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Abstract

Ternary alloys of the Sn—Ag—Cu (SAC) system represent one of the most widely used lead-free solder
materials due to their favorable mechanical properties and compliance with environmental
regulations aimed at eliminating toxic lead from electronic components. Among these alloys, SAC338
(Sn—3.3Ag-0.8Cu) is recognized as one of the most promising alternatives to conventional Sn—Pb
solders. Despite their ecological advantages, SAC alloys still exhibit challenges associated with the
growth of intermetallic compounds and microstructural instability. The aim of this study was to
investigate the influence of graphene nanosheet (GNS) additions on the microstructural properties of
SAC composite. SAC composite containing up to 0.09 wt.% GNS were produced using powder
metallurgy procedures. The results showed that the addition of GNS contributed to a more
homogeneous microstructure and refinement of intermetallic phases such as CusSns and AgsSn. The
addition of GNS improves the wettability of the composite solder by reducing the wetting angle, which
enables better spreading of the molten solder and improves the quality of solder joints. From an
environmental perspective, these improvements contribute to enhanced durability and longer service
life of electronic components, leading to reduced material consumption, lower maintenance frequency,
and decreased generation of electronic waste.
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INTRODUCTION

The rapid development of the electronics industry has resulted in increased consumption of
electronic devices and a significant rise in electronic waste worldwide. Traditional Sn—Pb
solder alloys, widely used for decades in electronic packaging, contain toxic lead that poses
serious risks to human health and the environment. Due to the harmful effects of lead
contamination, international environmental regulations such as the Restriction of Hazardous

“ imarkovic@tfbor.bg.ac.rs
422


https://orcid.org/0000-0003-4431-9921
https://orcid.org/0000-0002-7579-2159
https://orcid.org/0000-0002-7927-1334
https://orcid.org/0000-0002-7828-8994
https://orcid.org/0000-0002-3551-6731

EcoTER'26, 24-26 June 2026, Hotel Sunce, Sokobanja, Serbia

Substances (RoHS) Directive encouraged the replacement of lead-containing solders with
environmentally acceptable alternatives [1-3].

Among the available lead-free materials, SAC alloys are considered the most promising
candidates because of their favorable combination of mechanical strength, wettability, thermal
stability, and soldering reliability. SAC338 alloy is especially important due to its eutectic
composition and excellent performance in electronic packaging applications. Nevertheless,
SAC alloys still exhibit several technological and ecological challenges. The formation of
thick intermetallic compounds at the solder-substrate interface can reduce joint reliability and
shorten service life. In addition, the relatively high silver content increases both production
costs and environmental impact associated with mining and raw material extraction.
Therefore, current research focuses on improving SAC alloys through reinforcement additions
that can enhance performance while contributing to sustainability [4-6].

Nanomaterials such as GNS, carbon nanotubes, and ceramic particles have attracted
considerable attention because they can refine the solder microstructure and suppress
excessive intermetallic growth. These modifications may improve thermal stability and
mechanical reliability, ultimately extending the operational lifetime of electronic devices and
reducing electronic waste generation [7,8].

The aim of this paper was to investigate the effect of GNS content on the microstructural
properties and wettability of SAC338-based composite materials. The obtained experimental
results are expected to contribute to the further development of advanced composite solder
materials with optimized properties for sustainable and environmentally responsible
electronics manufacturing.

MATERIALS AND METHODS

SAC338 alloy and SAC338/GNS composite materials were produced using powder
metallurgy techniques (PM). Environmentally, PM processing reduces material losses and
energy consumption while allowing the production of advanced composite materials with
enhanced functional properties. These factors support cleaner production technologies and
more sustainable manufacturing practices in the electronics industry. Elemental powders of
tin, silver, and copper were mechanically alloyed together with different concentrations of
GNS (up to 0.09 wt.%) in the “Turbula T2F” mixer. Mechanical alloying was carried out for
5 h. The obtained powder mixture is then compacted under pressure of 150 MPa and
subsequently sintered in the “Elektron ELP-08” furnace under an argon atmosphere at 190 °C
for 2 h. The obtained samples were soldered onto copper substrates using flame soldering
procedures.

Microstructural characterization was performed using scanning electron microscopy
(SEM) “Tescan Vega 3LMU” coupled with energy dispersive spectroscopy (EDS) “Oxford
Instruments X-act”. The investigations focused on the morphology of the solder matrix,
distribution of GNS, and formation of intermetallic compounds at the solder-substrate
interface. In order to determine the contact angle, the cross-sectional area of the solder joint
was analyzed using micrographs and ImageJ software.
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RESULTS AND DISCUSSION

Figure 1 shows the microstructures of the investigated samples after melting and
solidification of the sintered specimens on a copper substrate, while Figure 2 presents the
EDS analysis of the SAC/0.03GNS solder.

SEM HV: 20.0 kV WD: 15.00 mm VEGA3 TESCAN

SEM MAG: 2.00 kx Det: SE 20 pm
View field: 69.2 pm BE12.00 Performance in nanospace

SEM HV: 20.0 kV WD: 15.15 mm VEGA3 TESCAN

SEM MAG: 2.00 kx Det: SE 20 pm
View field: 69.2 pm Bl 11.00 Performance in nanospace

Figure 1 SEM micrographs of the solders: a) SAC alloy; b) SAC/0.03GNS composite;
c) SAC/0.09GNS composite

All SEM micrographs of the solders reveal a relatively homogeneous matrix with clearly
defined Sn—rich structures and needle-like AgsSn phases forming a network within the —Sn
matrix. The primary Sn—rich dendritic phase represents the main solder structure, whereas the

interdendritic regions consist of the f—Sn and AgsSn eutectic mixture (Spectrum 5 in Figure
2).

424



EcoTER'26, 24-26 June 2026, Hotel Sunce, Sokobanja, Serbia

Spectrum Cu Ag Sn
Spectrum 1 54.12 45.88
Spectrum 3 52.63 47.37
Spectrum 5 12.09 87.91
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Figure 2 EDS analysis of the SAC/0.03GNS composite solder

With increasing GNS content, a higher degree of phase homogeneity was observed. The
addition of GNS contributed to microstructural refinement and reduced phase segregation.
Copper precipitated in the form of the CugSns intermetallic phase (Spectrum 3 in Figure 2),
whose content was higher near the copper substrate and gradually decreased with increasing
distance from the interface. Furthermore, increasing GNS content resulted in a significant
reduction in both the size and fraction of CugSns particles [9,10].

At the interface between the solder and the copper substrate, the formation of an
intermetallic compound (IMC) layer was observed (Spectrum 1 in Figure 2). During the
melting process, copper atoms from the substrate diffused into the solder and reacted with tin,
resulting in the growth of the intermetallic layer toward the solder interior. The thickness of
the IMC layer plays an important role in determining the mechanical and electrical properties
of the joint [11,12]. It was observed that increasing the GNS content in the solder reduced the
thickness of the intermetallic layer.

a)

Figure 3 Contact angles of (a) SAC338/0.03GNS; (b) SAC338/0.09GNS

Contact angle analysis was performed for the SAC and SAC/GNS composite solders

(Figure 3). The incorporation of GNS resulted in a reduction of the contact angle (from 85°
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for SAC to 35° for SAC/0.09GNS) of the composite solders, indicating improved wetting
behavior and enhanced spreading ability during the soldering process. Improved wettability
promotes the formation of higher—quality and more reliable solder joints with fewer defects,
such as pores and incomplete bonding [13]. From an environmental perspective, enhanced
joint reliability contributes to longer service life of electronic components, reduced material
losses during manufacturing and repair processes, and lower generation of electronic waste.
Consequently, the addition of GNS supports the development of more sustainable and
environmentally friendly lead-free solder materials for electronic applications.

CONCLUSION

The addition of reinforcement GNS improves the microstructural stability and reliability of
SAC alloys by refining the microstructure and suppressing excessive intermetallic compound
growth. These improvements extend the service life of electronic components and contribute
to reducing electronic waste generation.

Powder metallurgy processing offers additional ecological advantages through lower
material losses and improved manufacturing efficiency. Consequently, SAC composite
reinforced with GNS constitute a promising direction for sustainable electronic materials and
environmentally responsible electronic packaging technologies.

ACKNOWLEDGEMENT

The authors are grateful to the Ministry of Science, Technological Development and Innovation of
the Republic of Serbia for financial support according to the contract with registration No. 451-03-
34/2026-03/ 200131.

REFERENCES
[1] Cheng, S., Huang, C.M., Pecht, M. Microelectron. Reliab. 2017, 75, 77-95.
[2] Gharaibeh, A., Felhési, 1., Keresztes, Z., et al. Metals. 2020, 10(10), 1276.
[3] Anousheh, A., Soleimani, M. Mater. Des. 2025, 258, 114510.
[4] Xu, L., Wang, L., Jing, H., et al. J. Alloys Compd. 2015, 650, 475-481.

[5] da Rocha, G.S., Padua, G.F.R.C., do Nascimento, N.R. et al. J Mater Sci: Mater Electron,
2026, 37, 990.

[6] Mhd Noor, E.E., Singh, A. Solder. Surf. Mt. Technol. 2014, 26 (3), 147-161.

[7] Li, Y., Yu, S., Li, et al. Metals. 2023, 13(7), 1209.

[8] Ramli, M.L.1., Salleh, M.A.A.M., Abdullah, M.M.A.B. Materials. 2022, 15(4), 1451.

[9] Gain, A.K., Zhang, L. Mater. 2019, 5, 100234.

[10] Kumar Pal, M., Gergely, G., Koncz-Horvéth, D., Gécsi, Z. Intermetallics, 2021, 128,
3-4.

[11] Kang, M.S., Kim, D.S., Shin, Y.E. Mater. 2019, 12(6), 936.

[12] Yang, M., Ji, H., Wang, S. et al. J. Alloys Compd. 2016, 679, 18-25.

[13] Yoon, JW., Noh, B.1., Kim, B.K. et al. J. Alloys Compd. 2009, 486(1-2), 142-147.
426



