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Abstract 
The microstructural, creep resistance and electrical conductivity properties of Sn-

0.7Cu eutectic alloy with Bi-additions in concentrations (0.3 and 0.5 wt.%) have 
been investigated using x-ray diffraction (XRD), Scanning electron microscope 
(SEM), creep testing machine and (DC) circuit respectively. The three samples were 
prepared from high purity (99.99%) elements Sn, Cu, and Bi using melting 
technique. XRD and SEM analysis showed that the eutectic Sn-0.7Cu alloy 
composed primarily of two phases; a body centered tetragonal 𝜷-Sn phase and 
monoclinic IMC Cu6Sn5, the additions of 0.3 and 0.5 wt.% Bi to the eutectic Sn-
0.7Cu promote the formation of IMC Cu6Sn5. The above motioned Bi additions have 
refined the 𝜷-Sn particle size. Creep tests showed that the creep strain rate increases 
and the creep lifetime (rupture time) decreases as the applied stress and temperature 
rises. Improvements in creep resistance solders have been achieved by increasing 
the Bi content up to 0.5 wt. %. The mean values of stress exponent and activation 
energy indicate that the dislocation creep is the dominate controlling mechanism. 
The electrical conductivity of the samples was calculated at room temperature, it has 
the highest value with 0.3 wt.% of Bi. 
Keywords: Eutectic Sn-Cu, rupture time, stress exponent, creep resistance, particle 
size, and IMC. 
 
 

1. Introduction 

Lead-free solder alloys are typically Sn-based alloys due to the high corrosion 
resistance and good solderability of tin (Sn) [1]. Solder alloys based on the eutectic Sn–
Ag and Sn–Cu alloy systems have been found to be amongst the most favorable lead-
free alternatives [2][3][4] [5][6][7]. Although the Sn-Ag and Sn-Ag-Cu solders are the 
most widely studied solder systems because of their high strength, creep resistance, and 
excellent machinability. However, due to their high cost, they cannot be applied to 
large-scale production and processing [8]. This leads to more extensive research to 
develop the eutectic Sn-Cu alloy. F.  TAI et. al [9] have studied the nanosized Ag 
reinforcements on the mechanical performance, and creep-rupture behavior of the Sn-
0.7Cu solder. They revealed that the composite solders and their joints showed better 
wettability and mechanical properties, as well as longer creep-rupture lives than Sn-



0.7Cu solder. J. Shen et. al [10], have investigated the influence of the cooling rate and 
Cu content on the microstructures of the solidified Sn–Cu alloys. They observed bulk 
Cu6Sn5 intermetallic compounds (IMCs) formed only in the Sn–1.0Cu alloy with lower 
cooling rate whereas at a higher cooling rate, the actual eutectic point of Sn–Cu solder 
alloy shifts to the direction of higher Cu concentration. Meng Zhao et. al [11] 
have improved the Sn-Cu lead-free solders performance by alloying, particle 
strengthening, optimization of the soldering process, and development of matching 
soldering fluxes. They confirmed on the essentiality to understand the structure-
performance relationships and potential reliability problems of Sn-Cu solders. They 
also recommended investigating new Sn-Cu based solders for specific electronic 
components. Li Yang et. al [12] have studied the aluminum effects on the 
microstructure and mechanical properties of Sn–0.7Cu–xAl (x = 0–0.075) solder alloy, 
they found that the IMCs in the Sn-Cu-Al solder alloy were found to differ from 
Cu6Sn5 in the Sn-Cu-(0.01-0.025)Al to Al2Cu in the Sn-0.7Cu-(0.05-0.075)Al. They 
indicated that an optimized lead-free solder alloy for the copper substrate is Sn-0.7Cu-
0.075Al. The 0.2% proof stress and tensile strength are less than the values for an Sn–
0.7Cu binary alloy with adding 1 mass% of Ag to the eutectic Sn-Cu alloy according to 
S-H. Huh, et. al [13]. Mevlüt Şahin et. al [14] are determined the relationships among 
phase spacings, solidification rate, and mechanical properties from linear regression 
analysis for the Sn-36Bi-22Cu (wt.%) ternary eutectic alloy. The influence of Ag and 
In additions on tensile creep behavior and thermal properties of bulk eutectic Sn–Cu 
solder alloy is reported by El-Daly et. al [15]. The creep strain rate increases and creep 
lifetime decreases as the applied stress level and temperature increase. By more 
research, it has been noticed that there are no further studies that investigate the creep 
deformation mechanism through stress exponent and rupture time of the eutectic Sn-
Cu alloy.  The eutectic Sn-Cu alloy is considered one of the potential candidates for tin-
based lead-free solders. It has the lowest cost among several kinds of lead-free solder 
at present [16]. It is easy to produce and recover and can inhibit the dissolution of the 
copper matrix in immersion welding and wave soldering. However, the mechanical 
properties and wettability of that solder alloy are poor. At the same time, Sn-0.7Cu 
solder is more susceptible to electric corrosion due to the potential difference between 
Sn and Cu [17]. Generally speaking, the Sn-Ag-Cu and Sn-Cu alloys have their own 
advantages and disadvantages, but compared with each other, the performance of Sn-
Ag-Cu is better, but the low-cost Sn-Cu has more advantages. So, the aim of this study 
is to improve the mechanical performance of an as-cast eutectic Sn-Cu alloy through a 
series of microstructural modifications resulted from small additions of Bi. 
 
2. Experimental procedure 

2.1  Materials preparation  

Two separate bismuth (Bi) content concentrations (0.3 and 0.5 wt.%) were selected 
as doping additions to the Sn-Cu alloy eutectic as-cast. The purity of all elements of Sn, 
Cu and Bi is around 99.95 %. Using an electric furnace at 427 °C and inside the Pyrex 
tub, the three as-cast Sn-Cu-X (X= Bi) ternary alloy systems studied were melted. At 



approximately 200 °C above their melting points, they were manually agitated to 
achieve homogenization. Then shaken them to ensure homogenization of the melt and 
then left to solidify slowly to room temperature (RT) in order to obtain samples 
containing the fully precipitated phases, after that the Pyrex tub was broken to obtain 
the sample. The cast ingots obtained were rolled drawn into wires of one mm diameter 
and 60 mm length for the structural analysis and creep resistance. The samples were 
polished using grades of silicon paper and then washed in a solution of (CH3COCH3). 
In order to remove residual stress and defects induced during specimen forming, the 
samples were annealed at 100 °C for 6 hours and then left to cool slowly to RT. 
 
 
2.2. Materials investigation    

For XRD study, the X-ray Shimadzu EDX-720 model with CuKα radiation 
(λ=1.54056 Å) was used. In the 2𝝷 range of 5-75°, the XRD curves of the samples were 
built. With a tube current of 20 mA, the source was working under an accelerating 
voltage of 40 kV. With a constant scanning rate of 0.02/1sec, continuous scanning was 
performed. The microstructure analysis was carried out on a scanning electron 
microscope (SEM) of type (JEOL JSM-6510LV, Jaban) operate at 30Kv with high 
resolution 3 nm. The tensile creep tests were implemented on all samples at different 
constant loads (18.7 and 21.2) MPa with three testing temperatures (25, 40 and 80 °C) 
using a computerized vertical tensile technique. The sample placed between the force 
sensor and a rotary motion sensor. Began the sample in vertical elongation, and 
recorded the value of strain with time using a rotary motion sensor. Then the power link 
can transport data from sensors to data Studio Software in the computer. Electrical 
resistivity and conductivity were measured using a simple circuit (DC) of Ohms law. 
 
 

3. Results and discussion  

 
3.1. Structural analysis  

Fig. (1) displays the x-ray diffraction (XRD) curves with x = 0, 0.3, and 0.5 
respectively for as-cast Sn-0.7Cu-xBi solders. This figure is called a map of the 
positions, orientations, and concentrations of the IMCs, while the β-Sn step is indicated 
by all unknown peaks. An as-cast eutectic Sn-Cu solder shows two peaks scattered in 
Sn-matrix due to Cu6Sn5. This implies a partial dissolution within the Sn-matrix of the 
Cu substance, but the undissolved Cu atoms reacted to form Cu6Sn5 with the Sn atoms. 
With the additions of 0.3 and 0.5 wt.% of Bi to the eutectic Sn-Cu alloy, there is no new 
peaks were detected in the ternary compositions. This implies that the Bi content of the 
alloys predominantly dissolve in the Sn matrix. The particle sizes for β-Sn and Cu6Sn5 
in all the as-cast Sn–0.7Cu–xBi solders were calculated according to Scherer Formula 
[18]:  



                                     𝑫 = 𝟎.𝟗𝝀𝜷𝑪𝒐𝒔𝜽                                   (1) 

where:  B is the broadening of diffraction line measured at half its maximum intensity 
(radians), t is the diameter of crystal particle, 𝜃B is the Bragg angle and λ is the 
wavelength of x-ray.  Table 1 shows that, with the Bi additions, the particle size of β-
Sn and Cu6Sn5 has been reduced. Bi atoms function through the solidification process 
as barriers to β-Sn formation, which leads to the β-Sn reduction. It is clear that, as shown 
in Table 1, the cell volumes for all as-cast alloys have been reduced with Bi additions 
the lattice distortions were calculated according to G. K. Williamson and W. H. Hall 
[19]: 

                     (2) 

where Deff is the size of the crystallite in the β-Sn matrix and ε is a local lattice distortion. 
   Due to a lattice expansion in a and c-axes with Bi additions, a slight change has 
occurred in (c/a) values from (0.540) to (0.545). The maximum axial ratio value (c/a) 
= 0.545 was at 0.5wt. percent of Bi due to the expansion of the c-axis and the contracting 
a-axis, which means that the cell volume decreases to 107.19(Å3) as shown in the table 
(1). 

3.2. Microstructural analysis  
   The microstructure of the SC07 binary alloy consists of two main parts: white matrix 
part of grains and gray part of a network band distributed among the matrix in SC07 as 
can be seen from Fig. (2a, b). According to the XRD analysis, the white and gray parts 
in Fig. (2 a, b) correspond to the 𝜷-Sn matrix and eutectic 𝜷-Sn/Cu6Sn5 phase, 
respectively. During solidification, the 𝜷-Sn phase is formed as a primary phase and 
the Cu6Sn5 IMC particles were formed as fine particles. The boundaries of 𝜷-Sn grains 
are clear and indicate that the samples are polycrystalline, not single crystals, and these 
boundaries seems to be thicker in binary alloy than in ternary alloys as can be shown in 
Fig. (2a, b). In the SC07 alloy, the refinement mechanism is the dislocation movement 
through coarse grains as branches. This mechanism can be represented as dislocation 
like fingers (DLF) as can clearly see in Fig. (3). This may be due to stress concentrations 
in the coarse grain boundaries due to precitpates particles. Although, the Cu6Sn5 IMC 
particles are small sizes and relatively needle-like where it seems to be coarser due to 
matching in morphology with eutectic Cu6Sn5

 which cling to these particles Fig. (2a). 
From Fig. (2a, b), it is suggested that the second phase particles of 𝜷-Sn and rod shaped 
of Cu6Sn5 IMC were mixed by the eutectic reaction to form irregular eutectic regions 
as a rectangular shaped and most dispreads at the grain boundaries of 𝜷-Sn matrix and 
therefor leads to thick boundaries shown in SC07 alloy. It is concluded that the coarse 
structure of SC07 results in a reduction of the creep resistance parameters observed in 
the creep curves in Figs. (4) and table (4).  

It is clear that the addition of the Bi element to the eutectic SC07 alloys has an influence 
on their microstructure and mechanical response. The microstructure becomes more 



homogeneous and finer. Fig. (2c, d) shows that the grains become finer and high 
density, and their boundaries seem to be thinner. Therefore, the high elongation 
observed in the ternary alloy can be explained by the structure refinement due to Bi 
addition. So, it can be concluded that the finer and homogeneous microstructure of 
ternary alloys has resulted in a lower creep rate, high elongation and ductility as shown 
in Figs. (4). Then the addition of bismuth up to 0.5% leads to small grain sizes and thin 
boundaries with increasing their number. In this study, it is concluded that there is a 
significant difference between the grain size of SC07 bismuth-free alloy and SC07 
bismuth-containing alloy.                                                                                                                     . 

3.3. Mechanical and creep behavior    
 
With the development and miniaturization of electronic devices and surface mount 
technology, Lead-free solders for use in the microelectronics industry must have 
outstanding mechanical efficiency and high reliability, considered a necessity, with 
elegant creep resistance. Mechanical performance plays a critical role in the strength of 
any solder joints. Although the solder volume, joint geometry, bonding process, and 
solidification rate have different effects on mechanical properties, the most essential 
factor is the alloy composition of solder [9]. The effects of different Bi additions doping 
on the mechanical properties of Sn-Cu solder alloys were discussed, in terms of stress 
exponent, rupture time values, and creep behavior. Depending on the structural 
parameters, the concentration and orientation of IMCs that are formed in the as-cast 
alloys are closely linked to the Bi additions. The structural stability of any alloy system 
is directly reflected in mechanical performance depending on the bonding nature among 
constituent atoms [20]. Fig. 4 a, b, c, d, e and f shows the strain behavior with creep 
time for all the as-cast alloys. This test was implemented under two constant loads (18.7 
and 21.2 MPa) at three working temperatures (25, 40 and 80 °C). For all sub-figures 4, 
it has appeared that the strain rate with the highest load (21.2MPa) and temperature ( 
80°C ) is more than that with the other load (18.7MPa) and temperatures (25 and 40 
°C), which is returned to the pressure ratio per unit area  and ease of dislocation 
movement at high temperature [21]. It can be seen that the SC07 alloy exhibits the 
lowest creep resistance (high creep rate) with all different loads and temperatures, on 
the other hand, the SC07-0.5Bi alloy exhibits the highest creep resistance (low creep 
rate) with all different loads and temperatures as shown in Figs. (4) and table (3). This 
improvements in creep resistance can be attributed to the distribution of Bi atoms which 
result in impeding the dislocation movement more efficiently, and produce an alloy 
with lower creep rate [22]. In general, the rupture time (t) of the alloys with a 21.2 MPa 
load is less than that with a 18.7MPa load with all different temperatures. This time 
contraction is attributed to the increased force per unit area, thus atomic bonding, 
leading to the unbalancing energy in the system that leads to the rupture rapidly. 
Comparison among fig 4 a, b, c, d, e and f indicates to prolonged rupture time with 
adding 0.3 and 0.5 wt.% of Bi to the eutectic Sn-Cu alloy with both 18.7 and 21.2 MPa 
loads with all different temperatures as shown in Table (2). The rupture time 
improvements with these additions are strongly related to the refined particle size of β-
Sn (table 1) [23] [24]. It is well known that the lower particle size alloy is more surface 



area exposed to the tension force, thus more possible chances of the atomic bonds to 
uniformly contribute through the tension process. The steady state creep rate (ε.)  values 
were determined by taking the slope of the straight parts in the strain-time curves shown 
in Fig. (4) and listed in table (3). it is appeared that the Bi additions have been improved 
(decreased) the creep rates for all alloy systems with variant conditions as shown in fig. 
(5). From table (2 and 3) it has appeared that the Sn-0.7Cu-0.5Bi as-cast alloy offers 
the highest rupture time and lowest creep strain rate compared to all other alloy 
compositions. These mechanical improvements are attributed to the high structural 
stability of this alloy compared to other alloys. Low particle size (33.21 nm) and the 
absence of other types of Sn-0.7Cu-0.5Bi alloy IMCs may play a vital role in enhancing 
its structural stability. The stress exponent (n) values were calculated using the 
following equation [25]. 

                                              𝒏 = 𝝏𝒍𝒏(𝜺∙ )𝝏𝒍𝒏(𝝈)                                      (3) 

 The calculated (n) values with 18.7 and 21.2 MPa loads and different temperatures are 
tabulated in Table (4). The stress exponent reported in the literature for metal alloys can 
be classified according to A. La Torre et. al [26] and R. Mahmudi et.al [27] as Diffusion 
creep is correlated with n values about 1, grain boundary sliding leads to n values close 
to 2, mechanisms attributed to dislocation climb are linked to n values in the range of 
4-6 and mechanisms associated with dislocation creep are attributed to n values more 
than 6. Results in Table (4), indicate that by increasing the working temperature; the 
stress exponent (n) decreases, this decrease is due to the instability of the microstructure 
at elevated temperatures and this decrease in stress exponents has led to an increase in 
the creep rate [28]. According to the above-mentioned data, it can be said that the 
suggested predominant creep mechanism for the as-cast eutectic Sn-Cu, Sn-0.7Cu-
.03Bi and Sn-0.7Cu-0.5Bi  alloys at (25 and 40 °C)  is the dislocation creep and the 
dislocation climb at (80 °C) .The activation energy of the steady-state creep was 
calculated from the relation between ln. and 1000/T(K-1) fig. (6). The average activation 
energy values yield from the slopes of the straight lines in fig. (6) are listed in table (4). 
Results in table (4), indicate that with the addition of Bi to the as-cast SC07 alloy, the 
activation energy has been changed clearly, it is increase with increasing Bi additions. 
It was observed that the SC07-0.5Bi alloy has the highest activation energy value 
compared to SC07 and SC07-0.3Bi alloys, this is consistent with its high creep 
resistance. Also, it is noticeable that activation energy decreases with increase the 
applied stress which means that activation energy depends strongly on the applied stress 
[29].  

3.3 Conductivity and electrical resistivity 

  Regarding electrical properties, electrical resistivity (ρ) and conductivity (σ) were 
calculated using following equations: 

            ρ = R 𝐴𝑙          (4)                          and                          σ = 1ρ              (5)   respectively, 



where L is the length of the specimen, R is the ohm resistance and A is the cross-
section area [30][31]. The electrical resistivity and conductivity of SC07-xBi alloys at 
room temperature have been shown in Table (5) and Fig. (7). the SC07-0.5Bi alloy 
should has the lowest (ρ) value according to the relation between the particle size and 
(ρ), but it has increased, which could be due to its high lattice distortion (1.26×10-3). 
 

4.Conclusions  

 
To improve the mechanical and electrical performance of the eutectic Sn-Cu solder 
alloy for the large-scale production and processing electronic applications, in terms 
of rupture time and stress exponent, depending on the structural changes in the 
solder alloys, the Bi effects on the eutectic Sn-Cu have been investigated. The 
results revealed that the 0.3 and 0.5 wt.% of Bi additions to the as-cast eutectic alloy 
promote the Cu6Sn5 IMC formation. The above-mentioned Bi additions have 
refined the β-Sn particle size and reduced Cu6Sn5 IMC, thus reduced the strain rate 
that is directly enhanced the mechanical performance and reliability for the ternary 
Sn-Cu-Bi alloys. The creep results showed that ternary Sn-0.7Cu-xBi solders 
exhibited significant improvements in creep resistance and increased creep time to 
failure (Rupture time). This improvement in creep resistance can be attributed to 
the presence of Bi atoms which resist the movement of the dislocations. The stress 
exponents for lead-free solders are decreased by increasing the testing temperature 
due to the mismatching thermal properties of β-Sn and IMC at elevated 
temperatures. On basis of the average stress exponents 7.8, 6.2 and 7.8 and average 
creep activation energies of 27.7 KJ/mol, 33.27 KJ/mol and 36.64 KJ/mol for Sn-
0.7Cu, Sn-0.7Cu-0.3Bi and Sn-0.7Cu-0.5Bi solders respectively; the deformation 
mechanism is dislocation creep. The electrical conductivity has improved with 0.3 
wt.% of Bi, this improvement may be attributed to its low lattice distortion. 
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Figures

Figure 1

shows XRD patterns of the as-cast Sn-Cu-X (X= Bi) alloys.



Figure 2

SEM images of (a, b) SC07, (c) SC07-0.3Bi and (d) SC07-0.5Bi



Figure 3

Schematic of DLF showing dislocation motion during bulk grains.

Figure 4

Strain-time curves for SC07-xBi alloys at constant loads with different temperatures.



Figure 5

The variation in creep rate values with Bi-content

Figure 6



The relation between ln(ε.) and 1000/T for SC07-xBi alloys at 18.7MPa and 21.2MPa.

Figure 7

Electrical resistivity and conductivity behavior of SC07-xBi alloys at 25°C


