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The variations of thermal properties with temperature for Pb–Sn alloys 

were measured using a heat flow apparatus. According to present 

experimental results, the thermal parameters (Tonset, Tend, Tm) of Pb–Sn 

alloys increase with increasing heating rates, also the results showed 

that the small amount of zinc improved significantly these parameters. 

Furthermore the change in enthalpy of fusion and activation energy of 

fusion for different heating rates were studied experimentally by the 

differential thermal analysis (DTA). The apparent activation energies of 

Pb–Sn alloys have been determined based on the Kissinger equation.  
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Introduction:- 
Pb–Sn alloys are the basis of many engineering materials [1]. An Extensive theoretical and experimental study of 

the nature of the relationships among microstructure, physical properties and solidification processing parameters 

has been created [2-5]. Pb–Sn solders are one of the most familiar materials used for various microelectronic 

connections in computer industry. Different compositions of Pb–Sn solders have considerable potential for advanced 

structural and electronic applications. Pb–Sn alloys have several attractive attributes: low cost, low eutectic 

temperature (183C), good wettability on many common workpiece metals, and good thermal and electrical 

conductivities, and a choice between eutectic freezing or a wide freezing range which produces “pasty” solid–liquid 

mixtures[5-8]. Also, a great deal of efforts has been carried out on Pb–Sn eutectic alloys, which is currently used in 

computer industry for various microelectronic connections [9-12].Although Pb–Sn solders are still widely used for 

many applications (e.g., body panel soldering on automobiles). Pb–Sn alloys make excellent solders for electrical 

and mechanical joining[13].One of the important benefits of the thermal analysis experiment is its usefulness in 

selecting appropriate temperatures for the heat treatment cycles of the samples as well as for the investigation of the 

phase development[14, 15]. 

 

Most studies have dealt with the thermal properties of Pb–Sn solders with different compositions at room 

temperature, but a few papers have been focused on the dependency of thermal properties of these alloys on the 

temperature and composition of alloy. Thus, the purpose of present work was to determine the following parameters: 

temperature of onset of melting (Tonset), temperature of offset of melting (Toffset), heat of fusion, and the activation 

energy occurring during melting, besides the effects of different heating rates and Zn addition on melting 

temperature, heat of fusion, and the activation energy of the alloy samples. 
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Figure 1:- Phase Diagram of Pb–Sn System 

 

Phase diagram of Pb–Sn system has been evaluated as shown in Figure 1. Solubility of Pb in solid Sn and Sn in 

solid Pb at the eutectic temperature (456 K) are 2.2 wt.% Pb and 18.3 wt.% Pb, respectively [16]. Thus, the 

compositions of Pb–Sn alloys were chosen to be Pb–61.9 wt% Sn, Pb–61.9 wt% Sn-2 wt% Zn to investigate the 

dependence of the thermal measurements on the temperature and the effect of addition of Zn in the Pb–Sn alloys.  

 

Experimental Details:- 

Material Preparations:- 

The two solder alloys, Pb-61.9wt%Sn and Pb-61.9wt%Sn-2wt% Zn were prepared from high purity Pb, Sn and Zn 

of purity 99.99%. The appropriate weights of the elements for the binary and ternary alloys were well mixed with 

CaCl2 flux to prevent oxidation in a graphite mold .Casting in rod form was performed in a 15 x1 x 1 cm graphite 

mold. The casting rod was annealed at 438K for 50 hours. The ingots were rolled into wires of diameter 1mm. In 

this study, the samples were annealed at 443K for 4h and then slowly cooled to room temperature at cooling rate     

T = 2 × 10−2 Ks−1.  

 

Mechanical Tests:- 

Differential thermal analysis (DTA) measurements were carried out on 40 mg of small pieces of alloy samples using 

a Labsys Evo_TG DTA thermal analyzer. DTA experiments were performed by heating the samples in a Pt crucible 

withAl2O3 as the reference material. Five different heating rates (10, 15, 20, 25 and 30 C min-1) were examined 

during the measurements. 

 

Results and Discussion: 
Melting Temperature (Tm) of Alloys:- 

The melting temperature is a critical alloy characteristic because it determines the maximum operating temperature 

of the system. Figure2 represents the results of DTA analysis of the Pb-61.9wt%Sn and Pb-61.9 wt%Sn-2wt%Zn 

alloys measured at the heating rates of 10, 15, 20, 25 and 30 C min-1, from room temperature to 450 C. 
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Figure 2:- Different Thermal Analysis (DTA) Curves for (a) Pb-61.9wt%Sn and (b) Pb-61.9 wt%Sn-2 wt% Zn 

Alloys Taken at Different Heating Rates. 

 

It is shown that there is only one main endothermic peak for the samples during the measurements observed in the 

temperature range 30 – 450 C, namely the melting which is indicated by the endothermic peak. The endothermic 

peak appears in DTA curve has two regions of heat extraction that are indicative of the melting temperature. The 

melting points were considered in support of probable industrial applications. The temperature of onset of melting, 

Tonset, (the onset point of heat absorption during heating) is defined by the extrapolated beginning of the curve, being 

defined by the point of intersection of the tangent with the point of maximum slope, on the principal side of the peak 

with the base line extrapolated [17, 18].  

 

From Figure 2 (a, b) and Table 1, it can also be seen that the heating curves of the Pb-61.9wt%Sn and Pb-61.9 

wt%Sn-2wt% Zn alloys are shifted towards higher temperature with the increasing rate of heating. The first effect of 

the heating rate can be explained by the decrease of the precipitated Zn atoms amount because of its increased solid 
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solubility at the increased precipitation temperatures when using higher heating rate [19, 20]. However the second 

effect is explained by the diffusive nature of the precipitation reactions. 

 

Figure3 shows a schematic of the heat flow curve versus the temperature of Pb-61.9 wt%Sn-2 wt% Zn alloy 

obtained at the heating rate of 10 °C min-1 and how the DTA curve is formed from the data recorded. The graph 

shows that the sample presents an onset temperature for melting of 169.809 °C with ∆H= 8.425 (µV.s/mg) and a 

melting temperature of 180.246 (°C). 

 

The obtained values of the temperature of onset of melting (Tonset), the temperature of offset of melting  (Toffset or 

Tend) and melting temperature (Tm ) are listed in Table 1 and marked on the DTA curves as shown in Figure3 for  

Pb-61.9 wt%Sn-2 wt% Zn alloy obtained at a heating rate of 10 C/min (as example). 

 

 
Figure 3:- Schematic of Heat Flow Curve Versus the Temperature for Pb-61.9 wt%Sn-2 wt% Zn Alloy at a Heating 

Rate of 10 C/min. 

 

Figure: 4 shows the comparison between the values of the melting temperature Tm for Pb-61.9 wt% Sn and Pb-61.9 

wt%Sn-2 wt% Zn alloys at a heating rate of 10 C/min. Addition of Zn increased the Tonset, and Tend as illustrated in 

Figure4 whereas, the Zn addition caused a further depressed of the melting temperature Tm of Pb-61.9wt%Sn alloy 

for different heating rate, which makes this alloy interesting for technical applications. In addition the melting range 

(temperature range between solidus and liquids points according to DTA) is extended as zinc metal addition. 
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Figure 4:- Heat Flow Curve Versus the Temperature for Pb-61.9 wt% Sn and Pb-61.9 wt%Sn-2 wt% Zn Alloys at a 

Heating Rate of 10 C/min. 

 

Table 1:- Comparison of Onset Temperature (Tonset), Offset Temperature (Tend), Melting Temperature (Tm), and 

Heat of Fusion (∆H) forPb-61.9wt%Sn and Pb-61.9wt%Sn-2wt%Zn Alloys. 

Alloys 
Heating rate (C 

min-1) 

Tonset 

(C ) 

Tend 

(C ) 

Tm 

(C ) 

ΔH 

(µV.s/mg) 

Ea 

(kJmol-1) 

Pb-61.9Sn 

10 183.04 204.4 189.39 6.612 

47.7 

15 182.569 212.3 191.66 6.494 

20 183.787 217.7 193.489 6.204 

25 183.67 220.4 194.216 5.637 

30 184.935 224.9 196.269 5.676 

Pb-61.9Sn-2Zn 

10 169.809 193.4 180.246 8.425 

31.5 

15 170.896 205.1 183.366 7.728 

20 170.844 211.2 185.343 7.396 

25 172.07 219.9 187.344 7.673 

30 171.611 225.6 189.422 8.031 

 

Determination of activation energy (Ea) of fusion:- 

To determine the activation energy Ea for fusion of alloys by Kissinger  methods, which determine the activation 

energy of the samples starting from the change in the temperature that corresponds to the maximum of the 

endothermic peak Tm according to the heating rate a as shown in Figure2 (a,b). 

 

The activation energy of the Pb-61.9wt%Sn and Pb-61.9 wt%Sn-2wt%Zn alloys under continuous heating condition 

can be calculated by the Kissinger equation[21-23]: 

𝑙𝑛 [
𝛽

𝑇𝑚
2

] = −
𝐸

𝑅𝑇𝑚

+ 𝐶,     (1) 

Or it can be written as 

𝑑𝑙𝑛 (
𝛽

𝑇𝑚
2  )

𝑑 (
1

𝑇𝑚
 )

= −
𝐸𝑎

𝑅
+ 𝐶,     (2) 

Where β is the heating rate, Ea is the activation energy of fusion and R is the gas constant (8.314J/mol K), Tm 

denotes the maximum melting endothermic peak, and C is a constant. 

 

If the fusion mechanism remains constant with the heating rate (β), the plot of ln (β/T2
m) vs. 1000/Tm gives a straight 

line and Ea is calculated from the slope of this line.Figure5shows the Kissinger plot for the Pb-61.9Sn-2Zn alloy. 
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Table 1 lists the calculated activation energies for fusion. The calculated value of Ea decreased from 47.7kJmol-1 for 

Pb-61.9wt%Sn alloy to 31.5 kJmol-1 for Pb-61.9 wt%Sn-2wt%Znalloy. It is clear that a small amount of Zn-addition 

enhances the activation energies of fusion. 

 

 
Figure 5:- Kissinger plot of Pb-61.9wt%Sn and Pb-61.9wt%Sn-2wt%Zn 

 

Measuring the enthalpy and specific heat of fusion:- 

The heat of fusion is calculated by integrating the area under the melting peak between the peaks start Tonset and end 

Tend temperatures. The heat of fusion, ∆Cp, can be determined by Eq. (3) for each material[24]:  

∆𝐶𝑝 =
𝐾𝐴

𝑚
,             (3) 

Where K is a constant that depends on crucible shape and regards as a constant in the DAT system, m is the mass of 

the sample, and A is the area under the endothermic peak.  

 

At the melting point, the heat supplied to system will be used supplying the enthalpy of fusion (latent heat of fusion) 

that is required to convert solid to liquid. Latent heat of fusion is the energy absorbed in a material during its phase 

change from solid to liquid. For a transformation from solid state to liquid state, enthalpy of fusion can be expressed 

as: 

∆𝐻 ≈ ∆𝐶𝑝𝑇𝑚,             (4) 

The enthalpy of fusion (∆H) and the specific heat change (∆CP) were determined because of they are very important 

parameters for industrial applications. The values of Tonset, Tend, and ∆H for the two alloys are listed in Table 1. It is 

obvious that, the fusion heat of Pb-61.9wt%Sn-2wt%Zn is larger than that of the Pb-61.9wt%Sn alloy.  

 

Summary and Conclusions:- 
In this work, a detailed analysis of the effects of different heating rates and Zn addition on the melting temperature, 

heat of fusion, and the activation energy have been investigated. Both Zn addition and heating rates significantly 

affect the alloys behavior. DTA curves indicate that a small amount of Zn-addition enhances the transition 

temperature and also melting temperature decrease significantly. 

 

The obtained data on the thermal properties measurements have shown an increase on Tonset, Tend and Tm values of 

the samples when the heating rates was increased. The maximum peak in Figure2 is shifted to the higher 

temperature with increasing heating rates. 

In conclusion, this study demonstrated that the heating rate had a significant effect on the values obtained for alloy 

samples prepared, since the values of Tonset, Tend and Tm diminish as the heating rate increases. The results showed 
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that the addition of small amount Zn in Pb–Sn alloy leads to a decrease of thermal parameters (Tonset, Tend and Tm) 

and activation energy of fusion. 
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