn88Bil2 alloy. This behavior can
be attributed to the inherently high thermal conduc-
tivity of copper, which partially compensates for the
increased scattering of electrons and phonons, particu-
larly at elevated temperatures. Notably, this compen-
sating effect becomes more evident at 100°C and is not
reflected in room-temperature electrical conductivity
measurements, highlighting the different temperature
sensitivities of thermal and electrical transport mech-
anisms.

The influence of temperature on thermal diffusivity
and thermal conductivity is evident for all investigated
samples. With increasing temperature, enhanced lat-
tice vibrations and intensified scattering processes re-
duce the mean free paths of heat carriers in pure met-
als, alloys, and the investigated composites. Conse-
quently, a progressive decrease in both thermal diffu-
sivity and thermal conductivity with temperature is
observed for all materials. [40, 41].

3.3. Microstructural analysis

Figure 5 presents SEM micrographs of the investi-
gated materials. The microstructure of pure Sn, shown
in Fig. 5a, is characterized by relatively large (-Sn
grains, which is typical for cast and homogenized tin.
The addition of Bi leads to a pronounced refinement
of the Sn grain structure, as observed in the Sn88Bil2
alloy (Fig. 5b). In this alloy, Bi-rich phases, appear-
ing as bright regions in backscattered electron images,
are predominantly located along Sn grain boundaries,
consistent with the limited solubility of Bi in 8-Sn and
its tendency to segregate and precipitate during solid-
ification and subsequent homogenization treatment.

Further microstructural refinement is observed in
the Sn88Bil2 + Cu composite (Fig. 5¢). The pres-
ence of copper promotes additional grain refinement
of both the Sn matrix and the Bi-rich phase. Discrete
Cu-containing particles are not observed as unreacted
metallic Cu, indicating that the added Cu powder re-
acted with the molten Sn-based matrix during casting
and/or subsequent homogenization heat treatment. At
higher magnification, Cu-containing phases embedded
within the Sn-rich matrix become evident and were
subsequently identified by EDS analysis.

In contrast, the Sn88Bil2 4+ C composite (Fig. 5d)
exhibits dark, irregular regions corresponding to
graphite particles. These carbon-rich phases appear
as partially dispersed blocky agglomerates rather than
uniformly distributed fine particles. This morphology
reflects the poor wettability of graphite by molten
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Fig. 5. SEM microphotographs for: (a) pure Sn, (b) Sn88Bil2, (c) Sn88Bil2 + Cu, and (d) Sn88Bil2 + C.

Sn-based alloys and the difficulty of achieving homoge-
neous dispersion of carbonaceous reinforcements, even
under mechanical stirring conditions.

Figure 6 with corresponding tables show SEM-EDS
analyses of the Sn88Bil2 alloy and the two investi-
gated composites. For the Sn88Bil2 alloy (Fig. 6a),
EDS spectra confirm a Sn-rich matrix (spectrum S3)
with Bi-rich phases (spectra S1 and S2) decorating
the grain boundaries. The presence and morphology
of Bi-rich phases within the Sn matrix are in good
agreement with previous reports on Sn-Bi solder al-
loys [17, 21, 22, 29].

SEM-EDS analysis of the Sn88Bil2 + Cu com-
posite reveals discrete Cu-enriched regions embedded
within the Sn-rich matrix (spectra S1 and S3). Point
analyses demonstrate a clear enrichment of Cu rela-
tive to the surrounding matrix, confirming that the
Cu reinforcement does not remain inert during pro-
cessing. Based on the observed morphology, elemen-
tal distribution, and the strong thermodynamic affin-
ity between Cu and Sn, these Cu-containing phases
are attributed to the formation of Cu-Sn intermetal-
lic compounds, most commonly CugSns, as widely re-
ported for Sn-based composite solders reinforced with
Cu particles [18].

For the Sn88Bil2 + C composite, EDS analysis
(spectra S1 and S3) confirms the presence of car-
bon within the microstructure. The graphite parti-
cles appear as dark, blocky regions that are only par-
tially dispersed throughout the Sn—Bi matrix, indi-
cating limited interfacial bonding between graphite
and the molten solder. Unlike metallic reinforcements,
graphite does not chemically react with the Sn-Bi ma-
trix and therefore remains as a discrete, inert phase.
The observed agglomeration and non-uniform distri-
bution of graphite particles are commonly reported for
Sn-based solder composites reinforced with carbona-
ceous materials and can significantly influence mecha-
nical strengthening, as well as electrical and thermal
transport properties, through localized stress concen-
trations and enhanced electron and phonon scattering
[33].

Overall, the SEM and EDS observations are fully
consistent with the trends observed in the mechanical,
thermal, and electrical characterization of the investi-
gated materials.

3.4. Melting behavior

The melting temperature is a critical characteristic
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Fig. 6. EDS analysis of SEM microphotographs for: (a) Sn88Bil2, (b) Sn88Bil2 + Cu, and (c) Sn88Bil2 + C.

of solder materials, as an ideal solder should exhibit a
low melting temperature and a narrow melting inter-
val [10]. Ideally, maintaining a processing temperature
below 250 °C helps prevent damage to adjacent com-
ponents while preserving the structural integrity of
the solder joint [42]. Differential scanning calorimetry
(DSC) was employed to evaluate the melting behavior
of the investigated samples. Measurements were con-
ducted under an inert argon atmosphere over a tem-

perature range of 30-300°C, and the resulting DSC
curves were analyzed.

Figure 7 presents the DSC heating curves of
pure Sn, the Sn88Bil2 alloy, and the corresponding
Sn88Bil2 + Cu and Sn88Bil2 + C composites. The
onset and offset temperatures extracted from the DSC
curves are summarized in Table 2 and were used to
evaluate the solidus-liquidus behavior and melting in-
tervals of the investigated materials.
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Fig. 7. DSC heating curves for: (a) pure Sn, (b) Sn88Bil2, (c) Sn88Bil2 + Cu, and (d) Sn88Bil2 + C.

Table 2. DSC curve analysis of the investigated samples

Tonset  Tomiset ~ Melting range
Sample ( oc) (OC) ( OC)
Pure Sn 228.7 258.8 30.1
Sn88Bil12 207.5 233.9 26.4
Sn88Bil2 + Cu  201.1 243.5 42.4
Sn88Bil2 + C 204.1 241.3 37.2

Pure Sn exhibits an onset temperature of 228.7°C
and an offset temperature of 258.8°C, corresponding
to a relatively wide melting interval of approximately
30°C. This broad melting range can be attributed to
thermal lag and kinetic effects associated with the ap-
plied heating rate, which commonly lead to delayed
completion of melting in pure metals during DSC mea-
surements.

The addition of 12 wt.% Bi significantly reduces
both the onset and offset temperatures, which de-
crease to 207.5 and 233.9°C, respectively, for the
Sn88Bil2 alloy. This behavior is consistent with the
Sn-Bi phase diagram and confirms the effectiveness of
Bi in lowering the solidus and liquidus temperatures
of Sn-based solders. The reduced melting interval of

the Sn88Bil2 alloy compared to pure Sn indicates a
more well-defined melting behavior, which can be at-
tributed to the lowering of the solidus temperature
and the presence of Bi-rich phases that initiate local-
ized melting at lower temperatures. This behavior is
beneficial for low-temperature soldering applications.
Several authors have investigated the melting char-
acteristics of Sn-Bi solder alloys using DSC analysis.
Y. A. Shen et al. [17] reported melting temperatures
of approximately 226°C and 210°C for Sn-2.5Bi and
Sn-5Bi alloys, respectively. Similarly, W. Firdaus et al.
[43] measured melting temperatures of approximately
232°C for pure Sn, 227°C for Sn-3Bi, and 208°C for
Sn-21Bi alloys. Y. Li et al. [10] reported a melting
temperature of approximately 208°C for the Sn-15Bi
alloy.

Further modification of the Sn88Bil2 alloy by the
addition of Cu or C particles leads to additional
changes in the melting behavior. The Sn88Bil2 + Cu
composite exhibits a further reduction in onset tem-
perature to 201.1°C, while the offset temperature in-
creases to 243.5°C, resulting in a substantially wider
melting interval of approximately 42°C. S. N. Alam et
al. suggested that addition of Cu can widen the melt-
ing interval when added to the eutectic Sn-Bi alloy
[44]. A similar trend is observed for the Sn88Bil2 +
C composite, with an onset temperature of 204.1°C
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Table 3. Soldering characteristics of the investigated samples

Sample Contact angle (°)  Spreading area (mm?)  Spreading ratio (%) IMC layer thickness (um)
Pure Sn 23.27 23.77 78.23 2.84
Sn88Bil12 18.35 24.27 79.29 2.38
Sn88Bil12 + Cu 25.12 21.11 75.36 2.47
Sn88Bil2 + C 24.8 21.73 75.57 2.25

and an offset temperature of 241.3°C. The lowered
onset temperatures suggest facilitated initiation of
melting, likely promoted by heterogeneous nucleation
effects and local compositional variations near the
particle-matrix interfaces. In contrast, the elevated
offset temperatures indicate delayed completion of
melting, which may be attributed to increased ther-
mal and microstructural heterogeneity, as well as pos-
sible interfacial reactions in the case of Cu-containing
composites.

Overall, the DSC results demonstrate that Bi ad-
dition effectively lowers the melting temperature of
Sn-based solders, while the incorporation of Cu or
C reinforcing particles broadens the melting inter-
val without increasing the melting temperature. The
widening of the melting interval has been reported for
other Sn-based composite solders and reflects the com-
plex heat-transfer behavior and phase-interaction pro-
cesses introduced by particulate reinforcements [23,
45]. Although a broader melting range requires more
careful control of reflow conditions, it does not negate
the advantages of composite solders, particularly when
accompanied by improvements in mechanical perfor-
mance.

3.5. Soldering performance on Cu substrates

Soldering performance is a critical parameter for
the evaluation of low-temperature solder alloys, as the
integrity and reliability of the joint formed between
the solder and the substrate are governed by the sol-
dering process and the intrinsic properties of the solder
material. The soldering performance can be assessed
through key parameters such as wettability, spreading
area, and spreading ratio, as well as through the char-
acterization of interfacial reactions between the solder
and the substrate, typically quantified by measuring
the thickness of the formed intermetallic compound
(IMC) layer [1, 8, 17].

Table 3 summarizes the measured values of contact
angle, spreading area, spreading ratio, and intermetal-
lic compound (IMC) layer thickness for pure Sn, the
Sn88Bil2 alloy, and the two investigated Sn88Bil2-
-based composites. Among the examined materials,
pure Sn exhibits the highest contact angle and the
thickest IMC layer, indicating inferior soldering per-
formance despite its relatively large spreading area.
This behavior is consistent with the known limitations

of pure tin, which generally exhibits less favorable wet-
ting kinetics and enhanced interfacial reactivity with
Cu substrates.

The addition of Bi to the Sn matrix leads to a clear
improvement in soldering performance. The Sn88Bil2
alloy exhibits the lowest contact angle, the largest
spreading area, and a reduced IMC thickness com-
pared to pure Sn. This enhanced wettability can be
attributed primarily to the reduction in liquidus tem-
perature of the Sn-Bi alloy, which increases molten
solder fluidity at the soldering temperature of 250°C
and facilitates improved spreading on the Cu surface.
In addition, Bi is known to segregate at the Sn/Cu
interface and act as a diffusion barrier, thereby sup-
pressing excessive interdiffusion between Sn and Cu
and limiting IMC growth [11, 17].

Further modification of the Sn88Bil2 alloy by the
addition of Cu particles results in a deterioration of
soldering behavior. The Sn88Bil2 4+ Cu composite ex-
hibits the highest contact angle among all investigated
samples, accompanied by reduced spreading area and
spreading ratio, as well as a slight increase in IMC
thickness relative to the Sn88Bil2 alloy. This behavior
is associated with the formation of Sn-Cu intermetal-
lic compounds during melting and homogenization,
which increase the effective viscosity of the molten
solder and restrict its spreading capability [18]. More-
over, DSC analysis (Table 2) revealed that this com-
posite exhibits the broadest melting interval, indicat-
ing delayed and non-uniform melting at the solder-
ing temperature. The prolonged presence of partially
molten regions, combined with pre-existing Sn-Cu in-
termetallics, promotes sustained interfacial reactions
and contributes to increased IMC growth.

The Sn88Bil2+ C composite exhibits spreading
behavior comparable to that of the Cu-reinforced com-
posite, with similarly increased contact angle and re-
duced spreading area and spreading ratio relative to
the unreinforced Sn88Bil2 alloy. Notably, this com-
posite shows the thinnest IMC layer among all inves-
tigated materials. Graphite is chemically inert with
respect to the molten Sn-Bi matrix and exhibits poor
wettability, resulting in limited interaction with the
substrate during soldering. The presence of graphite
particles at or near the solder/substrate interface can
act as a physical barrier to atomic diffusion and
grain boundary migration, thereby effectively inhibit-
ing IMC growth.
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Overall, the observed soldering behavior reflects
the combined effects of alloy composition, melting
characteristics, and the presence of reinforcing par-
ticles, and is consistent with the trends identified in
the DSC, microstructural, mechanical, thermal, and
electrical characterizations.

4. Conclusions

In this study, the mechanical, thermal, electrical,
microstructural, and soldering performance of pure
Sn, a hypoeutectic Sn88Bil2 alloy, and two Sn88Bil2-
-based composites reinforced with Cu and graphite
particles were systematically investigated. Based on
the obtained results, the following conclusions can be
drawn:

1. The addition of 12 wt.% Bi to pure Sn resulted
in pronounced microstructural refinement and sub-
stantial improvement in mechanical properties. The
microhardness and tensile strength increased by ap-
proximately 192 and 248 %, respectively. Further re-
inforcement of the Sn88Bil2 alloy with Cu particles
led to additional increases in microhardness and ten-
sile strength of about 15 and 24 %, respectively, rela-
tive to the alloy matrix. Graphite reinforcement also
enhanced mechanical performance, increasing micro-
hardness by approximately 12 % and tensile strength
by as much as 54 %.

2. Electrical conductivity decreased by approxi-
mately 25.6 % upon the addition of 12 wt.% Bi to pure
Sn. Further reductions were observed in the compos-
ite systems, amounting to 2.27 % for Cu reinforcement
and 5.76 % for graphite reinforcement relative to the
Sn88Bil2 alloy. At room temperature, thermal diffu-
sivity and thermal conductivity decreased by approx-
imately 16.0 and 16.4 %, respectively, with Bi addi-
tion. Cu reinforcement caused only a minor reduction
in thermal diffusivity (about 1.45 %) while maintain-
ing or slightly increasing thermal conductivity at el-
evated temperatures, whereas graphite reinforcement
led to reductions of approximately 6.32 % in thermal
diffusivity and 0.95 % in thermal conductivity.

3. DSC analysis confirmed that Bi addition ef-
fectively lowers the onset melting temperature of
Sn-based solders, while the incorporation of Cu or
graphite particles broadens the melting interval with-
out increasing the melting temperature, preserving
suitability for low-temperature soldering applications.

4. SEM-EDS analysis revealed clear microstruc-
tural refinement with alloying and reinforcement.
Compared to pure Sn, the addition of Bi led to pro-
nounced grain refinement, which was further enhanced
by the incorporation of Cu particles into the Sn88Bil2
matrix. SEM-EDS analysis also showed that Cu par-
ticles do not remain inert within the Sn88Bil2 alloy
but react with molten Sn to form Cu-containing in-

termetallic phases, most likely CugSng. In contrast,
graphite remains chemically inert, appearing as a dis-
crete phase with limited wettability and partial ag-
glomeration within the solder matrix.

5. Soldering performance evaluation demonstrated
that the Sn88Bil2 alloy exhibited the best wettability
among the investigated materials, characterized by a
reduced contact angle, increased spreading area, and
a thinner intermetallic compound (IMC) layer com-
pared to pure Sn.

6. The addition of Cu and graphite reinforce-
ments resulted in increased contact angles and reduced
spreading behavior due to restricted melt flow and
interfacial effects. Nevertheless, both composites ex-
hibited thinner IMC layers than pure Sn, with the
Sn88Bil2 + C composite showing the lowest IMC
thickness.

Overall, the results demonstrate that hypoeutectic
Sn88Bil2 and its composite variants represent a vi-
able pathway toward low-temperature, lead-free solder
systems with tunable performance. Importantly, the
substantial percentage increases in mechanical proper-
ties far outweigh the relatively modest percentage de-
creases in electrical and thermal transport properties,
highlighting a favorable performance trade-off. In par-
ticular, graphite reinforcement is effective in suppress-
ing IMC growth, while Cu reinforcement contributes
to microstructural stability, making these materials
promising candidates for specialized electronic pack-
aging applications.
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