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ABSTRACT

Sn-Zn-Cu alloys have emerged as promising candidates to replace conventional lead-containing solder systems due to
their environmentally favorable characteristics. In this study, four different phases within the Sn-Zn-Cu alloy system
were investigated in terms of their thermal and electrical properties. Temperature-dependent thermal conductivity was
measured using the linear heat-flow method, and the corresponding conductivity coefficients were derived from the
collected data. Differential Scanning Calorimetry (DSC) was employed to determine melting temperatures, enthalpies
of fusion, and specific heat differences between the liquid and solid phases. Electrical conductivity values were obtained
using the four-point probe technique. Compared to commonly used Pb-free solder systems reported in the literature, the
investigated Sn—Zn—Cu alloys exhibit a favorable combination of lower melting temperatures, stable thermal behavior,
and controlled electrical conductivity, which are critical for ensuring reliable heat dissipation and electrical performance
in advanced electronic and energy-related soldering applications. These characteristics highlight the potential of Sn—Zn-
Cu alloys as cost-effective and high-performance alternatives to conventional Pb-free solders.
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1. INTRODUCTION

Lead-based solder alloys have been widely used for nearly two millennia; however, growing
scientific evidence has demonstrated that lead and its compounds pose significant risks to both
human health and the environment. The Environmental Protection Agency (EPA) classifies lead
and its derivatives among the 17 most hazardous toxic substances due to their severe biological
and ecological impacts [1, 2]. Once introduced into the human body, lead interferes with essential
protein functions and accumulates over time, resulting in irreversible health complications.
Exposure to lead dust or vapors generated during soldering processes has been associated with
neurological disorders, reproductive dysfunction, hypertension, reduced hemoglobin synthesis,
vasoconstriction, and anemia. Beyond its direct health effects, improper disposal of lead-
containing materials contributes substantially to environmental contamination. Consequently, the
global shift toward eliminating lead usage has become imperative, and soldering applications, one
of the major industrial sources of lead exposure, have received particular focus in the development

of alternative, environmentally friendly Pb-free materials [3-7].

As the detrimental effects of lead have become increasingly well understood, lead-free solder
systems have gained considerable importance across numerous industrial sectors. Pb-free solder
materials are now widely employed in electronic components, metal joining processes, and various
metallographic applications [8-17]. Although lead was gradually banned from most electronic
products, Pb-based solders continued to be used in automotive electronics for a period due to
stringent performance and reliability requirements [9-14]. With the introduction of stricter
environmental regulations and a growing emphasis on sustainability, a complete ban on lead in the
automotive industry was implemented in 2014, further accelerating the global transition toward

Pb-free soldering technologies.

In recent years, this transition has become particularly critical for the energy sector, where
electronic reliability, thermal management, and long-term operational stability are of paramount
importance. Modern energy systems, including photovoltaic modules, power converters, inverters,
battery management systems, and grid-level power electronics, operate under elevated
temperatures and cyclic thermal loading conditions. In such applications, solder materials play a
crucial role not only in ensuring mechanical integrity but also in governing heat dissipation and

electrical signal transmission. Therefore, the development of Pb-free solder alloys with optimized
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thermal and electrical properties is essential for improving the efficiency, durability, and safety of

energy-related electronic systems [18-21].

Despite substantial progress in the development and adoption of Pb-free solder alloys, challenges
related to reliability and long-term performance still persist. Common Pb-free systems such as Sn-
Ag-Cu, Sn-Au, Sn-Ag, Sn-Sbh, Sn-Zn, and Sn-Cu exhibit several inherent limitations. For example,
while Sn-Ag-Cu solders offer good wettability and suitable operational temperatures, the
formation of AgsSn intermetallic compounds can reduce mechanical strength and impair creep
resistance. In addition, silver is approximately forty times more expensive than tin, significantly
diminishing the economic feasibility of the Sn-Ag-Cu system. The Sn-Au system, although used
in high temperature applications, suffers from high eutectic temperatures and relatively large
wetting angles, restricting its practical applicability.

In Pb-free solder systems, tin serves as the primary element due to its ability to form strong
metallurgical bonds during soldering. Among alternative systems, Sn-Zn alloys are widely used in
both commercial and industrial applications owing to their excellent mechanical properties [22,
23]. Sn-Cu alloys are commonly employed in electronic packaging, though they remain
susceptible to oxidation and corrosion under service conditions [22, 23]. In addition, Sn-Cu alloys
also function effectively as soft solders for aluminum and as electroplated coatings for protecting
steel surfaces. From an energy-systems perspective, maintaining a melting temperature
comparable to that of conventional Pb-Sn alloys is particularly advantageous, as it ensures
compatibility with existing manufacturing infrastructure for photovoltaic modules and power

electronic assemblies, thereby avoiding costly process modifications [22, 23].

Modern industrial components, devices, and tools, especially those used in energy conversion and
transmission systems, are manufactured from a wide variety of materials, including ceramics,
glass, metals, and polymers, each with distinct structural and functional requirements. For design
engineers working in the energy sector, material selection must balance cost, reliability, thermal
management capability, and electrical performance. Achieving an optimal material choice
therefore necessitates a comprehensive understanding of the thermal and electrical properties of

candidate solder alloys under realistic operating conditions [18-21].
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The main goal of this study is to identify a lead-free solder system with improved thermal and
electrical properties, while also providing better safety for human health and the environment. In
addition, this study aims to provide new thermophysical data for which only limited information
is available in the literature. For these purposes, Zn and Cu were added to Sn-based systems [24].
In the present study, thermal and electrical properties of Sn-based Sn-0.28 wt.% Zn-3.60 wt.% Cu,
Sn-2.56 wt.% Zn-1.38 wt.% Cu, Sn-6.77 wt.% Zn-7.18 wt.% Cu, and Sn-37.78 wt.% Zn-7.34 wt.%

Cu alloys were systematically investigated to determine the optimal Pb-free solder candidate.

2. MATERIALS AND METHODS

2.1. Preparation Of Alloy Systems And Metallographic Processes

Sn—Zn—Cu alloy systems (Sn—0.28 wt.% Zn-3.6 wt.% Cu, Sn—2.56 wt.% Zn-1.38 wt.% Cu, Sn—
6.77 wt.% Zn-7.18 wt.% Cu, and Sn—-37.78 wt.% Zn—7.34 wt.% Cu) were prepared using high-
purity Sn (99.99 wt.%, CAS No. 7440-31-5, Sigma-Aldrich), Zn (99.99 wt.%, CAS No. 7440-66-
6, Sigma-Aldrich), and Cu (99.99 wt.%, CAS No. 7440-50-8, Sigma-Aldrich) elements. Graphite
crucibles with dimensions of 50 x 12 mm were used for the preparation of samples intended for
thermal conductivity, electrical conductivity, and DSC analyses. A schematic illustration of the
specimen is shown in Fig. 1 [25]. Approximately 25 cm3 of metal was melted in a graphite crucible
inside a vacuum melting furnace, which ensured oxidation-free melting under reduced pressure.
The furnace assembly consists of two nested alumina tubes, a vacuum pump, a temperature
controller, a variac, and a cooling system [26, 27].
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Figure 1. Schematic illustration of specimen
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The molten alloys were then poured into graphite crucibles preheated to approximately 50 K above
their melting temperatures using a custom-built casting furnace, in order to ensure sufficient
fluidity and to minimize premature solidification during casting. This furnace was specifically
designed to promote unidirectional solidification by casting the molten alloy into vertically
oriented crucibles. Solidification proceeded from the bottom upward, ensuring complete filling of

the crucible and minimizing shrinkage defects [26, 27].

After solidification, the alloy rods were removed from the crucibles and sectioned into 30 mm
lengths. These specimens were then placed in a linear heat-flow apparatus for thermal conductivity
measurement. The ends of each sample (10 mm on both sides) were positioned in hot and cold
holders, while a 10 mm central region was left between them to establish a linear temperature
gradient and minimize radial heat loss. Temperatures along the sample were monitored using three
K-type thermocouples (Ni-Cr/Ni-Al, 0.25 mm diameter) embedded at 2-3 mm intervals. Prior to
installation, the thermocouple locations were examined under an optical microscope to accurately
determine the distances (AX) between them. All thermocouples were placed inside alumina tubes

(1.2 mm OD x 1.0 mm ID x 20 mm) and connected to a data-logging measurement system.

Finally, the solidified bars were transversely sectioned into smaller cylindrical specimens (5 mm

in length and 8 mm in diameter) using a Micracut 151 precision cutting machine.

2.2. Measurements Of Electrical Conductivity Variations With Temperature

Electrical conductivity is a fundamental property of metallic alloy systems and is influenced by
various parameters such as impurities, heat treatment, grain size, and plastic deformation.
However, temperature and chemical composition have the most significant effects on electrical
conductivity [28]. As temperature increases, lattice vibrations (phonons) become more intense.
This enhancement in phonon activity increases the probability of electron scattering, particularly
at lattice imperfections, grain boundaries, and substitutional atom sites [29, 30]. The resulting
increase in electron-phonon interactions leads to a higher frequency of inelastic scattering events,
thereby reducing the electron mean free path. Consequently, the electrical resistance of the metal

increases with temperature, while its electrical conductivity decreases.

The temperature dependence of electrical resistivity can be expressed as:
p(T) = po[l + apgrc(T —To)] (1
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Here, agrcis the electrical temperature coefficient, T,is the reference temperature, and p,is the
resistivity at the reference temperature T,. Electrical conductivity is the inverse of electrical

resistivity, and its temperature dependence can be expressed as:
1 1 0o

o=—= = 2
p poll +agrc(T—To)] 1+ agrc(T—To) @
The temperature coefficient of electrical conductivity (agr¢) can be defined as:
0y — 0 1 Ao
3)

= Sw =Ty o 5T

In the present study, the temperature dependence of electrical conductivity was measured using
the four-point probe method, a widely used technique for determining the electrical conductivity
of materials [31]. The schematic diagram of four-point probe system is shown in Fig. 2. The system
consists of four equally spaced platinum tips of finite radius, each supported by springs to
minimize sample damage during probing. These tips are mounted on an automated mechanical

stage that moves vertically during measurements.

" Keithley 2400 ==
o ,.s",‘_'_‘_emerer

Figure 2. The schematic diagram of four-point probe method used for measuring electrical

resistivity/conductivity.

A high-impedance current source supplied current through the two outer probes, while voltage was

measured across the two inner probes to determine sample resistance. The four-point probe setup
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included a programmable power supply, a multimeter, a Proterm ash furnace, and a computer for

data acquisition.

During measurements, the samples were heated from room temperature to approximately 10 K
below their respective melting points. A K-type thermocouple (0.5 mm diameter) was used to
monitor sample temperature. At each annealing temperature, constant-current and constant-
voltage readings were taken repeatedly to ensure measurement accuracy.

The resistivity of the material is expressed as:

1 Vieasur
p — _ —RCF- easured (4)

o I measured

Here, RCF is the resistivity correction factor that depends on sample geometry, material thickness,
electrode size, and electrode positioning [32]. Current () and voltage (V) were measured using
the outer and inner probes, respectively. After the temperature dependence of electrical resistivity
was obtained, the resistivity values at room temperature were inverted to determine the

corresponding electrical conductivity.

In the present work, the temperature-dependent electrical conductivities of Sn—0.28 wt.% Zn-3.6
wt.% Cu, Sn—2.56 wt.% Zn-1.38 wt.% Cu, Sn—6.77 wt.% Zn-7.18 wt.% Cu, and Sn—-37.78 wt.%

Zn—7.34 wt.% Cu alloys, along with pure Sn, Zn, and Cu were investigated and plotted.

2.3. Measurements Of Thermal Conductivity Variations With Temperature

In this study, the temperature-dependent thermal conductivity of solid samples was determined
using a linear heat-flow apparatus. During measurements, one side of the specimen was heated in
20 K increments up to approximately 10 K below its melting point, while the opposite side was
cooled to establish a linear temperature gradient. The apparatus consists of three main components:
a hot stage, a cold stage, and a sample holder (Fig. 3) [26, 27, 33-38].
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Figure 3. Block diagram of linear heat flow apparatus used for measuring thermal conductivity.

Thermal conductivity (K) was calculated using Fourier’s law for one-dimensional steady-state heat

conduction [39, 40]:
Q AX
_< a4 5
A AT )
Here, Q represents the net heat input to the sample and is obtained as the difference between the
input power with the sample and that without the sample for each measurement temperature (Q =
Qws — Qwos). A = mr? is the cross-sectional area of the cylindrical specimen. The temperature
difference is given by AT = T, — T, measured using a datalogger, while the distance between the
thermocouples is AX = X, — X;, determined from microscope photographs of the thermocouple

positions.

A constant linear temperature gradient was maintained throughout the experiment using hot and
cold stages. K-type thermocouples (0.5 mm diameter) were inserted into the sample to record
temperature at defined positions. Heat flow was determined at each annealing temperature from
repeated constant-current and voltage measurements. After completion of the thermal cycle,
samples were cooled to room temperature and then sectioned transversely near the thermocouple
positions. The longitudinal and transverse sections were examined to ensure the absence of
porosity, cracks, or casting defects that could affect measurement accuracy. The thermal

conductivity of the alloys was calculated from the measured values of A4, Q, AT, and AX at each
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heating step. The estimated experimental error for the longitudinal heat-flow technique is
approximately 9% [23].
The temperature dependence of thermal conductivity for solid metallic materials can be expressed
as:

K = Ko[1 = arrc(T — To)] (6)

where Kis the thermal conductivity at temperature T, K,is the thermal conductivity at the
reference temperature Ty, and arr¢is the thermal temperature coefficient. Since K, > K, Equation
(6) can be rearranged to define aycas:

_ Ky—K 1 AK ;
OrTe = R (T —Ty) ~ K, AT )
The slope of the thermal conductivity-temperature curve (AK /AT) is negative, and its magnitude
is used to calculate arrcaccording to Equation (7). The temperature-dependent thermal
conductivities of the Sn-Zn-Cu alloy series and pure Sn, Zn, and Cu were investigated and

presented graphically.

2.4. The Enthalpy Of Fusion And The Specific Heat Change Of The Materials

Differential Scanning Calorimetry (DSC) is one of the most widely used thermoanalytical
techniques for investigating the thermal behavior of materials. When a sample is heated, cooled,
or held at a constant temperature, DSC measures the amount of energy absorbed or released by the
material [41]. In this method, the temperature difference between the sample and a reference is
monitored as a function of temperature and time. The instrument maintains both the sample and
the reference at the same temperature; if a deviation occurs, the power supplied to the sample is
adjusted to eliminate the difference. In this way, the heat flow associated with phase transitions
can be accurately quantified.

In the present study, the melting temperatures, phase transition temperatures, and enthalpy values
of four different phases in Sn-Zn-Cu solder alloys were determined using a Netzsch 449/F3 DSC
system. Approximately 80 mg of material was prepared for each alloy composition. The
measurements were performed under an argon atmosphere, with a heating rate of 10 K/min from
room temperature up to 573 K. The resulting heat flow-temperature curves are also presented.
From these curves, the onset, end, and peak temperatures as well as the transition temperature,

specific heat, and enthalpy values were determined.
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At constant pressure, the specific heat of a material is defined as:

0H
Cp = (a_T)P 3

From Equation (8) [42], the enthalpy of a material taking H = 0 at 298 K can be obtained from:

T
H= f I5C, dT (9)
298

At the melting temperature, the heat supplied to the system does not increase the temperature of
the material [42]. Instead, this energy enables the phase transition from solid to liquid. This
quantity, known as the enthalpy of fusion or latent heat of melting, is defined as:

AH =~ AC, Ty (10)

where Ty is the melting temperature and AC,is the change in specific heat across the phase

transition.

3. RESULTS AND DISCUSSION

3.1. Electrical Conductivity Variation With Temperature

The electrical conductivity-temperature curves of the Sn-Zn-Cu alloys with different compositions
are presented in Fig. 4. From these curves, the electrical conductivity values at the melting
temperatures were determined as 4.77, 4.10, 5.20, and 5.65 (x10%) Q'm™" for the Sn-0.28 wt.%
Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38 wt.% Cu, Sn-6.77 wt.% Zn-7.18 wt.% Cu, and Sn-37.78
wt.% Zn-7.34 wt.% Cu alloys, respectively. As expected for metallic conductive systems,
electrical conductivity decreases with increasing temperature due to enhanced electron-phonon
scattering, as clearly shown in Fig. 4. Furthermore, the results reveal a distinct increase in electrical

conductivity with increasing Cu content.
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Figure 4. Electrical Conductivity-temperature graph of Sn-Zn-Cu alloy systems and Sn [43], Zn
[43], Cu [43] pure metals.

Fig. 4 also compares the electrical conductivity-temperature curves of the Sn-Zn-Cu alloys with
those of pure Sn [43], Zn [43], and Cu [43]. The alloy curves fall between the conductivity limits
of the pure elements, with pure Cu exhibiting the highest conductivity. Consistent with this trend,
the alloy containing the highest Cu concentration displayed the greatest electrical conductivity
among the investigated systems. The remaining alloys showed conductivity values ranked

according to their relative Cu contents.

Additionally, the temperature coefficients of electrical conductivity were obtained from the slopes
of the conductivity-temperature curves. The values were calculated as 2.77, 2.81, 2.76, and 2.97
(x107%) K! for the Sn-0.28 wt.% Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38 wt.% Cu, Sn-6.77 wt.%
Zn-7.18 wt.% Cu, and Sn-37.78 wt.% Zn-7.34 wt.% Cu alloys, respectively, as presented in Table
1.
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Table 1. Melting temperature, electrical and thermal temperature coefficients, electrical and

thermal conductivity at the melting temperature values for the Sn-Zn-Cu alloy systems

. Electrical Thermal Electrical Conductivity Thermal Conductivity
. Melting . .
Materials Temperature Temperature at the Melting at the Melting
Temperature, . -,
(Wt.%) K Coefficient aerc  Coefficient airrc Temperature Temperature
(K1) x10°3 (K1) x10° o (x108/Qm) K (W/Km)
Sn-0.28wt.%2Zn-3.6wt.%Cu 503 277 1.16 4.77 59.82
Sn-2.56wt.%Zn-1.38wt.%Cu 503 281 1.55 4.10 51.95
Sn-6.77wt.%Zn-7.18wt.%Cu 523 276 1.31 5.20 73.16
Sn-37.78Wt.%2Zn-7.34wt.%Cu 503 297 148 5.65 77.09

3.2. Thermal Conductivity Variation With Temperature

In Fig. 5, the thermal conductivity-temperature curves of the solid phases of the Sn-Zn-Cu alloys

are presented, and the corresponding numerical values are listed in Table 1. As shown in Fig. 5,

the thermal conductivity of all alloys decreases linearly with increasing temperature. The total

number of phonons is proportional to temperature; therefore, above the Debye temperature (6p),

phonon scattering becomes the dominant electron-scattering mechanism, reducing the electron

mean free path. Since the specific heat Cyapproaches the constant Dulong-Petit limit at high

temperatures, the temperature dependence of thermal conductivity is primarily governed by

variations in mean free path. Consequently, thermal conductivity decreases as temperature

increases [44]. In alloy systems, this trend may be further influenced by compositional and

microstructural differences.

100 \‘\‘\
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Sn-0.28Zn-3.6Cu
Sn-2.56Zn-1.38Cu
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Figure 5. Thermal Conductivity-temperature graph of Sn-Zn-Cu alloy systems and Sn [39], Zn

[39], Cu [39] pure metals.
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As summarized in Table 1, the thermal conductivity values at the melting temperatures of the Sn-
0.28 wt.% Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38 wt.% Cu, Sn-6.77 wt.% Zn-7.18 wt.% Cu, and
Sn-37.78 wt.% Zn-7.34 wt.% Cu alloys were determined to be 59.82, 51.95, 73.16, and 77.09
W-m™-K™', respectively. The corresponding temperature coefficients of thermal conductivity were
calculated as 1.16, 1.55, 1.31, and 1.48 (x107%) K™, as also presented in Table 1.

Fig. 5 additionally compares the thermal conductivity of the alloys with those of the pure
constituent elements. The conductivity curves of the alloys lie between the values of pure Sn [39],
Zn [39], and Cu [39], positioned closer to that of pure Sn. With increasing Cu content, the thermal
conductivity values shift upward toward the conductivity line of pure Cu. This observation
indicates that Cu is the dominant alloying element influencing both electrical and thermal transport
properties in the Sn-Zn-Cu system. The increase in Cu concentration leads to enhanced thermal
conductivity in the alloys. As shown in Fig. 5, the experimental results demonstrate good
agreement with the known thermal conductivity values of the pure alloying elements.

3.3. The Enthalpy Of Fusion And The Specific Heat Change Of Material

Heating curves obtained from DSC measurements are highly useful for determining the reaction
temperatures of materials. The endothermic peaks observed in these curves correspond to heat
absorption during melting. The onset temperature (T,,..) represents the beginning of the
endothermic reaction and marks the initial temperature at which melting starts, while the end
temperature (T.,q) indicates the completion of the melting process. During heating,
T,nset COrresponds to the solidus temperature, whereas T4 represents the liquidus temperature of
the alloys [20]. The heating curves of the Sn-0.28 wt.% Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38
wt.% Cu, Sn-6.77 wt.% Zn-7.18 wt.% Cu, and Sn-37.78 wt.% Zn-7.34 wt.% Cu alloys are
presented in Fig. 6, and the corresponding numerical values are summarized in Table 2.

Another important parameter obtained from the DSC analysis is the enthalpy of fusion of the
phases. As shown in Table 2, the enthalpy values were determined to be 51.53, 57.90, 51.33, and
47.32 JIg for the Sn-0.28 wt.% Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38 wt.% Cu, Sn-6.77 wt.%
Zn-7.18 wt.% Cu, and Sn-37.78 wt.% Zn-7.34 wt.% Cu alloys, respectively. The specific heat
values calculated from the DSC peaks are also listed in Table 2. Among the investigated alloys,
the Sn-37.78 wt.% Zn-7.34 wt.% Cu composition exhibited the lowest energy storage capacity,
with a specific heat value of 0.20 J/g-°C.
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Table 2. Onset temperature, peak temperature, end temperature, enthalpy, and specific heat

values for the Sn-Zn-Cu alloy systems

Materials Onset Peak End AT=Tend Enthalpy Specific
(wt. %) Temperature, Temperature, Temperature, —Tonset (Jg) Heat
Tonset (K) T max (K) Tend (K) (K) (J/g K)
Sn-0.28Zn-3.6Cu 503.10 514.40 519.50 16.40 51.53 0.21
Sn-2.56Zn-1.38Cu 511.10 518.50 523.30 12.20 57.90 0.24
Sn-6.77Zn-7.18Cu 502.10 512.70 517.90 15.80 51.33 0.21
Sn-37.78Zn-7.34Cu 500.60 515.10 521.40 20.80 47.32 0.20
02 02
/ |
mdo 503.10 51950 eado 511,10 52330
0.0 \ J 0.0 \ J
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Figure 6. DSC thermogram of (a) Sn-0.28wt.%2Zn-3.60wt.%Cu, (b) Sn-2.56wt.%Zn-1.38wt.%Cu,
(c) Sn-6.77wt.%Zn-7.18wt.%Cu, (d) Sn-37.78wt.%Zn-7.34wt.%Cu alloy systems at heating rates

of 10 °C/min.
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4. CONCLUSION

In this study, four Sn-Zn-Cu alloy systems, Sn-0.28 wt.% Zn-3.6 wt.% Cu, Sn-2.56 wt.% Zn-1.38
wt.% Cu, Sn-6.77 wt.% Zn-7.18 wt.% Cu, and Sn-37.78 wt.% Zn-7.34 wt.% Cu, were examined
as alternative lead-free solder candidates based on their electrical and thermal properties.

For all compositions, electrical and thermal conductivities decreased linearly with increasing
temperature, ranging between 4.10-5.65 (x10%) Q''m™' and 51.95-77.09 W-m*-K"!, respectively.
These transport properties exhibited strong compositional dependence: increasing Cu content led
to higher conductivity values, and the conductivity trends fell between those of pure Sn, Zn, and

Cu, as expected for alloy systems.

Furthermore, DSC analyses were conducted to determine melting temperatures, enthalpies of
fusion, and specific heat variations. The obtained thermal data showed good agreement with
previously reported values [24], confirming the reliability and reproducibility of the present
measurements. Overall, the results demonstrate that Sn-Zn-Cu alloys possess favorable
thermophysical behavior and exhibit strong potential as environmentally friendly lead-free solder
materials suitable for various technological applications.
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