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Abstract

     This work aims to study a new lead-free solder alloy as a substitute for lead-tin alloys in order 
to solve the problem of protecting human health. The effect of thermal aging on the electri-
cal resistivity of a eutectic Sn-3.5wt%Ag lead-free solder alloy has been investigated. The sam-
ples have been aged at the temperature range of 100°C - 160°C. During aging, the precipitation 
behavior has been followed by the electrical resistivity measurements. The resistivity change 
of Sn-3.5wt%Ag eutectic alloy rises to a maximum value and then decreases to a constant value 
at each aging temperature. The maximum value increases as aging temperature increased. The 
little reduction in resistivity after the maximum value is due to the coalescence and growth of 
precipitates and then decreasing in the scattering effect to the electrons. Microstructural char-
acterizations using scanning electron microscope (SEM) were conducted to follow in detail the 
precipitation behavior. The SEM results cleared that the precipitation process increases with 
increasing thermal aging time and the coarsening of fine precipitates occurs in the samples aged 
at a long time.

Keywords; Electrical resistivity; thermal aging; scattering centers; conduction electrons; pre-
cipitation process

Introduction

     In the electronic devices, the solders serve as electrical interconnections. In order to the solder does not affect the functionality of 
the electronic circuits, the variations of the electrical resistivity during thermal work should be determined. Sn-Pb soldering for metal 
interconnections has a long history, dating back 2000 years. These materials are the dominant solders used widely in manufacture 
because of their unique combination of material properties, such as easy handling, low melting temperatures, good workability, ductil-
ity and excellent wetting on Cu substrate and its alloys. It is well known that conventional Pb- containing solders are harmful to both 
people’s health and environment, so the exploration of lead-free solders as substitute of lead-tin alloys is paid more attention [13].

     The lead-free solders used in electronic industry need to meet a series of standards: good wettability, low melting point, low cost, 
adequate strength and good electrical/thermal conductivity. At present, a number of investigations have been carried out on such 
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promising lead-free solder alloys as Sn-Ag, Sn-Cu, Sn-Zn, Sn-Bi and Sn-In. Among these alloys, Sn-Ag solder alloys have been considered 
strong candidates to replace the Sn-Pb solder alloys because of two main reasons: (i) their properties are reasonably compatible with 
those of the Sn-Pb solder alloys (ii) they have better mechanical properties (ductility, creep resistance and thermal resistance) than 
the Sn-Pb solder alloys in addition to their low cost. The eutectic composition for the Sn-Ag binary system occurs at Sn-3.5Ag and the 
eutectic temperature is 221°C. By comparison with Pb-Sn alloys, the Sn-3.5wt%Ag alloy has limited solid solubility of Ag in Sn, making 
it more resistant to coarsening. As a result, Sn-3.5wt%Ag forms more stable and uniform microstructure [6]. The microstructure of the 
eutectic Sn-3.5wt%Ag consists of β-Sn matrix phase and Ag3Sn intermetallic compound (IMC). The Ag3Sn IMCs dispersed in the β-Sn 
phase make the Sn-Ag alloys have better mechanical properties by a dispersion-strengthening effect [7].

     It has been known that the electrical resistivity of alloys increases linearly with the amount of elements in solid solution. Only a part 
of the elements is usually found in solution and the rest is found in precipitates. During aging, some of an alloying element precipitates 
from the supersaturated solution into precipitates since the degree of precipitation depends on aging temperature and aging time [9].

     The reaction of precipitation is initiated by cooling or quenching the alloys from a temperature at which a single-phase solid solution 
to a temperature where the phase is supersaturated. Slow cooling and low temperature annealing tend to promote precipitation while 
rapid cooling tends to suppress precipitation [2].

     The electrical resistivity measurement is used to investigate the decomposition and the nucleation of the precipitates that occur in 
the solid solution state. It has been reported that the formation of fine precipitates causes an increase in the electrical resistivity while 
large precipitates cause a decrease in the electrical resistivity. Depending on the testing variables such as aging temperature and aging 
time, redissolving or coarsening of the precipitates may be occurred. The annealing process is an important processing variable that 
significantly affects the microstructure and therefore determines its conductivity behavior [2, 1].

     El-Daly et al. [1] measured the electrical resistivity of Pb-65.5Sn-3.4Zn eutectic and Pb-65.0Sn-1.0Zn ternary alloys at various aging 
temperatures for various aging times. They found that the Pb-Sn-Zn ternary alloys show reduction in the electrical resistivity com-
pared with the Pb-Sn binary eutectic composition. This is a result of the nature of the internal stresses induced by the Zn particles and 
the multiplicity of types of inter-phase boundary that causing enhancement in the driving force for the coarsening process.

     The eutectic solder alloy Sn-9Zn has been studied by Kamal et al [5]. They found that the additions of the elements Bi, Cu and In to 
the eutectic alloy improve its properties. The results showed that the composition Sn-9Zn-1Bi-2Cu-2In has a lower melting point, a 
lower resistivity and a higher value of Young’s modulus compared with the eutectic binary alloy. 

     Yassin [12] investigated the effect of annealing temperature on the electrical resistivity of Sn-12Sb solder alloy. He found that the 
volume fraction of SnSb IMCs reduces during annealing. This is attributed to the dispersion of SnSb IMCs in Sn-matrix. The fine parti-
cles of SnSb-phase were treated as isolated scattering centres for conduction electrons and accordingly, the scattering of conduction 
electrons increases with the increasing of the tiny SnSb-phase.

     Although there have been some investigations on the relationship between the thermal aging and mechanical properties in Sn-Ag 
solder alloys, research on the effect of thermal aging on the electrical resistivity with microstructural variations is still limited. The 
effects of aging temperature and aging time on the microstructural precipitation and electrical resistivity of Sn-3.5wt%Ag eutectic 
lead-free solder alloy is still absent. The purpose of this research is to characterize the effects of isothermal aging and aging time on 
the electrical resistivity of Sn-3.5wt%Ag eutectic solder alloy through experimental measurements of resistivity with various aging 
temperature and various aging time.

Experimental procedure

     96.5wt%Sn-3.5wt%Ag lead-free eutectic composition was prepared from pure (99.99%) Sn and Ag. These two elements have been 
melted in furnace at 250°C. The ingot rod has been rolled to wire samples of diameter 0.8 mm and length of 100 mm. Different mate-
rials may be found as impurity atoms in solid solution in the Sn matrix. As the impurity content is less than 0.01%, these impurities 
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have a negligible effect on the results in comparison with that of Ag content. The samples were homogenized at 150°C for 6 hours in 
furnace with temperature-controlled ±1K and were rapidly quenched in water at 0.0°C to obtain specimens of different preliminary 
microstructures. The samples were mounted in the furnace between two rods of copper of 10 mm in diameter and 30 mm in length. DC 
electric current of 50 mA has been used for all measurements. The temperature was monitored by steel temperature sensor mounted 
close to the middle of the specimens. The samples were aged at aging temperatures ranging from 100 to 160°C. At each temperature, 
the sample was aged at different time ranging from 1 to 60 min. The electrical resistivity ρ (t) at aging temperature was calculated for 
each aging time (t). In all measurements, the specimens were mounted within a few seconds and immediately measured beginning 
from room temperature (27°C).

     In order to explain the effects of isothermal aging on the electrical resistivity, scanning electron microscope (SEM) has been conduct-
ed to investigate the microstructure of specimens after quenching and after aging.

Results and Discussion

     The electrical resistivity measurements have been widely used as a characterization method of the decomposition states of precipi-
tation in structure [2, 8]. The change in electrical resistivity is direct proportional to the number of scattering centers that has formed 
during aging. According to the Sn-Ag phase diagram, the Ag element added into Sn is easy to combine with Sn and form a stable Ag3Sn 
intermetallic compound (IMC) phase. The electrical resistivity strongly depends on the degree and size of precipitation and increases 
with increasing IMC precipitates in the structure [4]. 

     Formation of clusters, phonons, and structure imperfections cause an initial increase in resistivity. This is attributed to the increas-
ing number of scattering centers of electrons by these factors as is shown in the Pb-Sn eutectic solder alloy [1, 4]. In order to follow the 
various precipitation processes during aging, the samples were aged at temperatures of 100, 120, 140, and 160°C and the change of 
resistivity has been calculated at different aging times. Figure1 Shows the variations of electrical resistivity change [Δρ/ρ0 = (ρt - ρ0)/
ρ0] with time for Sn-3.5wt%Ag eutectic alloy, where ρ0 is the resistivity immediately after quenching and ρt is the resistivity at aging 
time(t). This Figure shows that the resistivity change rises with a decreasing rate to a maximum value (dependent on aging tempera-
ture) and then decreases to a steady state value. This behavior occurs at each aging temperature. The peak value increases as the aging 
temperature increases and the increasing in resistivity with temperature can be observed at each aging time. The peak values may be 
due to the lack of coarse particles clusters in the eutectic structure which allows more fine precipitation. From curves shown in Fig. 1 
it can be seen that the peak value reaches in an earlier time as the aging temperature is raised. This behavior may be attributed to the 
enhancement of formation of precipitates by increasing aging temperature. As the aging time increases there is a little reduction in 
resistivity after the peak value and is attributed to the coalescence of Ag3Sn precipitates and growth of their size which leads to the de-
creasing scattering effect. In the SnAg2.5 solder alloys, Ruo-Wei Yang ey al demonstrated that the large particles of Ag3Sn intermetallic 
compounds have been observed after 10 min [13]. All these observations indicate that the number and size of precipitated particles 
are principally controlled by the aging temperature.

     In order to determine the relationship between resistivity change and aging temperature, the resistivity change as a function of 
temperature has been plotted at different aging times, as shown in Figure 2. As the temperature increased, the effect of the quantized 
elastic waves (phonons) increases and the number of imperfections increases and therefore lead to increase number of scattering 
centres and resistivity as shown in Figure 2.
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Figure 1: Aging time dependent of the resistivity change at different aging temperature.

Figure 2: Aging temperature dependent of the resistivity change at different aging time.

     This figure provides direct information of the precipitation process. It can be seen that the lowest temperature for initiating pre-
cipitation process occurs at the same temperature, 85°C. This means that the mechanism of the precipitate reaction remain the same 
at any aging time. In order to determine the average energy required to formation precipitates, the activation energy was calculated 
from the slope of the linear relation between Ln(Δρ/ρo) and (1000/T) K-1 [12] for different ageing times, as shown in Figure 3. The 
calculated values of the activation energies ranged from 0.34eV to 0.37eV.

     The scattering of conduction electrons takes place in metallic alloys due to: (1) quantized elastic waves (phonons) (2) lattice imper-
fections (3) impurity atoms and (4) precipitates (phase’s precipitates).
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Figure 3: Variation of ln (Δρ/ρo) and (1000/T)K-1 at different aging time.

     The total electrical resistivity in the alloys can be represented according to the Matthiessen’s rule by the following formula [9, 3].

ρ = ρm + ρp                                (1)

     Where, ρm: contribution from the matrix phase and ρp: contribution from the precipitates. The precipitation process may be due to 
the combined effects of the matrix Sn and the Sn-Ag intermetallic phases. Moreover, number of vacancies may be nucleate because 
of the quenching process. These vacancies are stabilized by silver atoms [3]. Because the diffusion rate of silver atoms increases with 
temperature, the number of these stabilized vacancies increases and act as scattering centers for the conduction electrons.

     In the region of low ageing time, the formation of Ag3Sn fine precipitates occurs during aging and the number of these precipitates 
increases with aging time. This behavior has been observed in the work of Taillard et al [10]. The precipitation of NiAl IMCs has been 
occurred during isothermal aging for aging times less than 1.0 min. and the mean precipitate size increases proportionally to the aging 
time. The effect of phonons, resulting due to thermal vibration, increases as aging temperature increased. The examined alloy may con-
tain lattice imperfections that cause irregularities in the electrostatic fields within alloy. These irregularities act as scattering centres 
and reduce the mobility and the mean free path of conduction electrons [4]. All these factors increase resistivity in the equation (1) 
and resistivity change observed in Figure1. However, these effects will be having fewer contributions to the scattering centers, as the 
aging time increased as is observed in the work of El-Daly et al [1]. As the aging time increased, the contribution of the second term 
of the equation (1) will be decreases due to the coalescence of precipitated particles. The coalescence of particles increases and grow 
with increasing ageing time as is shown in Figure 4 which is in agreement with works of Yassin [12] and Xiao et al [11]. This explains 
the little reduction in resistivity observed (Figure1) at long ageing time.

     The scanning electron microscopy (SEM) of samples has been performed after aging for 60 minutes at 140°C and at an initial state 
(after quenching) as shown in Figures 4 and 5, respectively. The black areas represent β-phase (Sn) and the light areas represent eu-
tectic phase of dispersed IMC within Sn-phase and a difference between two figures can be viewed. As in the work of Xiao et al [11], 
the distribution of Ag3Sn precipitates is more dispersed in β-phase after aging than that after quenching. During low aging time the 
number of these dispersed particles increases and leads to the increase effect of scattering centers for conduction electrons [4].
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     El-Daly et al [1] and Xiao et al [11] found that coalescence of dispersed precipitates occurs in the grain and grain boundary of Sn as 
aging time increased. These precipitates coalescence and grow forming large precipitates [1, 12, 11] and then microstructure becomes 
less dense after aging than that directly after quenching as observed from Figures 4 and 5. Thus, formation of coarsening precipitates 
causes reduction in the effect of scattering centres as a result of the increase mean free path of conduction electrons.

Figure 4: SEM structure of Sn-3.5wt%Ag alloy after ageing at 140°C for 60 min. 
(Dispersion of Ag3Sn IMCs and β-phases in the eutectic can be viewed).

Figure 5: SEM structure of Sn-3.5wt%Ag alloy after quenching from 150°C.
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Conclusions

1.	During thermal aging up to about 0.4 of the melting point of the alloy, the electrical resistivity of Sn-3.5wt%Ag eutectic alloy varies 
with time in a characteristic manner summarized by: 

-	 Increasing at low time and
-	 Steady-state following little reduction

2.	 The Sn-3.5wt%Ag eutectic alloy shows maximum and minimum values of resistivity and finally constant value during aging de-
pending on the aging temperature. This behavior made this alloy to be useful in the future industry. 
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