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ABSTRACT 

      The present study was undertaken to investigate the influence of the Bi addition 
in the Sn-3.5Ag rapidly solidified binary system for use as a Pb-free solder. The 
resulting properties of the binary system were extended to the Sn based ternary 
systems Sn96.5-X Ag3.5 Bix (0< X < 2.5) solder. The structure and electrical resistivity 
of rapidly solidified (melt spun) alloys have been investigated. With the addition of 
up to 2.5 mass % Bi, the melting temperature decreases from 221.1 to 214.8 ºC. 
Wetting contact angle of the six alloys on CuZn30 substrate are carried out at 573K. 
Microhardness evaluations were also performed on the Sn-Ag-Bi alloys. The 
measured values and other researcher’s results were compared with the calculated 
data. 
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INTRODUCTION 

     Many different solder alloys have been proposed as potential Pb-free solder replacements and the 
most promising of these fall into the general alloy families of Tin-silver (Sn-Ag), (Sn-Ag-Cu) and Tin-
silver-bismuth (Sn-Ag-Bi). Published melting point data on some of these alloys indicates that they 
should be capable of reduced reflow temperatures relative to the commonly available eutectic 
composition Sn-3.5 Ag alloy, which melts at 221ºC(1). 

      The present study into ternary, Sn-based solder alloys began with the binary Sn-Ag system and 
specifically, its eutectic composition, 96.5 Sn-3.5 Ag. The mechanical properties of binary alloy’s Sn-
Ag and Sn-Sb(2,3) have been studied by the authors. It is  an attempt to complete the experimental data 
mentioned by the authors and to clarify the effect of bismuth on the properties. Adding Bi into Sn-Ag 
alloy are proposed as a substitute because these alloys are superior to other candidates with respect to 
melting properties and wettablity(4). Because adding large amounts of Bi causes several problems in 
reliability, the maximum amount of Bi addition seems to lie below 3 wt. % (except for the Sn-57 wt.% 
Bi eutectic alloy being used for special applications)(5). 

       The main aim of this study is to examine the influence of small Bi additions on the change of 
binary eutectic Sn-Ag. Five-Sn-Ag –Bi alloys were fabricated with Bi additions in the range of 0.5 wt. 
% to 2.5 wt.% to the rapidly solidified binary 96.5 Sn-3.5 Ag alloy. The effect of micro-additions on 
some physical properties such as electrical resistivity, and structural change were determined. The Sn-
Ag-Bi alloys were also evaluated for wetting as well as for hardness measurements. 

EXPERIMENTAL PROCEDURE 

      Six alloys of compositions Sn96.5-x Ag3.5 Bix (where 0 < X < 2.5) in weight percent were 
prepared from the pure (> 99.99%) elemental metals. The required quantities of the used metals were 
weighted and melted in a porcelain crucible. From these alloys, long ribbons were prepared as the test 
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samples by directing a stream of molten alloy onto the outer surface of a rapidly revolving aluminum 
roll. The speed of the aluminum wheel was fixed at 5000 r.p.m.  

      The nature and structure of the prepared samples have been examined using X-ray diffractometer 
applying Cukα radiation. The melting point of the alloy has been defined from a separate DTA 
measurements(2). The wettings of the prepared molten alloys were measured by evaluating the contact 
angles on smooth surface substrate (CuZn30 alloy), the contact angle were recorded photographically 
at 573K with (colophonic acid) as a fluxing agent. 

 Microhardness tests were conducted using a Vickers hardness type Shimadzu tester applying a 
load of 25 gm for 30 sec via a Vickers diamond pyramid(6). The apparatus used in the electrical 
resistivity measurements was a four-prope method(7). The four-prope method serves to measure the 
resistivity of arbitrarily shaped specimens. 

  

RESULTS AND DISCUSSION 
1. X-ray-Analysis  

      The X-ray diffraction pattern for rapidly solidified melt-spun Sn96.5-x Ag3.5 Bix (0< x < 2.5) 
alloys are shown in Fig.1. The sharp peaks attribute to the crystalline nature of the six studied alloys. 

           Figure 1. Comparative X-ray diffraction patterns for melt-spun ribbons of                
(1) 96.5 Sn-3.5 Ag-0Bi, (2) Sn-Ag-0.5 Bi, (3) 95.5 Sn-Ag-1 Bi, (4) 95 Sn-
Ag-1.5 Bi, (5) 94.5 Sn-Ag-2Bi, (6) 94 Sn-Ag- 2.5 Bi  

 



        VII Radiation Physics & Protection Conference, 27-30 November 2004,Ismailia-Egypt 

  

  ٦٢٩

      From the eutectic composition Sn-3.5 wt.% Ag Fig. 1.1. we can see that peaks has the same values 
of 2 θ as given in the international [JCPDS (04-0673)] for a pure tin metal where the crystal structure 
is body centered tetragonal due to β-Sn with a=5.831 and c=3.182 Ao. Also the peaks at 2 θ = 34.93, 
39.59 and 62.592 may be due to the intermetallic precipitation of Ag3 Sn for the structures change of 
the alloy. From the phase diagram for the Sn-Ag system(1), the 96.5 Sn-3.5 Ag alloy has two terminal 
phases at 25ºC. Those phases are the β-Sn matrix phase that is essentially pure Sn and the ε phase 
having the Ag3Sn stoichiometry and which appears as particles in the β-Sn matrix. The alloy does not 
consistently solidify into the traditional, homogeneous lamellae structure characteristic of eutectic 
compositions(8). The Sn-rich phase, which comprises 95.6 % of the alloy, was considered as having the 
most potential for alloy modification by ternary additions was based upon the Sn-element x-binary 
interactions. From Fig.1.6 sharp lines due to the β-solid solution of Bi in Sn were obtained. There is no 
any lines indicate on the precipitation of Bi phase, which means that, a complete solid solubility. 

     From the above results, it is evident that the alloys, which have been produced, are of phase 
mixture type in which the matrix in all alloys is substitutional solid solution 

.                                                                                            

2. Thermal Properties  

     Fig. 2. Shows the DTA curves for as-quenched 
melt –spun Sn(96.5-X) Ag3.5 Bix (0< x < 2.5) 
alloys. It shows that there is no any phase 
transformation observed in the temperature range 
from 30 to 250ºC except the melting which is 
indicated by the endothermic peak of melting for 
all alloys. 

      The onset point of endothermic peak, is the 
starting temperature of a reaction and the offset 
point, is the end temperature. On heating, the onset 
point is called the solidus temperature of the alloys 
and the offset point is called the liquidus. The plots 
of the transformation points on heating as a 
function of Bi content are shown in Fig. 3. The 
transformation temperatures of the alloys decrease 
with increasing of Bi content. The onset point and 
the offset point decreases with the increase of Bi                 
content from 221.1 into 214.8ºC and from 229.9 
into 223.7ºC respectively.                                                                                                                                            

    The pasty range (P.R) is the differences between                               
the liquids and solidus temperatures. The solder is 
semisolid in the pasty range. The addition of Bi to 
the Sn-Ag alloy system expands the pasty range in 
the melting reaction. Recently, Hwang et al.(9), 
reported the microstructural change with 
increasing Bi content in Sn-3.2 w.t% Ag alloy. Bi 
segregates the eutectic region of the Ag3Sn/Sn 
network and modifies Ag3Sn morphology from 
fine needles to coarse platelets. 
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Figure 2 Differential thermal analysis 
curves for melt-spun ribbons of   
Sn96.5-xAg3.5Bix.

Figure 3 Transformation point as   
a function of Bi content on heating. 
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3. Electrical Resistivity  
      The change in the electrical resistivity of the 
Sn96.5-x Ag3.5 Bix alloys on heating to 400 k is 
shown as a function of temperature in Fig. 4. The 
resistivity is linear with temperature for all the 
melt-spun alloys as seen in Fig. 4. and no phase 
transformation was observed for all alloys. 
Increasing the electrical resistivity is considered to 
have been attained by the combination of the 
uniform distribution of fine precipitates the 
introduction of internal defects such as 
dislocations and grain boundaries. The semimetal 
bismuth atoms form a solid solution act as         
scattering centers and increasing the concentration  
of bismuth in Sn-3.5 Ag–(0.5, 1,1.5, 2, 2.5) Bi solder alloy results in an enhancement of the 
resistivity. Generally speaking, the semimetals have properties somewhere between those of metals 
and those of semiconductors. Because of their crystal structure, which is usually anisotropic in 
electrical properties and because of the small number of charge carriers to be rather relatively poor 
conductors compared with normal metals.  
  
         
 Figure 4 Resistivity versus temperature.      Figure 5. The contact angle of the Sn96.5-xAg3.5Bix  

              alloys as a function of Bi content.   

 

 

 

 

 

 

4. Wetting Measurements 
The contact angle measurements were performed on rapidly solidified Sn96.5-x Ag3.5 Bix (0< x < 

2.5) alloys on CuZn30 substrate at 573k. A plot of the contact angle as function of Bi content is shown 
in Fig. 5. Also included in the graphs is the datum for the 96.5 Sn-3.5 Ag (0% Bi) solder that was 
tested at 573K as part of a previous investigation(3). The contact angle data indicated that Bi additions 
to the Sn-Ag binary alloy resulted in a decrease in the contact angle values from 30º for the 96.5 Sn 
3.5 Ag alloy to 22.1º for the 94 Sn-3.5Ag-2.5 Bi alloy. 

Table 1: Pasty rang (Tl-Ts) and the 
Shear stress as a function of Bismuth 
concentration. 

 
System ( wt. %) P.R. (K) τ max ( MPa ) 

Sn 96.5 Ag3.5 9 49.30 
Sn96 Ag3.5Bi0.5 7.3 46.35 
Sn95.5Ag3.5Bi1 8.5 58.32 
Sn95Ag3.5Bi1.5 8.8 68.14 
Sn94.5Ag3.5Bi2 9 69.75 
Sn94Ag3.5Bi2.5 9.5 77.04 
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     Adding Bi into Sn-Ag alloys are known to be some of the best choices for lead-free solders. The 
additions of Bi to Sn-Ag alloy can reduce melting temperature effectively(1), promotes wetting of the 
alloys on Cu(10,4), and provide strength to the alloys. The addition of Ag to Sn does not bring any 
significant improvement(11), but the addition of Bi, however, does bring improvement(10). 

5. Microhardness  

     The hardness values as a function of Bi 
content are shown in Fig. 6. As seen from the 
figure, the average hardness values, Hv increase 
significantly with increasing amount of bismuth, 
indicating that the bonding force between bismuth 
and Ag or tin is much stronger than that between 
Ag and tin. Also such variations in bismuth 
content causes an increase in hardness value are 
generally taken as indicative of in homogeneity of 
the system. Hence the variation in hardness is 
attributed to the structural changes of the matrix 
phase. The maximum shear stress, τmax, that is 
produced by a locally applied pressure, occurs on 
the central axis below the pressureized region 
(12,13). This will be given by the following equation. 

⎭
⎬
⎫

⎩
⎨
⎧ γ+γ++γ−=τ 2

1

)]1(2)[1(
9
2)21(

2
1Hv

2
1

max  

where γ is Poisson’s ratio and its value is 0.4, this gives 
τmax  = 0.31 Hv. 
Table .1. show the relation between the maximum shear stress τmax and the bismuth concentration in 
the rapidly solidified alloys Sn96.5-x Ag3.5 Bix (o< x < 2.5). Shear stress is a measure of the resistance to 
separation of adjacent atoms, that is, the interatomic bonding force (14). By increasing the bismuth 
concentration, the shear stress increase to the maximum value (77.04 MPa) at Sn94Ag3.5 Bi2.5 alloy. 

CONCLUSION 

       An experimental work was conducted in order to investigate the effects of the addition of Bi to 
Sn-3.5Ag rapidly solidified eutectic alloy on the thermal, electrical and mechanical properties for the 
development of lead-free solder. The results are summarized as follows: 

• The alloys which have been produced are of phase mixture type in which the matrix in  
all alloys is substitutional solid solution.  

• The onset point and the offset point decrease with the increase of Bi content from 
221.1 into 214.8ºC and from 229.9 into 223.7ºC respectively. 

• With the increase of Bi addition content, the resistivity is a highly structure – sensitive 
property, where it decreases.  

• The contact angle values decreased from 30º for the 96.5 Sn-3.5 Ag alloy to 22.1º for 
the 94Sn-3.5Ag-2.5 Bi. On the other hand the average hardness values (Hv) increase 
significantly with increasing amount of bismuth. Also, the shear stress increase to the 
maximum value (77.04MPa) at Sn94 Ag3.5 Bi2.5 alloy. 

 

Figure 6. Vickers hardness number 
versus Bi wt. % additions. 
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